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Abstract 

 

Piezocatalysis is a novel concept in the field of catalysis that aims to develop environmentally 

friendly catalytic processes independent of energy sources such as light and electricity by 

utilising prevalent mechanical vibrations like wind and tides. The present work aimed to fully 

understand the fundamentals of piezocatalysis by investigating the suggested mechanisms 

and rigorously implementing thorough control experiments to separate ‘true’ piezocatalytic 

activity from other phenomena that may also occur at the same time when using ultrasound. 

The first part of this work used theoretical and experimental approaches to investigate the 

concept of piezocatalysis. Potassium bismuth titanate-bismuth ferrite lead titanate 

(BF-KBT-PT) ceramics were used as catalysts to understand the effect of piezocatalyst size, 

poling/unpoling, and excitation mode on the degradation of Rhodamine B (RhB) in water. The 

results showed that whilst poling had a significant effect on the degradation of RhB, 

piezocatalysis is a more complex combination of different phenomena simultaneously 

contributing to the overall degradation of RhB. 

The second part of this work investigated the effect of ultrasonic frequency and power on the 

piezocatalytic degradation of RhB. Different experimental set-ups with operating frequencies 

ranging of 20 kHz to 1 MHz and adjustable powers were used. The results revealed that, at 

lower ultrasonic frequencies (<100 kHz) and moderate acoustic powers, mechanical effects 

from acoustic cavitation had a positive effect on the piezocatalytical generation of radicals, 

enhancing the overall degradation of Rhodamine B. However, the sonochemical formation of 

radicals remained a significant contributor to the overall degradation. At higher frequencies 

(>100 kHz), though, the chemical effects from acoustic cavitation became so dominant that no 

piezocatalytical contribution to the degradation of RhB was noticed, leading to the question of 

whether piezocatalysts are necessary when optimising sonication parameters such as 

frequency and power can achieve fast degradation kinetic constant rates of 0.037 min−1. 
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To further understand how piezocatalysis works, the third part of this study investigated the 

importance of the energy band theory mechanism by using three different piezocatalysts with 

varying energy band gaps and piezoelectric properties. Besides BF-KBT-PT, other materials 

such as zinc oxide and barium titanate were used to degrade RhB under the excitation of 

combined ultrasound and mechanical agitation. The results indicated that both energy band 

theory and screening charge effects may play important roles in the piezocatalytic contribution 

to the overall degradation process, as the piezocatalyst most likely to generate radicals via 

both mechanisms (poled BaTiO3) achieved the best overall dye degradation. 

Based on previous results, the final part of this study investigated the potential of PVDF-

composite materials for a more environmentally friendly removal of pollutants from water. A 

bulky and easy-to-recover piezocatalyst was developed using additive manufacturing. The 

results showed that PVDF-BaTiO3 piezocatalysts behaved significantly different compared to 

BaTiO3, indicating another ultrasound assisted phenomenon taking place. Additional 

experiments with non-piezoelectric PVDF revealed a possible contribution of sono-adsorption 

to the overall removal of RhB. In this context, a phenomenological model was developed, 

which for the first time accounted for the physico-chemical phenomena present during 

ultrasound-assisted adsorption. This study therefore provides insight on the occurrence of 

another concurrent phenomenon in piezocatalysis, in addition to demonstrating a new 

approach for additively manufacturing simple-to-recover PVDF-based catalysts.  

In conclusion, this work provided evidence that piezocatalysis may indeed exist, but also that 

it is a far more complex process than what has initially been assumed in the literature. The 

importance of conducting thorough control experiments has been emphasized to better 

understand the role of other ultrasound-assisted phenomena simultaneously occurring during 

sonication for piezocatalysis. 
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Lay Summary 

 

Piezocatalysis is a promising area of research that could pave the way for innovative 

environmental catalytic processes aiming to be independent of common energy sources such 

as light or electricity. In the first part of this study, a theoretical and experimental approach was 

used to investigate the effects of different factors on the piezocatalytic degradation of a dye, 

rhodamine B (RhB). Whilst the theoretical and experimental results revealed an apparently 

contradicting effect of piezocatalyst size, poling clearly showed a significant impact on the 

degradation of the dye.  

In the second part, different experimental set-ups with operating frequencies ranging from 

20 kHz to 1 MHz were used to investigate the effect of ultrasonic frequency and power on the 

piezocatalytic process. The results showed that mechanical effects caused by acoustic 

cavitation, which are more common at lower ultrasonic frequencies (<100 kHz), considerably 

enhanced the piezocatalytic degradation of RhB. However, at higher ultrasonic frequencies 

(>100 kHz) chemical effects derived from the acoustic field are more dominant leading to a 

remarkable sonochemical degradation of RhB. This raised the question of whether a 

piezocatalyst was actually necessary since optimising sonication parameters such as frequency 

and power may be sufficient enough to fully degrade organic pollutants such as dyes. 

The third part of this study, used three different piezoelectric materials as catalysts to 

investigate the ‘true’ mechanism behind piezocatalysis. The results showed that both 

mechanisms suggested in the literature may be important for the overall piezocatalytic 

process, as the catalyst that could potentially degrade RhB via both mechanisms showed the 

best overall degradation of RhB. 

In the last part of this work, a PVDF-based, bulky and easy to recover catalyst was developed 

using additive manufacturing. The results revealed another ultrasound related phenomenon 

contributing to the overall removal RhB when using PVDF-based catalysts. Additional 
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experiments with non-piezoelectric PVDF revealed the great potential of additive 

manufactured PVDF for complete dye removal within a few minutes. 

This work highlighted the complexity of the novel piezocatalytic process and emphasised the 

importance of other phenomena beyond piezoelectric polarisation for piezocatalytic research. 
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1 Introduction and Literature review 

1.1 Background 

 

Industrialisation has been a driving factor for the progress and development of human society. 

It has facilitated the growth of advanced technologies, health care and modern infrastructure 

that have undeniably improved the quality of living for billions of people around the world. 

However, all these advances have also led to substantial environmental issues including 

water, air and soil pollution caused by the accumulation of organic and inorganic toxic 

compounds [1-5]. These pollutants do not only endanger the delicate balance of the ecosystem 

but also pose a significant threat to human health [6-9]. Among these pollutants, the discharge 

of wastewater containing dyes has emerged as a pressing environmental concern due to the 

persistence, toxicity and colour of dyes [10-13]. 

Dye wastewater primarily originates from the textile, paper and dye industries due to their 

extensive use of synthetic dyes in production processes. The discharge of dyes into water 

bodies can disrupt the balance of the aquatic ecosystems by obstructing light penetration 

leading to detrimental effects on aquatic life such as decreased photosynthesis and the 

potential for eutrophication [14]. Furthermore, dyes are known to pose a substantial risk to 

both human and animal well-being due to being toxic, mutagenic and carcinogenic. The 

ecological consequences of these hazards highlight the critical need to address the issue of 

dye discharge and develop sustainable wastewater treatment methods.  

To address the issues of water pollution various wastewater treatment techniques have been 

developed. Among these are conventional methods such as biodegradation [15] and physical 

adsorption[16] as well as other established processes using electrochemical treatment [17] or 

membrane separation [18]. Although all of these techniques have demonstrated their potential 

in wastewater treatment, they also have limitations, such as low efficiency, high cost or reliance 

on external energy sources such as light or electricity. Therefore, it is crucial to further develop 
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these techniques but also to explore new concepts for wastewater treatment that are not only 

environmentally friendly and economically feasible but also highly effective in addressing 

environmental concerns. 

 

1.2 Conventional methods for waste water treatment 

 

When dealing with dye-contaminated wastewater conventional treatment methods typically 

revolve around three key objectives: decomposition, degradation and mineralisation the 

organic pollutant [19-22]. In general, these processes involve breaking down organic dyes into 

less harmful or non-toxic compounds, ideally into inorganic substances like carbon dioxide and 

water. 

Dye decomposition is often referred to the initial stage in the treatment of wastewater. It 

involves breaking down the complex organic dye molecules into simpler organic compounds 

through oxidation, reduction, hydrolysis or photolysis. Dye decomposition aims to reduce the 

colour and toxicity of the wastewater but can sometimes also lead to intermediate products 

that are more toxic than the parent dye [20, 22]. 

Dye degradation is a more advanced treatment stage that aims to reduce the dye and its 

intermediate products to simpler, less harmful substances. This process typically relies on the 

use of advanced oxidation processes to break down the dye molecules further [20, 22].  

Dye mineralisation represents the most advanced stage in wastewater treatment where the 

dye molecules are converted into simple, inorganic compounds like carbon dioxide, water and 

inorganic ions [19, 21]. Achieving complete mineralisation is particularly challenging due to the 

complex structures of many dyes. However, the complete mineralisation can lead to carbon 

dioxide, which on the one hand is a less toxic compound than most dye compounds but on the 

other hand well-known to contribute to greenhouse gas emissions. Hence, it becomes 

imperative to explore additional process steps when carbon dioxide is generated during 
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wastewater treatment. The implementation of carbon capture and utilisation technologies 

should be considered as a means to efficiently manage and mitigate carbon dioxide emissions 

within the wastewater treatment process. This becomes particularly important when 

considering the application of a wastewater technology on an industrial level. 

 

1.2.1 Adsorption 

 

Adsorption processes are widely used for dye wastewater treatment and involve the 

attachment of dye molecules onto the surface of a solid material, known as an adsorbent. 

Adsorption is extensively utilised for the treatment of dye wastewater owing to its remarkable 

efficacy in the removal of both colour and pollutants from industrial effluents. This is addressing 

the needs of from industries such as textiles, leather, and paper [23-25]. Over the years, 

various materials have been tested and used as adsorbents, including activated carbon, 

zeolites, clay minerals, and certain polymers. The choice of adsorbent depends on factors 

such as the type of dye, cost, and availability [23-25]. 

Adsorption processes can be categorised based on whether the interactions between dye 

molecules and the adsorbent surface are of a physical or chemical nature. Depending on the 

type of adsorption common mechanisms include electrostatic attractions, van der Waals forces 

and chemical bonding. 

Extensive research has been conducted on adsorption processes across various reactor 

designs such as batch and continuous reactors [23-25]. In batch processes the contaminated 

water interacts with the adsorbent and after reaching equilibrium the treated water and 

adsorbent materials undergo separation. In continuous processes a steady flow of wastewater 

passes through a fixed bed of adsorbent enabling uninterrupted and ongoing treatment. The 

efficiency of adsorption is influenced by several factors such as contact time, temperature or 

pH as well as initial dye concentration [23]. 
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Variations in contact time can both positively and negatively impact the adsorptive removal of 

dyes. Once equilibrium is reached between the active sites of the adsorbent and the dye 

molecules further contact time does not influence adsorption. Positive effects on adsorption 

occur with increased contact time until equilibrium is achieved. However, extended reaction 

times can adversely affect the economic efficiency of treatment processes by increasing 

energy requirements [23, 26-28]. 

Temperature significantly impacts dye adsorption and serves as a key indicator of whether the 

adsorption process is endothermic or exothermic. In exothermic processes, the adsorption 

capacity decreases with rising temperature while in endothermic processes it increases with 

temperature elevation. The treatment temperature also plays a significant factor in influencing 

the economic cost of the adsorptive removal of dyes from wastewater [23, 29]. 

The solution pH is also crucial in the adsorption of dye from contaminated water. It was 

reported that changes in pH can influence reactions between dye molecules and adsorbents 

attributed to alterations in the ionisation level and surface charge of the adsorbent. In general, 

a low pH favours the adsorption of anionic dyes whilst a high pH favours the adsorption of 

cationic dyes [23, 25, 30, 31]. 

The initial dye concentration significantly influences adsorption phenomena. While an increase 

in initial dye concentration has positive effects up to a certain point, as the increased tendency 

of adsorption for high levels of dye contaminants is directly linked to the available active sites 

on the adsorbent's surface [23, 25, 32]. The enhanced adsorption capacity is initially boosted 

by unsaturated active sites but as the adsorbent surface becomes saturated there is a 

substantial reduction in dye adsorption. 

In conclusion, while adsorption processes offer a promising solution for dye wastewater 

treatment several challenges remain. As highlighted process parameters such as pH, initial 

dye concentration, temperature and contact time play crucial roles in the efficacy of adsorption 

and therefore necessitating thorough consideration and optimisation. This is inevitable for real-

world applications, particularly in mixed pollutant systems, that require further exploration to 
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meet wastewater treatment requirements, as the limited selectivity of adsorbents pose a 

significant challenge potential competition of the targeted dyes with other ions in wastewater 

[23-25]. Another major challenge lies in the development of cost-effective and efficient 

regeneration methods that are viable for long-term operation [23-25]. In this regard, the stability 

of adsorbents also needs to be considered as another a key parameter determining their 

suitability for practical application. Additionally, cost analysis remains a critical concern due to 

limited information available. Establishing a comprehensive life cycle cost analysis, especially 

during the regeneration progress remains essential for a thorough understanding of the 

economic aspects of adsorptive dye removal. However, the main limitation of adsorption for 

dye wastewater is its exclusive removal of contaminants without degrading, decomposing or 

mineralising the pollutants. Consequently, additional processes are required to address this 

aspect. 

 

1.2.2 Photocatalysis 

 

Photocatalyis is a well-known concept that aims to harness the energy from light to drive 

chemical reactions. The prominence of photocatalysis trying to utilise light for chemical 

reactions, has increased significantly due to its ability to mineralise recalcitrant organics 

instead of merely transforming them into another phase [33-35]. The mineralisation of 

recalcitrant organic pollutants positions photocatalysis as a promising alternative to existing 

water treatment technologies such as adsorption. So far, photocatalysis has already shown 

promising results in removing various water contaminants including hazardous pesticides, 

drugs or dyes and with this showcasing the versatility of the photocatalytic process in waste 

water treatment [33-35]. However, to enhance the feasibility of photocatalysis as a commercial 

water treatment technology, several challenges must be addressed. These challenges range 

from catalyst development, reactor design to process optimisation and energy consumption 

[33].  
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To overcome these limitations and enhance the efficiency of photocatalysis researchers have 

undertaken extensive efforts in modifying traditional photocatalysts. One strategy involves the 

introduction of doping agents into the bulk photocatalyst and with this trying to alter the electron 

transfer and narrowing the band gap [33-35]. This modification also facilitated an improved 

absorption of visible light addressing one of the primary shortcomings of conventional 

photocatalysts. Furthermore, the fabrication of hybrid photocatalysts due to the incorporation 

of semiconductors has shown promise in preventing charge recombination [33-35]. This 

approach ensures that photo-generated electrons and holes flow in the desired directions 

optimising their participation in photocatalytic reactions. 

The transition from laboratory-scale research to industrial applications comes with its own set 

of challenges. The design and configuration of photocatalytic reactors play a pivotal role in 

determining the overall performance of the photocatalytic process [33, 36, 37]. Over the years, 

the majority of tested photocatalytic reactors have remained at the lab scale due to various 

limitations encountered during the design phase. One significant obstacle is the low 

concentration of pollutants in real-world wastewater resulting in slow photodegradation rates. 

The prolonged reaction times required to completely decompose trace amounts of pollutants 

may hinder the practical feasibility of large-scale implementation [33, 36]. 

Besides this, the configuration of the reactor itself is a critical consideration with distinctions 

between suspended and fixed bed catalysts influencing the overall performance of the 

photocatalytic system [36, 38-40]. Depending on the reactor both natural sunlight and artificial 

light sources for the activation of photocatalysts can be used[36, 40]. While natural sunlight 

can be inconsistent and weather-dependent, artificial light is a more stable energy source. 

However, the use of artificial light comes with its own challenges such as higher energy 

consumption and the need for cooling systems to control elevated temperatures resulting from 

prolonged exposure to high-intensity light [36, 40, 41]. 

Based on the challenges discussed, it becomes evident that while photocatalysis holds 

immense promise, unlocking its full potential requires further research to be fully implemented 
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as a wastewater treatment technique at larger scale. It is therefore also worth exploring other 

wastewater treatment methods. 

 

1.2.3 Electrochemical waste water treatment 

 

In the field of wastewater treatment electrochemical methods have also gained much attention 

as a promising solution for tackling recalcitrant pollutants. Utilising electrical energy to initiate 

chemical reactions enables these methods to eliminate recalcitrant contaminants from water 

[42-44]. The growing attention towards electrochemical wastewater techniques stems from 

their potential to efficiently and selectively remove pollutants making them an interesting option 

for environmental remediation [42-44]. Over the years, extensive research efforts were made 

on various electrochemical techniques for wastewater treatment. Among these, 

electrocoagulation and electrochemical oxidation have emerged as the most investigated 

methods [42-44]. 

Electrocoagulation involves the in-situ generation of coagulants by dissolving aluminium or 

iron ions from respective electrodes [43, 45]. These electrochemical reactions occur at the 

anode, while hydrogen is generated at the cathode. The electrocoagulation process is usually 

carried out in either a mono-polar or bi-polar electrode arrangement. The generated aluminium 

or iron ions act as highly efficient coagulants for flocculating particulates. In particular, 

hydrolysed aluminium ions can from extensive networks of Al-O-Al-OH, allowing for the 

chemical adsorption of pollutants in the treated solution [43, 45]. The electrodes are commonly 

made of either in plate form using aluminium or iron or they can even be composed of packed 

scraps such as milling or steel turnings [43].  

The advantages of electrocoagulation encompass a high efficiency in removing pollutants, 

relatively low initial costs due to the potential utilisation of scraps from milling or steel turnings, 

small treatment set-ups, as well as a complete automation of the treatment process. However, 

there are also some limitations of this wastewater treatment method due to high energy 
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consumptions which can significantly impact the operational costs as well as metal residues 

introduced into the water by the electrodes [42, 43]. 

Electrochemical oxidation for wastewater treatment is a process tries to utilise electric current 

to induce oxidation reactions leading to the removal of pollutants from wastewater. To achieve 

this, electrodes are immersed in the wastewater and an electric potential is applied to drive 

electrochemical reactions. The use of electrochemical oxidation for wastewater treatment 

dates back to the 19th century when the electrochemical decomposition of cyanide was first 

reported [46]. Since then, research has primarily focused on enhancing the efficiency of 

oxidising various pollutants on diverse electrodes, improving the electrocatalytic activity and 

stability of electrode materials as well as investigating factors influencing the process 

performance to elucidate the mechanisms and kinetics of pollutant degradation [42, 43]. While 

experimental investigations have predominantly focused on the impact of anodic electrode 

materials there was limited research on the influence of cathodic materials [42, 43].  

The electrochemical oxidation process offers similar advantages for wastewater treatment as 

electrocoagulation such as a high efficiency in removing a variety of pollutants. However, 

challenges such as energy consumption, electrode maintenance or unwanted side reactions 

when implementing this technology. 

In conclusion, electrochemical treatment of dye wastewater holds great promise based on their 

high degradation efficiency that make these methods attractive for industrial applications. 

However, challenges such as energy consumption or achieving high selectivity for dye 

molecules amidst the complex matrix of pollutants remain. Ensuring that electrochemical 

processes selectively target the dyes without causing unintended degradation of non-target 

compounds is an area of ongoing research. Similarly, the high energy requirements can impact 

the economic feasibility of large-scale applications. Research efforts are directed towards 

optimising the energy efficiency of electrochemical systems to make them more sustainable. 
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1.3 Piezocatalytic treatment of waste water  

 

Over the last decade a new technology has demonstrated potential for wastewater treatment 

by degrading organic pollutants such as dyes, pharmaceuticals and pesticides. This new 

technology aims to take advantage of the piezoelectric effect. The piezoelectric effect is a 

well-known physical phenomenon in which some materials generate an electric charge in 

response to applied mechanical stress. This unique ability of piezoelectric materials to 

generate electric charge originates from their non-centrosymmetric crystalline structure, 

distinguishing them from other non-piezoelectric materials [47]. The piezoelectric effect has 

been widely used in applications such as sensors, actuators, and nanogenerators [48]. 

However, it was not until the discovery of the piezoelectrochemical effect by Hong et al. in 

2010 that the piezoelectric effect was utilised in catalysis, leading to the emergence of 

piezocatalysis [49]. Utilising the piezoelectric effect provides piezocatalysis the unique 

advantage to harness mechanical vibrations to induce catalytic activity and with this reducing 

the dependency on factors such as light or electricity  [50]. 

The current emphasis in piezocatalysis research has primarily revolved around the 

development of piezoelectric materials with catalytic properties [51-54]. In this regard, the 

subsequent literature review published in Current Opinion in Green and Sustainable Chemistry 

tried to identify some overlooked aspects in piezocatalytic research by delving into related 

research fields such as piezoelectricity, sonochemistry and electrochemistry. The review 

aimed to draw attention to important factors frequently omitted in piezocatalysis but could have 

the potential to considerably improve the piezocatalytic performance. Particular attention was 

paid to key factors such as the mechanical field, applied frequency or redox potentials and 

how they could influence the piezocatalytic process. 
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1.3.1 Literature review highlights and conclusions 

 

Over the last decade, remarkable advancements have been made towards the development 

of piezocatalytic systems for wastewater treatment. Research efforts in this field have mainly 

concentrated around the development and fabrication of piezocatalytic materials for the 

degradation of organic pollutants, with a particular emphasis on dyes, or water splitting [53, 

55-59]. The piezoelectric materials, commonly referred to as piezocatalysts, are typically 

suspended in aqueous solutions and activated by a mechanical field. This mechanical field is 

usually generated by commercial high-power ultrasonic systems that operate within the 

frequency range of 20-40 kHz [53, 60-62]. These high-power ultrasonic systems generate 

mechanical waves within the designated frequency range and with this ultimately stimulating 

the piezocatalysts. As a result, the mechanical energy from the ultrasonic waves is converted 

into the desired chemical reactions due to the piezoelectric polarisation of the piezocatalyst, 

making this method a promising approach for wastewater treatment. 

Despite the promising potential piezocatalysis has, there are a several challenges that must 

be overcome before piezocatalytic processes can be widely implemented in the wastewater 

treatment industry. As highlighted in the literature review published in Current Opinion in Green 

and Sustainable Chemistry, one of the main challenges is to fully understand the mechanism 

driving the piezocatalytic process. In the case of ultrasound-assisted piezocatalysis, it is crucial 

to understand the complex interactions between the piezocatalyst, acoustic field and the 

targeted contaminants in order to optimise the piezocatalytic efficiency. 

Another critical aspect in optimising piezocatalytic systems is to achieve a high catalytic activity 

while minimising the energy consumption. In this regard, it is important to systematically 

investigate various parameters such as the piezocatalysts properties, the strength and 

frequency of the acoustic field, the reactor design and operating conditions. The combination 

of a systematic experimental approach with advanced simulations could help to optimise the 
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parameters influencing piezocatalytic systems to maximise the degradation efficiency of 

organic pollutants while minimising the energy requirements. 

Moreover, the scalability of piezocatalytic technology for the treatment of larger volumes of 

wastewater is another important factor that must not be underestimated. Given the well-

documented challenges in transferring sonochemical effects from one scale to another [63-

67], it is crucial to carefully assess whether piezocatalysis can be applied on an industrial 

scale. Scaling up the piezocatalytic process without compromising its efficiency and reliability 

will therefore require enhanced engineering and design considerations. 

Based on these valuable insights into the current state of piezocatalysis it can be concluded 

that it is imperative to address the highlighted challenges and limitations of piezocatalysis in 

order to transition. 

Drawing from the valuable insights of this literature review it becomes evident that addressing 

the challenges and limitations of piezocatalysis is imperative for the transition of a theoretical 

concept to practical applications or even commercialisation. For the transition of the 

piezocatalytic concept into a commercially viable technology, that can be embraced by 

industries on a larger scale, a multifaceted approach is needed. 

Furthermore, a direct comparison between the emerging piezocatalytic concept and other 

well-established wastewater treatment methods, such as photocatalysis, proves challenging. 

This is primarily attributed to a substantial difference in their respective developmental stages. 

Piezocatalysis is currently in its conceptual phase focused on exploring its underlying 

mechanisms, yet it lacks vital data regarding economic feasibility, the cost of catalyst 

preparation and post-treatment. Consequently, a thorough comparison with established 

wastewater treatment methods faces hindrances, emphasising the need for further 

advancements and research in the area of piezocatalysis before meaningful comparisons can 

be drawn. 
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1.4 Problem statement and motivation 

 

The treatment of wastewater remains a pressing global challenge, with conventional methods 

often proving to be both expensive and energy-intensive and occasionally even have adverse 

environmental and health impacts. While piezocatalysis has emerged as another promising 

technique, existing research has yet to comprehensively address the underlying piezocatalytic 

mechanisms, optimise piezocatalytic efficiency as well as to evaluate the scalability of 

ultrasound-assisted piezocatalytic systems. These research gaps hinder the full realisation of 

piezocatalysis as a sustainable and effective technique for large-scale, commercial 

wastewater treatment. 

Therefore, this PhD project is motivated by the pressing need to address the current limitations 

in piezocatalytic research and with this tries to unlock the potential of piezocatalysis as an 

innovative approach to wastewater treatment. By thoroughly investigating the underlying 

mechanisms, optimising process parameters and considering the scalability of 

ultrasound-assisted piezocatalysis, this research aspires to determine the potential of 

piezocatalysis as a sustainable and efficient wastewater treatment technology. The findings 

will not only enhance the understanding of this innovative technology but will also offer 

practical solutions for making larger-scale wastewater treatment more efficient, energy-saving, 

and environmentally friendly.  

 

1.5 Objectives of the research project 

 

This PhD project aims to investigate the potential of piezocatalysis as a sustainable and 

efficient wastewater treatment technology. The main objectives of this project are: 

 Investigating the underlying mechanisms of the piezocatalytic process, with a specific 

emphasis on fully understanding the complex interactions between the piezocatalyst, 
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acoustic field and targeted contaminants in ultrasound-assisted piezocatalysis. To 

achieve this, a combination of systematic experimental studies and advanced 

simulations will be employed to gain insights into the fundamental mechanisms and 

explore the factors that influence the piezocatalytic efficiency. Furthermore, larger-

scale reactors will be utilised in order to obtain valuable insights into challenges and 

opportunities of implementing piezocatalyis in real-world applications. 

 Optimising piezocatalytic systems for enhanced catalytic activity while trying to 

minimise the required energy consumption. To achieve this, parameters such as 

frequency and power of the acoustic field, operating conditions as well as the 

piezocatalyst properties will be systematically investigated. 

 Investigating other potential piezocatalytic mechanisms aiming to provide a deeper 

understanding of the ‘true’ mechanism behind piezocatalysis by evaluating the 

performance of different piezocatalyst materials. 

 Development of a piezocatalyst that incorporates beneficial characteristics identified in 

the previous chapters aiming to enhance the piezocatalytic activity while minimizing 

potential secondary pollution caused by micro-sized catalyst particles.  

By accomplishing these objectives, this PhD project aims to contribute to the advancement of 

piezocatalysis as a sustainable and effective technique for wastewater treatment. The findings 

will provide valuable insights into the underlying mechanisms, process optimisation strategies 

as well as scalability considerations of ultrasound-assisted piezocatalytic systems. These 

insights will play a pivotal role in paving the way for the development of efficient, energy-saving 

and environmentally friendly wastewater treatment solutions at a larger scale. 
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Piezocatalysis: Can catalysts really dance?
Franziska Bößl and Ignacio Tudela

Piezocatalysis is an emerging area of research that has the
potential to enable new green advances in catalytic processes
independent of energy sources such as light or electricity.
However, research has mainly focused on the development of
piezoelectric materials that exhibit certain catalytic behaviour,
rather than on elucidating the fundamentals behind this new
catalytic phenomenon. This review aims to highlight overseen
aspects in piezocatalysis research that are common practice in
other research areas such as general piezoelectricity, sono-
chemistry and electrochemistry. Factors that are generally
overlooked but that would have a critical impact on piezoca-
talysis such as the nature of the mechanic field, its frequency
and the redox potentials of the reactions involved will be briefly
discussed.
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Introduction
In recent years, piezoelectric materials have been re-
ported to exhibit catalytic activity for the removal of
organic pollutants in water [1e19], water splitting
[10,20e25] and bacterial disinfection [26e30] as a
result of their piezoelectric response. This emerging
new catalytic phenomenon, known as ‘piezocatalysis’ or
‘piezo-electrocatalysis’, takes advantage of the piezo-
electric effect to convert mechanical energy into elec-
tricity that is used for electrochemical reactions. The

types of mechanical vibration piezocatalysis ultimately
aims to use are in the form of natural motion such as
wind or waves, but could also be redundant vibrations in
industrial systems. Owing to this, piezocatalysis is
considered as a promising green catalytic process inde-
pendent of energy sources such as light or electricity

[31]. Research in this field has mainly focused on
enhancing piezocatalytic efficiency by modifying
piezoelectric materials to be used as piezocatalysts
rather than elucidating the fundamentals behind the
observed catalytic phenomenon [1,4,6,16,20,24,32].
However, elucidating the main factors influencing
piezocatalytic processes is still an ongoing task, leaving

piezocatalytic processes far from being fully understood.
Understanding and applying the fundamental principles
and common practices from well-established research
areas such as piezoelectricity, electrochemistry and
sonochemistry is necessary to fully exploit the promising
potential piezocatalysis has as a green and sustainable
catalysis. Unfortunately, this is still not the norm in
current piezocatalysis research.

Physico-chemical mechanisms
The piezocatalytic reaction mechanisms proposed so far
are analogous to those in electro- and photo-catalysis
[4,9,10,12,13,16e18,20,21], although in this case the
driving force would be the piezoelectric response of the
material. Researchers initially settled on a mechanism
explaining piezocatalysis by a ‘bulk’ polarisation

(Figure 1a) [3,5,7,12,18,33] where external stresses,
mainly caused by an acoustic field, cause deformation
and charge separation resulting in a ‘top-to-bottom’
potential difference that enables redox reactions to
occur at different locations within the piezocatalyst
surface. Negative charges (e�) react with dissolved
oxygen and produce superoxide radicals (�O2

�) in nega-
tively charged regions of the surface, whereas hydroxyl
radicals are said to be formed by positive charges (hþ)
and hydroxide ions.

� Reduction: O2 þ e� / �O2
� (�0.33 V vs SHE) [34]

� Oxidation:OH�þ hþ/ �OH (þ1.89 V vs SHE) [35]

As deduced from the reduction potentials stated above,
a minimum potential difference of 2.22 V between those
regions, which would effectively behave as ‘cathodes’
and ‘anodes’ in any electrochemical device, is required
for those reactions to occur (and that is without ac-

counting for other factors such as kinetic and concen-
tration overpotentials that would further increase said
potential difference). However, FEM simulations of
piezocatalysts [6,8,18e20,23,31,36,37] clearly indicate
that this ‘top-to-bottom’ electric potential difference is
unlikely to be larger than the minimum required for the
redox reactions suggested above. This means that other
physico-chemical phenomena that could potentially
cause such reactions must be considered.
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Another phenomenon that could explain piezocatalytic
activity is the occurrence of localised piezoelectric ac-
tivity resulting in localised superficial polarisation
(Figure 1b). This localised piezoelectric response could
lead to large electric potential differences within micro-
and nano-structured surface features of piezocatalysts,
which is why it may be an important factor driving
piezocatalytic processes [31]. Nevertheless, research on

micro- and nanoscale piezoelectricity is still in its in-
fancy [38], and more progress is required to better un-
derstand this phenomenon.

Other potential explanations behind piezocatalysis
reside on the effect that piezoelectric properties of the
catalyst may have on its valence and conduction band,
favouring the redox reactions of interest under ultra-
sound [4,6,8,17,19,21,23]. This is indeed very similar to
what researchers in the sonochemistry community
would call sonocatalysis (Figure 1c), which generally
occurs in semiconductor materials under sonication

[39]. Most piezocatalysts are fabricated from semi-
conductor materials that could lead to a possible
contribution of sonocatalysis in the observed catalytic

Figure 1

Illustration of different types of piezocatalytic mechanisms: (a) ‘top-to-bottom’ electric potential difference due to bulk polarisation of a piezocatalyst
under stress; (b) electric potential difference due to localised polarisation within micro-and nano-structured features of piezocatalysts; (c) valence band
(VB) and conduction band (CB) in semiconductor materials in presence of cavitating bubbles under ultrasound (i.e., sonocatalysis).
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activities, which would be enhanced in those cases
where the catalyst is made of a piezoelectric material
[31]. Besides this, sonochemistry is intrinsically
connected to piezocatalysis when using ultrasound. It is
widely known that sonication on its own can form �OH
and �O2

� radicals [40,41]. Therefore, sonochemistry
should never be neglected as it could play an important
role in observed catalytic processes assumed to only be

piezocatalytic in nature. For this reason, it is strongly
suggested to conduct appropriate blank experiments
(e.g. presence/absence of ultrasound, catalyst and
radical scavengers) to better distinguish between radi-
cals evolving on the piezocatalyst surface due to its
piezoelectric response and those created by sonication
[31]. In general, radical scavenger experiments
(Figure 2e) are not only limited to �OH and �O2

� radicals
[4] but also to ‘non-radicalary species’ such as hþ and e�,
hence why they are very useful to determine which
physico-chemical phenomena may be causing the

observed catalytic activity [31].

Piezocatalysts
Material, size and geometry
Generally, a piezocatalyst is a piezoelectric material (or
composite) that converts mechanical stresses into
charges that drive redox reactions. For this reason, it can
also be described as a miniaturised electrochemical
device that combines power source and electrodes.
Many piezocatalysts are based on barium titanate
(BaTiO3) [3,5,7,11e13,17e19,26,33,36,42] (Figure 2d),
polyvinylidene difluoride (PVDF) [14,27,32,43] or zinc
oxide (ZnO) [8,44,45]. A wide range of piezocatalyst
shapes (Figure 2aec) has been reported [11,19,23,33],
with some studies suggesting that fibres/wires exhibit

enhanced piezocatalytic activity compared with parti-
cles/spheres [19,33], while others suggest the use of
thin sheets aiming at the same purpose [23].

Regardless of material and shape, the theoretical
piezoelectric output of any piezoelectric particle is
directly proportional to its size, as suggested by the
following equation [46]:

Vp ¼ dijsjwi

ε0εr;i
(1)

where Vp is the piezoelectric open-circuit potential, sj is
the applied stress in j direction, dij is the piezoelectric
charge coefficient,wi is the length of the piezocatalyst in i
direction of polarisation, εr;i is the relative permittivity in
the i dimension and ε0 represents the electrical permit-
tivity of free space. In addition, the larger the particle is,
the lower the resonance frequency generally is for any
piezoelectric material, as indicated by the equations

included in Table 1, which are derived from the

relationship between frequency constant Ni and reso-
nance frequency fr for different particle geometries [47].
If one assumed that the ‘top-to-bottom’ potential dif-
ference caused by bulk polarisation was the dominant
mechanism in piezocatalysis (as many of the studies in
the literature do [3,5,7,12,18,33]), the goal should be to
achieve the largest piezoelectric output possible at the
frequency close to that of the application (e.g. tens of

kHz, depending on the ultrasonic system used to ‘excite’
the piezocatalysts). However, that would require parti-
cles well within the micron scale (tens or hundreds of
microns [31]), perhaps even millimetres. Unfortunately,
though, most of the research on piezocatalysis has been
conducted on catalysts within the submicron scale
[1,3,5,7,9,11,14,15,18,19,23,25,32,33,48]. Moreover, no
study has so far really attempted to shed some light on
the potential effect of frequency on this novel catalytic
process, even though the operation of piezocatalysts at
frequencies closer to their resonance frequency would

indeed result in a significantly greater ‘bulk’ polarisation
(hence a larger ‘top-to-bottom’ potential difference).
These are factors that have not really been considered by
the research community to date but that should be
explored in the near future to better understand how
piezocatalysis fundamentally works and its link with
basic piezoelectricity.

Piezoelectric properties
The piezoelectric nature of any material can be defined
by a series of piezoelectric coefficients or parameters.
Piezoelectric charge constants dij (e.g. d11 or d33 part of a
6 � 6 matrix) or dielectric constants εTij (e.g. ε

T
11, ε

T
22 or

ε
T
33 part of a 3 � 3 matrix) are among the best indicators
of the potential performance of any given piezoelectric

material and should be of significant interest for piezo-
catalysis. Very rarely in piezocatalysis research, piezo-
electric coefficients are defined to indicate the
piezoelectric nature (or lack of) of piezocatalysts
[23,27,31]. However, although the vast majority of
research in this field recognises piezoelectric phenom-
ena as the source of the catalytic activity of piezocata-
lysts, no significant information (e.g. piezoelectric
charge constants, dielectric constants or electrochemical
coupling factors) is generally found about the ‘true’
piezoelectric nature of a piezocatalyst in most of the
studies available in the literature. Some studies do

present workaround methods based on chemical and/or
physical measurements to shed some light on the ‘true’
piezoelectric nature of piezocatalysts
[2,6,7,9,19,23,24,33,49], but those methods are not
standardised and are difficult to replicate.

The lack of information on piezoelectric coefficients or
performance from piezocatalysts means that their ‘true’
piezoelectric nature can only be hypothesised (more
details about this can be found in the following sub-
section on ‘Poling’). One of the challenges is that,

although piezoelectric charge coefficients are well
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Figure 2

Examples of catalysts, degradation curves and kinetic rates from current piezocatalysis research: (a–c) TEM images of hydrothermal BaTiO3 nano-
wires, hydrothermal BaTiO3 nanoparticles and commercial BaTiO3 nanoparticles, respectively. Reprinted from the study by Wu et al [19], Copyright
2018, with permission from Elsevier. (d) Piezocatalytic degradation of methyl orange in water in the presence of BaTiO3 nanoparticles (BTO), randomly
Ag-deposited BaTiO3 nanocrystals (BTO-Ag-R) and selectively Ag-deposited BaTiO3 nanocrystals (BTO-Ag-S). Reprinted from the study by Lin et al
[3], Copyright 2020, with permission from Elsevier. (e) Piezocatalytic degradation of RhB in the presence of various radical scavengers: disodium
ethylene diamine tetra-acetate dehydrate (EDTA), tert-butyl alcohol (TBA), benzoquinone (BQ) and AgNO3. Reprinted in part with permission from Dai
et al [4], Copyright 2021 American Chemical Society. (f) Piezocatalytic degradation of methyl orange by BaTiO3 nanoparticles calcined at 1200 �C and
poled at different voltages. Reprinted with permission from Wu et al [18], Copyright 2018 American Chemical Society. (g) Effect of ultrasonic power on
piezocatalytic degradation of RhB. Reprinted in part with permission from Liu et al [33], Copyright 2020 American Chemical Society. (h) Cycle ex-
periments for the piezocatalytic degradation of RhB by SrTiO3. Reprinted from the study by Ling et al [9], Copyright 2020, with permission from Elsevier.
(i) Piezocatalytic degradation of oxytetracycline solution over exfoliated multi-flaw MoS2/PVDF electrospun fibre membranes with different MoS2

content. Please note that it is not clear whether adsorption/desorption equilibrium was achieved prior to the piezocatalytic experiments. Reprinted from
the study by Ma et al [49], Copyright 2021, with permission from Elsevier.
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defined for bulk materials and films, the same co-
efficients may not necessarily translate to powdered
samples of the same material. Unfortunately, current
measurement techniques for piezoelectric coefficients
are devised for either thin films or bulk materials and
might not be entirely suitable for widely used nanoscale
piezocatalysts [50]. Therefore, developing appropriate

measurement techniques for micron and nanoscale
piezocatalysts is necessary to better understand how
piezoelectric piezocatalysts function.

Poling
The need to conduct a ‘poling’ process (i.e. alignment
of randomly oriented Weiss domains through the
application of a strong electric field at high tempera-
tures below the Curie point of the material) to improve
the piezoelectric coefficients of any material and
enhance its piezoelectric behaviour is a widely known
practice in the development of piezoelectric applica-
tions [51]. However, it has received relatively low
attention from most of the piezocatalysis research

community, even though some studies have clearly
demonstrated that greater poling voltages result in a
significantly enhanced piezocatalytic performance
[14,16,18,42,52] (Figure 2f). Poling is not only impor-
tant to improve a piezocatalytic process; the compari-
son of poled and unpoled piezocatalysts of the same
material also allows researchers to better distinguish
whether an observed catalytic activity is ‘true’ piezo-
catalysis or may be caused by other catalytic phenom-
ena such as sonocatalysis [31]. For this reason,

comparison with unpoled and poled version of the same
material should be conducted more often to better
understand the causes (i.e. physico-chemical mecha-
nisms) of the observed piezocatalytic activity.

Other factors
Catalyst reusability is of high economic interest and an
important aspect to be considered in piezocatalysis
research (Figure 2h), which is why several studies report
good reusability of piezocatalysts with no significant
changes in the observed catalytic activity

[2,4,6,9,13,14,16,26]. Another factor that must be
considered when evaluating the catalytic activity of
piezocatalysts is the material’s adsorbent nature. Reach-
ing adsorptionedesorption equilibrium of the reactant by
stirring piezocatalysts in the target solution is a widely
reported approach in piezocatalysis [1,4,6,32,33,52].
However, it is not often clear to conclude whether that
equilibrium has been reached in many piezocatalysis
studies (Figure 2i) [49,53]. Reaching adsorptione
desorption equilibrium prior to the catalytic process is
important to separate adsorption from pure piezocatalyt-

ical activity, as adsorption onto the piezocatalyst could
significantly distort someof the researchfindings reported
(e.g. reaction rate constants). To avoid this, research in
this field should ensure that adsorptionedesorption
equilibrium is reached prior to any experimental run and
that the adsorption and porous nature of the material is
properly characterised (e.g. BETanalysis [31]).

Piezocatalyst excitation
Ultrasound, generally at 20e40 kHz by means of a
commercial ultrasonic horn or bath, is the most common

way to ‘excite’ piezocatalysts [1,4e6,8,9,11,12,17e
19,21,22,25,33]. However, as hinted in Section 3.1,
these frequencies may not be the optimum ones to
operate at if one considers the resonance frequency (fr)
of piezocatalysts. Furthermore, the acoustic pressure in
ultrasonic probes/baths operating at 20e40 kHz does
not generally exceed 2 bar [54], which might not be
sufficient to exert adequate stress on piezocatalysts to
experience large enough potentials for the previously
suggested redox reactions. Some studies have suggested
that piezocatalyst polarisation is enhanced by collapsing

cavitation bubbles with pressures up to 108 Pa
[8,19,20,37,43]. However, if acoustic cavitation under
ultrasound was the only method to achieve the required
piezocatalyst polarisation, the applicability of piezoca-
talysis would be significantly restricted to systems
where acoustic cavitation could be induced by ultra-
sound. Therefore, other excitation methods should be
considered in future research to shed more light on the
‘real-world’ potential of piezocatalysis.

Ultrasound is still very useful to better understand the

main factors influencing piezocatalysis. Nevertheless,
the use of ultrasound requires a thorough consideration

Table 1

Relationship between frequency constant Ni (NL [ longitudinal
mode frequency constant; NT [ thickness mode frequency
constant; NP [ radial mode frequency constant) and resonance
frequency fr for different shapes.

Shape Polarisation
direction

Voltage
field

Mode of vibration:
displacement

Frequency
constant Ni

Plate NL ¼ fr l

NL ¼ fr w

NT ¼ fr h

Disc NP ¼ 2fr r

NT ¼ fr h

Bar NL ¼ fr l

Rod NL ¼ fr l
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of important aspects from sonochemistry research such
as the acoustic field, acoustic power or temperature
control, as further explained in the following
subsections.

Acoustic field
Control and reproducibility of the acoustic field should
be a critical aspect when using sonication to excite
piezocatalysts, as its nature strongly affects the occur-
rence of acoustic cavitation and related physico-chemi-
cal phenomena [41,55]. Moreover, a better control and

understanding of the acoustic field can enable its
modulation to enhance piezocatalytic activity [31]. For
this, it is important to accurately define and control
setup variables such as reactor position within the ul-
trasonic bath (or location of ultrasonic horn within
reactor), degassing of water, combination of ultrasound
with other agitation methods, etc. However, this is not
currently the norm in piezocatalysis research, although
it is well known in sonochemistry research that such
factors have a significant effect. These factors should be
considered when designing experimental setups and

procedures in piezocatalysis.

Ultrasonic power
The effect of applied power on piezocatalytic activity
(Figure 2g) has been demonstrated by several studies
[9,15,33]. However, higher electrical power applied to
the transducers used in either ultrasonic baths or horns
does not necessarily translate to greater acoustic power
in the reaction environment [56]. For that reason, it is
recommended to calorimetrically calibrate the ultra-
sonic system to determine the ‘real’ acoustic power [57]
by dividing the measured power by either the sonication
volume (W cm�3) or the emitter surface area of the

ultrasonic source (W cm�2). This procedure would also
help to understand the energy requirements and discuss
benefits and disadvantages prior to scaling-up [58].

Temperature
Continuous sonication generally leads to a significant
increase in temperature. Some studies tried to address
this challenge by replacing the water in the ultrasonic
bath or adding ice cubes/water during the experiment
[12,17,32,59,60]. However, these approaches would
significantly disturb the acoustic field, potentially
affecting the reliability and reproducibility of the
research. A thorough temperature control such as those
used in sonochemistry [31] is therefore necessary in

piezocatalysis research to not only avoid any contribu-
tion of pyrocatalysis [22,48] but also achieve and
maintain a stable acoustic field.

Conclusions
Piezocatalysis indeed has the potential to become a
‘green and sustainable’ catalytic process, but only when
the fundamental principles from piezoelectricity,

electrochemistry and sonochemistry are considered and
applied to fully understand how this new concept in
catalysis works. For that to happen, research on piezo-
catalysis will not only need to adopt some of the prac-
tices of other fields such as piezoelectricity or
sonochemistry but also address some of the challenges
(e.g., better understanding of micro- and nano-scale
piezoelectric phenomena) mentioned in this review.
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2 Importance of catalyst size, poling and excitation mode 

2.1 Introduction 

 

As discussed in the previous chapter, the majority of studies available in the literature used 

ultrasound for the excitation of piezocatalysts without considering a systematic approach in 

their experimental set-ups and procedures [1-5]. So far, small reactors with little information 

on the location or depth within the ultrasonic bath have been used [1-3, 5, 6], even though 

such information is essential to control and ensure reproducibility of the acoustic field. Besides 

this, other factors such as temperature control and calorimetric calibrations that are also critical 

for the reproducibility and comparability of results are often not considered. 

Therefore, the present study aimed to understand the effect of catalyst size, poling and 

excitation mode on the piezocatalytic process, and it tried to do so by using a new theoretical 

and experimental approach that systematically took into account all the issues previously 

pointed out. A Finite Element Model (FEM) was developed to simulate the piezoelectric 

polarisation of freely suspended particles under ultrasound. The experimental approach 

followed common practice and knowledge from sonochemistry, involving a precise control of 

reaction temperature, acoustic power, reactor size and position within the ultrasonic bath. In 

addition to this, it was decided to move away from the small-scale ultrasonic reactors currently 

used in piezocatalytic research since sonochemistry experts have recognised that larger-scale 

ultrasonic reactors differ significantly from those used at laboratory scale [7-11]. Given this 

intrinsic problem with ultrasound-assisted research, it is difficult to transfer sonochemical 

effects from one reactor to another. A good example of this is a study on the 

sonoelectrochemical degradation of trichloroacetic acid, where no significant contributions of 

ultrasound were observed in the smaller scale reactor, but a remarkable effect was noticed at 

a larger pre-pilot reactor [12]. While in this particular case the contribution of ultrasound was 

beneficial for the overall process, the opposite may be true in piezocatalytic research. 
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Significant piezocatalytic activity has been reported when using small scale reactors 

(<100 mL) with very low sonochemical contributions. However, due to the complexity of scaling 

up ultrasound-assisted processes, similar observations of piezocatalytic activity at larger scale 

may not be as straightforward. It is therefore essential to conduct piezocatalytic research using 

larger scale reactors in order to assess the potential of piezocatalysis as a new ecologically 

friendly technology. It was therefore decided to us a 1000 mL reactor for this study.  

To also minimise the impact of other potential factors such as adsorption as well as ensuring 

a true piezoelectric nature of the used catalyst, a commercially available piezoelectric material, 

potassium bismuth titanate-bismuth ferrite lead titanate (BF-KBT-PT), was selected as the 

piezocatalyst for this study. BF-KBT-PT was a preferred choice due to its high piezoelectric 

properties (d33 and d31 values of 100 pC/N and −40 pC/N) as well as exhibiting high coercive 

stress [13, 14]. Due to this high coercive stress BF-KBT-PT is able to maintain the piezoelectric 

effect even after undergoing stress-inducing processes such as grinding and sieving into fine 

particles, allowing for an easy and cost-effective preparation of the piezocataysts. Besides 

this, BF-KBT-PT is a very dense solid with no porosity and poor adsorbent behaviour, ensuring 

that any degradation in RhB was due to either piezocatalytic or sonochemical/sonocatalytical 

effects and not due to dye adsorption onto the catalyst. 

 

2.2 Discussion highlights and conclusions 

 

The present study demonstrated that piezocatalysis is a more complex phenomenon than 

previously assumed in the literature and emphasised on the importance of thorough control 

experiments to better distinguish between simultaneously occurring ultrasound-assisted 

phenomena. 

The developed FEM model with freely suspended particles overcomes the unrealistic 

assumption of fixed and grounded particles in previously reported FEM simulations [3, 15, 16]. 
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Even though, this new FEM model is more realistic than those previously reported in the 

literature, it still has some limitations e.g. perfectly smooth surfaces with no roughness, use of 

linear acoustics and 2D geometries. Nevertheless, the FEM simulations indicated that the 

generation of superoxide and hydroxyl radicals via the suggested redox reactions is unlikely 

to occur from ‘bulk’ piezoelectric polarisation of BF-KBT-PT catalysts. However, the 

experimental results using BF-KBT-PT catalysts did not only show RhB degradation but also 

confirmed the participation of superoxide and hydroxyl in the radicalary degradation. The 

results for the effect of catalyst size also challenged the concept of 'bulk' piezoelectric 

polarisation since the best overall RhB degradation was achieved with the smallest 

piezocatalyst. This indicates that localised piezoelectric polarisation at micro- and nano 

features at the catalyst surface may be more important for the piezocatalytic process. 

One of the most significant aspects of this research was the utilisation of a larger-scale reactor 

(1000 mL). While the experimental findings did demonstrate some piezocatalytic activity, it 

was far less than the sonochemical contribution to the overall RhB degradation. This is in 

contrast to most of the work on piezocatalysis available in the literature, which showed strong 

piezocatalytic activity with minimal sonochemical effects in small-scale reactors (<100 mL) [1-

6]. However, the experimental results in this study are consistent with previous sonochemical 

studies conducted on a larger scale [17], highlighting the potential implications of scaling up 

the piezocatalytic process for future industrial applications. 

Nevertheless, further research is needed to fully elucidate the piezocatalytic phenomenon and 

its driving factors. One reason why the used piezocatalysts might not have achieved a sufficient 

‘bulk’ polarisation could be the operating frequency and power of the ultrasonic source used in 

this study. It is widely assumed that piezoelectric materials achieve a better piezoelectric 

response when operated close to their resonance frequency. Similarly, sonochemical effects are 

also known to depend on the operating frequency and power [18-21]. It is therefore essential 

from both sonochemical and piezoelectric point of view to systematically evaluate the effect of 

ultrasonic frequency and power on the piezocatalytic process. 
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To gain a deeper understanding of the research outcomes and their significance, all results 

and a more comprehensive discussion can be found in Piezocatalytic degradation of pollutants 

in water: Importance of catalyst size, poling and excitation mode published in Chemical 

Engineering Journal Advances, which constitutes Chapter 2 of this thesis. 
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a b s t r a c t 

Piezocatalysis is a promising area of research that would enable new advances in environmental catalytic pro- 

cesses independent of energy sources such as light or electricity. To shed more light on this field, theoretical and 

experimental studies were conducted using poled and unpoled BF-KBT-PT ceramics as catalysts in order to investi- 

gate the effect that piezocatalyst size, piezocatalyst poling/unpoling and agitation mode have on the degradation 

of a dye, Rhodamine B (RhB), in water. While an apparently contradictory trend in the theoretical and experimen- 

tal results was observed in relation to piezocatalyst size, poling indeed had a significant effect on the degradation 

of RhB, indicating that a complex combination of different phenomena such as ‘top-to-bottom’ electric potential 

difference due to ‘bulk’ piezoelectric polarisation, nanoscale piezoelectric response and sonocatalysis may result 

in the overall catalytic degradation of RhB. However, the greatest contribution to the degradation of the dye 

would come from sonochemistry, as ultrasound in absence of a catalyst already achieved a remarkable degra- 

dation of RhB. This study therefore demonstrates the complexity of piezocatalysis, and why other phenomena 

besides bulk piezoelectric polarisation of catalysts must be taken into account in piezocatalysis research. 

1. Introduction 

Piezocatalysis is a new research area within the broad field of catal- 

ysis that has attracted significant attention in recent years, as it would 

take advantage of the polarisation developed by a piezoelectric mate- 

rial, subjected to an applied mechanical stress, to conduct redox reac- 

tions at the surface of said piezoelectric material in order to remove 

recalcitrant pollutants from water [1–3] . Piezocatalysis therefore has a 

strong potential as a new green catalysis area where redundant system 

vibrations (e.g. mechanical vibrations of exhaust systems or chemical 

reactors) could be used not only to enhance well established catalytic 

phenomena such as photocatalysis, but also open the gate to new cat- 

alytic routes independent of energy sources such as light or electricity. A 

good example of this is the research conducted is the removal of dyes in 

aqueous solutions with suspended piezocatalysts, which were ‘polarised’ 

by ultrasonic irradiation [4–7] . 

For piezocatalysis to reach its potential, an efficient use of mechan- 

ical energy (e.g. acoustic field) to reduce the activation energy of the 

chemical reactions of interest must take place. To achieve this, one must 

fully understand the physico-chemical factors behind it, and account for 

all the other physical and chemical phenomena that could also influence 

∗ Corresponding authors. 

E-mail addresses:  (F. Bößl),  (I. Tudela). 

the overall catalytic process. One of this factors would be the piezoelec- 

tric behaviour of the material, which would require the understanding 

of the effect of poling or unpoling [ 8 , 9 ]. However, only a few studies 

have slightly considered the poled/unpoled nature of piezocatalysts in 

the past [ 5 , 10–12 ], even though it is clear that poling (or the lack of) 

should be a factor that would significantly contribute to a better un- 

derstanding of how piezocatalysis works and whether other phenomena 

besides piezoelectricity may also be important. 

The general trend in piezocatalysis has been to assume that the piezo- 

catalytic degradation of dyes originates from redox reactions caused by 

‘top-to-bottom’ electric potential difference experienced by the piezocat- 

alyst particles under an ultrasonic field [ 5 , 13–15 ]. According to some 

of the basic principles of piezoelectricity [16–19] , piezocatalysts should 

experience a ‘top-to-bottom’ electric potential difference according to 

the following equation under a certain external stress (in this case, an 

acoustic wave): 

𝑉 𝑝 = 

𝑑 𝑖𝑗 𝜎𝑗 𝑤 𝑖 

𝜀 0 𝜀 𝑟,𝑖 
(1) 

where V p is the piezoelectric open-circuit potential, 𝜎j is the applied 

stress in j direction, d ij is the piezoelectric charge coefficient, w i the 

length of the piezocatalyst in i direction of polarisation, 𝜀 r,i is the relative 
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permittivity in i dimension and 𝜀 0 represents the electrical permittivity 

of free space. Eq. (1) predicts that, the larger the particle, the greater the 

‘top-to-bottom’ electric field it experiences. However, the vast majority 

of research in this field has focused on exploring nano-scale piezocat- 

alysts [ 1 , 7 , 13 , 20 , 21 ], when it is clear that the ‘top-to-bottom’ electric 

potential difference should increase if using piezocatalysts with larger 

sizes. 

Nearly all of the published studies make use of ultrasonic baths to 

‘excite’ piezocatalysts by setting an ultrasonic field within the treated 

aqueous solutions [ 5 , 6 , 21–23 ]. However, most of these studies did not 

follow a systematic approach towards the design of the experimental 

set-up and procedures: 

• Use of small ‘reactors’ (e.g. < 100 mL beakers or vials containing the 

solutions to be treated, which generally consist of water containing 

a dye and the piezocatalyst of choice) with little to no information 

regarding location and depth within the ultrasonic bath and whether 

that exact same location was used in all experiments [ 5 , 6 , 21–24 ]. It 

is well known in the field of sonochemistry that the presence and 

location of any object will have a strong effect on the acoustic field 

within an ultrasonic bath [25] , hence why it is extremely important 

to control it accurately. 

• Lack of consideration for factors such as temperature control during 

ultrasonication or ultrasonic power calibration [ 5 , 6 , 21–24 , 26 , 27 ]. 

Again, it is well known in the field of sonochemistry that these fac- 

tors are critical to effectively characterise any type of ‘sonoreactor’ 

[28] and ensure reproducibility and comparability of research. 

To shed some light on this apparently controversial situation sur- 

rounding piezocatalysis research, the present study tackles those issues 

previously mentioned by investigating the effect that piezocatalyst size, 

piezocatalyst poling/unpoling and agitation mode have on the degra- 

dation of a dye (RhB) in water, and it does so both theoretically and 

experimentally: 

• Theoretically, by conducting Finite Elements Method (FEM) simula- 

tions of the polarisation of suspended piezocatalysts in an ultrason- 

ically irradiated aqueous solution under realistic conditions. 

• Experimentally, by taking a systematic approach where aspects such 

as reactor size and location within the ultrasonic bath, its ultrasonic 

power and temperature are strictly controlled. 

The results here presented demonstrate that the catalytic degrada- 

tion of RhB was not only caused by the ‘top-to-bottom’ electric potential 

difference due to the ‘bulk’ polarisation experienced by the piezocata- 

lyst, as phenomena such as nanoscale piezoelectricity on micro- and 

nano-structured surfaces and sonocatalysis would also occur in both 

poled and unpoled piezocatalysts. Moreover, another phenomenon such 

as sonochemistry made a significant contribution to the degradation of 

the dye, demonstrating the complexity of the overall degradation pro- 

cess and highlighting why other phenomena must be taken into account 

when studying piezocatalysis. 

2. Materials and methods 

2.1. Catalysts 

A commercially available piezoelectric material for high tempera- 

ture piezoelectric applications, potassium bismuth titanate-bismuth fer- 

rite lead titanate (BF-KBT-PT), was used to fabricate the catalysts for this 

study. BF-KBT-PT, which was supplied by Ionix Advanced Technologies 

Ltd., was synthesised by conventional solid-state synthesis following the 

same approach previously described by the authors [ 29 , 30 ]. Whereas 

other piezoelectric materials such as lead zirconate titanate (PZT) can 

readily become unpoled and lose its bulk piezoelectric properties as a 

result of applied stress [31] , the high coercive stress of BF-KBT-PT piezo- 

electric ceramics allows for the maintenance of the piezoelectric effect, 

even after grinding into small particles. 

Two types of this piezoelectric material were considered in order 

to verify whether any catalytic activity observed could be attributed 

to ‘top-to-bottom’ electric potential differences caused by bulk polarisa- 

tion of the piezocatalysts (i.e. what has widely considered as the general 

mechanism behind piezocatalysis) or any other phenomena (e.g. sono- 

chemistry, sonocatalysis): 

i Poled BF-KBT-PT, which did exhibit a ‘true’ bulk piezoelectric be- 

haviour (d 33 and d 31 values of 100 pC/N and − 40 pC/N, respec- 

tively). 

ii Unpoled BF-KBT-PT, which did not experience any bulk piezoelec- 

tricity at all (d 33 and d 31 values of 0 pC/N). 

Both poled (P) and unpoled (UP) BF-KBT-PT catalysts were prepared 

from poled and unpoled piezoceramics discs of the same material. The 

only difference between the poled and unpoled BF-KBT-PT piezoceram- 

ics discs was that the unpoled piezoceramic discs were depoled at a tem- 

perature above the Curie point. The BF-KBT-PT piezoceramic disc were 

first broken down into small pieces by hammering, and then manually 

ground into fine particles with a pestle and mortar. The fine particles 

were then sieved to obtain four different particle size distributions in or- 

der to study any potential effect of piezocatalyst size on the performance 

of the degradation process: (i) < 63 𝜇m (P63 and UP63), (ii) 63–125 𝜇m 

(P125), (iii) 125–250 𝜇m (P250) and (iv) 250–500 𝜇m (P500). 

The existence of the piezoelectric effect in ground, poled, materials, 

was proven empirically with a Berlincourt metre (APC International) by 

aligning the unelectroded particles in the metre in various orientations 

(e.g. -35, − 42, − 47 or + 143 pC/N). The unpoled materials displayed 

zero piezoelectric output (0 pC/N) in the Berlincourt metre using the 

same method. The crystalline structure of poled and unpoled BF-KBT-PT 

catalysts was determined by X-ray diffraction (XRD, Bruker D8) with Cu 

K 𝛼 radiation. The surface structure and composition was determined by 

focused ion beam-scanning electron microscopy (FIB-SEM, Zeiss Gemini 

2 crossbeam 550) with an energy dispersive X-ray spectrometer (EDS). 

2.2. FEM simulations 

Previous studies in the literature have unrealistically assumed that 

piezocatalysts were fixed and grounded under single forces defined in 

some of the solid boundaries of the piezocatalyst [ 23 , 32–34 ]. For this 

reason, a new FEM model was developed to theoretically evaluate the 

polarisation experienced by the poled piezocatalysts in a liquid being 

irradiated with ultrasound. 

The new FEM model couples the acoustic field in the liquid with 

the vibration of a single piezocatalytic particle and its piezoelectric re- 

sponse using COMSOL Multiphysics 5.5. In the model, the piezocatalyst 

remains ‘freely’ suspended in the liquid to better reflect the real condi- 

tions under which piezocatalysts have been ultrasonically irradiated in 

all the experimental studies found in the literature. A detailed explana- 

tion of the physics implemented in the model, boundary conditions and 

piezocatalyst properties can be found in the Supplementary Material. 

Although the FEM simulations here presented are significantly more 

realistic than those previously published in the literature [ 20 , 23 , 32 , 34 ], 

they still have some simplifications that should be pointed out: 

i 2D geometries (instead of 3D) 

ii Use of linear acoustics: the acoustic field inside an ultrasonic bath 

is non-linear due to the existence of cavitation. Not accounting for 

asymmetrical collapses near the surface may overlook localised high 

pressures result in high-degree of localised polarisation. Wu et al. 

tried to account for this phenomenon in their FEM simulations to a 

certain extent [23] . 

iii Perfectly smooth surfaces with no roughness. 

Nevertheless, we must point out that these simplifications should not 

result in significant quantitative and qualitative differences between the 

simulated and real ‘top-to-bottom’ electric potential difference experi- 

enced by the particles. 

2 
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2.3. Experimental set-up 

All experiments were conducted in a 1000 mL beaker containing a 

5 mg L − 1 RhB aqueous solution and immersed in an ultrasonic bath (Ul- 

trawave QS12) with an operating frequency of 32–38 kHz (Fig. S4a in 

Supplementary Material). The beaker was placed in the centre of the 

ultrasonic bath with a controlled depth (4 cm) and constant water level 

to ensure the reproducibility of the results. The temperature of the ul- 

trasonic bath was controlled by a circulating water cooling system im- 

mersed in the bath to maintain the temperature of the RhB solution at 

30 ± 2 °C. In those experiments where mechanical agitation was in- 

troduced, an overhead stirrer (SciQuip Basic 20) was used at 200 rpm 

to keep the poled and unpoled BF-KBT-PT catalysts suspended in the 

solution. The ultrasonic bath operating at full power was calibrated fol- 

lowing the standard calorimetric method widely used in sonochemistry 

research [35] ; the ultrasonic power was 12.2 ± 0.4 W L − 1 in absence of 

mechanical agitation, and 14.3 ± 0.7 W L − 1 in the presence of mechani- 

cal agitation when using the overhead stirrer. Prior to each experiment, 

the water in the ultrasonic bath was thoroughly degassed for 60 min to 

ensure a reproducible acoustic field inside the bath. 

120 min\ blank (i.e. no catalyst) and piezocatalytic RhB degradation 

experiments were conducted under three different excitation methods: 

(i) mechanical agitation (MA) at 200 rpm, (ii) ultrasound at 12.2 ± 0.4 W 

L − 1 (US), and (iii) the combination of mechanical agitation at 200 rpm 

and ultrasound at 14.3 ± 0.7 W L − 1 (US + MA). In each experiment, 

3 mL samples of the RhB aqueous solution were taken every 10 min 

with a 0.22 𝜇m PTFE-syringe-filter. Each sample was then analysed by 

a UV-vis spectrophotometer (Shimadzu UV-3600 Plus) at the character- 

istic wavelength of 554 nm (Fig. S4b in Supplementary Material). For 

the catalytic RhB degradation experiments, 1 g of either poled (P) or 

unpoled (UP) BF-KBT-PT catalysts particles with different sizes (P63, 

UP63, P125, P250 and P500) were added to the RhB aqueous solution, 

which was stirred at 200 rpm for 30 min to ensure adsorption-desorption 

equilibrium was reached prior to every experiment (no changes were 

observed in the concentration of RhB due to adsorption on the cata- 

lysts in all cases). The non-porous, poor adsorbent nature of the ma- 

terial used here (see Supplementary Material for nitrogen adsorption 

isotherm analysis) was extremely important, as it ensured that the de- 

crease in RhB concentration during piezocatalytic experiments was due 

to either piezocatalytical or sonochemical/sonocatalytical phenomena 

and not due to dye adsorption onto the catalyst. This is a rather con- 

troversial situation in other piezocatalysis studies where there was clear 

adsorption of the targeted pollutant onto the surface of the catalyst with- 

out definite proof of reaching adsorption equilibrium [ 24 , 36 , 37 ], which 

could potentially distort the results reported. 

To further explore and confirm the importance of radicalary degra- 

dation routes on piezocatalysts, additional experiments were conducted 

with/without the smallest poled BF-KBT-PT piezocatalysts (P63) under 

combined ultrasound and mechanical agitation (US + MA) in the pres- 

ence of several radical and charge scavengers: terephthalic acid (TA) 

99.5%, benzoquinone (BQ) 99% and ethylenediaminetetraacetic acid 

(EDTA) disodium salt dihydrate 99%, all of them from ACROS Organ- 

ics. TA, BQ and EDTA were selected due to their role as chemical traps 

for ●OH [38] , ●O 2 
– [39] and h + [40] , respectively. The concentration 

of scavengers added was 10 mM for TA, 0.15 mM for BQ and 2 mM for 

EDTA. 

3. Results 

3.1. Effect of piezocatalyst size 

As stated earlier, Eq. (1) predicts that, the larger the particle, the 

greater the ‘top-to-bottom’ electric field it experiences. This was con- 

firmed by FEM simulations ( Fig. 1 ; clips of the simulations are available 

as Supplementary Material) of four different poled BF-KBT-PT piezocata- 

lysts with particle sizes analogous to piezocatalysts that were used in our 

subsequent experiments (P500, P250, P125 and P63). The largest simu- 

lated particle, with a height of 500 𝜇m ( Fig. 1 a), achieved the greatest 

‘top-to-bottom’ electric potential difference of 0.66 V. The smaller par- 

ticles with heights of 250 𝜇m ( Fig. 1 b), 125 𝜇m ( Fig. 1 c) and 63 𝜇m 

( Fig. 1 d) experienced a ‘top-to-bottom’ potential difference of up to 

0.33 V, 0.17 V and 0.08 V, respectively. 

Following these FEM simulations, one would expect to observe the 

greatest degradation of RhB when the largest poled BF-KBT-PT piezo- 

catalyst (P500) was used, and to that end, experiments with four dif- 

ferent piezocatalyst sizes (P500, P250, P125 and P63) were conducted 

to confirm this. Prior to this though, a thorough characterisation was 

conducted in all the different poled BF-KBT-PT piezocatalysts to ensure 

that the main differential factor in all piezocatalysts was the size, hence 

ensuring a ‘true’ like-for-like comparison. FIB-SEM analysis was con- 

ducted to observe any potential differences in terms of size and shape 

( Fig. 2 a–d) as well as surface structure ( Fig. 2 e–h), revealing that there 

was no significant difference between the different piezocatalytic par- 

ticles except for their size: the poled BF-KBT-PT piezocatalysts gener- 

ally presented a cuboid morphology with clearly distinguishable sizes 

of < 63 𝜇m (P63), 63–125 𝜇m (P125), 125–250 𝜇m (P250) and 250–

500 𝜇m (P500). EDS spectra ( Fig. 4 i–l) confirmed an identical composi- 

tion for all the poled BF-KBT-PT piezocatalysts. XRD analysis ( Fig. 4 m) 

was conducted to evaluate the phase structure of the piezocatalysts. The 

BF-KBT-PT material used in this study exhibited peak splitting across 

most of the reflections (especially in the case of (110) planes), indi- 

cating phase co-existence [29] . Minor peak splitting in the {200} fam- 

ily characteristic of tetragonal materials was also observed, whereas no 

peak splitting was observed in the {111} phase, confirming that lattice 

distortion of the rhombohedral phase was negligible [29] . One notice- 

able characteristic in the XRD spectra for the different particles was the 

intensity of the peaks, which diminished as the particle size increased. 

However, the relative heights of the peaks were identical, confirming the 

virtually identical perovskite structure of the poled BF-KBT-PT piezocat- 

alysts, where no visible secondary phase was observed [29] . The differ- 

ence in intensity originated from the larger particles, which resulted in 

a rougher sample surface when conducting powder diffraction analysis. 

In summary, except for particle size, all the poled BF-KBT-PT piezocat- 

alysts used in this part of the study were identical. Therefore, any po- 

tential differences observed in their piezocatalytic performance should 

primarily relate to their size. 

The RhB degradation experiments ( Fig. 3 ) conducted under com- 

bined ultrasound/mechanical agitation revealed that, whereas there 

was a slight trend of enhanced RhB degradation after 120 min with 

an increase in particle size (P500 piezocatalysts achieved an overall 

RhB degradation of around 85%, whilst P250 achieved 83% and P125 

roughly 81%), the highest RhB degradation after 120 min was in fact 

achieved with the smallest piezocatalyst (P63 overall RhB degradation 

of nearly 90%). This did not only contradict the FEM simulations, but 

also raised the question of whether the increase in RhB degradation ob- 

served when using the poled BF-KBT-PT catalysts was primarily caused 

by piezocatalysis as it currently stands (i.e. ‘top-to-bottom’ electric po- 

tential difference caused by the bulk piezoelectric response of the piezo- 

catalytic particle), or whether other catalytic phenomena may have a 

significant effect. To shed some light on this, it was decided to evaluate 

the effect of piezocatalyst poling/unpoling and agitation mode. 

3.2. Effect of piezocatalyst poling/unpoling and excitation mode 

To better understand the apparently contradicting results observed 

in the experiments conducted to investigate the effect of piezocatalyst 

size, it was decided to continue working with the smallest piezocata- 

lyst (particle size of < 63 μm), as it was the poled piezocatalyst (P63) 

that unexpectedly yielded the highest degradation of RhB. In this case 

though, the experiments would be compared with its equivalent in un- 

poled form (UP63). UP63 particles should experience negligible bulk 

polarisation due to the cancellation of dipoles oriented in different di- 
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Fig. 1. FEM simulations of poled BF-KBT-PT catalysts suspended in a liquid (water) where an acoustic field (35 kHz) has been established: (a) particle size of 500 𝜇m, 

(b) particle size of 250 𝜇m, (c) particle size of 125 𝜇m and (d) particle size of 63 𝜇m, (e) ‘top-to-bottom’ (‘t-t-b’)potential difference as a function of piezocatalyst 

size. 

rections, hence why no ‘top-to-bottom’ electric potential difference lead- 

ing to piezocatalytic degradation of RhB should be observed; otherwise, 

it would be a clear indication that other phenomena might be at play. 

Prior to this though, a thorough characterisation was conducted on the 

UP63 catalysts to confirm that the main differential factor in this case 

was their piezoelectric nature, while the rest of the characteristics (i.e. 

surface structure, size and morphology) remained the same. Both poled 

and unpoled BF-KBT-PT particles (P63 and UP63) presented a cuboid 

morphology with sizes of < 63 𝜇m ( Fig. 4 a,b). No differences in terms of 

surface structure ( Fig. 4 c,d) nor material composition ( Fig. 4 e,f) were 

also observed, whereas only a minor difference was noticed in the XRD 

spectra, which was the intensity of the signal recorded for the UP63 

catalysts ( Fig. 4 g). Nevertheless, that difference in signal could be at- 

tributed to the unpoled nature of the UP63 particles; the relative height 

of the peaks in the UP63 samples was the same as that of the peaks in 

the P63 samples, indicating that both UP63 and P63 presented the same 

phase structure. These results again confirmed that, with the exception 

of their poled/unpoled nature (i.e. piezoelectric/non-piezoelectric, re- 

spectively), both P63 and UP63 catalysts were identical, hence ensuring 

a like-for-like comparison. 

Fig. 5 displays the normalised concentration of RhB during differ- 

ent degradation experiments conducted in presence/absence of poled 

(P63) and unpoled (UP63) BF-KBT-PT catalysts under different agitation 

modes. Under mechanical agitation in absence of ultrasound, no RhB 
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Fig. 2. FIB-SEM (a–h), EDS (i–l) and XRD analysis (m) of poled BF-KBT-PT piezocatalysts with different sizes: P63 ( < 63 μm), P125 (63–125 μm), P250 (125–250 μm) 

and P500 (250–500 μm). Size and shape of P63 (a), P125 (b), P250 (c) and P500 (d); surface structure of P63 (e), P125 (f), P250 (g) and P500 (h); composition 

analysis of P63 (i), P125 (j), P250 (k) and P500 (l); phase analysis of P63, P125, P250 and P500 (m). 

degradation was observed, whether or not the catalysts were present 

in the solution (MA, P63 MA and UP63 MA). The introduction of ul- 

trasound changed this, as RhB degradation was clearly observed in all 

cases, although the results varied significantly depending on the pres- 

ence/absence of mechanical agitation and/or piezocatalysts. 

Under ultrasound on its own (US), a nearly 30% degradation of RhB 

was achieved after 120 min. Further addition of the unpoled BF-KBT- 

PT catalyst (UP63 US) had no significant effect on the removal of RhB. 

However, the addition of the poled BF-KBT-PT catalyst (P63 US) did 

have an effect, enhancing the degradation of RhB up to 35%. A far more 

significant effect was observed when mechanical agitation was added to 

ultrasound. In absence of BF-KBT-PT catalysts, the combination of ultra- 

sound and mechanical agitation alone (US + MA) resulted in a remark- 

able degradation of RhB of about 80%. This was further enhanced by 

the addition of the poled BF-KBT-PT piezocatalyst, resulting in a degra- 

dation of nearly 90% of the RhB in the treated solutions (P63 US + MA). 

However, the more interesting results were observed with the addition 

of the unpoled BF-KBT-PT catalyst (UP63 US + MA): whereas no signif- 

icant enhancement in the degradation of RhB was observed at the end 

of the experiments compared to the same condition in absence of cata- 
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Fig. 3. RhB degradation experiments under combined ultrasound/mechanical agitation in presence of poled BF-KBT-PT catalysts with difference sizes: P63 ( < 63 μm), 

P125 (63–125 μm), P250 (125–250 μm) and P500 (250–500 μm): (a) Evolution of C/C 0 vs reaction time, (b) pseudo first-order linear fit of ln(C 0 /C) vs reaction time, 

(c) pseudo first-order degradation reaction rate constants. 

Fig. 4. FIB-SEM (a–d), EDS (e–f) and XRD analysis (g) of unpoled and poled BF-KBT-PT catalysts (P63 and UP63, respectively) with sizes of < 63 μm. Size and shape 

of UP63 (a) and P63 (b); surface structure of UP63 (c) and P63 (d); composition analysis of UP63 (e) and P63 (f); phase analysis of UP63 and P63 (g). 

lysts (US + MA), there was a clear effect of the presence of the unpoled 

material during the first 80 min. 

3.3. Influence of radical and charge scavengers 

Additional experiments in the presence of several radical and charge 

scavengers (TA, BQ and EDTA) were conducted under combined me- 

chanical agitation and ultrasound (US + MA) in presence/absence of 

poled piezocatalysts (P63) to confirm the importance of radicalary 

degradation routes in the degradation of RhB ( Fig. 6 ). 

TA had a significant hindering effect on the degradation of RhB, both 

in presence and absence of piezocatalysts ( Fig. 6 a–c), demonstrating the 

importance of ●OH radicals in the degradation of RhB. Nevertheless, 

RhB degradation was still lower under combined ultrasound and me- 

chanical agitation on its own (53%) than in the presence of the P63 

piezocatalyst (62%), indicating that the generation of ●OH radicals was 

higher in presence of the P63 piezocatalysts. 
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Fig. 5. RhB degradation experiments in absence/presence of poled and unpoled BF-KBT PT catalysts (P63 and UP63, respectively) with sizes of < 63 μm under 

different excitation methods: mechanical agitation (MA), ultrasound (US) and combined ultrasound/mechanical agitation (US + MA): (a) Evolution of C/C 0 vs 

reaction time, (b) pseudo first-order linear fit of ln(C 0 /C) vs reaction time, (c) pseudo first-order degradation reaction rate constants. 

Fig. 6. RhB degradation experiments in absence/presence of poled BF-KBT-PT catalysts with sizes of < 63 μm (P63) under combined ultrasound/mechanical agitation 

(US + MA) in presence of different radical scavengers: (a) evolution of C/C 0 vs reaction time, (b) pseudo first-order linear fit of ln(C 0 /C) vs reaction time, (c) pseudo 

first-order degradation reaction rate constants in presence of terephthalic acid (TA); (d) evolution of C/C 0 vs reaction time, (e) pseudo first-order linear fit of ln(C 0 /C) 

vs reaction time, (f) pseudo first-order degradation reaction rate constants in presence of benzoquinone (BQ); (g) evolution of C/C 0 vs reaction time, (h) pseudo 

first-order linear fit of ln (C 0 /C) vs reaction time, (i) pseudo first-order degradation reaction rate constants in presence of ethylenediaminetetraacetic acid (EDTA). 
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Similar observations were made in the case of BQ ( Fig. 6 d–f): a signif- 

icant reduction of RhB was noticed in both cases, confirming the impor- 

tant role of ●O 2 
– radicals in the process. In addition, RhB degradation in 

absence of piezocatalysts (59%) was again lower than that in presence 

of the P63 piezocatalysts (73%), suggesting that the formation of ●O 2 
–

radicals was again greater in presence of the P63 piezocatalysts. 

EDTA also inhibited the degradation of RhB ( Fig. 6 g–i), but not as 

much as TA and BQ. The slight decrease in degradation under combined 

ultrasound and mechanical agitation on its own (77%) was lower due to 

the potential interaction of EDTA with the sonochemical formation of 

radicals [41] . However, the decrease in RhB degradation in presence of 

P63 piezocatalysts was slightly more pronounced (75%), confirming the 

importance of the h + degradation route in the presence of piezocatalysts. 

4. Discussion 

The complex and apparently contradicting results here presented 

highlight the complexity of the phenomena taking place. To start the 

analysis and discussion of the results, one should first consider the re- 

action mechanisms that could explain the piezocatalytic degradation of 

RhB in water. According to many of the studies in the literature, such 

process would be based on redox degradation of RhB by ●OH and ●O 2 
–

radicals, which would be generated by the following redox reactions 

originating from the ‘top-to-bottom’ electric potential difference experi- 

enced by the piezocatalyst particles ( Fig. 7 a) [ 5 , 18 , 42 , 43 ]: 

• Oxidation: OH 

– + h + → ●OH 

• Reduction: O 2 + e – → ●O 2 
–

What most of the published piezocatalysis research omits is that the 

reduction potential of said oxidation reaction is + 1.89 V vs SHE (stan- 

dard hydrogen electrode) [44] , whereas the reduction potential of the 

reduction reaction is − 0.33 V vs SHE [45] (only a few papers on piezo- 

catalysis extend their discussion to redox potentials [ 4 , 10 , 23 , 46 ]; these 

will be further discussed later in this section). This means that, from 

a strict electrochemical point of view, a minimum electrochemical po- 

tential difference of 2.22 V between those areas where the reduction 

and oxidation reactions are taking place is required for those reactions 

to occur (and that is excluding other electrochemical factors such as ki- 

netic and concentration overpotentials, as well as ohmic losses that may 

be quite significant in semiconductor materials such as those generally 

used in piezocatalysis research). When compared with this electrochem- 

ical potential difference of 2.22 V, the FEM simulations here presented 

( Fig. 1 ) clearly indicate that none of the poled piezocatalysts used in 

this study should experience a ‘top-to-bottom’ electric potential differ- 

ence high enough to lead to the redox reactions previously mentioned 

( Fig. 7 a). This is not just an observation that can be made from the FEM 

simulations here included, as it can also be made from nearly all those 

studies available in the literature that include other FEM models with 

less realistic assumption [ 5 , 20 , 23 , 34 , 47 ]. Moreover, the piezocatalysts 

that achieved the highest RhB degradation had the smallest particles size 

of all the sizes studied, clearly confirming that whereas ‘top-to-bottom’ 

electric potential differences experienced by the piezocatalyst particles 

under an ultrasonic field are not enough to cause the degradation of 

the dye on its own, other mechanisms that may be maximised when 

reducing the particle size must have a role on the overall degradation 

process. 

One of those other mechanisms would be related to nanoscale piezo- 

electricity occurring at micro- and nano-structured features of surfaces, 

which could potentially result in the superficial, localised polarisation of 

particles [48] , leading to a nanoscale piezoelectric response at the sur- 

face in both poled and even unpoled materials [ 49 , 50 ]. Unpoled LiNbO 3 

piezocatalytic particles are a good example [11] : each particle has dif- 

ferent multi-domains, with each of them presenting its own polarisa- 

tion field; even though their net polarisation is still negligible due to 

cancellation with opposite polarisation fields in other domains, it still 

generated a localised piezoelectric effect leading to the piezocatalytic 

degradation of a dye. All of the poled and unpoled BF-KBT-PT catalysts 

used in this study presented the same micro- and nano-structured surface 

( Figs. 2 e–h, 4 c-d), where BF-KBT-PT grains were clearly discernible. In 

this situation, the nanoscale piezoelectric response would be expected 

to occur; its influence in the piezocatalytic degradation of RhB would be 

stronger in the smallest particles due to their greater geometrical sur- 

face area/volume ratio, as observed for the P63 particles ( Fig. 3 ). This 

nanoscale piezoelectric response caused in micro- and nano-structured 

features of catalysts with multi-domains could lead to large electric po- 

tential differences within the surface of the piezocatalysts ( Fig. 7 b), 

which would explain why nano-piezocatalysts used in previous stud- 

ies that should not experience a high degree of “top-to-bottom’ electric 

potential difference seemed to have some piezocatalytic response [ 7 , 21–

23 , 27 , 46 ]. 

Superficial potential differences caused by nanoscale piezoelectric 

response instead of (or combined with) ‘top-to-bottom’ electric potential 

differences may explain to some extent the results obtained in Figs. 5 and 

7 , but there is at least another potential mechanism that should be con- 

sidered. This is where it is worth considering the research by Bao and 

co-workers on several piezocatalytic materials such as BaTiO 3 [5] and 

related materials [ 4 , 5 , 23 , 46 ] or BiFeO 3 /TiO 2 [10] . Whereas the authors 

initially proposed a mechanism purely based on the ‘top-to-bottom’ elec- 

tric potential differences [5] that, according to their own FEM simu- 

lations, should not be large enough to drive redox reactions in oppo- 

site sides of the catalyst, they later moved to a piezocatalytic redox 

mechanism based on the catalyst valence band (VB) and conduction 

band (CB) that would favour the reaction of interest under ultrasound 

[ 4 , 10 , 23 , 46 ]. This is in essence what researchers in the sonochemistry 

community would call sonocatalysis ( Fig. 7 c), where cavitating bubbles 

generated by ultrasound would asymmetrically collapse nearby the sur- 

face of semiconductor particles. This collapse would result in sonolu- 

minescence and/or thermal phenomena leading to electron-hole pairs 

with the potential to generate ●OH and ●O 2 
– radicals at theCB and 

VB, respectively, of semiconductor materials [ 51 , 52 ]. Any piezoelec- 

tric material such as the poled and unpoled BF-KBT-PT catalysts used 

in this study (or other piezoelectric materials such as PZT) can be de- 

scribed as a semiconductor material, which means that the vast majority 

of piezocatalysis research conducted until now has indeed been based 

on semiconductor materials under ultrasound. Therefore, sonocatalysis 

is inherently related to piezocatalysis, and must be properly considered 

as part of the discussion. 

To recap the previous paragraphs, it could be said that the overall 

catalytic degradation of RhB occurring in the experiments conducted in 

this study (and, in extension, in all previous piezocatalysis research) re- 

lies on the following phenomena: (i) ‘top-to-bottom’ electric potential 

difference caused by the bulk polarisation of the piezocatalyst ( Fig. 7 a), 

(ii) superficial electric potential differences caused by the nanoscale 

piezoelectric response on micro- and nano-structured features of the 

catalyst surface ( Fig. 7 b), and (iii) sonocatalysis ( Fig. 7 c), with the sug- 

gested redox reaction routes strongly supported by the scavenger exper- 

iments conducted ( Fig. 6 ). Both nanoscale piezoelectric response and 

sonocatalysis would occur, to some extent, in all the catalysts used in 

this study, whether they were poled or unpoled. This would explain the 

clear effect observed in the presence of the unpoled catalyst during the 

first 80 min of experiments under combined ultrasound and mechan- 

ical agitation ( Fig. 5 , UP63 US + MA); it would also explain why the 

smallest poled piezocatalyst (P63) yielded the highest degradation of 

RhB under combined ultrasound and mechanical agitation ( Fig. 4 , P63 

US + MA), as the smallest particles with the greatest geometrical surface 

area/volume ratio would benefit the most from both nanoscale piezo- 

electric response and sonocatalysis. Even though the unpoled catalysts 

would still experience some piezocatalytic effect, the poling nature of 

the material still is important, particularly for the sonocatalytic mecha- 

nism, as the larger electric potential difference experienced by the P63 

particles would help electrons and holes in the conduction band to mi- 

grate easier and faster to the surface of the catalyst [10] . ‘Top-to-bottom’ 
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Fig. 7. Illustration of the different mecha- 

nisms for the overall piezocatalytic degra- 

dation of dyes: (a) ‘top-to-bottom’ elec- 

tric potential difference due to bulk po- 

larisation of a piezoelectric particle un- 

der stress; (b) electric potential differ- 

ence due to localised polarisation within 

micro- and nano-structured features of 

poled/unpoled particles; (c) valence band 

and conduction band in semiconductor 

materials in presence of cavitating bub- 

bles under ultrasound (i.e. sonocatalysis); 

(d) bubble formation, growth and collapse 

under ultrasound and resulting chemical 

processes (i.e. sonochemistry). 

electric potential difference caused by bulk polarisation therefore con- 

tributes in an indirect way to the sonocatalytic mechanism; it is there- 

fore still worth taking it into account as part of the overall catalytic 

degradation process, otherwise it would not be possible to observe the 

slight trend in RhB degradation for the larger poled particles (P500, 

P250 and P125) under combined ultrasound and mechanical agitation 

( Fig. 5 ); nevertheless, its contribution is minor compared to the other 

phenomena. It is also worth mentioning here that, besides bulk polari- 

sation, nanoscale piezoelectric response and sonocatalysis, another phe- 

nomenon that could also contribute to the catalytic degradation of RhB 

is pyrocatalysis [53] ; however, it is unlikely that neither the poled or 

unpoled BF-KBT-PT particles experienced any pyroelectric response in 

this study due to the temperature control implemented into the experi- 

mental set-up to precisely avoid such effects during the experiments. 

By now, it should be clear that piezocatalysis is far more complicated 

than what it seemed in previous research, and the combination of differ- 

ent phenomena (i.e. ‘top-to-bottom’ bulk polarisation, nanoscale piezo- 

electric response at the surface, sonocatalysis) may be rather complex, 

even when studying like-for-like materials such as those in this study. 

But even this would still miss the most significant contribution to the 

degradation of RhB, sonochemistry, which is based on the occurrence 

of acoustic cavitation when a liquid is ultrasonically irradiated. Cavitat- 
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Table 1 

Comparison of pseudo first-order reaction rate constants for RhB degradation from this work with other studies available in the 

literature. US: ultrasound; MA: mechanical agitation. 

Piezocatalyst Set up 

Frequency 

[kHz] Acoustic power (Electric input power) Rate constant [min − 1 ] Ref 

– US 32–38 12.2 ± 0.4 W L − 1 (200 W) 0.003 this study 

BF-KBT-PT (P63) US 32–38 12.2 ± 0.4 W L − 1 (200 W) 0.004 this study 

– US + MA 32–38 

200 rpm 

14.3 ± 0.7 W L − 1 (200 W) 0.016 this study 

BF-KBT-PT (P63) US + MA 32–38 

200 rpm 

14.3 ± 0.7 W L − 1 (200 W) 0.018 this study 

BiOCl US 40 N/A (120 W) 0.003 [59] 

SrTiO 3 US 40 N/A (300 W) 0.009 [7] 

(Bi 1/2 Na 1/2 )TiO 3 US 40 N/A (100 W) 0.012 [6] 

BaTiO 3 US 40 N/A (400 W) 0.041 [60] 

BaTiO 3 (BTO-800, 4kV) US 40 N/A (80 W) 0.009 [5] 

Ba 0.8 Sr 0.2 TiO 3 US 40 ~0.1 W cm 

–2 (80 W) 0.013 [4] 

K 0.5 Na 0.5 NbO 3 US 40 N/A (180 W) 0.019 [61] 

MoS 2 -PVDF US – N/A (100 W) 0.210 [12] 

KNbO 3 US 40 N/A (110 W) 0.003 [34] 

Cl-ZnO US 40 3.86 W cm 

− 2 (100 W) 0.007 [26] 

ing bubbles violently collapse after reaching a certain size; as a result, 

temperatures and pressures in the order of 5000 K and 1000 atm, respec- 

tively, are reached at the centre of the bubble, driving forward a wide 

variety of physico-chemical phenomena such as the generation of high- 

energy species (radicals) from the solvent [57] ( Fig. 7 d). The presence 

of ultrasound, even in the absence of catalysts, had the most remarkable 

effect on the degradation of RhB ( Fig. 5 , US and US + MA). The results 

here presented are in fact fairly similar to those previously reported 

in the literature [54] outlining that significant dye degradation may 

be achieved sonochemically without the additional presence of cata- 

lysts. As demonstrated by the experiments with scavengers ( Fig. 6 ), both 
●OH and ●O 2 

– radicals are also produced by sonochemistry [ 55 , 56 ] 

when the ultrasonic power is high enough. Unfortunately, many previ- 

ous studies where ultrasound was used to ‘excite’ piezocatalysts did not 

include any blank experiments in absence of piezocatalysts to discard 

any potential contribution of sonochemistry to the degradation process 

[ 6 , 11 , 12 , 17 , 33 , 47 ]. Therefore, this study not only confirms that sono- 

chemistry should always be taken into account (it can actually provide 

the main contribution to the degradation process under certain condi- 

tions such as those in this study), but also that its role can be rather com- 

plex: in the present study, the combination of ultrasound and mechani- 

cal agitation resulted in higher degradation due to enhanced cavitation 

activity, as demonstrated by the calorimetric calibration conducted in 

both cases (the ultrasonic power in the reactor was 12.2 ± 0.4 W L − 1 

under ultrasound on its own and 14.3 ± 0.7 W L − 1 under combined ul- 

trasound and mechanical agitation). The reason for this would be the 

synergistic effect that combining ultrasound and mechanical agitation 

has on the acoustic field, as well as the increase of air in the solution 

[54] . 

The acoustic field (and potential sonochemical phenomena derived 

from it) is therefore a critical aspect of piezocatalysis when using ul- 

trasound to excite piezocatalysts, and even small localised variations 

in the acoustic field may have apparently ‘contradicting’ effects in the 

results. For example, solid particles (e.g. piezocatalysts) in a liquid ir- 

radiated by ultrasound could act as a ‘barrier’ for the propagation of 

the acoustic waves [58] , resulting in a small decrease of cavitational ac- 

tivity. A direct indication of this would be the experiments conducted 

with EDTA ( Fig. 6 g–i), where the lower degradation achieved in pres- 

ence of the P63 piezocatalyst strongly suggests that ‘pure’ sonochemical 

degradation of RhB was slightly decreased when solids were present. 

This detrimental effect would be even more obvious in the experiments 

conducted with some of the intermediate size particles (e.g. P125 in 

Fig. 3 ), were RhB degradation was even lower than under combined 

ultrasound and mechanical agitation on its own (US + MA in Fig. 5 ), 

as they are neither small enough to benefit from geometrical surface 

area/volume ratio (which is critical for both nanoscale piezoelectric- 

ity and sonocatalytic phenomena), nor large enough to benefit from 

greater ‘top-to-bottom’ electric potential difference (which would indi- 

rectly contribute to sonocatalysis). To better highlight the importance 

of the acoustic field, Table 1 displays some of the results from this 

study with those from the literature. Compared to those previous studies 

on piezocatalytic degradation of RhB, the material used in the present 

work, BF-KBT-PT, was not developed for piezocatalytic purposes. Even 

so, the highest pseudo first-order reaction rate constant achieved with 

this material was significantly higher than most of the values previously 

reported for piezocatalysts that were specifically developed in this re- 

gard. The combination of ultrasound and mechanical agitation signif- 

icantly enhanced RhB degradation kinetics, even with no presence of 

a catalyst. Table 1 therefore highlights the great opportunity that un- 

derstanding the acoustic field brings to further enhance piezocatalytic 

processes. 

5. Conclusion 

The present study has tried to shed more light onto what piezocatal- 

ysis may be, and whether other catalytic phenomena besides ‘top-to- 

bottom’ electric field difference cause by bulk polarisation should be 

factored in piezocatalysis research. The theoretical FEM simulations and 

experimental RhB degradation results obtained for BF-KBT-PT material 

in its poled and unpoled versions demonstrate that piezocatalysis un- 

der an ultrasonic field would be a combination of different phenom- 

ena beyond bulk polarisation, as nano-piezoelectric response of micro- 

and nano-structured features in the surface of the catalysts, as well as 

sonocatalysis, could also influence the overall catalytic process. More- 

over, sonochemistry made the greatest contribution to the degradation 

of RhB, demonstrating that ultrasound, especially when combined with 

mechanical agitation, could already achieve a high degree of dye degra- 

dation in absence of piezocatalysts. 

In summary, the present study demonstrates that piezocatalysis may 

indeed exist, but it is far more complex than what previous studies 

may have suggested. For this reason, it is necessary to conduct thor- 

ough blank experiments and maintain a better control of the conditions 

under which those experiments take place (e.g. confirmation of (non- 

)piezoelectric nature of catalysts, constant temperature, reproducible ul- 

trasonic field, etc.), which unfortunately may not be the norm in current 

piezocatalysis research. We therefore hope that some of the approaches 

and practices followed in this study are implemented in future piezo- 

catalysis research to continue with the development of this promising 

area of catalysis. 
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3 Effect of frequency and power on the piezocatalytic and 

sonochemical process 

3.1 Introduction 

 

The results in the previous chapter showed that piezocatalysis may indeed exist, but it is a 

more complex process that involves several ultrasound-assisted phenomena taking place 

simultaneously. It was also indicated that ‘bulk’ piezoelectric polarisation was unlikely to be 

sufficient to achieve a large enough electrical potential for the required redox reactions to 

generate superoxide and hydroxyl radicals. Similar to the majority of piezocatalytic research, 

the study used a common excitation frequency of around 40 kHz [1-4]. However, this operating 

frequency might have been far away from the piezocatalysts’ resonance frequency or the 

global frequency of the operating system, where a piezoelectric material should exhibit a more 

pronounced piezoelectric response [5, 6]. 

In order to confirm the viability of the proposed piezocatalytic mechanism based on ‘bulk’ 

piezoelectric polarisation, it is essential to investigate the effect of different ultrasonic 

frequencies on the piezocatalytic process. If ‘bulk’ piezoelectric polarisation is an important 

factor in the piezocatalytic process an enhancement in the overall catalytic activity should be 

achieved with a piezocatalyst excited close to its resonance frequency or the global operating 

frequency of the system. 

As it was also highlighted in Chapter 2, other phenomena such as sonochemistry and 

sonocatalysis are simultaneously occurring when studying piezocatalysis under ultrasound. 

The occurrence of these phenomena can be attributed to acoustic cavitation which is greatly 

affected by factors such as ultrasonic frequency and power. Therefore, the objective of this 

study is to evaluate and understand the impact of ultrasonic frequency and power on the 

piezocatalytic and sonochemical process, in order to determine whether ‘bulk’ piezoelectric 

polarisation is a key factor in the overall piezocatalytic process. 
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For this purpose, a variety of ultrasonic set-ups was used to cover a wide range of operating 

frequencies from 20 kHz to 1 MHz. To address an intrinsic issue of ultrasound-related studies 

where small variations in the set-up geometry can lead to significant differences of the acoustic 

field [5-10], the widely accepted calorimetric method for the estimation of the acoustic power 

[11, 12] was applied to ensure the comparability of the different ultrasonic systems used in this 

study. The effect of ultrasonic frequency on the piezocatalytic and sonochemical process was 

compared with an acoustic power of 10−12 W L−1 due to the maximum acoustic power of the 

ultrasonic bath (operating at 32−38 kHz) being 12.2±0.4  W L−1. Therefore, several 

calorimetric calibrations at different electrical power outputs had to be conducted for each set-

up and frequency to determine acoustic powers close enough of to that of the ultrasonic bath. 

 

3.2 Discussion highlight and conclusions 

 

The present study evaluated the effect of ultrasonic frequency and power on the piezocatalytic 

and sonocatalytic process. The results suggested that mechanical effects (i.e. shock waves, 

micro-jetting and asymmetric bubble collapse) dominating at lower ultrasonic frequencies 

(<100 kHz) could cause a localised piezoelectric response that is more significant for 

piezocatalytic research than ‘bulk’ piezoelectric polarisation resulting from an excitation close 

to resonance frequency. FIB-SEM analysis demonstrated the severe impact of asymmetric 

bubble collapse on the surface of the piezocatalyst, highlighting the potential for a strong local 

piezoelectric response in these regions. 

The study also demonstrated that an increase in acoustic power resulted in an enhanced 

sonochemical degradation of RhB at both low and high ultrasonic frequencies. However, for 

the piezocatalytic process, an increased acoustic power did not necessarily led to a more 

pronounced piezocatalytic contribution. At lower ultrasonic frequencies this can be attributed 

to the behaviour and distribution of cavitation bubbles where upper and lower power thresholds 
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influence the cavitation activity. When the acoustic power is below the lower threshold, the 

acoustic field is too weak to initiate bubble formation, resulting in lower sonochemical and 

piezocatalytic degradation. In between the upper and lower limits, elevated negative pressures 

during the rarefaction followed by higher pressures in the compression phase result in a more 

violent bubble collapse that seems to be beneficial for the piezocatalytic response. However, 

excessive acoustic power leads to an increase in bubble coalescence, degassing, and liquid 

agitation [13, 14], which caused a progressively detrimental impact on the mechanical effects 

that influencing the piezocatalytic contribution. 

It can therefore be concluded, that low frequency ultrasound with moderate acoustic powers 

is favourable to maximise the piezocatalytic degradation route by a localised piezoelectric 

response rather than aiming for ‘bulk’ piezoelectric polarisation. However, high acoustic 

powers combined with high ultrasonic frequencies would be beneficial for the sonochemical 

degradation without the need to add a piezocatalyst. Nevertheless, if piezocatalysis is 

dependent on an acoustic cavitation-induced localised piezoelectric response, real-world and 

industrial applications would be significantly limited. It is therefore crucial to explore other 

potential mechanisms that could also drive piezocatalytic processes. 

In this regard, another potential mechanism that has been proposed over recent years to 

explain piezocatalysis is the energy band theory [15]. In this mechanism, energy band gap and 

levels play an important role for the piezocatalytic process. The energy band gap of 

BF-KBT-PT had not been considered until this point, as it should not have influenced the 

original proposed mechanism for piezocatalysis. However, if the energy band theory is a more 

suitable mechanism for piezocatalysis, the energy band gap and levels of BF-KBT-PT could 

indeed be a limiting factor for the piezocatalytic contributions of BF-KBT-PT. 

To gain a deeper understanding of the research outcomes and their significance, all results 

and a more comprehensive discussion can be found in Effect of frequency and power on the 

piezocatalytic and sonochemical degradation of dyes in water published in Chemical 

Engineering Journal Advances, which constitutes Chapter 3 of this thesis. 
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A B S T R A C T   

For the very first time, the effect of frequency on the piezocatalytic degradation of dyes has been systematically 
evaluated. To achieve this, a combination of systems and experimental setups operating at different ultrasonic 
frequencies ranging from 20 kHz up to 1 MHz were used. In addition, the effect of ultrasonic power was 
investigated at a low ultrasonic frequency of 20 kHz and higher ultrasonic frequency of 576 kHz to shed more 
light into the controversial discussion surrounding the ‘true’ mechanisms behind piezocatalysis. The results 
revealed that mechanical effects derived from acoustic cavitation, predominant at lower ultrasonic frequencies 
(<100 kHz), indeed enhanced the piezocatalytic degradation of the dye, Rhodamine B, to some extent (from 53% 
to 64% RhB degradation after 2 h). However, it was again demonstrated that sonochemical production of radicals 
remains a significant contributor for the overall degradation of the dye. Moreover, at higher ultrasonic fre
quencies (>100 kHz), the chemical effects derived from acoustic cavitation were so remarkable, that it raised the 
question of whether a piezocatalyst is really necessary when the optimisation of frequency and power may be 
enough for sonochemistry to fully degrade organic pollutants at a fast rate (pseudo first-order degradation re
action rate constant up to 0.037 min− 1).   

1. Introduction 

Piezocatalysis is a new concept in the field of catalysis that has 
attracted much attention in recent years. This novel area of research is 
considered a promising development within catalysis due to the poten
tial use of renewable and prevalent vibrations such as those from wind 
or tides that could make catalytic reactions independent from energy 
sources like electricity and light [1–8]. Piezocatalysis aims to take 
advantage of piezoelectric materials that have the ability to generate an 
electrical response while being strained or stressed by an external force. 
This external force is commonly applied by a mechanical field (i.e. 
acoustic field generated by ultrasound) [5-7,9-16] surrounding the 
piezoelectric materials, leading to redox reactions occurring over the 
surface of such materials (i.e. piezocatalyst). 

Despite numerous reports on piezocatalytic processes [4,7,11-15, 
17-22], the mechanism of piezocatalysis remains controversial [1,23]. 
In recent years, two very different potential mechanisms have been 
suggested for piezocatalysis [1-4,21-24]. On the one hand, researchers 
have considered energy band theory analogous to photocatalysis, where 
redox reactions occurring at the surface of piezocatalysts are determined 
by the energy band levels from the valence and conduction bands. On 
the other hand, researchers have referred to more classical piezoelec
tricity (either bulk or localised piezoelectric polarisation) where the 
piezoelectric potential is the driving force of chemical reactions at the 
piezocatalyst surface. 

If bulk piezoelectric polarisation resulting from the piezoelectric 
potential was the dominant mechanism behind piezocatalysis (Fig. 1a), 
achieving the maximum piezoelectric polarisation within a 
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piezocatalyst would obviously result in an enhanced performance of the 
process. In general, a piezoelectric material will exhibit a higher 
piezoelectric response when excited at its resonance frequency, or at a 
global resonance frequency of the whole mechanical system [25,26] 
where said piezoelectric material is being used (a piezocatalyst particle 
and a surrounding liquid in the present case). Hence, one would expect a 
higher piezocatalytic effect if a piezocatalyst was excited close to either 
its resonance frequency or a global resonance frequency of the system 
that could result in a high piezoelectric polarisation. However, the vast 
majority of research on piezocatalysis has only used low-power acoustic 
vibrations around 40 kHz [5-7,9-16,27,28] as the main method to me
chanically excite piezocatalysts, far from their resonance frequencies 
(which should be in the MHz order of magnitude) and without consid
eration for global resonance frequencies of the whole mechanical system 
involved. Only recently the research community has started to explore 
the possibility of conducting piezocatalytical processes at different fre
quencies, but with a focus on the low range (<100 kHz) [17]. If piezo
catalysts were truly excited at frequencies close to their resonance 
frequencies or the global resonance frequency of the system (i.e. fre
quencies where a significantly higher degree of bulk piezoelectric 

polarisation could be achieved), one would expect a remarkable 
enhancement of the piezocatalytic behaviour. If this was not the case, 
though, it would confirm the unviability of that proposed mechanism, 
shedding more light onto how piezocatalysis really works. 

As previously reported by the authors [29] and more recently 
confirmed by other researchers [6], other phenomena such as sono
chemistry (Fig. 1c) or sonocatalysis are also likely to occur when 
studying piezocatalysis whenever ultrasound is used to generate an 
acoustic field as the method to excite piezocatalysts, as this will also 
result in the occurrence of acoustic cavitation driving such phenomena. 
These phenomena are also severely influenced by both frequency and 
power of ultrasounds [30–33]. Therefore, the aim of this study is to 
evaluate and understand, from both piezocatalytic and sonochemical 
point of view, the effect that ultrasonic frequency and power have on the 
overall piezocatalytic process to find out whether bulk piezoelectric 
polarisation is really behind piezocatalysis. 

Fig. 1. Illustration of the different mechanisms for the overall piezocatalytic degradation of dyes: a) ‘top-to-bottom’ electric potential difference due to bulk 
polarisation of a piezoelectric particle under stress, b) electric potential difference due to localised polarisation within micro- and nano-structured features of 
piezocatalysts, c) bubble formation, growth and collapse under ultrasound and resulting chemical processes (i.e. sonochemistry). 
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2. Experimental 

2.1. Catalyst preparation and characterisation 

The piezoelectric material (poled potassium bismuth titanate- 
bismuth ferrite lead titanate, BF-KBT-PT) [34,35] and procedure that 
had been previously developed by the authors [29] were again 
employed to fabricate the piezocatalysts used in this study. The reasons 
for choosing this material are several: the source material, when poled, 
is highly piezoelectric (d33 and d31 values of 100 pC/N and − 40 pC/N, 
respectively). Its high coercive stress allows for the maintenance of the 
piezoelectric effect even after applied stress such as grinding and sieving 
into fine particles to make the piezocatalysts (<63 μm)[29]. Focused ion 
beam-scanning electron microscopy (FIB-SEM, Zeiss Crossbeam 550) 
with an energy dispersive X-ray spectrometer (EDS) was used to analyse 
the surface structure and composition, whereas X-ray powder diffraction 
(XRPD) data was collected using a Bruker D8 X-ray powder diffrac
tometer with CuKα-radiation to determine the crystalline structure of 
the BF-KBT-PT catalysts. The presence of the piezoelectric effect in the 
BF-KBT-PT piezocatalysts was proven empirically using a Berlincourt 
metre (APC International) and aligning the unelectroded particles in the 
metre in various orientations. 

2.2. Finite element simulations 

A finite element method model previously developed by the authors 
coupling the acoustic field in the liquid with the vibration of a single 
piezocatalytic particle and its piezoelectric response was used to simu
late BF-KBT-PT piezocatalysts freely suspended in a liquid (i.e. piezo
catalyst/water mechanical system) to investigate their piezoelectric 
response between 20 and 1150 kHz. A detailed explanation of the 
model, its simplifications and advantages over other models employed 
in the literature, as well as the material properties defined, can be found 
in a previous work by the authors [29]. 

2.3. Experimental setups and procedure 

As opposed to the general trend in the field based on the use of small 
reactors up to 100 mL [4,7,8,14,19], all the experiments included in this 
study were conducted in reactors with substantially larger working 
volumes of 500 and 1000 mL containing 5 mg L − 1 Rhodamine B (RhB) 
aqueous solutions. Reactor/ultrasonic transducer position and operating 
parameters were carefully set and controlled, and acoustic power cali
brations of various powers at all frequencies were conducted by the 
standard calorimetric calibration method [36], to ensure reproducibility 
and comparability of experiments carried out in the different experi
mental setups. This included the use of a precise temperature control 
system (Grant LT ecocool 100 recirculating chiller) to provide a constant 
operating temperature of 30 ± 2 ◦C throughout all the RhB degradation 
experiments. Samples of the RhB aqueous solutions (3 mL) were taken 
every 10 min with a 0.22 μm PTFE-syringe-filter. Samples were then 
analysed by ultraviolet–visible spectroscopy (Shimadzu UV-3600 Plus) 
at the characteristic wavelength of 554 nm. In the piezocatalytic 
degradation experiments, 0.001 g mL− 1 of BF-KBT-PT piezocatalysts 
were added to the RhB aqueous solution. To ensure 
adsorption-desorption equilibrium was reached, RhB aqueous solution 
containing the appropriate amount of catalyst were stirred at 200 rpm 
for 30 min. As previously reported, no adsorption nor photocatalytic 
degradation of RhB took place throughout the experiments [29]. 

Additional experiments to confirm previously reported radical 
initiated degradation routes [6,29] at high and low ultrasonic fre
quencies for sonochemical and piezocatalytic degradation of RhB were 
conducted in the presence and absence of BF-KBT-PT piezocatalysts and 
several radical and charge scavengers: 10 mM terephthalic acid (TA), 10 
mM benzoquinone (BQ) and 2 mM ethylenediaminetetraacetic acid 
(EDTA) disodium salt dihydrate, all of high purity (99.5%, 99% and 

99+%, respectively) from ACROS Organics. TA, BQ and EDTA were 
selected due to their role as chemical traps for ●OH [37], ●O2

– [38] and 
h+ [39], respectively. 

2.3.1. Low ultrasonic frequency setups 
An ultrasonic horn (Branson SFX 550) was employed for the exper

iments conducted at 20 kHz (Fig. 2a). The ultrasonic horn was centred 
and immersed to a depth of 4 cm into in a 1000 mL double-jacketed 
batch reactor. Depending on the experimental condition, the acoustic 
power was adjusted and calibrated as follows: 12.4 ± 0.4, 38.1 ± 0.7, 
50.1 ± 0.3, 68.0 ± 0.3 and 89.8 ± 0.4 W L − 1. 

An ultrasonic bath (Ultrawave QS12) was used for the experiments 
carried out at 32-38 kHz (Fig. 2b). A 1000 mL beaker was centred and 
immersed to a depth of 4 cm into the ultrasonic bath with a constant 
water level. The ultrasonic bath was operated at a full calibrated power 
of 12.2 ± 0.4 W L − 1. Prior to each experiment, the water in the ul
trasonic bath was thoroughly degassed for 60 min ensuring a repro
ducible acoustic field inside the bath. 

2.3.2. High ultrasonic frequency setup 
An ultrasonic power multifrequency generator (Meinhard Ultra

sonics) equipped with a 500 mL long-neck flask was used to conduct the 
experiments at 576, 864 and 1142 kHz (Fig. 2c). The power was adjusted 
and calibrated depending on the experimental conditions. The cali
brated acoustic powers were 2.9 ± 0.4, 5.5 ± 0.4, 10.6 ± 0.3, 20.3 ± 0.7 
and 33.7 ± 0.6 W L − 1 at 576 kHz, 11.0 ± 0.6 W L − 1 at 864 kHz and 
10.0 ± 0.7 W L − 1 at 1142 kHz. 

2.3.3. Aluminium foil erosion experiments 
The well-established aluminium foil erosion method [40–43] was 

performed to qualitatively evaluate the intensity of mechanical effects at 
different frequencies and power of 10-12 W L − 1. This method consisted 
of vertically suspending aluminium foil sheets within the reactor part of 
the different experimental setups used in this study. For this purpose, 
customised holders were designed and additive manufactured to secure 
the aluminium foil sheets within the reactors during the experiments. In 
all cases, the aluminium foil sheets were immersed in the sonicated 
solution for 5 min to allow for sufficient erosion of the foil. 

3. Results and discussion 

3.1. Catalyst characterisation 

As reported in a previous work by the authors [29], FIB-SEM analysis 
revealed that the vast majority of BF-KBT-PT piezocatalysts exhibited a 
cuboid morphology with a particle size in the order of 63 μm or smaller 
(Fig. 3a). XRPD data (Fig. 3b) indicated peak splitting in the (200) 
phase; however, peak splitting of the (111) phase was not observed, 
confirming negligible lattice distortion of the rhombohedral phase due 
to the poled nature of the material [34]. XRPD data also confirmed the 
perovskite structure of BF-KBT-PT with no visible secondary phases 
[34]. Empiric piezoelectric analysis of BF-KBT-PT piezocatalysts in 
various random orientations (e.g. − 35, − 42, − 47 or +143 pC/N) 
showed that the ground particles conserved their high piezoelectric 
nature (Fig. 3c). 

3.2. Effect of ultrasonic frequency 

3.2.1. FEM simulations 
FEM simulations of a single BF-KBT-PT piezocatalyst suspended in 

water at ultrasonic frequencies ranging from 15 to 1150 kHz indicated 
the existence of six global resonance frequencies of the piezocatalyst/ 
water mechanical system within the studied range (Fig. 4a): 123, 370, 
618, 864, 1055 and 1111 kHz. In an ideal scenario, these are the fre
quencies the BF-KBT-PT piezocatalysts should be excited at, besides its 
resonance frequency (which would be in the MHz scale). However, in 
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practice, the operating frequencies of ultrasonic systems depend upon 
the piezoceramics used to build the transducers that generate the 
acoustic field within the irradiated liquid, the liquid itself and the final 
geometry of the system [25,26,44]; operating frequencies are therefore 
close to the resonance frequency of the piezoceramics within the 
transducer that allow for its resonance in length mode [45]. For this 
reason, the simulated polarisation experienced by the piezocatalyst at 
the operating frequencies of the ultrasonic systems used in this study 
(20, 35, 576, 864 and 1142 kHz) were further investigated (Fig. 4b-f). 

FEM simulations at 20, 35, 576, 864 and 1142 kHz indicated that, 
out of the five operating frequencies experimentally investigated in this 
study, 864 kHz (i.e. a global resonance frequency) should theoretically 
result in the BF-KBT-PT piezocatalyst achieving the greatest ‘top-to- 
bottom’ electric potential difference of 69.1 V. The minimum theoretical 
potential required for the redox reactions responsible of the piezocata
lytic generation of ●OH and ●O2

– radicals is 2.22 V (oxidation: OH– +

h+→ ●OH, +1.89 V vs SHE [46]; Reduction: O2 + e– → ●O2
– [47]. 

Therefore, this theoretical result would in principle support the occur
rence of bulk piezoelectric polarisation as a mechanism driving the 
piezocatalytic degradation of RhB at 864 kHz via ●OH and ●O2

– radicals 
(Fig. 1a). At 576 and 1142 kHz, ‘top-to-bottom’ electric potential dif
ferences of 0.14 and 0.12 V, respectively, were observed. This would not 
be enough to overcome the minimum of 2.22 V by bulk polarisation, but 
other phenomena such as localised piezoelectric polarisation [48] 
(Fig. 1.b) or sonocatalysis [49] could still occur, resulting in the 
degradation of RhB by the same radicals, but to a lesser extent [29]. The 
latter would also apply to the low frequencies explored in this study, 
although to an even lesser extent, as the lowest ‘top-to-bottom’ electric 
potential difference of 0.08 V was observed for the simulations con
ducted at both 35 and 20 kHz. 

Fig. 2. Experimental setups used in the present study: a) 20 kHz ultrasonic horn setup, b) 32-38 kHz ultrasonic bath setup, c) 576, 864 and 1142 kHz multifrequency 
setup. Key components in all setups: 1) reactor, 2) cooling system inlet, 3) cooling system outlet, 4) thermocouple, 5) ultrasonic source. 

Fig. 3. Material characterisation of BF-KBT-PT piezocatalysts [29]: a) FIB-SEM and EDS, b) XRPD data. c) Schematic of aligned Weiss domains for piezoelec
tric BF-KBT-PT. 
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3.2.2. RhB degradation experiments 
Following the FEM simulations conducted at 20, 35, 576, 864 and 

1142 kHz, one would expect to observe the greatest piezocatalytic effect 
at 864 kHz due to the greatest ‘top-to-bottom’ electric potential differ
ence of 69.1 V observed at that global resonance frequency. However, 
RhB degradation experiments conducted at those same frequencies 
provided a completely different scenario (Fig. 5), even though the ex
periments indeed demonstrated the strong influence that frequency may 
have on the overall degradation of RhB. One reason for the disparity 
between the FEM simulations and the experimental results would be the 
simplifications made in the FEM model [29]: (i) use of 2D geometries 
(instead of 3D), (ii) use of linear acoustics not accounting for 

asymmetrical bubble collapses near the surface of the catalyst, (iii) the 
definition of perfectly smooth surfaces in the solid with no roughness 
that could result in localised piezoelectric polarisation and, especially, 
(iv) the simplified geometry of the domains used (i.e. small portion of 
liquid with a single piezocatalyst instead of the whole reactor with liquid 
and several hundreds or thousands of solid particles suspended in the 
liquid) . Another reason is related the acoustic pressure source defined in 
the FEM simulations (2 bar). Whilst 2 bar reflect a realistic acoustic 
pressure at low ultrasonic frequencies such as the 20 kHz ultrasonic horn 
or the 32-38 kHz ultrasonic bath [50–52], it may be too high for 
state-of-the-art systems operating at higher ultrasonic frequencies. This 
means that it is not possible, with state-of-the-art technology, to conduct 

Fig. 4. a) ‘Top-to-bottom’ (‘t-t-b’) electric potential difference of a 63 μm BF-KBT-PT piezocatalyst suspended in water at ultrasonic frequencies ranging from 20 to 
1150 kHz. b-f) ‘t-t-b’ polarisation of a 63 μm BF-KBT-PT piezocatalyst suspended in water at different ultrasonic frequencies: 20, 35, 576, 864 and 1142 kHz, 
respectively. 
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experiments over a wide range of frequencies with exactly the same 
acoustic pressure source. 

This situation, which indeed complicates the evaluation of the effect 
of frequency in piezocatalysis in terms of acoustic energy due to the 
differences in terms of reactor geometry, volume and ultrasonic source 
[53], can be overcome by estimating the acoustic power dissipated in 
the solution containing the piezocatalysts through calibration by calo
rimetry [36,54], a well-established method in sonochemistry research 
that enables the comparison by taking into account all those differences 
in the experimental setup [53]. For this reason, all the RhB degradation 
experiments displayed in Fig. 5 were conducted at a calibrated acoustic 
power around 10-12 W L − 1, as it was the maximum acoustic power that 
could be achieved by the 32-38 kHz ultrasonic bath; the dissipated 
acoustic powers in the different systems used at 20, 32–38, 576, 864 and 
1142 kHz were 12.4 ± 0.4, 12.2 ± 0.4, 10.6 ± 0.3, 11.0 ± 0.6 and 10.0 
± 0.7 W L − 1, respectively. 

RhB degradation experiments clearly showed two trends:  

• At low frequencies, overall RhB degradation was rather low. In 
absence of the piezocatalyst (i.e. sonochemical generation of radicals 
only) [29], RhB degradations of around 11% and 29% were achieved 
at 20 and 32-38 kHz, respectively. The addition of the BF-KBT-PT 
piezocatalyst did result in a relative improvement of the overall 
degradation process, as RhB degradations of 14% (27% relative 
improvement) and 35% (21% relative improvement) were observed 
at 20 and 32-38 kHz, respectively. 

• At higher frequencies, however, the overall degradation was signif
icantly higher. In absence of the piezocatalyst, the greatest RhB 
degradation (81%) was observed at 576 kHz, whereas experiments 
conducted at 864 kHz and 1142 kHz yielded RhB degradations of 
67% and 61%, respectively. In these cases, though, the addition of 
the BF-KBT-PT piezocatalyst did not result in a significant change in 
performance, as RhB degradations of 80% (0% relative improve
ment), 69% (3% relative improvement) and 63% (3% relative 
improvement) were observed at 576, 864 and 1142 kHz, 
respectively. 

These results show that, when the ultrasonic frequency was varied 
from 20 to 1142 kHz while keeping the same acoustic power (around 10- 
12 W L − 1), the highest RhB was achieved at 576 kHz. This should not be 
a complete surprise, as it is believed that sonochemical radical formation 
is maximised at ultrasonic frequencies around 400 kHz [55–60]. Due to 
the shorter time length of the acoustic cycle, higher ultrasonic fre
quencies (>100 kHz) generally result in increased nucleation and a 
larger amount of cavitation bubbles that are smaller than at lower ul
trasonic frequencies (i.e. 20-100 kHz) at the same acoustic power [30, 
31]. This results in enhanced formation of radicals [61] that contribute 
to the sonochemical degradation of RhB [29]. However, as also 

demonstrated by the present results, there is an upper limit of the 
applied ultrasonic frequency above which the RhB degradation di
minishes, which is why RhB degradation at 864 and 1142 kHz was lower 
than that at 576 kHz. This is due to the bubbles forming at higher ul
trasonic frequencies not being sufficiently large to undergo a violent 
collapse, hence why less radicals are formed to degrade RhB [30,53]. On 
the other hand, at lower ultrasonic frequencies (i.e. <100 kHz), cavi
tating bubbles are able to grow for longer time due to the longer time 
length of the acoustic cycle. As they grow larger, the bubbles undergo 
more violent collapses, resulting in less chemical effects like sono
chemical formation of radicals [30,53], but more pronounced mechan
ical effects such as shock waves, micro-jetting and asymmetrical bubble 
collapse at the surface of solids [62]. 

To confirm the relevance of mechanical effects occurring at different 
frequencies used in this study, a qualitative evaluation of the acoustic 
field was conducted by immersing aluminium foil in the different 
experimental setups (Fig. 6). At low ultrasonic frequencies (<100 kHz), 
the aluminium foil experienced significant erosion caused by the me
chanical effects of acoustic cavitation (Fig. 6a). This was particularly 
obvious for the foil immersed in the system operating at 32-38 kHz, 
where the greatest amount of erosion was observed. In fact, the erosion 
patterns clearly described the nature of the acoustic field established in 
the reactor, illustrating the clear existence of at least five pressure an
tinodes within the beaker where cavitating bubbles would concentrate. 
On the other hand, no noticeable erosion marks were observed by the 
naked eye on aluminium foil immersed in the multifrequency system 
operating at high frequencies (>100 kHz), a very clear indication of 
negligible mechanical effects (Fig. 6b). These results clearly link the 
occurrence of mechanical effects within the liquid being treated with the 
relative importance of the piezocatalytic contribution towards the 
degradation of RhB at different frequencies. 

But why are mechanical effects generated by acoustic cavitation 
important in piezocatalysis? As previously stated, mechanical effects 
include phenomena such as shock waves, micro-jetting and, especially in 
this case, asymmetrical bubble collapse at the surface of solids. These 
phenomena result in piezocatalysts experiencing significantly high 
pressures (of the order of 100 bar), which would obviously lead to 
outstanding polarisations. The polarisation experienced by the piezo
catalysts caused by the action of, for example, asymmetrical bubble 
collapses at their surface, would probably be far higher than the po
tential differences reported in the FEM simulations at low frequencies 
(<100 kHz); this polarisation would be enough to drive redox reactions 
at the surface of the piezocatalysts [63]. This is exactly the case of the 
present study, where the combination of a more violent collapse of 
cavitating bubbles with the poor sonochemical degradation of RhB via 
radical formation at low frequencies (<100 kHz) meant that, when 
BF-KBT-PT piezocatalysts were added to RhB aqueous solutions, a pie
zocatalytic contribution towards the degradation of RhB could be 

Fig. 5. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at different frequencies and acoustic powers of 10-12 W L − 1: a) 
evolution of C/C0 vs reaction time, b) pseudo first-order linear fit of ln(C0/C) vs reaction time, c) pseudo first-order degradation reaction rate constants. 
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noticed. On the other hand, the superior sonochemical degradation of 
RhB via radical formation and the less violent collapse of cavitating 
bubbles at high ultrasonic frequencies (>100 kHz) [61] also explains 
why any potential piezocatalytic contribution is barely noticed in those 
conditions. In this case, though, the occurrence of mechanical effects 
that could cause a localised piezoelectric response [48] (Fig. 1b) would 
be more important than bulk piezoelectric polarisation resulting from 
exciting a piezocatalyst close to its resonance frequency (Fig. 1a). This 
was further confirmed by exploring the surface of the piezocatalysts 
after the experiments by FIB-SEM: in the particular case of the piezo
catalysts used in experiments conducted at 32-38 kHz, smoother sur
faces and erosion marks caused by asymmetric bubble collapses could be 
clearly seen (Fig. 7); a strong localised piezoelectric response would 
indeed be expected in the surroundings of those areas. 

To summarise these findings, it can be stated that, with current ul
trasonic transducer technology, one should focus in low ultrasonic fre
quencies to exploit the piezocatalytic degradation route to maximise the 
mechanical effects of acoustic cavitation; these would result in a local
ised piezoelectric response of the piezocatalyst (Fig. 1b). On the other 
hand, high frequencies would favour the sonochemical route (Fig. 1c), 
with no need to add a piezocatalyst at all. 

3.3. Effect of ultrasonic power 

As demonstrated in the previous section, frequency is really impor
tant in both piezocatalytic and sonochemical degradation of RhB. Be
sides frequency, the other key parameter in ultrasonic systems is power. 
Therefore, to investigate the effect of ultrasonic power on both degra
dation mechanisms, additional experiments were conducted at 20 and 
576 kHz. On the one hand, 20 kHz was chosen to investigate the effect of 
power at low ultrasonic frequencies for practical reasons: whereas the 
power output of the 20 kHz ultrasonic transducer could be further 
increased, the 32-38 kHz ultrasonic bath was already operating at its 
maximum power output. On the other hand, 576 kHz was chosen to 
investigate the effect of power at high ultrasonic frequencies due to the 
highest sonochemical degradation of RhB reported in the previous 
section. 

Prior to the experiments, calorimetric calibrations were conducted at 
20 and 576 kHz to determine five different acoustic power levels. At 20 
kHz, the following acoustic powers were investigated based on the 
maximum output provided by the system: 12.4 ± 0.4, 38.1 ± 0.7, 50.1 
± 0.3, 68.0 ± 0.3 and 89.8 ± 0.4 W L − 1. At 576 kHz, the following 
acoustic powers were used, also based on the maximum output of the 
equipment: 2.9 ± 0.4, 5.5 ± 0.4, 10.6 ± 0.3, 20.3 ± 0.7 and 33.7 ± 0.6 
W L − 1. 

3.3.1. Low ultrasonic frequency 
RhB degradation experiments conducted at 20 kHz (Fig. 8) revealed 

an increase in the overall degradation of RhB as the acoustic power was 
increased. RhB degradation in absence/presence of the BF-KBT-PT pie
zocatalyst was 11%/14% at 12 W L − 1 (3% difference in overall 
degradation), 33%/37% at 38 W L − 1 (4% difference in overall degra
dation) and 53%/64% at 50 W L − 1 (11% difference in overall degra
dation), respectively, indicating a progressively growing contribution of 
piezocatalysis to the overall degradation of RhB. However, RhB degra
dation in the absence/presence of the BF-KBT-PT piezocatalyst was 
79%/84% at 68 W L − 1 (5% difference in overall degradation) and 92%/ 
94% at 90 W L − 1 (2% difference in overall degradation), indicating 
that, at certain point, further increasing the acoustic power would result 
in higher sonochemical degradation of RhB, but the contribution of the 
piezocatalyst towards the overall degradation would progressively 
decrease. 

The apparent contradiction of these results can be explained with the 
effect of high ultrasonic power on the behaviour and distribution of 
cavitating bubbles at low frequencies, as illustrated by additional 
aluminium foil erosion experiments conducted in the 20 kHz setup at 

Fig. 6. Longitudinal view of aluminium foil erosion experiments (exposure 
time 5 min): a) low frequencies, b) high frequencies. 

Fig. 7. FIB-SEM images of the surface of the BF-KBT-PT piezocatalyst used in 
experiments conducted at 32–38 kHz: a-b) before the experiment, c-d) after 
the experiment. 
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different acoustic powers (Fig. 9). As it is well known, there are upper 
and lower limits for acoustic power to result in ‘efficient’ cavitation 
activity [30,64]. Below the lower power threshold, the sound field is not 
efficient enough to induce bubble formation or nucleation; bubbles tend 
to succumb to surface tension effects and dissolve, leading to low cavi
tation activity [30,65]. This low cavitation activity would result in low 
sonochemical radical formation, but also low mechanical effects 
(Fig. 9a), hence the low sonochemical degradation and piezocatalytic 
contribution at 12 W L − 1. In between the upper and lower thresholds, 
the acoustic pressure influences not only the magnitude of the bubble 
collapse, but also the surface stability of the bubble as well as its oscil
lation. A more violent collapse results from the bubbles being exposed to 
higher negative pressures during the rarefaction phase of an ultrasonic 
wave, followed by higher pressures in the subsequent compression. This 
also leads to higher potential energy that is partially converted into 
radical formation, heat (i.e. higher collapse temperature), light (i.e. 
sonoluminescence) and sound emissions [58], with the subsequent in
crease in mechanical effects (Fig. 9b and c), hence the increase in 
sonochemical degradation and growing piezocatalytic contribution 
observed at 38 and, especially,50 W L − 1, where we can clearly see the 
piezocatalytic contribution of by the BF-KBT-PT particles. However, at 
excessive acoustic powers, an increase in bubble coalescence, degassing 
and liquid agitation takes place [30,31]. These phenomena may not 

have been enough to negatively affect the sonochemical degradation 
observed at 68 and 90 W L − 1 (the overall degradation of RhB continued 
to increase), but it had a progressively negative effect on the mechanical 
effects that affect piezocatalysis (Fig. 9d and especially e), resulting in 
lower piezocatalytic contribution at 68 and 90 W L − 1. This did not 
mean that the acoustic field was weaker at those acoustic powers, 
though; in fact, the presence of a stronger pressure antinode could be 
noticed far from the emitter surface at those two powers. Therefore, with 
current ultrasonic transducer technology, low ultrasonic frequencies at 
moderate powers should be the aim to maximise the piezocatalytic 
degradation route, as high powers could result in a decrease in piezo
catalytic activity. 

Moreover, radical and charge scavenger experiments (Fig. 10) using 
TA, BQ and EDTA were conducted at 20 kHz and 50 W L − 1 in the 
presence and absence of BF-KBT-PT piezocatalysts to further confirm the 
importance of radical initiated degradation routes in the degradation of 
RhB. TA showed a negligible effect on the sonochemical degradation of 
RhB at 20 kHz (Fig. 10a-c), indicating that ●OH radicals were not being 
predominantly formed at such frequency and power. However, in the 
presence of BF-KBT-PT piezocatalysts, TA showed a more significant 
hindering effect on the overall degradation of RhB, suggesting the pie
zocatalytic formation of ●OH in the presence of the piezocatalyst. BQ 
had a significant hindering effect on RhB degradation, whether in 

Fig. 8. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at low frequency (20 kHz) and different acoustic powers: a) 
evolution of C/C0 vs reaction time. b) pseudo first-order linear fit of ln(C0/C) vs reaction time. c) pseudo first-order degradation reaction rate constants. 

Fig. 9. Longitudinal view of aluminium foil erosion experiments (exposure time 5 min) conducted at low frequency (20 kHz) and different acoustic powers: a) 12 W 
L − 1, b) 38 W L − 1, c) 50 W L − 1, d) 68 W L − 1, e) 90 W L − 1. 
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Fig. 10. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at low frequency (20 kHz) and 50 W L − 1 with different radical 
scavengers: a) evolution of C/C0 vs reaction time, b) pseudo first-order linear fit of ln(C0/C) vs reaction time, c) pseudo first-order degradation reaction rate 
constants in the presence of terephthalic acid (TA); d) evolution of C0/C vs reaction time, e) pseudo first-order linear fit of ln(C0/C) vs reaction time, f) pseudo first- 
order degradation reaction rate constants in the presence of benzoquinone (BQ); g) evolution of C0/C vs reaction time, h) pseudo first-order linear fit of ln(C0/C) vs 
reaction time, i) pseudo first-order degradation reaction rate constants in the presence of ethylenediaminetetraacetic acid (EDTA). 

Fig. 11. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at high frequency (576 kHz) with different acoustic powers: a) 
evolution of C/C0 vs reaction time. b) pseudo first-order linear fit of ln(C0/C) vs reaction time. c) pseudo first-order degradation reaction rate constants. 
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presence or absence of BF-KBT-PT piezocatalysts (Fig. 10D-f), demon
strating the importance of ●O2

– radicals for the decomposition of RhB at 
low ultrasonic frequencies. The results also revealed that piezocatalytic 
degradation was significantly hindered using BQ to scavenger ●O2

– 

radicals, indicating an enhanced production of ●O2
– radicals in the 

presence of BF-KBT-PT piezocatalysts at the selected frequency and 
power. EDTA showed some minor decrease in the sonochemical degra
dation of RhB (Fig. 10g-i) due to its potential interaction with sono
chemical formation of radicals [29,66]. However, the scavenging effect 
of EDTA on h+ was clearly noticeable in the presence of BF-KBT-PT 
piezocatalysts, reducing the overall degradation of RhB close to the 
sonochemical decomposition. This demonstrates the importance of h+ in 
the piezocatalytic degradation at lower ultrasonic frequencies. 

3.3.2. High ultrasonic frequency 
RhB degradation experiments conducted at 576 kHz (Fig. 11) also 

showed a progressive enhancement of the sonochemical degradation of 
RhB as the ultrasonic power was increased: overall RhB degradations of 

14%, 65%, 80% and 94% were achieved at 3, 6, 10 and 20 W L − 1, 
respectively. Moreover, at the highest acoustic power used (34 W L − 1), 
99% of RhB was degraded after 110 min; in other words, almost com
plete degradation of RhB was achieved in less than 2 h. As expected from 
the results from the previous section, the addition of the BF-KBT-PT 
piezocatalysts had little to no effect on the overall degradation, 
further indicating that only sonochemical degradation (Fig. 1c) with no 
piezocatalytic contribution was taking place at 576 kHz, no matter 
which acoustic power was being used. This should not be a complete 
surprise, though; near complete sonochemical degradation of RhB after 
2-hour experiments at 300 kHz has been reported in the past, although 
at powers apparently higher (around 200 W L − 1) [67] than those re
ported in this study. 

To better understand the observed degradation of RhB at higher ul
trasonic frequencies, radical and charge scavenger experiments using 
TA, BQ and EDTA were again conducted at 576 kHz and 34 W L − 1 

(Fig. 12). TA showed some hindering effect on the degradation perfor
mance in the first 60 min of the experiments both in the absence and 

Fig. 12. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at high frequency (576 kHz) and 34 W L − 1 with different 
radical scavengers: a) evolution of C/C0 vs reaction time, b) pseudo first-order linear fit of ln(C0/C) vs reaction time, c) pseudo first-order degradation reaction rate 
constants in the presence of terephthalic acid (TA); d) evolution of C0/C vs reaction time, e) pseudo first-order linear fit of ln(C0/C) vs reaction time, f) pseudo first- 
order degradation reaction rate constants in the presence of benzoquinone (BQ); g) evolution of C0/C vs reaction time, h) pseudo first-order linear fit of ln(C0/C) vs 
reaction time, i) pseudo first-order degradation reaction rate constants in the presence of ethylenediaminetetraacetic acid (EDTA). 
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presence of BF-KBT-PT piezocatalysts (Fig. 12a-c). However, due to the 
significantly greater formation of ●OH radicals at 576 kHz compared to 
that at 20 kHz (in agreement with previous studies[68]), the added 
concentration of 10 mM TA was not enough to hinder the degradation of 
RhB at the end of the experiment (10 mM was around the saturation 
point in the solution). Nevertheless, the hindering effect was noticeable 
enough to confirm the contribution of ●OH radicals towards the 
degradation of RhB at high frequencies. The addition of BQ resulted in a 
significant hindering effect of the degradation of RhB (Fig. 12d-f) at 576 
kHz, confirming the importance of ●O2

– radicals on the decomposition of 
RhB at high frequencies. The addition of EDTA, however, had a very 
minor effect in the degradation of RhB (Fig. 12g-i), and the minor effect 
observed was likely due to the potential interaction of EDTA with the 
sonochemical formation of radicals [29,66]. The results in the presence 
of the BF-KBT-PT piezocatalysts are particularly revealing, confirming 
that h+ were not involved in the degradation of RhB at 576 kHz. In other 
words, it further confirmed that there was no piezocatalysis taking place 
at high ultrasonic frequencies. 

3.4. Overall discussion 

The results from the experiments conducted at both low and high 
frequencies bring up an interesting discussion. At 20 kHz, whereas the 
presence of BF-KBT-PT piezocatalysts did enhance the overall degrada
tion of RhB at 50 W L − 1 (RhB degradation of 53%/64% in presence/ 
absence of the piezocatalyst), further increasing the power to 90 W L − 1 

would result in a significantly higher RhB degradation with little 
contribution from the BF-KBT-PT piezocatalysts (RhB degradation of 
92%/94% in the presence/absence of the piezocatalyst). In both cases, 
the piezocatalyst contribution would be strongly related to the me
chanical effects caused by acoustic cavitation (e.g. shock waves, micro- 
jetting and asymmetrical bubble collapses near the surface of the pie
zocatalyst) that are maximised at low frequencies (<100 kHz). These 
mechanical effects might not be enough to generate by bulk polarisation 
(Fig. 1a) the minimum of 2.22 V necessary for the radical redox re
actions to take place, but more than enough to cause localised piezo
electric polarisation (Fig. 1b) that would induce those reactions. 
Considering the energy requirements for ultrasound to generate acoustic 
cavitation and the resulting mechanical effects at low frequencies, 
though, one might prefer to explore less energy intensive options such as 
water-drive piezo-activation to achieve localised polarisation of piezo
catalysts [69,70]. On the other hand, whereas no piezocatalysis was 
observed at high frequencies (>100 kHz) due to the significant decrease 
in the intensity and violence of those same mechanical effects, further 
tuning the frequency and increasing the power could result in the 
complete degradation of RhB at 576 kHz and 34 W L − 1 through 
sonochemistry on its own (Fig. 1c). This would present straightforward 
advantages: there would be no need to add a catalyst to achieve the 
degradation (i.e. savings in materials, fabrication costs, separation 
processes after treatment, etc.), and there could be potential savings in 
energy consumption of the process, as full degradation was achieved at 
significantly lower acoustic powers than those used at 20 kHz. 

Nevertheless, even with no piezocatalytic contribution to the overall 
process, the remarkable sonochemical degradation of RhB at 576 kHz 
and 34 W L − 1 (pseudo first-order degradation reaction rate constant of 
0.037 min− 1) outperforms the vast majority of the research on recent 
piezocatalytic degradation of RhB available in the literature (Table 1). 
As already indicated in their previous work [29] and more recently 
highlighted by other researchers [6,71], to achieve ‘true’ progress in 
piezocatalysis, expertise and practice from other fields (i.e. piezoelec
tricity, acoustics, sonochemistry and electrochemistry), as well as a 
systematic experimental approach with appropriate control experi
ments, must be incorporated into the research conducted in this area. If 
this is not followed, there is a strong risk that piezocatalysis may be, 
sooner rather than later, forgotten about without fully exploiting its 
potential. 

4. Conclusion 

The present study aimed to shed some light into the controversial 
discussion surrounding the piezocatalytic mechanisms by investigating 
the effect of ultrasonic frequency and power on the ‘top-to-bottom’ 
polarisation of piezocatalyst. The results indicated that the occurrence of 
mechanical effects (i.e. shock waves, micro-jetting and asymmetric 
collapse at the surface of the catalysts) predominant at lower ultrasonic 
powers (<100 kHz) would cause a localised piezoelectric response that 
would be more important for current piezocatalytic research rather than 
bulk piezoelectric polarisation resulting from exciting a piezocatalyst 
close to its resonance frequency. 

The results also revealed that, whilst an increase in acoustic power 
would result in increased sonochemical degradation at both low and 
high ultrasonic frequencies, it did not necessarily result in an increased 
piezocatalytic contribution. Therefore, the use of lower ultrasonic fre
quencies with moderate powers should be encourage to maximise the 
piezocatalytic degradation route, whereas high powers and especially 
high ultrasonic frequencies would be favourable for the sonochemical 
degradation without the need to add a piezocatalyst. The latter could 
present straightforward advantages: savings in cost of materials, their 

Table 1 
Comparison of pseudo first-order reaction rate constants for sonochemical and 
piezocatalytic degradation of RhB from this work with other piezocatalysis 
studies available in the literature.  

Piezocatalyst Frequency 
[kHz] 

Acoustic 
power [W 
L − 1] 

Rate 
constant 
[min− 1] 

Ref 

None 20 50.1 ± 0.3 0.007 this 
study 

20 89.8 ± 0.4 0.023 this 
study 

576 20.3 ± 0.7 0.025 this 
study 

576 33.7 ± 0.6 0.037 this 
study 

BF-KBT-PT 20 50.1 ± 0.3 0.009 this 
study 

20 89.8 ± 0.4 0.024 this 
study 

576 20.3 ± 0.7 0.025 this 
study 

576 33.7 ± 0.6 0.037 this 
study 

BaTiO3 40 n/a (360 
W) 

0.013 [13] 

(Bi1/2Na1/2)TiO3 40 n/a (100 
W) 

0.013 [14] 

Na0.5Bi0.5TiO3 

(nanoparticles) 
40 n/a (150 

W) 
0.022 [15] 

0.5BNT–0.5BFO 40 n/a (120 
W) 

0.0204 [18] 

Bi2Fe4O9 (nanoplates) 40 n/a (200 
W) 

0.01615 [11] 

Ba0.95Ca0.05Ti0.9Sn0.1O3 

(micron-sized powders) 
40 n/a (100 

W) 
0.0245 [12] 

(K0.5Na0.5)0.94Li0.06NbO3- 
PDMS 

40 n/a (180 
W) 

~0.014 [9] 

Bi- MOFs (bismuth-based) 40 n/a (300 
W) 

~0.025 [10] 

Natural clay-modified 
MWCNT/kaolinite/PVDF 
membrane 

30±5 n/a (50 W) 0.040 [19] 

Bi2Fe4O9 NSs 40 n/a (480 
W) 

0.0186 [20] 

BaTiO3@TiO2 nanowires 28 n/a (n/a) 0.007 [17] 
45 n/a (200 

W) 
0.08 

80 n/a (200 
W) 

0.002 

100 n/a (200 
W) 

0.001  
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fabrication and post-treatment separation, as well as potential energy 
consumption. 
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4 Importance of energy band theory and screening charge effect  

4.1 Introduction 

 

The previous two chapters explored the concept of piezocatalysis focusing on the 

piezocatalytic mechanism following more traditional piezoelectric concepts: aiming to induce 

piezocatalytic activity entirely based on the piezoelectric polarisation (i.e. screening charge 

effects) through an optimum excitation method.  

The piezoelectric polarisation experienced by the piezocatalyst was expected to exceed the 

difference between the reduction potentials of the redox reactions of interest. The results of 

the previous two chapters indicated that a localised piezoelectric response is more likely to 

achieve such high piezoelectric polarisations rather than a ‘bulk’ piezoelectric polarisation and 

are in accordance with other recent reports in the field of piezocatalysis [1-4]. 

However, in recent years a discussion emerged within the piezocatalytic community due to the 

introduction of another potential mechanism explaining the piezocatalytic phenomenon [5]. 

This mechanism is known as the energy band theory where the redox reactions at the catalyst 

surface are determined by the energy band levels of the valence and conduction bands [6-8]. 

The energy band levels of BF-KBT-PT had not been considered in the previous chapters and 

may have indeed been a reason why there is relatively subtle piezocatalytic contributions even 

at low ultrasonic frequencies and moderate acoustic powers (i.e. 20 kHz and 50 W L−1). 

Therefore, the energy band levels for BF-KBT-PT were determined prior to this study, 

indicating that any observed piezocatalytic contribution in Chapter 2 and 3 would be primarily 

based on the screening charge effects rather than energy band theory. 

To further investigate the importance of energy band theory and screening charge effects, two 

additional piezoelectric materials were used as piezocatalysts in this study. Zinc oxide 

nanoflowers were chosen for their well-known wide energy band gap and low piezoelectric 

properties [9-12], which suggested that any piezocatalytic contribution on the overall 
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degradation of RhB were likely to occur in accordance with the energy band mechanism rather 

than the screening charge effect. Barium titanate was chosen for its combination of very high 

piezoelectric properties and a wide energy band gap [13-16], which makes it an interesting 

candidate to potentially benefit from both mechanisms simultaneously. 

By comparing the degradation performance of these three piezocatalysts, this study aimed to 

provide a clearer understanding of the importance of energy band theory and screening charge 

effects for the piezocatalytic process. Based on the findings in Chapter 2 and 3 it was decided 

to conduct this study only with the excitation method of combined ultrasound (32−38 kHz) and 

mechanical agitation (US+MA). This method proved to have the highest synergistic effect of 

sonochemistry and piezocatalysis while also exhibiting better energy efficiency compared to 

high power ultrasound at 20 kHz. 

 

4.2 Discussion highlight and conclusions 

 

The findings in this study suggest that both proposed mechanisms (i.e. energy band theory 

and screening charge effect) are likely to contribute to the overall piezocatalytic process, as 

the BaTiO3 piezocatalyst achieving the best dye degradation could have generated superoxide 

and hydroxyl radicals via both mechanisms. 

As expected from the literature, wide band gap values of 3.20 eV and 3.18 eV were determined 

for ZnO [9, 10, 17] and poled BaTiO3 [13, 14], respectively. Poled BF-KBT-PT showed a narrow 

band gap of 2.16 eV. Band gap values for unpoled versions of BF-KBT-PT and BaTiO3 were 

the same as for the poled versions of the materials, indicating that poling had no effect on the 

band gap values. A band alignment diagram was constructed (Fig. 4) with the help of XPS 

analysis to determine the valence band edge for all three piezocatalysts. The band alignment 

diagram in combination with the piezoelectric nature of the used piezocatalysts already provide 

a good indication of the potential reaction mechanisms likely to take place. 
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Based on these findings, ZnO should be able to generate superoxide and hydroxyl radicals 

via both piezocatalytic mechanism as well as via sonocatalysis. However, the poor 

piezocatalytic nature of ZnO would limit any piezocatalytic generation of radicals making 

sonocatalysis the most likely mechanism. In the case of BF-KBT-PT superoxide radicals could 

be generated by the sonocatalytic and both piezocatalytic mechanisms, whilst hydroxyl 

radicals should only be generated through the piezocatalytic screening charge mechanism 

due to energy band alignment. The highly piezoelectric nature and the energy band levels of 

BaTiO3 would allow superoxide and hydroxyl generation via both piezocatalytic mechanisms. 

However, only superoxide radicals could be sonocatalytically generated with BaTiO3. 

Although the degradation experiments showed again that sonochemistry remained a 

significant contributor to the overall RhB degradation, the results clearly indicated that both 

piezocatalytic mechanisms seemed to take place simultaneously. It should therefore be 

beneficial to develop piezocatalyst with suitable energy band levels and high piezoelectric 

properties to optimise the piezocatalytic activity. Piezocatalysts with only one of these features 

might still exhibit some piezocatalytic behaviour, but this might be limited. 

While this study provided some valuable insights into the mechanisms behind the 

piezocatalytic process there are still many unanswered questions. One of these is related to 

localised piezoelectric response in unpoled materials that do not possess piezoelectric 

properties, but showed some RhB degradation. Explaining these observations requires further 

research on micro- and nano-piezoelectricity. Another unsolved question is the superior 

performance of unpoled BaTiO3 compared to unpoled BF-KBT-PT and even ZnO. A possible 

explanation could be the overpotentials required at the surfaces of the used catalyst being 

significantly lower for BaTiO3. Further research is needed to fully understand these 

phenomena and transfer conventional electrocatalytical techniques to develop suitable 

piezocatalysts for more traditional electrochemical processes such as water electrolysis or 

CO2 electroreduction. 
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Based on the findings in this study, it was decided to focus on BaTiO3 as a core material in the 

subsequent chapter aiming to develop a bulky, easy-to-recover piezocatalyst to further 

enhance the piezocatalytic performance while reducing potential secondary pollution. 

To gain a deeper understanding of the research outcomes and their significance, all results 

and a more comprehensive discussion can be found in Importance of energy band theory and 

screening charge effect in piezo-electrocatalytical processes published in Electrochimica Acta, 

which constitutes Chapter 4 of this thesis. 
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A B S T R A C T   

The present study tries to shed more light on the controversial discussion around the ‘true’ mechanism behind 
piezo-electrocatalysis: energy band theory or screening charge effects. For this purpose, piezo-electrocatalysts 
made of three different materials with different energy band levels and piezoelectric properties, ZnO, BaTiO3 
and BF-KBT-PT, were used to degrade Rhodamine B in aqueous solutions where combined ultrasound and me
chanical agitation was used as the excitation method. The results suggest that both mechanisms may actually 
play an important role in the overall process, as the largest overall dye degradation was achieved with the piezo- 
electrocatalyst most likely to generate radicals via both piezo-electrocatalytic mechanisms.   

1. Introduction 

Over the last decade, a new concept known as piezocatalysis [1–5], 
piezo-electrocatalysis [6–10] or piezo-electrochemistry [11–16] has 
attracted a wide attention of the catalysis community. 
Piezo-electrocatalysis is based on the occurrence of redox reactions at 
the surface of a piezoelectric material driven by its polarisation under 
applied mechanical stress. To some extent, it could be considered that 
piezo-electrocatalysts behave as miniaturised electrochemical devices 
that combine a power source and electrodes. Due to this advantage and 
the long-term aim to harness redundant mechanical vibrations in in
dustrial systems [5], piezo-electrocatalysis is seen as an intriguing 
concept with the potential to drive electrochemical reactions without 
the use of more traditional energy sources such as light and electricity. 

However, despite the rising numbers of reports exploring piezo- 
electrocatalysis (mostly focused on the development of novel piezo- 
electrocatalyst materials), the mechanism behind the reported cata
lytic activity remains controversial. Over the years, the research com
munity has proposed two main potential mechanisms, i.e. screening 
charge effect and energy band theory, and the way the academic debate 

has developed over time is that either one or the other is the ‘true’ 
mechanism behind piezo-electrocatalysis [2]. 

The screening charge effect mechanism implies that redox reactions 
over the surface of piezo-electrocatalysts rely entirely on the piezo
electric polarisation generated by the deformation of the piezo- 
electrocatalyst [1,4,14,17,18]. In this mechanism, the piezoelectric po
tential experienced by the piezo-electrocatalyst should exceed the dif
ference between the reduction potentials of the redox reactions of 
interest. In other words, the piezoelectric potential will determine its 
ability to drive specific electrochemical reactions in certain regions of 
the surface, which would act as either cathode or anode. This screening 
charge effect mechanism has recently moved away from ‘bulk’ piezo
electric polarisation towards a more localised piezoelectric response 
[19–24]. Under ultrasound, asymmetrical collapse of cavitating bubbles 
near the piezo-electrocatalyst [25], amongst other mechanical effects 
caused by cavitation, would lead to localised high pressures of several 
hundreds of bars [26] that could result in superficial piezoelectric 
polarisation of micro- and nano-features of the catalysts [19–25,27,28]. 

The energy band mechanism is analogous to photocatalysis where 
redox reactions, which take place over the surface of piezo- 
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electrocatalysts, are determined by the energy band levels of the valence 
and conduction bands [3,29–31]. Based on this theory, the piezoelectric 
polarisation of the piezo-electrocatalyst is considered an indirect pro
moter of electrochemical reactions by adjusting the band structure and 
controlling internal charge flow to the surface of the 
piezo-electrocatalyst [2]. If energy band theory was the dominant 
mechanism behind piezo-electrocatalysis, one would expect superior 
piezo-electrocatalytic performance when using a piezo-electrocatalyst 
having a wide enough energy band gap to drive targeted electro
chemical reactions. The electrochemical potential derived from the 
excitation of electrons to higher energy levels must not only be sufficient 
for those redox reactions to occur, but also should be enough to over
come kinetic and concentration overpotentials, as well as ohmic losses. 
Further to this, the band configuration and electronic states of the 
piezo-electrocatalyst have to be appropriate for the reduction and 
oxidation reactions of interest to occur. 

The preliminary study presented here followed a simple approach to 
explore the importance of energy band theory and screening charge 
effect in piezo-electrocatalysis by investigating the performance of 
different piezo-electrocatalysts on the degradation of Rhodamine B 
(RhB) under combined ultrasound and mechanical agitation. The piezo- 
electrocatalysts consisted of three different piezoelectric materials, 
allowing for the two mechanisms to be studied in isolation and combi
nation through the different energy band levels and piezoelectric char
acteristics of these materials:  

• Zinc oxide (ZnO) was chosen due to its wide energy band gap 
[32–34] and weaker piezoelectric performance [35–38] in compar
ison with the properties of the other piezo-electrocatalysts used in 
this study. For this material, any piezo-electrocatalytic effect on the 
overall degradation of RhB would most likely occur in accordance to 
the energy band mechanism rather than the screening charge effect.  

• Potassium bismuth titanate-bismuth ferrite lead titanate (BF-KBT- 
PT) was chosen due to its very high piezoelectric properties [27,39, 
40] and narrow energy band gap. This implied that any 
piezo-electrocatalytic contribution to the overall degradation of RhB 
would be solely caused by the screening charge mechanism.  

• Barium titanate (BaTiO3) was chosen due to its combination of very 
high piezoelectric properties and a wide energy band gap [4,41–44]. 
This would make BaTiO3 an interesting option, as it could potentially 
benefit from both mechanisms simultaneously; higher piezo-electric 
contribution towards the degradation of RhB would therefore be 
expected from this piezo-electrocatalyst. 

In the case of BF-KBT-PT and BaTiO3, the performance of both poled 
(highly piezoelectric) and unpoled (non-piezoelectric) versions of the 
same materials were investigated to get a better picture of the impor
tance of the piezoelectric nature in the overall performance of the piezo- 
electrocatalysts. 

2. Experimental 

2.1. Catalyst preparation and characterisation 

2.1.1. Catalysts preparation 
ZnO nanoflowers were synthesised via a hydrothermal method pre

viously described by the authors [38]. Equimolar concentrations (20 
mM) of Zn(NO3)2⋅6H2O and hexamethylenetetramine were added to 
de-ionized water and magnetically stirred for 10 min. The solution was 
then sealed and kept in an oven at 90 ◦C for 18 h. The resulting solution 
was cooled down to room temperature, washed and centrifuged three 
times with ethanol. The remaining white sediment in ethanol (i.e. ZnO 
nanoflowers) was left to dry at room temperature overnight. 

Commercial BaTiO3 piezoceramic discs (Steiner & Martins, Inc.) with 
high piezoelectric properties (d33 and d31 values of 160 pC/N and 30 pC/ 
N, respectively, measured according to IEEE standards [45,46]) were 

used to fabricate P and UP versions of the BaTiO3 piezo-electrocatalysts. 
The BaTiO3 piezoceramic discs (i.e. poled materials with aligned ferro
electric domains) were ground into fine particles (<63 μm) following the 
method described by the authors in a previous study [27], to fabricate 
the P BaTiO3 piezo-electrocatalysts. To obtain the unpoled version 
(non-piezoelectric; d33 and d31 values of 0 pC/N) of this material, the 
commercial BaTiO3 piezoceramics were depoled by heating them above 
their Curie temperature for several hours and cooling them down to 
room temperature to produce UP BaTiO3 piezo-electrocatalysts (i.e. 
unpoled materials with randomly orientated ferroelectric domains). 

ZnO and both P and UP BaTiO3 piezo-electrocatalysts were 
compared with P and UP BF-KBT-PT piezo-electrocatalysts already 
evaluated under the same experimental conditions in a previous study 
by the authors [27], except for their energy band information. P and UP 
BF-KBT-PT piezo-electrocatalysts had been prepared from poled and 
depoled piezoceramic discs of the same material, with the poled discs 
exhibiting a strong piezoelectric behaviour (d33 and d31 values of 100 
pC/N and − 40 pC/N, respectively) while the unpoled discs exhibited no 
piezoelectricity at all (d33 and d31 values of 0 pC/N) [27].These discs 
were also ground into fine particles (<63 μm) to fabricate P and UP 
BF-KBT-PT piezo-electrocatalysts. 

2.1.2. Catalyst characterisation 
The morphology, surface structure and composition of all piezo- 

electrocatalysts was analysed using a focused ion beam-scanning elec
tron microscopy (FIB-SEM, Zeiss Gemini 2 crossbeam 550) equipped 
with an energy dispersive X-ray spectrometer (EDS). X-ray powder 
diffraction (XRPD) data for all piezo-electrocatalysits was obtained with 
a Bruker D2 PHASER diffractometer equipped with Cu Kα radiation to 
confirm the identity of the crystalline phases of the materials. Data were 
collected over the 2θ range from 5 to 60◦ and a scanning speed of 0.2 
steps/second. Energy band gaps were determined by ultraviolet–visible 
diffuse reflectance spectroscopy (UV–Vis DRS) using a JASCO V-670 
spectrophotometer equipped with an integrating sphere attachment. 
Direct and indirect band gaps were quantified using Kubleka-Munk 
theory and corresponding Tauc plots. The valence band maximum of 
all the materials used in this study was estimated by X-ray photoelectron 
spectrometry (XPS) in a Scienta XPS system equipped with mono
chromatic source. 

2.2. Experimental setups and procedures 

RhB degradation experiments were conducted under the same con
ditions defined in a previous study by the authors [27], where combined 
ultrasound and mechanical agitation was used as the mean to excite the 
piezo-electrocatalysts. For this purpose, a SciQuip Basic 20 overhead 
stirrer was centred and immersed into a 1000 mL beaker acting as the 
reactor; the beaker was also centred and immersed to a 4 cm depth into a 
32–38 kHz Ultrawave QS12 ultrasonic bath with constant water level. At 
full ultrasonic power and mechanical agitation of 200 rpm, the experi
mental setup was calibrated by calorimetry [47], resulting in a dissi
pated acoustic power of 14.3 ± 0.7 W L − 1. Prior to each experiment, the 
water in the ultrasonic bath was thoroughly degassed for 60 min to 
ensure a reproducible acoustic field inside the bath. The temperature in 
the reactor was kept at 30 ± 2 ◦C throughout all the experiments by a 
precise temperature control system (Grant LT ecocool 100 recirculating 
chiller). 

120 min control (i.e. no piezo-electrocatalyst) and piezo- 
electrocatalytic RhB degradation experiment were performed on 1000 
mL of 5 mg L − 1 aqueous solutions at pH = 4.5. In each experiment, 3- 
mL aliquots of the RhB solution were sampled every 10 min with a 0.22 
μm PTFE-syringe-filter. In the particular case of ZnO piezo- 
electrocatalysts, samples were also centrifuged to remove the nano
flowers from the solution. Ultraviolet–visible spectroscopy at the char
acteristic wavelength of 554 cm was conducted in a Shimadzu UV-3600 
Plus spectrophotometer to analyse the solution samples. In all piezo- 
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electrocatalytic experiments, 1 g L − 1 of piezo-electrocatalysts were 
added to the RhB solutions to be treated. Prior to each experiment, 
though, adsorption-desorption equilibrium was ensured by mechani
cally stirring the catalysts at 200 rpm for 30 min in the RhB solution (no 
RhB adsorption was observed in all cases). 

3. Results and discussion 

3.1. Piezo-electrocatalyst characterisation 

FIB-SEM and EDS analysis provided interesting details on the 
morphology and surface structure of the piezo-electrocatalysts used in 
this study, and confirmed the composition of the different materials 

used. The ZnO piezo-electrocatalysts generally presented a flower-like 
structure formed by nanorods growing radially from the centre of the 
particles (Fig. 1a, left). As expected from previous work [38], the indi
vidual nanorods were several microns long with an average length 
ranging from 3 to 6 μm, and a diameter of several hundreds of nano
meters with an average diameter around 180–220 nm (Fig. 1a, centre). 
EDS confirmed that the ZnO piezo-electrocatalysts were free from any 
impurities (Fig. 1a, right). P and UP BF-KBT-PT piezo-electrocatalysts 
presented identical cuboid morphology with sizes of the order of several 
tens of microns (Fig. 1b and c, left) where smaller debris originating 
from the catalyst fabrication process (i.e. grinding of piezoceramic discs) 
could be noticed over the surface (Fig. 1b and c, centre); both versions of 
BF-KBT-PT also presented identical composition (Fig. 1b and c, right). 

Fig. 1. FIB-SEM and EDS analysis of the different piezo-electrocatalysts used in this study: (a) ZnO, (b) P BF-KBT-PT, (c) UP BF-KBT-BT, (d) P BaTiO3, and (e) 
P BaTiO3. 
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This confirmed that, in terms of shape, surface structure and composi
tion, P and UP BF-KBT-PT piezo-electrocatalysts were virtually the same 
material. The same trend was confirmed for P and UP BaTiO3 
piezo-electrocatalysts, which also presented a cuboid morphology with 
sizes of the same order of several tens of microns (Fig. 1d and e, left) 
where smaller debris were again noticed over the surface (Fig. 1d and e, 
centre); no difference was observed in terms of material composition 
between the P and UP piezo-electrocatalysts (Fig.1d and e, right). 

XRPD analysis was used to confirm the phase(s) present in the piezo- 
electrocatalysts used in this study (Fig. 2). XRPD data collected on the 
ZnO sample matched well to the standard International Centre for 
Diffraction Data (ICDD) Powder Diffraction File (PDF) [36–1451], 
confirming the piezo-electrocatalyst sample was the hexagonal wurtzite 
polymorph of ZnO. The three main characteristic peaks observed at 32̊, 
34̊ and 36̊ were clearly identified, confirming good crystallinity of the 
prepared ZnO piezo-electrocatalysts. XRPD data of both P and UP BF 
KBT-PT piezo-electrocatalysts indicated phase co-existence due to peak 
splitting in most of the reflections [39], especially in the case of the 
(110) planes, as reported before by the authors [27,39]. Lattice distor
tion of the rhombohedral phase was considered negligible due to no 
observed peak splitting in of the 111 reflection and only minor peak 
splitting of the 200 reflection, which is characteristic of tetragonal ma
terials [39]. Minor differences in signal intensities were observed for the 
P and UP BF-KBT-PT piezo-electrocatalysts were noticed. However, the 
relative heights of both samples were the same for both versions of 
BF-KBT-PT, confirming their identical phase structure. The XRPD data 
collected on the P and UP BaTiO3 piezo-electrocatalyst samples matched 
well to the standard International Centre for Diffraction Data (ICDD) 
Powder Diffraction File (PDF) [74–1959] for tetragonal BaTiO3. Both P 
and UP BaTiO3 piezo-electrocatalysts showed the presence of only the 
perovskite BaTiO3 phase, with no other peaks observed showing no 
impurity phases were present. Peak splitting was observed in both the P 
and UP BaTiO3 at around 45◦, where the 200 peak in the cubic poly
morph splits into (002) and (200), indicating the tetragonal polymorph 
of BaTiO3 is present [1,48]. 

The Kubelka-Munk function was applied to collected UV–Vis DRS 
data (Fig. 3a) to produce Tauc plots that allowed the energy band gaps of 
all piezo-electrocatalysts to be estimated: ZnO (Fig. 3b), P versions of BF- 
KBT-PT and BaTiO3 (Fig. 3c), and UP versions of BF-KBT-PT and BaTiO3 
(Fig. 3d). The value of the band gap for ZnO was quite high (3.20 eV), as 
expected from the literature [33,34]. Similar band gaps values (3.18 eV) 
were obtained for P and UP BaTiO3, which were also in agreement with 
values from the literature [41,42], confirming that the energy band gap 
value did not depend on whether the piezo-electrocatalyst was poled or 
unpoled. The same trend was observed for the P and UP BF-KBT-PT 

piezo-electrocatalysts, although in this case, both versions of this ma
terial exhibited a significantly lower energy band gap (2.16 eV) than the 
other materials studied in this work. XPS data was used to estimate 
values of the valence band edge for all piezo-electrocatalysts used in this 
study (Fig. 3e). The values of the valence band edge for both P and UP 
versions of the same material (either BF-KBT-PT or BaTiO3) were nearly 
identical, as was the case for the energy band gap levels. 

Valence band edge values obtained from XPS data were used to es
timate the valence band maximum (VBM) vs SHE (Standard Hydrogen 
Electrode) of all the piezo-electrocatalysts after taking into account the 
electronic energy of SHE (− 4.44 eV) [49] and the work function of the 
XPS system (4.5 eV). VBM values were then used, along with the band 
gap values obtained from the application of the Kubelka-Munk function 
to the UV–Vis DRS data, to estimate the conduction band minimum 
(CBM) vs SHE for all the piezo-electrocatalysts. VBM and CBM values 
were also used to construct the band alignment diagram for all the 
piezo-electrocatalysts used in the present study (Fig. 4). The standard 
equilibrium potential of those redox reactions responsible for the gen
eration of superoxide (•O2

− ) and hydroxyl (•OH) radicals at the surface of 
piezo-electrocatalyst [1,13], which are responsible for the degradation 
of RhB [25,27], were also included in the diagram, along with the 
equilibrium potential for the hydrogen evolution reaction (HER) and 
oxygen evolution reaction (OER) at pH = 4.5 (i.e. the pH of the RhB 
solutions used in this study):  

• Reduction reactions  
○ O2 + e− ↔ •O2

− (− 0.33 V vs SHE) [50]  
○ 2 H+ + 2 e− ↔ H2 (− 0.27 V vs SHE)  

• Oxidation reactions  
○ OH− + h+ ↔ •OH (1.89 V vs SHE) [51]  
○ 2 H2O ↔ O2 + 4 H+ + 4 e− (0.96 V vs SHE) 

It should be noted that, as the VBM values were obtained from XPS 
measurements, they are intrinsically true under vacuum. However, that 
may not be fully representative of the ‘real’ conditions in the experi
ments (i.e. RhB solution at pH = 4.5). Ideally, Mott-Schottky plots ob
tained for electrodes fabricated with the catalysts (e.g. by drop casting) 
and immersed in the working solution should be used to estimate the 
flatband potential, which could then be considered as the conduction 
band in the case of an n-type semiconductor or the valence band in the 
case of a p-type semiconductor. This was not an option in this study due 
to the nature of most of the piezo-electrocatalysts used in the study (i.e. 
P and UP versions of both BaTiO3 and BF-KBT-PT had a size of several 
tens of microns and a cuboid shape), which made it impossible to pre
pare electrodes with smooth and uniform surfaces where full coverage of 
the substrate was achieved. Nevertheless, in the case of the P and UP 
BaTiO3 piezo-electrocatalysts, if it is considered that the isoelectric point 
of diluted suspensions of BaTiO3 in deionised water is reached at pH ≈
6.5 [52], it is reasonable to believe that the bandgaps depicted for both 
piezo-electrocatalysts in Fig. 4 would be, to some extent, displaced to 
more positive potentials in the experimental conditions used here. The 
ZnO piezo-electrocatalysts would be in a similar situation, provided that 
the isoelectric point of ZnO nanoparticles in water is reached at pH ≈
10.3 [53]. The case of P and UP BF-KBT-PT piezo-electrocatalysts is 
slightly more complex, given that it is a ternary system (BiFeO3, 
K0.5Bi0.5TiO3 and PbTiO3) [39]. Whereas the isoelectric point for BiFeO3 
is reached at pH ≈ 2.8 [54], the isoelectric point of PbTiO3 is reached at 
pH ≈ 11.5 [55]; however, no isoelectric point data is available for 
K0.5Bi0.5TiO3. Therefore, it was deemed reasonable to assume that the 
bandgaps depicted for both P and UP BF-KBT-PT piezo-electrocatalysts 
in Fig. 4 would not be significantly displaced to either more positive or 
negative potentials. 

3.2. Reaction mechanisms 

The material characterisation previously included confirmed that P 
Fig. 2. XRPD data collected on the different piezo-electrocatalysts used in this 
study: ZnO, P and UP BF-KBT-PT, and P and UP BaTiO3. 
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and UP BaTiO3, as well as P and UP BF-KBT-PT, were virtually identical 
except for their poled or unpoled nature. The knowledge of the piezo
electric nature of all piezo-electric materials used in this study, along 
with their energy band levels, would already give a strong indication of 
which reaction mechanisms are likely to occur for each piezo- 
electrocatalyst, and which one is likely to deliver the highest piezo- 
electrocatalytic contribution towards the overall degradation of RhB. 
To discuss this, though, the possible piezo-electrocatalytic mechanisms 
that could be taking place must also be further explained at the same 
time (Fig. 5). 

The screening charge mechanism [2] would be based on the localised 
superficial piezoelectric response of micro- and nano-scale features of 
the surface of piezo-electrocatalysts [28] under periodic mechanical 
stress (Fig. 5a), which would be caused in this case by acoustic cavita
tion (i.e. asymmetrical bubble collapse near to the surface) [25]. 
Without any applied external force, the surfaces of poled 

piezo-electrocatalysts remain electrically neutral as bound charges are 
balanced by screening charges from the electrolyte [56] (e.g. charged 
adsorbates) [57]. However, under a mechanical strain (e.g. that result
ing from the acoustic cavitation phenomena caused by ultrasound), the 
charge balance is disrupted, leading to a redistribution of bound charges 
where electrons and holes travel to different surfaces of the 
piezo-electrocatalyst, which become oppositely polarised. As a result, 
more screening charges of opposite sign in the electrolyte will be 
attracted and adsorbed onto the polarised surfaces, balancing again the 
bound charges in those surfaces. Once the mechanical strain becomes 
weaker, bound charges will start to leave those polarised surfaces, which 
will obviously become less polarised, resulting in an excess of screening 
charges. This excess of screening charges would then be released from 
the surface until a charge balance in those surfaces is reached again; 
these charges could then take part in redox reactions with the sur
rounding electrolyte near the piezo-electrocatalyst surface. These same 
steps would then occur again and again in a cyclic way as the 
piezo-electrocatalysts are subject to ultrasound and the action of 
acoustic cavitation and its mechanical effects. Worth noting here is that 
screening charges may be sourced from many sources such as electrons, 
holes, anions and cations, cationic vacancies and polar molecules, 
indicating that there is still much research to do in order to identify how 
this could affect this mechanism [2]. In any case, it is obvious that the 
piezoelectric properties of the material will be important for this 
mechanism to make a greater impact on the degradation of RhB, which 
is why P versions of the materials with high piezoelectric properties (i.e. 
BF-KBT-PT and BaTiO3) would be more likely to experience this mech
anism. Nevertheless, localised piezoelectric polarisation at the domain 
level could be enough for piezo-electrocatalytical processes to occur at 
the surface of non-piezoelectric ferroelectric materials [20]. This also 
means that, as well as ZnO (which is significantly less piezoelectric than 
P BF-KBT-PT and BaTiO3), UP versions of the BF-KBT-PT and BaTiO3 
piezo-electrocatalysts could also experience enough localised piezo
electric activity to drive those same redox reactions, but in a lesser 
extent. 

The mechanism based on energy band theory is strongly related to 

Fig. 3. (a) Application of Kubelka-Munk to UV–Vis DRS data, (b–d) corresponding Tauc plots, and (e) XPS data collected on all piezo-electrocatalysts used in this 
study: ZnO, P and UP BF-KBT-PT, and P and UP BaTiO3. 

Fig. 4. Band alignment diagram for all piezo-electrocatalysts used in this study: 
ZnO, P and UP BF-KBT-PT, and P and UP BaTiO3. Arrows indicate direction of 
the displacement of bandgaps in RhB degradation experiments. 
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photocatalysis, as electrons would be excited from the valence band 
(VB) to the conduction band (CB), leading to the generation of reactive 
species (i.e. electrons and holes) driving redox reactions. However, in 
piezo-electrocatalysis, this excitation would rely on mechanical energy 
rather than light. It is still under debate whether this excitation is a result 
of direct excitation due to the high pressures of collapsing bubbles or a 
thermally induced indirect excitation [2]. In any case, the piezopotential 
generated within the piezoelectric material would lead to an 

improvement in the redox capability of the piezo-electrocatysts due to 
the bending/tilting of the energy bands (Fig. 5b). This would enable the 
alignment of the valence and conduction bands over/under the equi
librium potentials of the anodic/cathodic redox reactions of interest [2], 
which in this case are those involved in the generation of superoxide and 
hydroxyl radicals (Fig. 4). Obviously, this means that those materials 
highly piezoelectric in nature, which also exhibit wide band gaps and 
suitable VBM and CBM values likely to be bended/tilted beyond the 

Fig. 5. Illustration of different mechanisms for overall dye degradation: (a) Screening charge effects via localised piezoelectric response, (b) Energy band theory 
mechanism, (c) Sonocatalytic mechanisms, (d) Sonochemical mechanism. 
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equilibrium potentials, would be likely to induce the generation of 
radicals via the energy band mechanism. In the present study, P BaTiO3 
piezo-electrocatalysts would be very likely to degrade RhB via super
oxide and hydroxyl radicals generated by this mechanism due to their 
wide bang gap and VBM relatively close to the potential required to 
generate hydroxyl radicals. In a first instance, ZnO might also seem in a 
very strong position to also experience this due to its energy band levels. 
However, the degradation should not be as high as one might initially 
expect due to its relative poor piezoelectric nature. In the case of P 
BF-KBT-PT piezo-electrocatalysts, their band gap is rather narrow, and 
although their CBM would enable the generation of superoxide radicals, 
the generation of hydroxyl radicals via this mechanism would be highly 
unlikely due to their VBM, despite their strong piezoelectric nature. A 
similar situation would be expected for the UP versions of BF-KBT-PT 
and BaTiO3, with the addition that these piezo-electrocatalysts are not 
intrinsically piezoelectric; therefore, no superoxide and hydroxyl radi
cals should be generated by the energy band mechanism. 

Besides the piezo-electrocatalytic mechanisms just discussed (based 
on the screening charge effect and energy band theory), there is another 
potential mechanism that must always be considered whenever semi
conductors such as the piezoelectric materials used in this study are 
suspended in a liquid solution irradiated with ultrasound: sonocatalysis 
(Fig. 5b). Sonocatalysis is even more similar to photocatalysis, where the 
excitation of the electrons would be caused either thermally or by 
sonoluminescence due to the action of cavitating bubbles collapsing 
nearby the surface of the material [58]. The band alignment diagram 
(Fig. 4) again indicates that the generation of superoxide radicals via 
sonocatalysis would be likely to occur in all of the materials studied 
here. However, the generation of hydroxyl radicals should only take 
place sonocatalytically in the ZnO piezo-electrocatalysts, and not on the 
other materials. 

The previous paragraphs can be summarise as follows:  

• In the case of ZnO piezo-electrocatalysts, it would be expected that, 
based on its energy band characteristics and piezoelectric properties, 
both superoxide and hydroxyl radicals were generated by piezo- 
electrocatalysis via the energy band and screening charge mecha
nisms, as well as sonocatalytically. However, both piezo- 
electrocatalytical mechanisms would be limited due to the mate
rial’s relatively poor piezoelectric nature, which is why sonocatalysis 
may be the predominant mechanism in this case [59]. Although it is 
already well known that ZnO piezo-electrocatalysts suspended in 
aqueous solutions under ultrasound generate superoxide radicals, 
hydroxyl radicals and holes [60,61], it is expected that the contri
bution of ZnO piezo-electrocatalysts to the overall degradation of 
RhB may not be the greatest of all the piezo-electrocatalysts used in 
this study. 

• In the case of P BaTiO3, its energy band levels and highly piezo
electric nature should result in significant generation of superoxide 
and hydroxyl radicals via both piezo-electrocatalytical mechanisms, 
which would obviously enhance the overall degradation of RhB; 
many studies have indeed confirmed the generation of superoxide 
radicals, hydroxyl radicals and holes under ultrasound with this 
material [62–64]. Whereas superoxide radicals could also be 
generated via sonocatalysis, this would not be the case for the gen
eration of hydroxyl ions. 

• In the case of P BF-KBT-PT piezo-electrocatalysts, whereas superox
ide radicals could also be generated via the sonocatalytical and both 
piezo-electrocatalytical mechanisms, the hydroxyl radical could only 
be generated via the piezo-electrocatalytical screening charge 
mechanism due to its energy band alignment. The authors already 
demonstrated the capability of P BF-KBT-PT to generate superoxide 
radicals, hydroxyl radicals and holes, as well as their critical role on 
the degradation of RhB, under identical conditions [25,27]; howev
er, it would be expected, that its performance would be lower than 

that of P BaTiO3 piezo-electrocatalysts as the latter could also benefit 
from the piezo-electrocatalytic energy band mechanism.  

• The UP versions of the BF-KBT-PT and BaTiO3 should exhibit lower 
catalytic effect than their P counterparts due to their non- 
piezoelectric nature. For this reason, if any piezo-electrocatalytic 
degradation of RhB was observed with these materials, it would 
most likely be caused by localised screen charge effect at the domain 
level. 

It should be noted, however, that there is an additional mechanism 
for the formation of the superoxide and hydroxyl radicals [25] involved 
in the degradation of RhB, which does not require the presence of any 
catalyst. That mechanism is based on sonochemistry (Fig. 5d), where the 
production of radicals is driven by the extreme high temperatures (order 
of 5000 K) and pressures (order of 1000 atm) reached at the centre of 
cavitating bubbles after their collapse once they have reached a certain 
size [65]. This mechanism is therefore expected to play a significant role 
in the overall degradation of RhB under the experimental conditions of 
this study, as already demonstrated in the past by the authors [27]. 

3.3. Degradation experiments 

Fig. 6 displays the normalised concentration of RhB during different 
degradation experiments conducted under combined ultrasound and 
mechanical stirring, in the absence (MA + US; i.e. sonochemical 
degradation own its own) and presence of the ZnO, BF-KBT-PT and 
BaTiO3 piezoelectro-catalysts (both P and UP versions in the case of BF- 
KBT-PT and BaTiO3). First order kinetics derived from Langmuir- 
Hinshelwood theory were used to estimate the overall degradation re
action rates in absence and presence of the different piezo- 
electrocatalysts: 

C
C0

= e− kt (1)  

where t was time, C was the concentration of RhB at time t, C0 was the 
initial concentration of RhB and k was the kinetic degradation rate 
constant. The overall degradation efficiency (DE) was calculated using 
the following expression: 

DE =

(

1 −
C
C0

)

× 100 (2) 

As expected, significant degradation of RhB was already achieved in 
absence of a piezo-electrocatalyst (MA + US) via sonochemistry on its 
own (DE = 50% after 60 min). The addition of the UP versions of BF- 
KBT-PT and BaTiO3 piezo-electrocatalysts resulted in a relatively small 
enhancement of the degradation of RhB (DE values of 54% and 61%, 
respectively); this enhancement would mostly rely on the piezo- 
electrocatalytic screening charge mechanism, as discussed in the pre
vious section. The P versions of the same materials, P BF-KBT-PT and P 
BaTiO3, delivered a further enhancement of the degradation of RhB. In 
the case of P BF-KBT-PT, there was a relative improvement of 22% 
compared to sonochemistry on its own (DE = 61%). This indicates that, 
even though the piezo-electrocatalytic screening charge mechanism 
would be taking place in the presence of both UP and P versions of BF- 
KBT-PT, this mechanism was significantly enhanced by the highly 
piezoelectric nature of P BF-KBT-PT, highlighting the importance of the 
piezoelectric properties of the material in piezo-electrocatalysis. This 
was even more remarkable in the case of P BaTiO3, where an 
outstanding improvement of 50% was achieved compared to sono
chemistry on its own (DE = 73%). In this case, however, this improve
ment would not be caused by the piezo-electrocatalytic screening charge 
mechanism on its own, but also by the piezo-electrocatalytic energy 
band mechanism, as discussed in the previous section. This indicates 
that developing piezo-electrocatalysts highly piezoelectric in nature with 
suitable energy band alignments should be the aim, as both piezo- 
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electrocatalytic mechanisms (i.e. based on energy band theory and the 
screening charge effect) are likely to occur simultaneously. The results 
for ZnO further strengthens this latter idea, as a rather disappointing 
relative improvement of 18% was achieved in comparison to sono
chemistry on its own (DE = 59%). As discussed in the previous section, 
ZnO piezo-electrocatalysts should generate superoxide and hydroxyl 

radicals both piezo-electrocatalytically and sonocatalytically. However, 
their poor piezoelectric nature would significantly reduce the piezo- 
electrocatalytical performance, even though both energy band and 
screening charge effect mechanisms are likely to occur. 

The results agree with the hypothesis and discussion previously 
made in Section 3.2, strongly suggesting that both energy band and 
screening charge effect mechanisms are likely to occur simultaneously in 
piezo-electrocatalysis. To benefit from this, piezo-electrocatalysts must 
exhibit suitable energy band levels with a large enough band gap, as well 
as high piezoelectric properties (i.e. P BaTiO3 piezo-electrocatalysts). A 
piezoelectric material that presents either one feature (i.e. suitable en
ergy band levels with large band gap but poor piezoelectric properties 
like the ZnO piezoelectricatalysts) or the other (i.e. highly piezoelectric 
nature but small band gap like the P BF-KBT-PT piezo-electrocatalysts) 
may still drive redox reactions via piezo-electrocatalysis at its surface; 
however, its performance will be significantly lower. 

This preliminary study sheds some light onto the ‘true’ mechanisms 
behind piezo-electrocatalysis, which will be extremely helpful in the 
future development of this research area. However, there are still many 
questions that need answering. For example, in the case of unpoled 
materials whose piezo-electric nature is mostly non-existent, RhB 
degradation was still occurring. The assumption is that the localised 
piezoelectric response at the domain level is responsible for this, but 
micro- and nano- piezoelectricity is a field still in its infancy, which 
means that more work is required to better understand this phenome
non. Furthermore, UP BaTiO3 piezo-electrocatalysts worked signifi
cantly better than the UP BF-KBT-PT ones; in fact, they appeared to 
perform slightly better than the ZnO piezo-electrocatalysts. A potential 
reason for this could be that, for the reactions of interest in this study (e. 
g. generation of superoxide and hydroxyl radicals to degrade RhB), the 
overpotential required at the surface of BaTiO3 may be significantly 
lower than that at the surface of BF-KBT-PT or ZnO. The authors are 
currently exploring this, although more work is required to respond to 
this question due to the challenging task of transferring traditional 
electroanalytical techniques into this area. This would enable the design 
of suitable piezo-electrocatalysts for more ‘established’ electrochemical 
processes such as water electrolysis [66–68] or CO2 electroreduction 
[69,70], accounting not just for the piezoelectric aspect, but also for the 
electrochemical one. 

4. Conclusion 

The present study sheds more light on the ‘true’ mechanisms behind 
piezo-electrocatalysis. P BaTiO3 piezo-electrocatalysts that were likely 
to generate superoxide and hydroxyl radicals via the two proposed 
mechanisms, either energy band theory or screening charge effect, were 
shown to deliver the largest overall degradation of RhB. This indicates 
that research should move from the debate on whether one mechanism 
or the other is behind piezo-electrocatalysis, to the more likely prospect 
that both mechanisms are occurring simultaneously, according to the 
results from this preliminary study. This opens a new opportunity in the 
development of piezo-electrocatalysts for different applications, where 
special attention must be paid to the piezoelectric nature of the materials 
used, as well as their energy band levels. 

Besides piezo-electrocatalysis, other phenomena such as sonochem
istry and (potentially) sonocatalysis were taking place during the ex
periments, which means that the contribution towards the overall 
process via their corresponding mechanisms should never be discarded 
in this field. Accounting for non-piezoelectricity-related mechanisms is 
still not usual in piezo-electrocatalysis research as previously discussed 
by the authors [23,25,27] and recently highlighted by other research 
groups [71,72]. It is hoped the results from this research will further 
contribute to change this perception. 

Fig. 6. RhB degradation experiments under combined ultrasound and me
chanical agitation in absence and presence of piezoelectric ZnO, BF-KBT-PT and 
BaTiO3: (a) evolution of C/C0 vs reaction time, (b) First-order linear fit of ln(C0/ 
C) vs reaction time, (c) First-order degradation reaction rate constants. 
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5 Additive manufactured PVDF-based materials for piezocatalytic 

and sono-adsorption removal of pollutants 

5.1 Introduction 

 

The previous three chapters tried to shed more light onto the ‘true’ mechanism behind 

piezocatalysis and highlighted that the piezocatalytic process is far more complex than what 

has generally been reported in the literature. The piezocatalytic studies in Chapters 2-4 with 

larger scale reactors (i.e. >500 mL) demonstrated the predominant occurrence of other 

phenomena such as sonolysis and sonocatalysis and with this emphasising on an important 

aspect that has so far not fully been considered in piezocatalytic research. Besides the 

consideration of other phenomena taking place simultaneously, there are other potential 

issues surrounding piezocatalytic research that have not received a lot of attention yet. 

Piezocatalysis research has primarily focused on developing and fabricating micro- and 

nanoscale piezocatalysts [1-4], which may pose a risk of becoming secondary pollutants that 

require complex separation techniques [5-7]. Such secondary pollution caused by micro- and 

nanosized piezocatalysts can be addressed by using support materials to fabricate bulky 

catalyst composites that can be easily recovered from the treated wastewater [8]. However, 

the choice of composite material is critical in piezocatalysis as it can affect the overall 

piezoelectric properties of the catalysts and subsequently influence their performance. 

Therefore, careful consideration must be given to the selection of support materials to ensure 

optimal piezocatalytic performance. 

Polyvinylidene fluoride (PVDF) is polymer known for its unique piezoelectric properties upon 

poling [9]. This characteristic makes it an ideal candidate as a support material in piezocatalytic 

composites that incorporate piezocatalysts like BaTiO3 [10]. Besides this, PVDF is a polymer 

with remarkable chemical and mechanical stability [9] and only soluble in a few organic 

solvents such as triethyl phosphate (TEP) [11]. The ability of PVDF to dissolve in selected 
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organic solvents enables its use in Additive Manufacturing (AM) techniques such as Direct Ink 

Writing (DIW) [9]. 

The present study tried to combine these advantageous properties of PVDF, both in terms of 

piezoelectric nature and AM processability, with the BaTiO3 piezocatalysts that exhibited the 

best piezocatalytic behaviour in Chapter 4. The aim was to develop a bulky, easy-to-separate 

piezocatalyst for the removal of RhB from an aqueous solution. In this regard, an AM DIW 

method was developed to fabricate poled PVDF-BaTiO3 composites via in-situ poling during 

3D-printing.  

 

5.2 Discussion highlights and conclusions 

 

The development of an additive manufacturing method for PVDF-BaTiO3 composite was 

driven by the disintegration of BaTiO3 piezocatalysts during the second half of the RhB 

degrading studies. However, the RhB degradation experiments provided interesting results. 

At the beginning, RhB degradation with P PVDF-BaTiO3 appeared to be higher compared to 

experiments without a catalyst, but ultimately, the degradation in the presence of P PVDF-

BaTiO3 composites was similar to that without a catalyst and lower than with BaTiO3 

piezocatalysts. Moreover, observations such as the deviation from first-order RhB degradation 

kinetics and the lack of significant effects from poling indicated the occurrence of different 

physico-chemical phenomena. To understand these results, additional experiments were 

conducted with additive manufactured PVDF slabs (AMPVDF) and as-supplied PVDF powder 

(PPVDF). AMPVDF initially achieved higher RhB degradation, but the rate slowed down in the 

second half of the experiments. PPVDF showed similar overall RhB degradation, but a lower 

rate in the first half compared to AMPVDF. It was noticed that already around 4% of RhB was 

adsorbed onto the AMPVDF slabs during the adsorption-desorption equilibrium period. These 

results suggested that PVDF, rather than BaTiO3 particles, was responsible for the removal of 

RhB in the experiments with PVDF-BaTiO3 composites. 
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In order to better understand the adsorption of RhB on AMPVDF and its potential enhancement 

by ultrasound, additional experiments were conducted using different amounts of AMPVDF 

under mechanical agitation with and without ultrasound. The results clearly showed an 

increase in the removal of RhB with an increasing amount of AMPVDF. Whilst in absence of 

ultrasound 1g L−1 of AMPVDF only removed around 13% after 2 hours, the same amount of 

AMPVDF already removed 27% of RhB within 10 minutes under sonication. This demonstrated 

the importance of ultrasound for the enhanced adsorption of RhB onto AMPVDF. However, the 

most remarkable removal of RhB in this study was achieved with 4 g L−1 AMPVDF. Within 10 

minutes of sonication already 80% of RhB were removed from the solution. After 40 minutes 

RhB was virtually removed. 

Based on the experimental observations, a simple model was developed to better understand 

how ultrasound is enhancing the adsorption of RhB onto AMPVDF. The developed model 

assumed that diffusion inside the AMPVDF slabs was the main mass transport mechanism due 

to the effects of ultrasound such as acoustic streaming and shockwaves on reducing the film 

resistance at the adsorbent's surface. A strong feature of the model is that it only relied on an 

unknown parameter, the Henry law constant H; nevertheless, the model also had to consider 

that adsorption was further enhancing the sonochemical degradation of RhB to fully agree with 

the experimental results. This feature of the model, which might sound rather intriguing in first 

instance, should not be a surprise when one takes into account that the sonochemical 

degradation followed first order kinetics and that the predicted concentration in the adsorbed 

phase was roughly 400 times that of the bulk liquid; this would easily explain the previously 

reported synergistic effect between sonochemical and adsorption processes [12, 13]. Although 

some deviations were noticed, in particular at short times likely due to the residual film 

resistance and the simplification of the kinetics of the adsorption-enhanced sonochemical RhB 

degradation, the overall fit of the proposed model was very reasonable. Furthermore, when 

adding a film resistance this model would also be able to predict RhB adsorption of AMPVDF 

in absence of ultrasound. 
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Whilst previous studies have relied on empirical models to analyse their experimental data that 

potentially can lead to misinterpretations of the underlying mass transport mechanism [14], the 

present work highlighted the importance of a different approach to model sono-adsorption 

processes by developing and implementing a phenomenological model that accounts for the 

most meaningful physico-chemical phenomena in the system. Without this new approach, the 

synergic effect between ultrasound and adsorption would have again been overlooked.  

In conclusion, this study did not only show an innovative approach to additively manufacture 

easy-to-recover PVDF-BaTiO3 piezocatalysts, but also shed light on the occurrence of another 

concurrent phenomena in piezocatalysis: adsorption. Based on these findings, it is suggested 

to consciously consider and optimise concurrent phenomena such as sonochemistry and 

sono-adsorption in piezocatalytic research. By embracing and exploring these synergistic 

effects, the field of piezocatalysis could unlock new opportunities for advancements and 

applications in environmental remediation. 

To gain a deeper understanding of the research outcomes and their significance, all results 

and a more comprehensive discussion can be found in Sono-adsorption and adsorption-

enhanced sonochemical degradation of dyes in water by additive manufactured PVDF-based 

materials published in Ultrasonics Sonochemistry, which constitutes Chapter 5 of this thesis. 
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A B S T R A C T   

The present study proposes the first mechanistic model accounting for the most meaningful physico-chemical 
phenomena taking place in liquid phase adsorption processes under ultrasound. Initially, this study was aimed 
at developing an easy-to-make and easy-to-recover piezocatalyst for the degradation of RhB in water by 
combining the high piezocatalytical performance of BaTiO3 with a compatible piezoelectric support such as 
PVDF, manufactured by a customised additive manufacturing – direct ink writing system with in-situ poling. 
However, initial results showed that the resulting PVDF-BaTiO3 composite slabs performed worse than BaTiO3 
piezocatalysts on their own, and that poling did not have any effect on their performance (82% RhB removal 
after 2 h when using either poled or unpoled PVDF-BaTiO3 composite slabs compared to 92% RhB removal after 
2 h in presence of BaTiO3 piezocatalysts). Further investigation with pure PVDF materials demonstrated that, 
instead of piezocatalysis, synergistic ultrasound-assisted adsorption and sonochemical degradation were taking 
place, enabling the removal of >95% of the dye within 40 min of ultrasound treatment in the presence of 4 g L–1 

of additive manufactured PVDF slabs. The results of this study and their evaluation with the mechanistic model 
proposed for liquid phase adsorption under ultrasound suggest that the adsorption of RhB on additive manu
factured PVDF slabs was enhanced by the structure, higher specific surface ratio and higher volume of mesopores 
achieved through the 3D-printing process, as well as the minimisation of film resistance to mass transport due to 
ultrasound. Moreover, adsorption on additive manufactured PVDF enhanced the sonochemical degradation of 
the dye due to its high concentration in the adsorbed phase. This study demonstrates that adsorption processes, 
especially in the presence of PVDF materials, may be significantly more important in piezocatalysis than what 
has been reported to date, to the point that the synergistic combination of sono-adsorption and sonochemical 
degradation in presence of additive-manufactured PVDF slabs may be enough to achieve high removal rates of 
dyes in water.   

1. Introduction 

Harvesting excess system vibrations and turning them into energy is 
an attractive principle that has been intensively studied in the field of 
piezoelectric energy (re-)generation [1–4]. The emerging field of pie
zocatalysis takes this concept one step further and directly utilises vi
brations to catalyse various chemical reactions. In piezocatalysis, 
piezoelectric materials suspended in liquid media are excited by a 

mechanical field (e.g. ultrasound), generating an electro-mechanical 
response that enables the occurrence of redox chemical processes such 
as the degradation of organic pollutants via radicalary reactions [5–7], 
water splitting [8–10] or even CO2 reduction [11–13] at the surface of 
the piezoelectric material. For this reason, piezocatalysis has attracted 
significant attention in recent years due to its potential, where many 
processes using catalysts such as barium titanate (BaTiO3) [14–16], zinc 
oxide [17–19] or complex metal oxides [20–22] have been explored. 
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Piezocatalytic processes are, however, far more complex than what has 
generally been reported in the literature; despite very recent efforts by 
the authors that have shed more light onto it [23], the ‘true’ mechanism 
behind this phenomenon is still under debate [24]. Moreover, the very 
few studies trying to bring piezocatalysis from very small lab reactors (i. 
e. <100 mL) into larger scales (i.e. >500 mL) have highlighted the 
occurrence of other phenomena such as sonolysis and sonocatalysis 
[25,26], illustrating that, for piezocatalysis to make a real impact, 
knowledge from other research areas besides piezoelectricity such as 
electrochemistry and sonochemistry must be accounted for [27]. 

Wastewater from the dye industry is considered as one of the most 
complex organic contaminant mixtures [28,29] that can have a signifi
cant impact on water bodies, even at low concentrations [30,31]. Dyes 
such as Methylene Blue, Methylene Orange or Rhodamine B (RhB) have 
become popular degradation targets in piezocatalysis [5–7] due to their 
toxicity [31] and ability to promote oligotrophic water conditions [30]. 
In this regard, the vast majority of piezocatalysis research has focused on 
the development and fabrication of micro- and nano-sized piezocatalysts 
[7,11,18,27]. However, there is a significant risk for these micro- and 
nano-sized piezocatalysts to become pollutants themselves, leading to 
secondary pollution that would require additional complex separation 
steps to the overall pollution removal process [32–35]. A potential so
lution would be the use of support materials, allowing for the fabrication 
of bulky composite catalysts that could be easily removed from treated 
wastewater [36]. However, in the case of piezocatalysis, the type of 
support material would need to be carefully considered; otherwise, the 
piezoelectric nature of the catalysts would be affected and the piezo
catalytic performance could be significantly reduced. 

Polyvinylidene fluoride (PVDF) is one of the few polymers that 
exhibit a piezoelectric response after being poled [37], allowing for its 
use as a support material in piezocatalytic composites containing pie
zocatalysts such as BaTiO3 [38] or LiNbO3 ceramics [39], as well as a 
piezocatalyst on its own [40]. As a polymer exhibiting high chemical 
and mechanical stability [37], PVDF is soluble in just a few organic 
solvents like dimethylformamide, dimethyl sulfoxide, N-methyl
pyrrolidone or triethyl phosphate (TEP) [41], which allows PVDF to be 
used in additive manufacturing processes such as direct ink writing [37]. 

In the study presented here, these advantageous properties of PVDF, 
both in terms of piezoelectric nature and additive manufacturing pro
cessibility, were combined with a well-known piezocatalyst, BaTiO3 
[23], to create a bulky, easy-to-separate piezoelectric composite mate
rial. This was achieved by developing a direct ink writing method to 
fabricate poled PVDF-BaTiO3 composites via in-situ poling during 3D- 
printing. However, the use of the 3D-printed poled PVDF-BaTiO3 com
posite in the degradation of RhB revealed the competing contribution of 
yet another simultaneous phenomenon that had rarely been associated 
to piezocatalysis before: ultrasound-assisted adsorption, also known as 
sono-adsorption [42,43]. To better understand this, a mechanistic model 
accounting for the main physico-chemical phenomena occurring in 
adsorption experiments under ultrasound was proposed, to the best of 
the author’s knowledge, for the very first time. The model indicated that 
adsorption of RhB on additive manufactured PVDF slabs benefited from 
the minimisation of film resistance to mass transport due to ultrasound. 
This adsorption further enhanced the ongoing sonochemical degrada
tion of RhB via radicalary reactions [25,26] due to the high concentra
tion of the dye in the adsorbed phase. The present study therefore 
highlights how this overlooked phenomenon in piezocatalysis could be 
further exploited, in combination with sonochemical degradation, to 
achieve outstanding dye removal rates. This removes the need to employ 
micro- and nano-size piezocatalysts fabricated via complex synthesis 
methods whose use would require additional costly separation 
approaches. 

2. Experimental 

2.1. Material preparation and characterisation 

2.1.1. Material preparation 
Poled BaTiO3 piezoelectic particles were fabricated from commercial 

piezoceramic discs (Steiner & Martins, Inc.) with high piezoelectric 
properties (d33 = 160 pC/N, d31 = 30 pC/N) and suitable energy band 
levels (3.18 eV band gap) [23]. The BaTiO3 piezoceramic discs were 
ground into fine particles (<63 µm) following the same procedure pre
viously described by the authors [23,25]. Depending on the experi
ments, the poled BaTiO3 piezoelectric particles were used as 
piezocatalysts on their own or as fillers in additive manufactured PVDF- 
BaTiO3 composites. 

PVDF powder with a molecular weight of 94.1 g (Fluorochem Ltd.) 
was used to fabricate all the additive manufactured PVDF-based mate
rials used in this study; these materials were manufactured using a 
customised additive manufacturing – direct ink writing setup previously 
developed by the authors based on a Prusa Research MK3S + printer 
[44]. In this case, additional modifications were introduced to achieve 
in-situ electrical poling-assisted direct ink writing of PVDF-based ma
terials (Fig. 1):  

• To ensure the safe operation of the in-situ electrical poling system, 
the 3D-printing setup was installed within a custom-made enclosure 
(Fig. 1a) equipped with a magnetic switch installed on its door, 
which would automatically shut down the external power supply to 
prevent any unintentional access to the running setup. An emergency 
switch-off system was also mounted on the right side of the enclosure 
to halt the power supply in case of an unexpected emergency 
(Fig. 1b).  

• A glass plate was mounted onto the Prusa heat bed to insulate the 
applied voltage (Fig. 1c). Copper tape was applied on top of the glass 
plate to create a conductive printing surface. To prevent short cir
cuits between the print surface and nozzle, Kapton tape was applied 
to the copper layer as an insulator (Fig. 1c). These modifications 
allowed for an efficient operation of the in-situ electrical poling by 
mitigating the risk of electrical damage to the 3D-printer.  

• The external power supply was connected to the 3D-printer using 
cables and power inlets that were also mounted in the custom-made 
enclosure (Fig. 1b). The positive voltage cable was connected to the 
printing surface through a soldered connection with the copper layer 
(Fig. 1c), whilst the negative voltage cable was connected to the 
metal nozzle with a solder tag (Fig. 1d). 

Manufacturing of all additive manufactured PVDF-based materials 
started by mixing 0.5 g of PVDF powder with 2.1 mL triethyl phosphate 
(TEP, Sigma-Aldrich). The mixture was then manually stirred for two 
minutes until a translucent, smooth and viscous paste was obtained. This 
PVDF-TEP paste was further mixed for another two minutes at 90 ◦C to 
allow for the solvation of most of the PVDF with TEP. In the case of 
PVDF-BaTiO3 composites, 0.5 g of the BaTiO3 piezoelectric particles 
were added and mixed until a homogeneous paste was obtained again. 
In all cases, the resulting PVDF-based paste was added into a 10 mL luer 
lock syringe equipped with a metal blunt syringe tip (0.25 mm internal 
tip diameter) acting as the nozzle. In the case of poled PVDF-BaTiO3 
composites, in-situ poling was achieved by applying an electrical field of 
around 13 MV m− 1. 

2.1.2. Material characterisation 
A focused ion beam-scanning electron microscope (FIB-SEM, Zeiss 

Gemini 2 crossbeam 550) equipped with an energy dispersive X-ray 
spectrometer (EDS) was used to determine the morphology, surface 
structure and composition of all materials used in this study. In addition, 
X-ray powder diffraction (XRPD) data was obtained with a Bruker D2 
PHASER diffractometer equipped with Cu Kα radiation to confirm the 
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identity of the crystalline phases of the materials; data were collected 
over the 2θ range from 5 to 60◦ and a scanning speed of 0.2 steps/sec
ond. Specific surface area (SSA) and pore size distribution in pure PVDF 
materials (both additive manufactured and in powder form) were 
determined by nitrogen adsorption/desorption isotherms with an 
automated sorption analyser (Quantachrome Autosorb-iQ). For this 
latter purpose, samples were degassed at 100 ◦C for 6 h prior to 
recording adsorption/desorption isotherms at − 196.15 ◦C; Bru
nauer–Emmett–Teller (BET) and DFT theory were applied to calculate 
SSA and pore size distribution, respectively. 

2.2. Experimental setups and procedure 

The same experimental parameters used in previous studies by the 
authors [23,25] were again defined for the RhB removal experiments 
conducted within this study. In all experiments, an overhead stirrer 
(SciQuip Basic 20) operating at 200 rpm was centred and immersed into 
a 1 L beaker acting as the reactor. The beaker was also centred and 
immersed 4 cm into an ultrasonic bath (Ultrawave QS12) operating at 
32–38 kHz and 14.3 ± 0.7 W g L–1 after being calibrated by the standard 
calorimetric method [45]. Prior to each experiment, the water inside the 
ultrasonic bath was thoroughly degassed for 60 min to ensure a repro
ducible acoustic field inside the bath. 

1 L of aqueous solutions containing 5 mg g L–1 of RhB were treated in 
all experiments. Temperature was controlled and kept at 30 ± 2 ◦C 

throughout the experiments by a temperature control system (Grant LT 
ecocool100). 3 mL aliquots of the treated RhB solution were taken every 
10 min with a 0.22 μm PTFE-syringe-filter; samples were then analysed 
by ultraviolet–visible spectroscopy (Shimadzu UV-3600 Plus) at the 
characteristic wavelength of 554 nm. 1 g g L–1 of catalysts were added to 
the aqueous RhB solution in all ‘piezocatalysis’ experiments; prior to 
each experiment, though, the RhB solution was stirred for 30 min at 200 
rpm to ensure adsorption–desorption equilibrium. In the case of the 
sono-adsorption experiments, adsorbent concentration was varied 
depending on the experimental condition (1–4 g g L–1). 

3. Results and discussion 

3.1. Material characterisation 

As previously reported by the authors [23], BaTiO3 piezocatalysts 
generally presented a cuboid morphology with sizes in the order of 
several tens of microns and a rough surface structure (Fig. 2a, left), 
where very small debris produced during the fabrication of the piezo
catalysts (i.e. grinding of commercial piezoceramic discs) were observed 
(Fig. 2a, centre). All additive manufactured PVDF-based materials, i.e. 
poled (P) and unpoled (UP) PVDF-BaTiO3 composites and pure PVDF 
(AMPVDF), generally presented an elongated slab morphology with a 
length of approximately 10 mm and a width of approximately 1.5 mm 
(Fig. 2b–d, left). The thickness of these additive manufactured PVDF- 

Fig. 1. Additive manufacturing – direct ink writing setup modified for in-situ electrical poling during printing: (a) 3D-printer inside custom-made enclosure for safe 
operation; (b) external power supply and enclosure with power inlets and emergency switch-off system; (c) modified print bed (glass plate, copper layer and Kapton 
tape) connected to positive power supply cable via a soldered connection; (d) metal nozzle connected to negative power supply cable via a solder tag. 
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based slabs was approximately 0.12 mm. A closer look at the surface of 
the additive manufacture PVDF-based materials revealed a porous sur
face structure in all of them (Fig. 2b–d, centre); however, the P PVDF- 
BaTiO3 slabs appeared to have a more irregular surface than both UP 
PVDF-BaTiO3 and AMPVDF slabs, which were not subjected to poling 
during the printing process. Pure PVDF powder as received (PPVDF) 

presented a very fine granular morphology in the nanoscale; nano
particles were forming compact aggregates of several microns or even 
larger (Fig. 2e, left and centre). In all cases, EDS analysis confirmed the 
composition of the BaTiO3 piezocatalysts (Fig. 2a, right), pure PVDF 
‘catalysts’ (Fig. 2d and e, right) and PVDF-BaTiO3 composites (Fig. 2b 
and c, right). 

Fig. 2. FIB-SEM and EDS analysis for (a) BaTiO3 piezocatalyst, (b) additive manufactured poled (P) PVDF-BaTiO3 composite, (c) additive manufactured unpoled (UP) 
PVDF-BaTiO3 composite, (d) additive manufactured pure PVDF (AMPVDF), (e) pure PVDF powder (pPVDF). PVDF-based samples were covered with a Pt film to 
increase their conductivity and improve the quality of the images. 
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XRPD analysis was used to confirm the phase(s) present in the ma
terials used in this study (Fig. 3). As reported by the authors in a previous 
study [23], XRPD data collected on the BaTiO3 piezocatalysts matched 
well to the standard International Centre for Diffraction Data Powder 
Diffraction File [74-1959] for tetragonal BaTiO3. Only the perovskite 
BaTiO3 phase was observed, as no peaks related to any impurity phases 
were noticed. Peak splitting was clearly observed at around 45◦, indi
cating the presence of tetragonal polymorph BaTiO3 where the (200) 
peak in the cubic polymorph would split into (002) and (200) [46,47]. 
In the case of PPVDF and AMPVDF, peaks were clearly noticed at around 
18.4◦, 19.9◦ and 27.8◦, which indicate the presence of (020), (021) and 
(111) crystal planes characteristic of PVDF in its non-piezoelectric α 
phase [48]. A shoulder on the left of the (020) peak was also noticed in 
both cases; this shoulder would indicate the existence of (100) crystal 
planes at around 17.7◦, which are again characteristic of α-PVDF [48]. 
Additional peaks were also noticed in the case of AMPVDF at around 
35.7◦, 39.0◦ and 57.4◦ suggesting the presence of (200), (002) and 
(022) crystal planes, which are again characteristic of α-PVDF [48]. 
Regarding the composite materials, both UP and P PVDF-BaTiO3 
exhibited the same features previously discussed for tetragonal BaTiO3, 
including the peak splitting at around 45◦ characteristic of tetragonal 
polymorph BaTiO3. Subtle peaks that could be associated to α-PVDF and 
β-PVDF could also be noticed, especially in the case of P PVDF-BaTiO3; 
however, these latter results are inconclusive. The reason for this would 

be the high content of BaTiO3 in the composites (50%), as ferroelectric 
ceramic content higher than 20% could distort the results of charac
terisation tests due to their dominant influence on the recorded data 
[49]. 

3.2. Degradation of RhB by additive manufactured PVDF-BaTiO3 

Fig. 4a displays how the normalised concentration of RhB changed 
over time during different experiments under combined ultrasound and 
mechanical agitation on their own (MA + US, i.e. sonochemical degra
dation), as well as in the presence of BaTiO3 piezocatalysts and different 
PVDF-based materials (P and UP PVDF-BaTiO3 composites, AMPVDF and 
PPVDF). For the vast majority of experimental studies on piezocatalysis 
and sonochemistry reported in the literature, a time constant can be 
defined by approximating the dynamic response of the concentration of 
RhB with an exponential decay. This time constant generally corre
sponds with an apparent first order kinetic constant, which constitutes a 
suitable way to quantitatively compare experiments conducted under 
similar conditions. This apparent first order RhB degradation kinetics 
would follow the following expression: 

C
C0

= e− kt (1)  

where t was the irradiation time, C the RhB concentration at time t, C0 
the initial concentration of RhB and k the apparent first-order degra
dation reaction rate constant. The degradation efficiency (DE) was 
determined by the following expression: 

DE =

(

1 −
C
C0

)

× 100 (2) 

As already reported by the authors in previous studies [23,25], the 
combination of mechanical agitation and ultrasound in absence of a 
piezocatalyst (US + MA) was enough to achieve a significant degrada
tion of RhB after two hours (DE = 83%). RhB degradation would take 
place in this case via chemical reactions involving superoxide and hy
droxyl radicals [25]; these radicals would be generated by the remark
ably high temperatures (order of 5,000 K) and pressures (order of 1,000 
atm) reached at the centre of cavitating bubbles formed by the acoustic 
field established in the sonicated liquid after their collapse [50]. 

The presence of BaTiO3 piezocatalysts, as reported in previous work 
by the authors [23], further enhanced the degradation of the dye within 
the same time (DE = 92%). This enhancement would also be mainly 
caused via the same chemical reactions involving superoxide and hy
droxyl radicals [51–53]; in this case, though, the superoxide and hy
droxyl radicals would be caused by redox reactions occurring at the 
surface of the piezocatalysts under the action of a mechanical field (e.g. 
ultrasound in water) [24,27]. Unfortunately, the continuous action of 
cavitation phenomena (e.g. shockwaves and, more importantly, asym
metrical bubble collapse over the surface of particles) [25] caused sig
nificant erosion over the surface of the BaTiO3 piezocatalysts, which 
broke down into significantly smaller particles. This led to the 0.22 μm 
PTFE-syringe-filters used to prepare the aliquots for the ultra
violet–visible spectroscopy analysis starting to clog in the later stages of 
the experiments. Such disintegration of the BaTiO3 piezocatalysts, 
although did not seem to hinder its piezocatalytic performance, would 
potentially constitute a source of secondary pollution due to the overall 
environmental impact and recovery challenges associated to it [32–35], 
as previously mentioned in the introduction. 

The disintegration of the BaTiO3 piezocatalysts in the second half of 
the two-hour RhB degradation experiments was precisely what drove 
the development of the additive manufacturing process to fabricate fully 
piezoelectric PVDF-BaTiO3 composites. In these composites, the PVDF 
would not only act as a support material to produce bulkier composite 
catalysts that would be easy to recover from treated wastewater [36], 
but it should also enhance the overall performance of the piezocatalyst 

Fig. 3. XRPD data collected on the different materials used in this study: 
BaTiO3 piezocatalysts, unpoled (UP) and poled (P) additive manufactured 
PVDF-BaTiO3 composites, and pure PVDF in additive manufactured slab 
(AMPVDF) and powder (PPVDF) form. 
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[38,39] as the PVDF itself would also be piezoelectric due to in-situ 
poling during 3D-printing. The RhB degradation experiments, howev
er, provided rather intriguing results for several reasons. On one hand, 
RhB ‘degradation’ seemed to increase compared to that of experiments 
conducted in absence of a catalyst (MA + US) and presence of BaTiO3 in 
the very early stages of the experiments. However, at the very end, RhB 
‘degradation’ in presence of the additive manufactured PVDF-BaTiO3 
composites was very similar to that of experiments conducted in absence 
of a catalyst (MA + US), and noticeably lower than that of experiments 
in the presence of the BaTiO3 piezocatalysts. It is true that the concen
tration of catalyst used (1 g L–1) remained the same; in practical terms, 
this means that less BaTiO3 was effectively being used in the experi
ments in presence of the PVDF-BaTiO3 composites, as the amount of 
BaTiO3 in the composites was 50%. In addition, as the BaTiO3 particles 
in the composites were embedded into the PVDF support, their vibration 
could be restrained, which would limit their piezoelectric behaviour 
under ultrasound. On the other hand, BaTiO3 piezocatalysts on their 
own would vibrate freely under ultrasound, which would lead to a 
higher piezocatalytic effect. Surprisingly, poling did not have any sig
nificant effect on the results obtained with the composites (nearly 
identical results were obtained with both P and UP PVDF-BaTiO3); it 
could be expected that, even if restrained, the BaTiO3 in the composites 
would have benefited from the vibration of the PVDF in the case of P 
PVDF-BaTiO3. However, it did not happen. This, along with the fact that 
the experimental data obtained with the additive manufactured PVDF- 
BaTiO3 composites was diverging from first-order RhB degradation ki
netics (Fig. 4b), suggested the occurrence of different physico-chemical 
phenomena in the presence of the PVDF-BaTiO3 composites instead of 
piezocatalysis. 

To shed more light onto these different physico-chemical phenomena 
occurring in presence of the PVDF-BaTiO3 composites, additional ex
periments using additive manufactured PVDF slabs (AMPVDF) and as- 
supplied PVDF powder (PPVDF) were conducted; worth noting at this 
point that both AMPVDF and PPVDF were unpoled (i.e. non- 
piezoelectric). In the first 60 min, AMPVDF apparently achieved an 
even higher RhB ‘degradation’ compared to that of BaTiO3 piezocata
lysts. However, the ‘degradation’ of RhB seemed to significantly slow 
down in the second half of the experiments, resulting in an even greater 
deviation from first-order RhB degradation kinetics (Fig. 4b); even then, 
high RhB ‘degradation’ was observed after two hours (DE = 90%). Very 
similar RhB ‘degradation’ was observed in presence of PPVDF at the end 
of the two-hour experiments; however, the rate achieved throughout the 
first half in presence of PPVDF was clearly lower than that in presence of 
AMPVDF. Moreover, contrary to every other piezocatalyst evaluated by 
the authors in the present work and previous studies (i.e. BaTiO3, ZnO 
and BF-KBT-PT) [23,25,26], around 4% of the RhB seemed to be 
adsorbed onto the AMPVDF slabs during the 30-minute period set to 
achieve adsorption–desorption equilibrium prior to turning the ultra
sonic system on. Overall, these results further indicated that, rather than 
the piezoelectric BaTiO3 particles, PVDF was the material behind the 
‘degradation’ of RhB in the PVDF-BaTiO3 composite coatings. Moreover, 
piezoelectricity had not influence on this; rather than piezocatalysis, the 
enhancement in the ‘degradation’ of RhB observed in the presence of all 
the PVDF-based materials used in this study would be caused by 
adsorption. Therefore, from now on, rather than ‘degradation’ another 
term such as ‘removal’ would be better suited to cover both the sono
chemical degradation of RhB and its adsorption on PVDF. 

To confirm that adsorption was the physico-chemical phenomenon 
behind the enhancement of the removal of RhB compared to its sono
chemical degradation in absence of any particles, additional research 
was conducted aiming at desorbing some of the adsorbed RhB from any 
of the PVDF materials (Fig. 5). As AMPVDF was the material that would 
have adsorbed the most of RhB in the previous experiments, 1 g of 
AMPVDF slabs were left in 1 L of deionised water for a single week to 
observe any desorption without noticing any significant signs of RhB 
being desorbed. However, a change in pH caused by adding enough 

Fig. 4. RhB degradation experiments under combined ultrasound and me
chanical agitation in absence/presence of BaTiO3 piezocatalysts, additive 
manufactured P and UP PVDF-BaTiO3 composites, AMPVDF and PPVDF: (a) 
evolution of C0/C vs reaction time. (b) first-order linear fit of ln(C0/C) vs re
action time. (c) Apparent first-order degradation reaction rate constants. 
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acetic acid (AA) to bring the concentration of the solution up to 1 M AA 
resulted in a noticeable amount of RhB being desorbed, although this 
amount was rather small even after another week. Further addition of 
AA to bring the concentration up to 2 M AA resulted in roughly doubling 
the amount of RhB desorbed after an additional week; nevertheless, the 
total amount of RhB desorbed was still low, and the desorption process 
was still rather slow. This situation completely changed when that same 
2 M AA solution containing the AMPVDF slabs with adsorbed RhB was 
immersed in the same ultrasonic bath used in the previous experiments. 
Under sonication, a clear increase in the amount of RhB desorbed was 
rapidly observed; the desorbed amount of RhB continued to increase 
while the solution was being sonicated. These results confirmed that 
adsorption was indeed taking place; moreover, the fact that RhB 
desorption was significantly accelerated once the solution was sonicated 
also confirmed that adsorption was somehow influenced by ultrasound. 

3.3. Sono-adsorption of RhB on additive manufactured PVDF 

To better understand the adsorption of RhB on AMPVDF and how 
ultrasound may enhance the process, additional experiments with 
different concentrations of AMPVDF were conducted under mechanical 
agitation (MA) with and without ultrasound (US). Prior to that, though, 
it is worth understanding why the AMPVDF slabs seemed to remove more 
RhB than PPVDF in the experiments displayed in Fig. 4, even though the 
same amount of adsorbent (1 g L–1) was used in both cases. On one hand, 
PPVDF (Fig. 6a) appeared to be hydrophobic, as it formed large ag
glomerates over the surface of the RhB solution during the experiments 
(Fig. 6b). Aggregated PVDF nanoparticles in PPVDF had already been 
observed by FIB-SEM (Fig. 2e); one would have expected that combined 
ultrasound and mechanical agitation would have contributed to dis
aggregating these PVDF nanoparticles [54], but agglomeration was even 
more pronounced during the experiments due to their hydrophobic 
nature. This meant that not all of the PPVDF could be effectively used in 
the removal of RhB (Fig. 6c). On the other hand, AMPVDF (Fig. 6d) 
seemed more hydrophilic (Fig. 6e), making them easier to wet and 
adsorb RhB during the experiments (Fig. 6f). Nitrogen adsorption/ 

desorption isotherms provided another reason for the enhanced removal 
of RhB with AMPVDF (Fig. 5g). For both AMPVDF and PPVDF, type II 
isotherms with type H3 hysteresis loops were obtained, as one would 
expect from nonporous (PPVDF) or macroporous (AMPVDF) adsorbents 
[55]; however, the macroporous nature of AMPVDF (Fig. 6i) resulted in a 
significantly higher specific surface area (SSA values estimated by the 
multi-point BET method were 24.21 m2 g− 1 and 66.57 m2 g− 1 for PPVDF 
and AMPVDF, respectively). Moreover, despite their macroporous na
ture, AMPVDF slabs also presented a greater volume of mesopores 
(Fig. 6h), which would further contribute to the superior adsorption 
performance of AMPVDF compared to PPVDF. 

The hydrophilic nature, significantly higher SSA and greater volume 
of mesopores of AMPVDF are intrinsically linked to the additive 
manufacturing – direct ink writing process devised to fabricate them. 
The solvent used, TEP, enabled a partial dissolution of the PVDF powder 
that, once the 3D-printing was carried out and TEP fully evaporated, 
resulted in the highly porous network observed in AMPVDF (Fig. 2d, 
centre and 6i), but also in both P and UP PVDF-BaTiO3 composites 
(Fig. 2b and c, centre), leading to a higher SSA and greater volume of 
mesopores. The size and shape achieved by direct ink writing also 
contributed to a more practical but long-term important outcome: the 
recovery after wastewater treatment. AMPVDF slabs (and both P and UP 
PVDF-BaTiO3 composites) were extremely easy to recover from the RhB 
solution after the experiments with a sieve or simply by hand. PPVDF, on 
the other hand, required vacuum filtration to be fully recovered from the 
treated solution. 

The results from experiments with different concentrations of 
AMPVDF conducted under mechanical agitation (MA) with and without 
ultrasound (US) are displayed in Fig. 7. In absence of ultrasound, around 
13% of the RhB was absorbed in the presence of 1 g L–1 of AMPVDF (MA 
AMPVDF 1 g) at the end of the experiments. This already confirmed the 
importance of ultrasound in enhancing the adsorption of RhB on 
AMPVDF previously reported (MA + US AMPVDF 1 g). Moreover, 
increasing the concentration of AMPVDF resulted in significantly faster 
removal of RhB; whilst 1 g L–1 of AMPVDF under ultrasound resulted in 
the removal of 27% of RhB within 10 min of sonication (MA + US 
AMPVDF 1 g), 46% and 80% of RhB was removed within the same period 
in presence of 2 g L–1 (MA + US AMPVDF 2 g) and 4 g L–1 (MA + US 
AMPVDF 4 g) of AMPVDF, respectively. In fact, virtually all the RhB was 
removed from the solution after 40 min of sonication when using 4 g L–1 

of AMPVDF (MA + US AMPVDF 4 g). It must be noted, to be consistent 
with all the experiments conducted for the present study and previous 
work by the authors [23,25,26], the 30-minute period allowing 
adsorption–desorption equilibrium to be reached before sonication 
started was kept in all experiments included in Fig. 7, even though 30 
min would not be enough to reach such equilibrium as RhB adsorption 
on AMPVDF was clearly occurring. Nevertheless, this approach actually 
helped to better demonstrate the critical effect of ultrasound on the 
adsorption of RhB on AMPVDF, as illustrated by the significant drop in 
the concentration of RhB observed right after sonication started in all 
cases (MA + US AMPVDF 1 g, 2 g and 4 g). 

3.4. Sono-adsorption and adsorption-assisted sonochemical degradation: 
A mechanistic model 

To better understand the results shown in Fig. 7, a mechanistic model 
was developed for the adsorption experiments conducted in presence of 
AMPVDF under ultrasound. The aim was to capture the main transport 
phenomena occurring in the system while making a series of feasible 
assumptions to arrive at a model with the least number of adjustable 
parameters. The model was derived from basic principles of chemical 
engineering: a mass balance in a batch reactor accounting for adsorption 
and sonochemical degradation where diffusion in the pores of the par
ticles is the main mass transport mechanism based on the physico- 
chemical phenomena occurring in the process. 

As mechanical effects of acoustic cavitation generated by ultrasound 

Fig. 5. Desorption of RhB from 1 g of AMPVDF initially immersed in 1 L of 
deionised (DI) water. After one week, acetic acid (AA) was added to make up an 
AA 1 M solution. After another week, more AA was added to make up an AA 2 
M solution. Ultrasound (US) was then applied three weeks after the experi
ment started. 
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such as the asymmetrical collapse of bubbles at the surface of solids [26] 
are likely to disrupt any film boundary layer on the external surface of 
the particles, it is reasonable to assume that mass transport is controlled 
by diffusion in the pores of the particles. The shape of the particles 
(Fig. 6d and f) has a high aspect ratio, thus a 1-D slab geometry was 
assumed. It is possible to define the concentration in the particles as 

Q = εPCP +(1 − εP)q (3)  

where CP is the fluid concentration in the pores; q is the adsorbed phase 
concentration; and εP is the porosity, which was estimated to be 0.75 
based on the density of PVDF and that of the AMPVDF slabs (approxi
mately 400 kg m− 3). 

Assuming that adsorption is fast at the pore level, it is possible to 
introduce the Henry law constant H = q/CP, and obtain the mass bal
ance equation inside the particles given by [56] 

∂Q
∂t

−
εP

τ
Dm

εP + (1 − εP)H
∂2Q
∂x2 +RUSP = 0 (4)  

where τ is the tortuosity, which is calculated as the inverse of the 
porosity; Dm is the molecular diffusivity of RhB (4.2 × 10–10 m2/s) [57]; 
and RUSP represents the degradation kinetics occurring within the par
ticles resulting from the presence of ultrasounds. This term could, for 

example, be due to radicals generated in the bulk fluid diffusing inside 
the particles and reacting with RhB. 

The assumption of a linear isotherm is in part justified by the fact that 
most of the experimental results lie at relatively low concentrations of 
RhB as a result of its combined sonochemical degradation and adsorp
tion onto AMPVDF. This is only a rough approximation at higher con
centrations, for example in the case of adsorption in absence of 
ultrasound. 

Equation (3) is coupled to the boundary condition at the centre of the 
particle: 
(

∂Q
∂x

)

x=0
= 0 (5)  

which can be seen either as a condition of symmetry or zero flux at the 
centre. 

At the surface of the particles, equilibrium is assumed as no external 
film resistance is present: 

(Q)x=lP = [εP +(1 − εP)H ]C (6)  

where C is the measured concentration in the bulk fluid and lP is the half- 
thickness of the particles. 

To close the problem, the mass balance in the cell is given by 

Fig. 6. a) PPVDF before use, b) PPVDF during RhB removal experiments, c) recovered PPVDF after RhB removal experiments, d) AMPVDF before use, e) AMPVDF 
during RhB removal experiments, f) recovered after RhB removal experiments, g) Nitrogen sorption isotherms at − 196.15 ◦C, h) pore size distribution of powder and 
additive manufactured PVDF, i) FIB-SEM cross-section of AMPVDF. 
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VL
dC
dt

+
VS

lP

εP

τ
Dm

εP + (1 − εP)H

(
∂Q
∂x

)

x=lP

+VLRUS = 0 (7)  

where VL is the volume of the liquid (i.e. water), VS is the volume of the 
adsorbent (i.e. AMPVDF), and RUS is the degradation rate of RhB per unit 
volume in the bulk liquid in the presence of ultrasound. This term was 
set to be equal to the degradation rate measured in the absence of any 
particles and assuming the apparent first-order degradation kinetics 
(equation (1)) 

RUS = kUSC (8)  

where kUS = 2.1 × 10–4 s− 1 (experiments labelled as MA + US in Figs. 4 
and 7). 

The model equations were implemented in gPROMS, where the 
initial concentration was used for each experiment, and only the data 
obtained under the presence of ultrasound were used. The simulations 
were used to regress the Henry law constant, H, either assuming that 
there is no degradation occurring inside the particles, i.e. RUSP = 0, or 
assuming that RUSP = kUSQ, i.e. that the same kinetic constant applies in 
the solid particles, but the concentration is that of RhB in the particles. 
This would be consistent, for example, with RhB degradation by radi
calary reactions occurring in large excess of radicals. 

Fig. 8a displays the concentration of RhB calculated from the model 
with RUSP = 0 and H = 50113. It is clear that the model without any 
internal degradation reaction severely underestimated the removal 
capability of AMPVDF under ultrasound. 

Fig. 8b displays the concentration of RhB predicted by the model 
with RUSP = kUSQ and H = 1655. For comparison purposes, the experi
mental data obtained with ultrasound in the absence of any particles 
(MA + US) and with 1 g L–1 of PVDF in absence of ultrasound (MA 
AMPVDF 1 g), along with the predicted concentrations in both cases. In 
the case of MA + US, the curve shown is that obtained using the first- 
order degradation reaction kinetics with kUS = 2.1 × 10–4 s− 1. In the 
case of MA AMPVDF 1 g, the calculated concentration was obtained 
assuming that adsorption would indeed occur but there would be an 
external film resistance present, this requires only a change the 
boundary condition (Eq (4)). Here a value of a film coefficient of 0.9 ×
10–6 m s− 1 was used. This estimated external film resistance is in fact of 
the same order of magnitude as 3 × 10–6 m s− 1, predicted using a 
Sherwood number of 2 (theoretical value for a sphere in a stagnant fluid) 
and an equivalent spherical particle with the same surface-to-volume 

ratio. The deviations in this case could be caused by the likely nonlin
earity of the system in absence of ultrasound due to the higher con
centrations of RhB and the fact that the geometry is far from that of a 
sphere. Given the low density of the AMPVDF slabs, mechanical agitation 
was likely to have resulted in their complete fluidization, which is why 
the film resistance should not be too far from that in a stagnant film. 

The experimental data and the predicted concentration of RhB with 
the model shown in Fig. 8b illustrate the soundness of the physical 
mechanisms proposed following the nature of the experiments, with and 
without ultrasound. In the case of the ultrasound-assisted adsorption 
experiments (MA + US AMPVDF 1 g, 2 g and 4 g), it is clear the presence 
of the adsorbent particles further enhanced the sonochemical degrada
tion of RhB (MA + US) by locally increasing the concentration of RhB 

Fig. 7. Evolution of C0/C vs reaction time in RhB removal experiments under 
combined ultrasound and mechanical agitation in absence/presence of AMPVDF 
at different concentrations. 

Fig. 8. (a) RhB removal experiments with ultrasound in the presence of 
AMPVDF at different concentrations. Continuous lines depict the predicted 
concentration of RhB calculated using ultrasound-assisted adsorption combined 
with sonochemical first-order RhB degradation kinetics (equations (3), 4, 6 and 
7). (b) RhB removal experiments with and without ultrasound in the presence/ 
absence of AMPVDF at different concentrations. Continuous lines depict the 
predicted concentration of RhB calculated using sonochemical first-order RhB 
degradation kinetics (MA + US), ultrasound-assisted adsorption combined with 
adsorption-enhanced sonochemical first-order RhB degradation kinetics 
(equations (3), 4, 7 and 8) (MA + US AMPVDF 1 g, 2 g and 4 g) and adsorption 
kinetics with film resistance (MA AMPVDF 1 g). 
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within and in the surroundings of the AMPVDF slabs (for an H value of 
1655, the concentration of RhB in the adsorbed phase would be 400 
times greater than the concentration in the bulk of the liquid). This 
should not entirely be a surprise; taking into account the first-order ki
netics nature of the sonochemical degradation of RhB, it would be safe to 
assume that, if sonochemical degradation was occurring in the vicinity 
of the surface of AMPVDF or inside its pores, it would benefit from the 
extremely high concentration in the adsorbed phase. Moreover, there 
are several studies in the literature demonstrating a synergistic rela
tionship between sonochemical and adsorption processes [58,59], 
indicating that further enhancing the sonochemical degradation of RhB 
by adsorption on AMPVDF would be possible. It must be mentioned that 
some deviations were noticed, especially at short times, which most 
likely be caused by the existence of a residual film resistance and 
nonlinear equilibrium. Nevertheless, the fact all the curves can be 
matched reasonably well using a single parameter supports the 
conclusion that the structure of the model represents the main physical 
processes at play. Therefore, the addition of the AMPVDF slabs to the 
sonicated solutions not only results in sono-adsorption of RhB onto 
AMPVDF, but also in its adsorption-enhanced sonochemical degradation, 
leading to the complete removal of RhB in less than one hour (>95% 
removal after 40 min of treatment under ultrasound). 

3.5. Sono-adsorption, ultrasound-assisted sonochemistry or 
piezocatalysis? 

During the present study, the journey that started with the aim to 
build on BaTiO3 piezocatalysts to fabricate PVDF-BaTiO3 composite 
piezocatalysts by additive manufacturing with in-situ poling ended with 
the observation of sono-adsorption and adsorption-enhanced sono
chemical degradation in presence of additive manufactured PVDF slabs 
that led to the removal of >95% of RhB in 1 L of solution within 40 min 
of treatment under ultrasound. Surprisingly enough, the observation of 
sono-adsorption in piezocatalysis research has been routinely over
looked or dismissed as a physical phenomenon that could be relevant to 
piezocatalysis, even in those cases where one could see adsorption 
occurring before sonication started [40,60–63]. Some of the studies 
where adsorption of dyes can be clearly noticed involved PVDF-based 
materials [38,64,65]. In this regard, whilst allocating 30 min to reach 
adsorption–desorption equilibrium or saturation prior to piezocatalytic 
experiments may be enough for BaTiO3 (e.g. this study) or BF-KBT-PT 
[25], it could lead to incorrect assumptions in the case of PVDF-based 
piezocatalysts, as demonstrated by the present research with AMPVDF 
(Fig. 8). 

One of the reasons why ultrasound-assisted adsorption may have 
been overlooked by the piezocatalysis research community is the 
generalised unawareness of other ultrasound-related phenomena such 
as sonochemistry or sonocatalysis that may occur concurrently with 
piezocatalytic processes [11,23,25–27,66,67]. In this regard, 
ultrasound-assisted adsorption and desorption has been known for a 
while; some early work on this topic were published over two decades 
ago [68,69]. However, the effect of ultrasound on adsorption processes 
did not receive much attention until recent years, where the number of 
publications on sono-adsorption for environmental remediation appli
cations has flourished [42,43,70–78]. In all of these studies, though, 
experimental sono-adsorption data was routinely fitted to empirical 
models such as pseudo-first order adsorption kinetics, pseudo-second 
order adsorption kinetics, Elovich chemisorption kinetics and intra
particle diffusion that may lead to the incorrect interpretation of the 
mass transport mechanisms behind the overall adsorption process [56]. 
Moreover, the only study to date that has treated with certain rigour 
adsorption occurring concurrently with piezocatalysis also used these 
empirical approaches to characterise it [65]. The present study dem
onstrates that a different approach is both necessary and possible to 
model sono-adsorption processes by developing and implementing, to 
the best of the author’s knowledge, the very first mechanistic model 

accounting for the most meaningful physico-chemical phenomena 
within the system. In fact, the synergistic relation between ultrasound 
and adsorption, and how adsorption would also enhance the sono
chemical degradation of RhB, would have been completely overlooked if 
only empirical approaches had been followed to evaluate the 
experiments. 

To finalise this discussion, it is perhaps worth providing additional 
food for thought to the research community interested in further 
developing the field of piezocatalysis, especially if ultrasound is used as 
the means to ‘excite’ piezocatalysts. In a previous study, the authors 
already demonstrated that, by tuning frequency and power, sono
chemical degradation on its own could deliver RhB degradation rates 
outstandingly higher than those reported in most of the piezocatalytic 
studies published at the time [26]. In the work here presented, the use of 
easy-to-manufacture and easy-to-recover AMPVDF adsorbents instead of 
complex piezocatalysts (complex in terms of material design, fabrication 
methods and recovery approaches) led to a removal of >90% and >95% 
of RhB after 20 and 40 min, respectively, under ultrasound. This RhB 
removal efficiency is superior to that reported in most of the research 
dealing with piezocatalytical degradation of RhB to date (Table 1). 
Moreover, the very few studies that have reported higher RhB removal 
in shorter times indeed used PVDF as one of the materials of the pie
zocatalysts, meaning that sono-adsorption of RhB on PVDF may have 
been very likely to occur and influence the overall degradation/removal 
process to some extent. 

4. Conclusion 

What started as a journey to fabricate highly piezoelectric ‘bulky’ 
PVDF-BaTiO3 piezocatalysts that were both easy to manufacture and 
easy to recover ended with different physico-chemical phenomena, 
sono-adsorption and adsorption-enhanced sonochemistry, which led to 
a complete removal of RhB present in water in less than one hour of 
treatment under ultrasound. 

Whereas the customised additive manufacturing – direct ink writing 
method developed as part of this study allowed for the production of 
piezoelectric PVDF-BaTiO3 composite slabs due to its in-situ poling ca
pabilities, the resulting particles were less successful than BaTiO3 on its 
own in removing RhB after two hours of treatment under ultrasound 
(82% RhB removal after 2 h when using either poled or unpoled PVDF- 
BaTiO3 composite slabs compared to 92% RhB removal after 2 h in 
presence of BaTiO3 piezocatalysts). However, the same 3D-printing 
method (with no need for in-situ poling) delivered PVDF slabs with 
suitable internal structure and wettability, as well as higher specific 
surface ratio and volume of mesopores, which performed successfully as 
an adsorbent for the adsorption of RhB. The adsorption of RhB on ad
ditive manufactured PVDF was outstandingly enhanced by the presence 
of ultrasound, to the point that >95% of RhB in water was removed 
within 40 min of ultrasound treatment when using 4 g L–1 of additive 
manufactured PVDF. The reasons for this enhancement would be the 
minimisation of the film resistance at the surface of the adsorbent, with 
diffusion inside particles becoming the main mass transport mechanism, 
as well as the adsorption-enhanced sonochemical degradation of RhB, as 
suggested by the very first mechanistic model for liquid phase adsorp
tion processes under ultrasound proposed in this work. 

The results indicate that sono-adsorption may be likely to occur 
concurrently in piezocatalysis processes, especially in the case of PVDF- 
based materials. Moreover, it demonstrates the potential of sono- 
adsorption on its own (or in combination to ‘classical’ sonochemical 
degradation) to achieve outstanding removal of pollutants in water at 
faster rates than those obtained with piezocatalysis. This opens new 
doors to optimise phenomena such as sonochemistry and sono- 
adsorption that may occur concurrently along with piezocatalysis to 
further develop this field. 
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6 Overall conclusions and future work 

6.1 Overall conclusions and thesis contributions 

 

In conclusion, this PhD study provided valuable insights into the complex phenomenon of 

piezocatalysis and its interactions with other ultrasound-assisted phenomena. The results 

obtained in this PhD thesis indicated that piezocatalysis does indeed exist, although its effects 

on the overall degradation process are likely to depend on the reactor size used, as well as its 

operation in terms of frequency and power. In some instances, piezocatalytic effects observed 

in this study employing larger-scale reactors appeared to be negligible compared to the 

dominant role of sonochemical effects in the overall degradation process. These findings 

challenge the promising results reported in the literature using smaller-scale reactors and 

highlight the inherent difficulties in scaling up ultrasound-assisted processes. 

The study also investigated the underlying mechanisms of piezocatalysis and found that the 

previously assumed bulk piezoelectric mechanism is unlikely to occur. Instead, the evidence 

found in this thesis indicates that a localised piezoelectric response is more likely to contribute 

to the piezocatalytic process. Additionally, it was observed that other ultrasound-assisted 

phenomena occur simultaneously and contribute to the overall degradation process. 

Therefore, it is essential to consider and optimise these concurrent phenomena such as 

sonochemistry, sonocataysis and sono-adsorption in piezocatalytic research. 

The present PhD thesis also revealed that ultrasonic frequency and power have an effect on 

the piezocatalytic process, but not as initially assumed. Lower ultrasonic frequencies 

combined with moderate ultrasonic powers were found to enhance piezocatalytic 

contributions, where mechanical effects are strong enough to induce local piezoelectric 

responses without hindering each other. On the other hand, higher frequencies were found to 

favour the sonochemical degradation, which aligns with previous research in the field of 

sonochemistry. Based on these findings, it can be assumed that the piezocatalytic process 
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relies on strong mechanical effects, in particularly cavitation bubble collapse. The likely 

dependency on cavitation bubble collapse could limit the potential of piezocatalysis for future 

industrial applications, due to the limited number of commercial applications that could fully 

utilise those cavitation effects. Moreover, the high energy consumption required for these 

strong cavitation effects could also raise further questions about the practicality, economic 

viability and effectiveness of piezocatalysis in future industrial applications. 

Therefore, another potential mechanism that could explain the piezocatalytic phenomenon 

was investigated. Based on reports in the literature, the energy band theory was identified as 

another potential mechanism explaining the piezocatalytic process. Contrary to the initial 

assumption in the literature, that only one of the proposed mechanisms can be at play [1], the 

preliminary study conducted in Chapter 4 found that both mechanisms, screening charge 

effects (i.e. localised piezoelectric response) and energy band theory, are likely to contribute 

simultaneously to the generation of radicals involved in the piezocatalytic process. Therefore, 

it is believed to be advantageous to develop piezocatalysts that can generate radicals via both 

mechanisms in order to optimise their piezocatalytic performance. Although the generation of 

radicals was enhanced with a piezocatalyst benefiting from both mechanisms, the overall 

piezocatalytic contributions still remained smaller compared to the dominant sonochemical 

effects in a larger-scale reactor. Nevertheless, these findings contributed to further 

understanding and optimising the piezocatalytic phenomenon. 

The last part of this PhD thesis, tried to develop a piezocatalyst that incorporates the beneficial 

characteristics of generating radicals from two potential mechanism, while also trying to reduce 

a potential secondary pollution from micro- and nano-particles. The utilisation of bulkier PVDF-

based piezocatalysts revealed another concurrent ultrasound-assisted phenomenon, known 

as ultrasound-enhanced adsorption. The results presented in Chapter 5 revealed interesting 

synergistic effects between ultrasound and adsorption that could benefit the sonochemical and 

piezocatalytic removal of dyes. These findings shed light on the potential of harnessing 

multiple ultrasound-assisted phenomena simultaneously, rather than focusing solely on a 
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single phenomenon. This could pave the way for a more effective and sustainable removal of 

dyes. 

In summary, this PhD research has provided valuable insights in the complexity of 

piezocatalysis and other concurrent ultrasound-assisted phenomena. While piezocatalysis 

may indeed exist, its significance is lower in larger-scale reactors compared to sonochemical 

effects, which highlights the need to carefully consider control experiments to distinguish 

between concurrent phenomena. The findings not only highlight challenges in scaling up 

ultrasound-assisted processes and emphasise to consider both potential piezocatalytic 

mechanisms in the design and optimisation of piezocatalysts, but also suggest to take 

advantage of the synergistic effects of concurrent phenomena. Without considering and 

overcoming the limitations of the piezocatalytic process highlighted in this PhD project there 

will not be any meaningful future application of this technology. 

To sum up, the future of piezocatalysis holds both challenges and opportunities as highlighted 

by the contributions of this PhD project. The critical insights gained from this research revealed 

the complexity of scaling up piezocatalysis to larger-scale reactors. To unlock the full potential 

of piezocatalysis future development must focus enhancing piezocatalytic efficiency in 

larger-scale reactors, improving energy efficiency as well as combining piezocatalysis with 

other technologies. Piezocatalysis may find its place in combined treatment processes, 

working in synergy with other established methods to create more efficient and sustainable 

wastewater treatment process. 

 

6.2 Future work 

 

To fully comprehend the piezocatalytic phenomenon and further enhance its potential as an 

industrial relevant process, future research should focus on larger-scale investigations. These 

studies would help gaining a more comprehensive understanding of the piezocatalytic process 
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under real-world conditions. The objective should be to overcome the limitations of 

piezocatalysis in larger scale-reactors as highlighted throughout this thesis. In this regard it is 

essential to identify operating conditions where the piezocatalytic effect is amplified to 

outperform concurrent sonochemical effects and thereby establishing piezocatalysis as an 

efficient technology. 

Besides this, future research should also focus on trying to make piezocatalysis more 

energy-efficient. Efforts should be directed towards reducing the high energy consumption 

associated with moderate ultrasonic powers. In this regard, it would be worth exploring pulses 

in piezocatalytic processes. By employing pulses in sonochemistry it was already possible to 

significantly decrease energy consumption while maintaining a consistent acoustic 

performance [2, 3]. This approach could therefore also offer promising opportunities to optimise 

the energy efficiency of piezocatalytic systems and thereby contributing to the development of 

more sustainable and cost-effective green technology. 

Researchers should also explore alternative methods to induce equivalent mechanical forces 

required for piezocatalytic reactions. Additionally, it is important to identify industrial processes 

or systems where such mechanical forces can be harnessed for piezocatalysis. By leveraging 

these industrial systems, the energy consumption of piezocatalytic processes can be 

significantly reduced and consequentially making piezocatalysis more economically viable and 

environmentally sustainable. 

Furthermore, research should shift away from radical-dependent degradation processes and 

explore more traditional electrochemical-induced reactions. This shift would enable 

researchers to showcase the true potential of piezocatalysis as a distinct and innovative green 

technology. By investigating electrochemical-induced reactions it would be possible to explore 

new pathways and mechanisms for organic pollutant degradation and thereby revealing further 

opportunities for piezocatalysis. An example to investigate the potential of piezocatalysis of 

non-radicallary dependant processes could be the degradation of trichloroacetic acid, which is 

known to be hardly degraded by sonochemistry [4, 5]. Such investigations would also provide 
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direct evidence of the advantages piezocatalysis could offer over traditional sonochemical 

techniques. 

Building upon the findings in chapter 5, future research should also delve into the area of sono-

adsorption to investigate its potential for organic pollutant removal. Further research is needed 

to fully understand the synergic effects of ultrasound and adsorption processes and how this 

can benefit environmental remediation. The effects of high-frequency and high-power 

ultrasound should be explored as the formation of small-sized cavitation bubbles may lead to 

significantly enhanced pollutant removal efficiencies. 

In light of the promising results from preliminary desorption experiments conducted in 

Chapter 5, which demonstrated the effective desorption of RhB from AMPVDF, a logical avenue 

for future work lies in the exploration of the cyclic adsorption capabilities of this adsorbent 

material. The cyclic adsorption process has the potential to significantly enhance the overall 

adsorption capacity of AMPVDF for RhB at even higher initial concentrations. This would make 

ultrasound-assisted dye adsorption a more efficient and sustainable method for dye removal. 

This research direction would not only further extend the understanding of AMPVDF 

performance in adsorption-desorption cycles but also holds promise for practical applications, 

particularly in larger scale and potentially industrial wastewater treatment and environmental 

remediation. Further investigations into the optimisation of cyclic adsorption parameters and 

the reusability of the adsorbent will be invaluable in advancing this area of study. 
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Supplementary Material 

 

1. FEM Model 

Fig. S1 depicts the liquid and solid domains defined for all FEM simulations, as well as the 

different boundary conditions. The main difference in all the different simulations presented in 

this study is the particle size, which was modified appropriately to reflect the different particle 

sizes used in the experiments. The frequency in the simulations was 35 kHz to replicate the 

conditions of the experiments conducted in the ultrasonic bath. The liquid domain was defined 

as water, while the piezocatalysts were defined as poled BF-KBT-PT. A realistic acoustic 

pressure source of 2 bar [1-3] in the liquid was defined to reflect the nature of the ultrasonic 

field ‘exciting’ the piezocatalyst. 

 
Figure S1. Schematic representing liquid and solid domains and boundary conditions in the present FEM model. 



1.1. Linear acoustics in the liquid 

The propagation of an acoustic linear wave in the liquid with no attenuation can be described 

by the Helmholtz equation: 

∇2𝑝𝑡+ (
𝜔

𝑐𝑙
)

2

𝑝𝑡 = 0 (1) 

where 𝑝𝑡 is the acoustic pressure, 𝜔  the angular frequency and 𝑐𝑙 the speed of sound in the 

liquid. 

 

1.2. Boundary acoustic conditions of the liquid 

A constant acoustic pressure 𝒑𝟎 is specified in the liquid boundary defined as the source of 

acoustic pressure to establish the acoustic field: 

where 𝑝0 is the amplitude of a harmonic pressure source. 

 

For the remaining liquid boundaries, a condition of ‘exterior field calculation’ using the 

Kirchhoff-Helmholtz Integral Equation [4] was defined to reflect the continuity of the acoustic 

field beyond the liquid domain and ensure the wave is propagated beyond those same 

boundaries [5] 

 

1.3. Vibration of the solid 

The vibrations of the piezocatalyst were calculated using elasto-dynamic theory by assuming 

elastic deformation where volume forces were neglected and a mono-harmonic vibration was 

assumed: 

∇ ∙ Σ̿ =  −𝜌𝑠𝜔2𝑈𝑠 (3) 

where 𝑈𝑠 is the complex displacement field in the solid, Σ̿ the elastic stress tensor and 𝜌𝑠 the 

density of the solid. 

 

1.4. Piezoelectric response of the solid 

The piezoelectric characteristics of the piezocatalyst were accounted for by relating its stress 

with the electric displacement and electric field. This piezoelectric effect can be described by 

the following stress-charge relations: 

Σ̿ = 𝑐𝐸 𝜉̿ − 𝑒𝑇𝑬 (4) 

𝑫 = 𝒆Σ̿ + 𝜖0 𝜖𝑟𝑆𝑬 (5) 

where 𝜉̿ is the strain tensor, 𝑬 the electric field, 𝑫 the electric displacement, 𝜖0 electrical 

permittivity of free space and 𝑐𝐸 , 𝒆 and 𝜖𝑟𝑆 are the piezoelectric elasticity matrix, coupling 

𝑝𝑡 = 𝑝0 (2) 



matrix and relative permittivity, respectively. 

 

The electrostatics of the piezocatalyst was defined by the following equations: 

∇ ∙ 𝑫 = 𝜌𝑉 (6) 

𝑬 = −∇V (7) 

where ∇ ∙ 𝑫 is the electric charge density, 𝜌𝑉 the electric charge concentration and 𝐸 the 

electric field due to the electric potential V. 

 

1.5. Liquid- solid interaction boundary 

The stress exerted on the solid was defined as the normal pressure stress exerted by the 

liquid: 

Σ̿ ∙ 𝒏 = −𝑝𝑡 ∙ 𝒏 (8) 

where 𝑝𝑡 is the acoustic pressure field in the liquid calculated on the interface and 𝒏 the normal 

pointing outwards of the liquid. 

 

1.6. Solid domain properties 

The schematic below (Fig. S2) describes the piezoelectric and mechanical characteristics of 

the solid domain (i.e. piezocatalyst) in the FEM simulations, as well as the sources of the 

values for the properties.  

 

Figure S2. Schematic describing the piezoelecto-mechanical properties of the solid domain in the present 

FEM model. 

 



2. Porosity and adsorption characterisation of piezocatalysts 

Nitrogen adsorption isotherms were conducted on the different poled piezocatalysts (P63, 

P125, P250 and P500) in a Quantachrome Autosorb-iQ to confirm their non-porous, non-

adsorbent nature. This was confirmed by the results obtained, which indicated that type VI 

isotherm with step-wise multilayer adsorption on a uniform and non-porous surface was 

occurring (Fig. S3). 

 

Figure S3. Nitrogen adsorption isotherm analysis on different piezocatalysts used in this study: a) BET adsorption 

isotherms, b) DFT pore size distribution. 

 

3. Experimental set-up 

 

Figure S4. a) Experimental set-up used in the present study: (1) reactor (1000 mL beaker), (2) overhead stirrer 

(when required), (3) coil part of circulating water cooling system, and (4) ultrasonic bath. b) UV–vis absorption 

spectra of RhB aqueous solution at set intervals. 
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