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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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F. Bößl et al.                                                                                                                                                                                                                                     

https://doi.org/10.1021/acsami.8b01991
https://doi.org/10.1021/acsami.8b01991
https://doi.org/10.1002/anie.202110429
https://doi.org/10.1002/anie.201906181
https://doi.org/10.1016/j.apcatb.2020.119823
https://doi.org/10.1016/j.apcatb.2020.119823
https://doi.org/10.1016/j.cej.2023.141409
https://doi.org/10.1016/j.cej.2023.141409
https://doi.org/10.1021/acsnano.1c04774
https://doi.org/10.1021/acsnano.1c04774
https://doi.org/10.1002/adma.202002875
https://doi.org/10.1002/adma.202002875
https://doi.org/10.1002/adma.202105697
https://doi.org/10.1002/adma.202105697
https://doi.org/10.1002/aenm.202200253
https://doi.org/10.1016/j.apsusc.2023.156556
https://doi.org/10.1016/j.apsusc.2023.156556
https://doi.org/10.1016/j.apsusc.2021.150730
https://doi.org/10.1016/j.elecom.2017.04.017
https://doi.org/10.1016/j.elecom.2017.04.017
https://doi.org/10.1021/jp211455z
https://doi.org/10.1021/jp211455z
https://doi.org/10.1021/jz100027t
https://doi.org/10.1016/j.nanoen.2015.01.035
https://doi.org/10.1016/j.nanoen.2015.01.035
https://doi.org/10.1007/s40820-020-00489-z
https://doi.org/10.1007/s40820-020-00489-z
https://doi.org/10.1016/j.apcatb.2020.119340
https://doi.org/10.1016/j.jhazmat.2020.122448
https://doi.org/10.1021/acsami.9b07857
https://doi.org/10.1021/acsami.9b07857
https://doi.org/10.1016/j.apt.2020.01.031
https://doi.org/10.3390/catal12101228
https://doi.org/10.1016/j.ces.2021.116707
https://doi.org/10.1016/j.ces.2021.116707
https://doi.org/10.1016/j.cogsc.2021.100537
https://doi.org/10.1016/j.jeurceramsoc.2020.08.064
https://doi.org/10.1016/j.jeurceramsoc.2020.08.064
https://doi.org/10.1016/j.ceja.2023.100477
https://doi.org/10.1016/j.isci.2020.101095
https://doi.org/10.1016/j.isci.2020.101095
https://doi.org/10.1016/j.ceja.2021.100133
https://doi.org/10.1016/j.ceja.2021.100133
https://doi.org/10.1039/c4nr03756a
https://doi.org/10.1039/c4nr03756a
https://doi.org/10.1002/adma.202001976
https://doi.org/10.1002/adma.202001976
https://doi.org/10.1016/j.apcatb.2020.119353
https://doi.org/10.1016/j.apcatb.2020.119353
https://doi.org/10.1016/j.nanoen.2017.12.034
https://doi.org/10.1016/j.nanoen.2017.12.034
https://doi.org/10.1063/1.367375
https://doi.org/10.1016/j.spmi.2012.02.006
https://doi.org/10.1002/pssa.2211480217
https://doi.org/10.1002/pssa.2211480217
https://doi.org/10.1016/j.jpcs.2008.12.001
https://doi.org/10.1016/j.jpcs.2008.12.001


Electrochimica Acta 462 (2023) 142730

10

technique, Phys. Chem. Chem. Phys. 15 (26) (2013) 11113–11118, https://doi. 
org/10.1039/c3cp50915j. 
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