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Abstract 

Sonication induces physical and chemical effects, such as promoting mass transfer and active 

radical formation, that can be harnessed for process intensification in numerous fields, including 

photocatalysis. In this perspective, we discuss recent advances in the main domains where 

photocatalysis and ultrasound technology overlap, namely ultrasound-assisted synthesis of 

photocatalysts and hybrid technologies combining ultrasound and light irradiation 

(sonophotocatalysis and piezo-enhanced photocatalysis). The latter, a particular case of external 

field-enhanced photocatalytic technology, is a relatively new approach that promises to boost 

photocatalytic efficiency, even though significant challenges remain to be addressed. Finally, we 

offer some perspectives on the future of ultrasound-assisted photocatalysis, discussing current gaps 

in knowledge and best practices for data reports. 

 

Keywords 

Sonication, sonosynthesis, sonophotocatalysis, piezo-phototronics, piezocatalysts, piezotronic effect 

 

1. Introduction 

In a polluted and energy-starving world, photocatalysis is a much-needed technology that has the 

potential to revolutionize environmental protection, green chemistry, and renewable energy by 

making use of light to activate reactions of pollutant degradation, selective synthesis, water 

splitting, and CO2 reduction. Nevertheless, despite the huge amount of research over the last 

decades, real-life photocatalysis applications are few and mostly limited to the small-scale treatment 

of contaminants[1]. Current photocatalytic technologies suffer from limited solar energy utilization, 

high recombination rate, and low mobility of photo-induced carriers, which curb the process 

efficiency and result in increased energy costs needed for lamp irradiation.  
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In this context, ultrasound, i.e. sound waves of frequency above 20 kHz, can benefit photocatalysis 

in multiple ways, from promoting the synthesis of photocatalysts with tailored physicochemical 

properties to enhancing reaction efficiency via synergisms between ultrasound and light irradiation 

in sonophotocatalysis[2]. Moreover, piezo-enhanced photocatalysis has recently emerged as a 

promising external field-enhanced photocatalytic technology[3,4] that can significantly promote the 

efficiency of both downhill and uphill reactions[5-7]. 

Ultrasound waves produce both physical and chemical effects in liquid media via acoustic 

cavitation, i.e. the nucleation, growth, and final implosion of gas bubbles within the liquid solvent. 

The sudden collapse of ultrasound-generated bubbles releases huge energy leading to extreme 

localized conditions (temperatures of a few thousand K and pressure up to several thousand bars), 

which result in shock waves within the liquid and in the formation of active species, such as 
•
OH 

radicals (Fig.1a). However, these phenomena are primarily dependent on experimental parameters 

like ultrasound frequency and power, medium properties, operating conditions, and reactor 

geometry[8]. For instance, ultrasound waves with low frequency (20−80 kHz) cause mainly 

physical effects, whereas chemical effects dominate at high frequencies (150−2000 kHz). Moreover, 

increasing ultrasound power promotes cavitation activity, with ensuing physical and chemical 

effects, only up to a certain threshold, due to inefficient sound wave propagation and energy 

transfer at high power caused by a high density of cavitation bubbles.  

Both physical and chemical effects can be put to use in photocatalyst synthesis and photocatalytic 

reactions. In the following sections, recent advances in these fields will be discussed.  



3 
 

 

Figure 1 – a) Schematic of the acoustic cavitation phenomenon; reprinted with permission from 

Ref. [8]. Copyright 2022 American Chemical Society. Different types of sonication 

equipment: b) sonication bath, c) probe sonicator, d) ultrasonic spray atomizator. 

 

2. Ultrasound-assisted synthesis of photocatalysts 

Sonication has long been a key tool for photocatalyst synthesis, enabling morphological control[9], 

higher crystallinity in mild conditions[10], and promoting heterojunction formation[11]. Besides 

sonication with ultrasonic baths and probes (Fig.1b,c), techniques like ultrasonic spray atomization 

(Fig.1d) can be integrated into spray pyrolysis setups to produce well-controlled particle 

morphologies, as reported by Ji et al.[12] for the synthesis of black titania microspheres (Fig.2a,b). 

Sonication can be adopted for both bottom-up and top-down synthetic approaches. For instance, 

top-down methods using sonofragmentation to produce comminution of bulk materials have been 

reported for the synthesis of inorganic and hybrid perovskite nanocrystals[13,14]. Another 

interesting example was reported by Tang et al.[15]: by ultra-sonication of an eutectic Bi-Sn alloy 

followed by annealing, they produced a nanosized photocatalyst for pollutant remediation.  
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Bottom-up approaches can rely on chemical as well as on physical effects of cavitation. A classic 

example is the formation of metal nanoparticles with characteristic structural and morphological 

properties by volatile organometallic compounds (e.g., metal carbonyls), which tend to concentrate 

and degrade inside collapsing bubbles (primary sonochemistry[16]). A broader range of 

nanomaterials can instead be formed by secondary sonochemistry, i.e. chemical reactions taking 

place outside cavitation bubbles, activated by radicals formed inside the bubble that diffuse into the 

liquid phase[16]. However, most ultrasound-assisted syntheses of photocatalysts harness cavitation 

physical effects primarily to produce narrower size distributions, higher surface area, and improved 

phase purity. In this respect, several examples have been recently reported in the case of metal-

organic-framework (MOF) photocatalysts[17,18]. 

Recently, 2D materials like reduced graphene oxide and g-C3N4 are taking centre stage in 

photocatalysis. Hence ultrasound-assisted syntheses are becoming increasingly common as 

indispensable synthetic tools to provide exfoliation[19] and speed up intercalation processes[20,21] 

by cavitation-induced shear forces. Zhang and coauthors[19] recently compared different 

exfoliation methods (thermal, chemical, ultrasonic, and one-step exfoliation) to prepare g-C3N4 for 

water purification: ultrasonic exfoliation resulted in better performance compared to the chemical 

method. Exfoliation is beneficial to photocatalytic activity by increasing surface area, porosity, and 

surface functional groups for attaching co-catalyst[22]. However, the sono-assisted approach 

showed lower photocatalytic performance than one-step exfoliation, which could be related to a 

higher degree of structural defects introduced by sonication in the g-C3N4 nanosheets. Interestingly, 

Kröger et al.[22] used ultrasonication to systematically modulate the particle size and the 

concentration of surface functional groups of 2D carbon nitride (Fig.2c), demonstrating their role in 

H2 evolution. Also, Ruan et al.[23] adopted a controlled sonication step to induce electron-trap 

states associated with N-defects and C−OH terminal groups within n-type g-C3N4, to cause its 

transformation from a photoanode material into an efficient photocathode.  

The main limit of ultrasound-assisted synthetic approaches lies in their scalability. Most studies 

report batch syntheses of small amounts of photocatalysts and sonoprocessing is notoriously 

dependent on reactor geometry[8]. In this respect, Zhu et al.[24] reported a continuous flow reactor 

(Fig.2d) for the deposition of size-controlled Ag nanoparticles on g-C3N4 for H2 generation: the 

particle size, size distribution, and loading content could be varied, changing the residence time, 

ultrasonic power, and precursor concentration. 
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Figure 2 – a,b) Scanning electron micrographs and photo of black TiO2-x microspheres prepared by 

one-step ultrasonic spray pyrolysis; reprinted with permission from Ref. [12]. Copyright 

2021 Elsevier. c) Structural defects in 2D carbon nitride (as relative area of NH and OH 

vibrations from FTIR analyses) as a function of particle size in samples ultrasonicated for 

different duration; reprinted with permission from Ref. [22]. Copyright 2021 Wiley. d) 

Scheme of coiled flow inverter microreactor for the ultrasound-assisted synthesis of Ag/g-

C3N4 photocatalysts; reprinted with permission from Ref. [24]. Copyright 2022 Elsevier. 
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3. Sonophotocatalysis 

Besides promoting synthesis, the physical and chemical effects of cavitation can also be combined 

with light irradiation to promote photocatalytic reactions, such as water pollutant degradation. The 

resulting hybrid advanced oxidation process (AOP), sonophotocatalysis, can benefit from an 

increased yield of active species due to cavitation-generated radicals, as well as promoted mass 

transfer between the liquid phase and the photocatalyst surface due to microjets; the latter could 

also avoid the surface accumulation of intermediates, which can inactivate the photocatalyst[25]. 

Shear forces also promote the dispersion of the photocatalyst powder, opening the door to 

innovative microchannel reactors[26] (Fig.3a-c).  

The efficiency of the combined process compared to the single treatments can be quantitatively 

estimated by: 

               
      
       

 

where kUV+US, kUV and kUS are the rate constants of the sonophotocatalytic, photocatalytic and 

sonocatalytic processes, respectively[27]. Synergistic, additive, and antagonistic effects are 

observed for a synergy index, respectively, larger, equal, and lower than unity. In the literature, 

observed synergy indexes vary in a relatively broad range, from mostly additive to high synergistic 

effects, depending on the pollutant molecule, operating parameters (solution pH, temperature, 

ultrasound power, and frequency), and composition of the medium (e.g., electrolytes)[28]. In 

particular, the hydrophilicity/hydrophobicity of the pollutant molecule plays a major role: 

hydrophilic and non-volatile compounds accumulate in the liquid medium, where they are degraded 

via 
•
OH-mediated reactions. Conversely, hydrophobic and volatile compounds migrate at the 

bubble–liquid interface and inside gas bubbles. Hence they are mainly degraded via pyrolytic 

reactions and by radicals generated within the bubble. Thus, hydrophobic compounds (i.e., with 

high octanol-water partition coefficient) generally display a lower synergy index than hydrophilic 

ones, which instead benefit from promoted radical formation in the liquid medium by 

photocatalysis[29].  

The higher efficiencies of the hybrid treatment translate into lower energy consumption and costs 

compared to photocatalysis[29] (Fig.3d). However, these values are still one order of magnitude 

higher than other AOPs, such as UV/H2O2[29,30]. 
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Figure 3 – a) Schematic representation of an ultrasonic milli-reactor for gas–liquid-solid 

photocatalytic reactions in flow; b-c) Effect of ultrasound on the three-phase flow in the 

capillary reactor: the photocatalyst powder forms a milky suspension under 60 W 

ultrasound irradiation (c), whereas no particles are appreciable without sonication (b); 

reprinted with permission from Ref. [26]. Copyright 2022 Elsevier. d) Electric energy per 

order, EEO, calculated for the degradation of bisphenol A (BPA), atrazine (ATZ), 

sulfamethoxazole (SMX) and total organic carbon (TOC) by sonophotocatalysis (SPC) and 

photocatalysis (PC); reprinted with permission from Ref. [29]. Copyright 2021 Elsevier. 
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4. Piezo-enhanced photocatalysis  

When a photocatalyst displaying piezoelectric properties is irradiated by both ultrasound and light, 

the mechanical stress caused by ultrasound waves generates a piezo-potential, caused by the 

deformation of the non-centrosymmetric crystal structure of the piezoelectric[31]. The piezoelectric 

potential and band bending facilitate the separation of photogenerated charge carriers to opposite 

surfaces, promoting photocatalytic activity (Fig.4a). Transient photocurrent measurements can 

demonstrate the piezoelectric promotion of charge separation under synchronous light and 

ultrasonic irradiation, compared to light irradiation alone.  

Piezoelectrics with 1D or 2D structures are more easily deformed by mechanical stress, generating a 

much greater piezo-potential[31,32]. The piezo-potential, VP, is related to the width of the 

piezoelectric material in the x dimension, wx, according to: 

   
        
    

 

where Tk is the applied stress in the k-dimension, dkx the piezoelectric moduli, ε0 the vacuum 

permittivity, and εr the relative permittivity in the x dimension[6]. Piezoelectric semiconductors 

include ZnO fibers[32,33], inorganic and organo-halide perovskites[34], ultrathin materials such as 

2D transition metal sulfides/selenides[35], g-C3N4[36], and layered bismuth-based piezoelectrics 

like BiOCl[37]. Besides these integrated piezo-photocatalysts, composite piezophotocatalysts 

consisting of a piezoelectric insulator and a photocatalytic semiconductor have been reported[38].  

To boost the piezoelectric potential, besides selecting materials with high piezoelectric coefficient 

and tailoring their morphology (e.g., longer fibers, single layer materials), a proper selection of 

operating parameters, in particular the ultrasound frequency[39], should be performed (Fig.4b); the 

highest activity has been reported to occur at the piezocatalyst resonance frequency[40]. 

Another strategy widely adopted for promoting piezo-photocatalytic activity is heterojunction 

formation[41,42]. Indeed, the piezo-potential can effectively tune the carrier migration at the 

heterojunction interface by modulating the barrier height (piezo-phototronic effect)[3]. Among 

these systems, composites of noble metals and piezophotocatalysts have recently shown great 

potential due to the coupling of plasmonic and piezotronic effects[43-47]. On one hand, noble metal 

nanoparticles provide visible light-response in composites with large bandgap piezophotocatalysts 

(e.g., inorganic perovskites[43] and ZnO[44,45]) by localized surface plasmon resonance. On the 

other hand, the Schottky barrier height and the depletion width are altered by the piezoelectric 

charges gathered at the metal-semiconductor interface (Fig.4c). This can promote the transfer of 

plasmonic hot carriers, slowing down recombination phenomena. Photocatalytic efficiency can be 
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promoted even further by combining plasmonic nanoparticles and asymmetric structures[44] 

(Fig.4d) or by coupling two different noble metals for guided Fermi level alignment[45]. 

Since the easy recovery of the piezo-photocatalyst is highly desirable, the immobilization of these 

systems on flexible substrates, such as metal foams and nets[48], is another active area of research 

(Fig.4e).  

 

 

Figure 4 – a) Schematic illustration of the mechanisms of piezo-enhanced photocatalysis compared 

to photocatalysis; reprinted with permission from Ref. [5]. Copyright 2022 Elsevier. b) 

Current vs. time curves of ZnO nanorods under various ultrasonic frequencies; reprinted 

with permission from Ref. [39]. Copyright 2020 Elsevier. c,d) Asymmetric Au−ZnO 

nanorods: c) schematic (c) and SEM image (d) of the system, along with the mechanism of 

d)

e)

b)a)

b)
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piezo-photocatalytic enhancement (ϕSB, EF, ECB and EVB stand for Schottky Barrier, Fermi 

level, conduction and valence band energies, respectively); reprinted with  permission from 

Ref. [44]. Copyright 2020 Wiley. e) Images of flexible stainless steel mesh substrate 

coated with TiO2/ZnO nanowire arrays; reprinted with permission from Ref. [48]. 

Copyright 2018 American Chemical Society. 

 

 

5. Conclusions and perspectives 

Ultrasound has proven an indispensable ally in the quest for better photocatalysts and more efficient 

photocatalytic processes. However, sonoprocessing has some intrinsic limitations that need to be 

carefully considered.  

First of all, operating costs related to energy consumption, as well as to the periodic replacement of 

transducer and tip materials, can represent obstacles to the real-life applicability of these 

technologies. In this respect, the final application crucially affects the affordable cost of the 

technology. So far, combined sonophotocatalytic approaches have mainly been applied to pollutant 

degradation, with much higher costs compared to other AOPs such as Fenton and UV/H2O2, and 

most piezo-photocatalytic studies focused on the degradation of dyes. While there is a growing 

number of reports about H2 production by water splitting, hybrid processes still have limited 

application to other uphill photocatalytic reactions such as CO2 reduction, N2 fixation, and H2O2 

generation.  

Another issue when probe sonicators are used is tip erosion, as it causes contamination of 

synthesized materials and treated effluents: indirect sonication schemes, such as cup-horn 

sonoreactors, can be used to solve this issue. 

Notably, sonoprocessing suffers from scale-up issues related to the heterogeneous distribution of 

cavitation activity within the reactor. In this context, more studies pertaining to continuous and 

pilot-scale reactors are encouraged. Also, at the lab scale, operating parameters and reactor 

geometry play a key role in determining the reproducibility of experiments. Unfortunately, 

numerous literature studies provide insufficient experimental details: indispensable parameters 

include frequency, actual power, sonicator type, sonication mode and duration, solution 

temperature, reactor geometry, probe type, and tip immersion depth for probe sonicators. 

Among the different ultrasound applications, piezo-enhanced photocatalytic technologies are 

arguably the most promising. However, they are still in the early stages of development, as the first 

pioneering studies were reported in the first decade of this century[49]. There are still numerous 

gaps in our knowledge, such as how far the piezo-potential can influence the coupled 
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semiconductor photocatalysts or the effect of temperature on the piezo-photocatalytic material. In 

this respect, we need experimental techniques and advanced simulation tools to characterize the 

phenomenon in situ and in-operando conditions. 

A better understanding of the process mechanisms could help design piezo-photocatalysts more 

efficient at collecting mechanical energy: powerful mechanical excitation is needed due to poor 

mechanical energy collection, such as mechanical-to-chemical energy conversion efficiency for 

ZnO fibers was calculated to be 18%[50].  

Finally, another crucial issue for the real-life applicability of these systems is the lifetime and cost 

of piezo-photocatalysts. The most promising systems are currently elongated/thin structures, often 

with heterojunctions. The mechanical stress due to prolonged sonication can limit the long-term 

stability and recyclability of these materials. Piezocatalysts based on polymers could better 

withstand deformation due to their flexibility under strain. However, while a broad range of 

polymers exhibits piezoelectric properties, they usually present reduced piezoelectric coefficients 

compared to inorganic materials and require costly procedures to promote their piezoelectric 

response[51].  
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