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Abstract 

The low photocatalytic conversion efficiency, poor light absorption and high charge 

recombination rate of traditional semiconductor photocatalysts continues to be a 

significant research challenge. In this paper, by combining detailed experimental and 

modelling techniques, we report on the unique potential of CaBi2Nb2O9 (CBN) 

platelets that can couple both piezo- and photo- multi-field effects to overcome these 

issues and realize high-efficiency hydrogen production and dye degradation. The 

surface adsorption of OH− and dye molecules is improved as a result of the built-in 

electric field, thereby demonstrating an enhanced piezo- and photo-catalytic H2 

production activity, with a high rate of 96.83 μmol•g−1•h−1. The piezo-photocatalytic 

decomposition ratio for 100 mL RhB dye of 10 mg/L can reach up to 98.7% in 32 min 

using only 0.05 mg of CBN platelets (k = 0.131 min−1). It is shown that the careful 

introduction of regularly arranged layers of (Bi2O2)2+ into the CBN platelet structure 

provides a high transport of photoelectrons via a pathway of (Bi2O2)2+ → 

(CaNb2O7)2− → CBN surface. The electron density distribution of Bi atoms is also 

found to be enriched on the facets of (020) and (200) crystal planes in the CBN 

platelets, which is beneficial to the oxidation reduction reaction. Furthermore, the 

large deformation of CBN platelet during the application of ultrasound leads to an 

increase of the piezo-induced built-in electric field to improve charge separation and 

migration. This work therefore provides a new perspective in the design and 

manufacture of advanced materials with enhanced piezo- and photo-catalytic 

performance by exploiting multi-field coupling effects.  

Keywords: CaBi2Nb2O9; Piezo-photocatalysis; Multi-field coupling effects; DFT



1. Introduction 

A variety of energy harvesting techniques have been studied in recent decades to 

relieve the increasingly prominent energy crisis and ongoing environmental pollution 

challenges [1, 2]. As a result, there has been a growth in research that explores the 

potential of coupling multiple effects, such as photo-, magneto-, piezo-, and pyro- 

effects in catalytic applications [3]. For example, multi-field coupled catalytic 

materials have been applied in hydrogen production [4-8], pollutant degradation 

[9-12], anti-cancer biotherapy [13-15], sterilization [16-18], disinfection [19, 20], and 

carbon dioxide reduction [21, 22].  

The coupling of both piezoelectric and photoelectric effects has been widely 

studied and recently been shown to exhibit enhanced performance [23-25]. There are 

two primary approaches to achieving piezo- and photo-electric coupling. Firstly, the 

material itself can demonstrate both effects to provide an intrinsic multi-field 

response. Secondly, it is possible to use physical or chemical synthesis to combine 

two or more materials that each exhibit a specific response to create a composite 

multi-field material. When compared with the more commonly explored composite 

materials, materials with an intrinsic multiple field effect generally exhibit a weaker 

coupling coefficient, but have the advantages of low cost, simple operation, and 

therefore future development potential.  

Recently, the [Bi2O2]-based layered two-dimensional (2D) materials, such as 

BiOCl [26], PbBi3O4X3 (X = Cl, Br) [27], Bi4Ti3O12 [28] and Bi2O2S [29], have 

shown intriguing performance in terms of their electronic, optoelectronics, 



piezoelectric and photocatalytic applications. The layered structure of these materials 

provides advantages in catalytic applications, which include providing sufficient 

space for polarized orbitals and atoms, and being conducive to the formation of a 

self-built electric field to provide effective separation of electron-hole pairs [30]. The 

material CaBi2Nb2O9 (CBN) is a form of Aurivillius-type photocatalysts and has been 

explored for photocatalytic water splitting [31]. However, CBN has a wide band gap 

of 3.4 eV and can only absorb visible light below 360 nm, which greatly limits its 

catalytic performance [32]. Interestingly, CBN is a typical bismuth layered structure 

compound, and due to its layered perovskite structure, CBN has the characteristics of 

a strong spontaneous polarization, large anisotropy of piezoelectric and dielectric 

properties, temperature stability, and high mechanical quality factor, thereby 

demonstrating significant potential in multi-field coupling for catalytic enhancement. 

The spontaneous polarization in perovskite structured CBN piezoelectric ceramics is 

primarily due to the displacement of the B-site ions along the c-axis direction, 

resulting in the misalignment of positive and negative charge centers in the unit cell. 

The internal electric field of [Bi2O2]-based layered materials along the [001] direction 

has the potential to favor charge separation in photocatalytic reactions, thereby 

improving overall photocatalytic performance.  

In this work, two CaBi2Nb2O9 (CBN) morphologies, namely CBN particles and 

CBN platelets, were synthesized by the solid phase method and molten salt method, 

respectively, and applied to the catalytic degradation of dyes and splitting water for 

hydrogen production. To allow the intrinsic influence of the CBN morphology on 



catalytic performance to be explored, an in-depth analysis of the materials included 

phase analysis, electron microscopy, UV-Vis spectroscopy, and catalytic performance, 

which was combined with Density Functional Theory (DFT) analysis and 

multi-physics modeling. As a result, we demonstrate that the electron density 

distribution of Bi atoms on the facets of (020) and (200) crystal planes in the CBN 

platelets is stronger than that on the facets of (113) and (022) crystal planes in CBN 

particles, which is beneficial to the platelets exhibiting an enhanced oxidation 

reduction reaction. The introduction of regularly arranged layers of (Bi2O2)2+ in the 

CBN platelet also provides high transport of photoelectrons via a pathway of 

(Bi2O2)2+ → (CaNb2O7)2−→ CBN surface. Furthermore, a strong deformation of 

CBN platelets under the application of ultrasound leads to an increase in 

piezo-induced built-in electric field, which leads to an improvement the charge 

separation/migration. As a result, the CBN platelets exhibits a superior 

piezo-photocatalytic performance compared to the CBN particles. This work therefore 

provides new insights in the design of new advanced materials with enhanced 

catalytic performance by judicious coupling of both piezo- and photo-catalytic effects. 

2. Experimental Section 

2.1. Reagents 

CaCO3 (99.99%, Sinopharm Chemical Reagent Co), Nb2O5 (99.5%, Sinopharm 

Chemical Reagent Co., Ltd.) and Bi2O3 (99.99%, Macklin) were used as raw 

materials. NaCl (99 %, Sinopharm Chemical Reagent Co., Ltd.) and KCl (99.8 %, 

Sinopharm Chemical Reagent Co., Ltd.) were used as the molten salt. 



2.2 Preparation of CaBi2Nb2O9 (CBN) particles 

A conventional solid-state sintering approach was applied to the synthesis of the CBN 

particles. The raw materials were weighed according to the chemical ratio and mixed 

in ethanol and zirconia grinding media with a ball mill in a mass ratio of 1:3, for 12 h 

with a speed of 300 r/min. The dried mixtures were calcined at 925 °C for 2 h and 

then milled again under the same conditions for 24 h. The CBN particles are indicated 

as “CBN-PA” in this work. 

2.3 Preparation of CaBi2Nb2O9 (CBN) platelets 

The raw materials were mixed according to their stoichiometric compositions. NaCl 

(99 %) and KCl (99.8 %) salts in a mass ratio of 1:1 were added as the molten salt, 

and the mass ratio of CBN to the molten salt was 1:1. All powders were mixed in 

ethanol and milled for 24 h with a speed of 300 r/min. The dried powders were 

calcined at 950 °C for 6 h, and then washed with deionized water to remove the NaCl 

and KCl. Finally, the CBN platelets were dried. The CBN platelets are termed 

“CBN-PL” in this work. 

2.4 Characterization 

An X-ray diffractometer (XRD, D/Max 2250, λ=1.5418 Å, PANalytical Empyren, 

Netherlands) was used to characterize the phase structure of the CBN particles and 

CBN platelets. The morphologies and nanostructures of the samples were verified by 

scanning electron microscopy (SEM, Oxford x-max 20, Tescan Mira3). A 

spectrophotometer (PGeneral TU-1901) was used to characterize the UV-Vis spectra 

of the samples, and the UV-vis spectrophotometer (UV-2600i, Island ferry, Japan) was 



used to verify the diffuse reflection properties of dyes during catalytic performance 

testing. An electrochemical workstation (Chenhua CHI604E, Shanghai) was 

employed to characterize the photoelectrochemical (PEC) performances with a typical 

three-electrode configuration; a detailed test procedure is provided in the supporting 

information. The specific surface area of the particles and platelets were carried out 

with a particle size analyzer (Quantachrome QuadraWin). A Xenon lamp (300 W, 

PLS-SXE300D, Beijing Perfectlight) served as the source of optical drive and an 

ultrasonic machine (200 W, 45/80/100 kHz, KD-200, China) served as periodic 

mechanical strain drive. Piezo-response force microscopy (PFM, Bruker Multimode8) 

was employed to characterize the piezo-response of the particles and platelets. 

2.5 Evaluation of catalytic performance  

The piezo-, photo- and piezo-photocatalytic behavior for dye degradation was 

measured using a mass of 0.05 g of CBN for 100 mL RhB dye of 10 mg/L, and 

hydrogen production was measured using 0.05 g of CBN for 50 mL of deionized (DI) 

water with a Xenon lamp (300 W, PLS-SXE300E, Beijing Perfect Light) and/or 

ultrasonic machine (200 W, 45/80/100 kHz, KD-200, China), respectively. The 

degradation efficiency (C / C0 × 100%) was quantitatively determined by the spectral 

ratio at the maximum absorbance; where C0 is the initial concentration and C is the 

in-progress concentration at a reaction time of t. The piezocatalytic degradation 

reaction is in accordance with the pseudo-first-order kinetic equation of ln (C0 / C) = k 

× t, where k is the rate constant. 

3. Results and Discussion 



3.1. Catalyst Characterization 

The crystalline structure of the CBN particles and CBN platelets are analyzed with 

transmission electron microscopy (TEM) in Fig. 1. Both TEM and high-resolution 

TEM (HRTEM) analysis performed on a single CBN particle is presented in Figs. 1a 

and 1b, respectively. The granular structure of the particle is seen in Fig. 1a, with a 

regular structure of the planes seen in Fig. 1b. The interplanar d-spacing of 0.266 and 

0.350 nm matches well with the interplanar spacing of the (022) and (113) in the CBN 

particle, respectively. Fig. 1c shows the corresponding selected area electron 

diffraction (SAED) pattern, which further confirmes the crystal plane structure of the 

CBN particle.  

In Figs. 1d-1f, the distinct flake-like structure of the CBN platelets can be observed, 

where the ordered lattice fringes with interplanar d-spacing of 0.273 and 0.275 nm 

match the (020) and (200) interplanar of the CBN platelet, respectively. It has been 

reported that the chloride ion in the molten salt, which is based on KCl and NaCl, 

tends to be absorbed by Bi3+ in (Bi2O2)2+ during melting and thus reduces the surface 

activation in the [001] direction; this results in an advantageous growth of the [100] 

and [010] directions [33]. The corresponding indexed fast Fourier transform (FFT) 

patterns of the CBN platelets are shown in Fig. 1f, which indicates the occurrence of a 

single-crystalline structure and that the zone axis is parallel to the z-axis of the layered 

structure of the CBN platelet. The surface of CBN platelet is parallel to the (Bi2O2)2+ 

layered structure and the overall CBN platelet exhibits a regular structure, which is 

different to the CBN particle. The High-Angle Annular Dark Field (HAADF) and 



elemental mapping images of the CBN platelet, shown in Figs. 1g-1k, indicate the 

distribution of each element in CBN platelet. 

 

Fig. 1. (a) TEM, (b) HRTEM and (c) SAED images of CaBi2Nb2O9 (CBN) particle; 

(d) TEM (e) HRTEM and (f) SAED images of CBN platelet. (g) HAADF images of 

CBN platelet and corresponding elemental mapping of (h) Ca, (i) Bi, (j) Nb and (k) O. 

DFT calculations are further employed to better understand the differences 

between the different crystal planes of CBN. Figs. 2a and 2e show the atomic 

structure diagrams of (022) and (113) crystal planes of the CBN particles, and Figs. 2i 

and 2m are the atomic structure diagrams of (020) and (200) crystal planes of the 

CBN platelets, respectively. In Figs. 2b, 2f, 2j and 2n, the calculated electron density 



distribution shows that the electron distribution of Bi atoms (the yellow atoms) exist 

in the (020) and (200) crystal planes, but are not present in (022) and (113) crystal 

planes at a total electron density distribution at the isosurface value of 0.5 eÅ−3. This 

indicates that the (Bi2O2)2+ layer is aligned along the [001] axis in the CBN platelets, 

which can allow more electrons to participate in the catalytic reactions, thereby 

facilitating catalytic performance. The electrostatic field derived from the layered 

structure and the dominating active exposing facets of the CBN platelets are also 

beneficial for the separation of charge carriers [30]. 

The highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) distributions of the (022) (Figs. 2c-2d) and (113) (Figs. 

2e-2h) crystal planes of the CBN particles and the (020) (Figs. 2k-2l) and (200) (Figs. 

2o-2p) crystal planes of CBN platelets are used to determine the reaction mechanism. 

It can be seen that the electron cloud of the HOMO and LUMO of these four crystal 

planes have a spatial distribution. This orbital distribution can effectively promote the 

separation of electron-hole pairs and generate a large number of active species, which 

is beneficial to the catalytic properties and potential decomposition of pollutants. 

Furthermore, in Fig. 2o, the oxygen atoms in (Bi2O2)2+ layer with well-distributed 

orbitals can be used as electron transport channels between HOMO and LUMO, 

which further verifies that the (Bi2O2)2+ layer is conducive to electrons transport and 

separation. 



 

Fig. 2. (a) Atomic structure diagrams, (b) isosurface total electron density distribution 

of atoms (the atoms in yellow, red and gray represent Bi, O and Nb, respectively. The 

green areas represent the total electron density distribution at the isosurface value of 

0.5 eÅ−3.), (c) HOMO and (d) LUMO orbitals of (022) crystal plane in CaBi2Nb2O9 

(CBN) particles; (e)-(h), (i)-(l) and (m)-(p) are the same spectrums with (a)-(d) but for 

(113) crystal plane in CBN particles, (020) and (200) crystal planes in CBN platelets, 

respectively.  

The work function of the top and bottom surfaces calculated from the (022) (Fig. 

3a), and (113) (Fig. 3d) crystal planes of CBN particles, and the (020) crystal plane of 

the CBN platelets (Fig. 3g) are 4.193 eV and 4.818 eV, 3.495 eV and 5.625 eV, and 

3.910 eV and 3.506 eV, respectively. The work function calculated from the energy 



spacing between the vacuum level and Fermi level of the (200) crystal plane of the 

CBN platelets is determined to be 3.746 eV (Fig. 3j) in the potential energy curve. 

Combining the work functions of the top and bottom surfaces, the work function of 

the (020) and (200) crystal planes of the CBN platelets is lower than that of the (022) 

and (113) crystal planes of the CBN particles, thereby indicating that less energy is 

required for electrons to transition from the valence band to the conduction band in 

the CBN platelets; this can enhance the catalytic performance of the platelets due to 

the more easily excited electrons. 

The total density of states (DOS) and partial density of states (PDOS) are further 

examined to explore the activation mechanism of electrons. The four crystal planes 

are calculated, as shown in Figs. 3b-3c, Figs. 3e-3f, 3h-3i and 3k-3l for the (022) and 

(113) crystal planes of the CBN particles and the (020) and (200) crystal planes of the 

CBN platelets, respectively. It can be seen that the valence band of the (020) and (200) 

crystal planes is much closer to the Fermi level, compared with the (022) and (113) 

crystal planes, which means that electrons are more easily excited since the valence 

band is electron-donating [34]. For all the crystal planes, the total density of states at 

the valence band arises from the O 2p, Bi 6p and Nb 4d orbital electrons, and the 

contribution of the O 2p orbital electrons is much higher than that of Bi 6p and Nb 4d 

[32]. The conduction band primarily consists of the Nb 4d, Bi 6p, Bi 4d and O 2p 

orbital electrons, and Nb 4d orbital electrons make the largest contributions. Therefore, 

the generated electrons accumulate in the (CaNb2O7)2− layer to generate •O2
− radicals, 

while the holes will move towards the (Bi2O2)2+ layer and subsequently react with 



OH− or H2O to generate •OH radicals. 

 

Fig. 3. (a) Calculated work function, (b) total density of state (DOS) and (c) partial 

density of states (PDOS) of the (022) crystal plane of CaBi2Nb2O9 (CBN) particles; 

(d)-(f), (g)-(i) and (j)-(l) are the same spectrums as (a)-(c) for the (113) crystal plane 

of CBN particles, (020) and (200) crystal planes in CBN platelets, respectively.  

The optical absorption characteristics of both the CBN particle and CBN platelet 

based catalysts are investigated by UV-vis diffuse reflectance spectra (DRS) analysis. 



As seen by the insert figure in Fig. 4a, the CBN particles and CBN platelets exhibit 

inherent visible light absorption and the absorption edges are approximately 420 and 

465 nm, respectively; this indicates that the CBN platelets have a wider range of 

visible light absorption compared with CBN particles. The band gap energies (Eg) are 

shown in Fig. 4a, and were determined by the Kubelka-Munk method according to the 

equation: 

Αhυ = B(hυ−Eg)1/2
                                                    (3) 

The Eg of the CBN particles and CBN platelets are 3.10 and 3.03 eV, respectively [35]. 

The lower band gap of the CBN platelets indicate that less energy is required for 

electronic excitation from the valence band to the conduction band, which is 

consistent with the calculated work function. The energy band position of 

semiconductor materials is closely related to their potential application according to 

the kinetic barrier analysis; where potential applications include decomposition of 

water to produce hydrogen, reduction of carbon dioxide, and degradation of organic 

pollutions. As a result, a Mott-Schottky measurements were conducted to verify the 

position of the flat band potential. Both the CBN particles and CBN platelets are 

n-type semiconductors with positive slopes at different frequency, as represented in 

Figs. 4b and 4c. The flat band potential of the CBN particles and CBN platelets are 

0.05 eV and 0.12 eV, respectively. Electrochemical impedance spectroscopy (EIS) for 

both the CBN particles and CBN platelets at 0.6 V vs. RHE in the presence of SO4
2− 

is shown in in Fig. 4d. All EIS plots consist of a single semicircle, where the response 

from the CBN particles exhibits a smaller radius compared with the CBN platelets, 



indicating a smaller resistance to charge transfer for the CBN particle. From the 

impedance spectra, the response at low frequencies corresponds to the bound 

diffusion of ions in the material. While the properties of the bound diffusion 

impedance are expected to essentially depend on the diffusion geometry, the diffusion 

length distribution in the materials are configurational [36]. During the 

electrochemical test procedure, although there is the same level of powder coating in 

the thin film, some stacking of CBN platelets is inevitable, which leads to an increase 

in interface transmission resistance. In addition, the lower specific surface area of the 

CBN platelets, compared to the CBN particles, leads to a reduced contact area 

between platelets and an increased transmission resistance. However, an equivalent 

circuit model employed for fitting of the EIS data results in Fig. 4e revealed that the 

carrier lifetime of the CBN platelets is longer. The carrier lifetime (τ) can be 

calculated according to the equation: 

                                                         (4) 

where fmax is the highest frequency in Nyquist plots as shown in Fig. 4e. The electron 

lifetimes are 50.37 ms to 41.55 ms for the CBN platelets and CBN particles, 

respectively. The lower resistance suggests that charges could not easily gather on the 

CBN platelet, which implies a reduced resistance to charge transfer [37]. The charge 

dynamic behavior is further measured by time-resolved photoluminescence (PL) 

decay spectroscopy. As shown in Fig. 4f, both emission patterns follow one 

exponential decay for the CBN particles and CBN platelets. The decline of the PL 

lifetime of the CBN particles and platelets are 1.87 and 1.92 ns respectively, 



according to Fig. 4f. The longer PL lifetime of the CBN platelets provide further 

evidence of more efficient suppression of detrimental charge recombination during 

progression of the catalytic process [38]. 

 

Fig. 4. (a) UV-vis diffuse reflectance spectra and the corresponding bandgap of 

CaBi2Nb2O9 (CBN) particles and platelets. Mott-Schottky plots of (b) CBN particles 

and (c) CBN platelets at different frequencies. (d) EIS Nyquist plots, (e) Bode phase 

plots and (f) time-resolved PL decay spectra of CBN particles and platelets.  

Fig. 5 shows the XPS spectra of the CBN particles and CBN platelets. The two 

signals in Fig. 5a show binding energies at approximately 164.2 eV and 158.9 eV, and  

correspond to those reported in the literature for Bi 4f [39]. The binding energies of 

Ca 2p (Fig. 5b) are located at 350.0 eV and 346.5 eV, indicating the A site atom of the 

(CaNb2O7)2- pseudo perovskite slabs has a stable chemical valence state [40]. The Nb 

3d XPS measurements in Fig. 5c shows two signals at approximately 209.4 eV and 

206.6 eV, which are attributed to the Nb 3d3/2 and Nb 3d5/2, and is associated with 



the Nb element within +5 chemical state [41]. In addition, the wide peak in the O 1s 

spectrum (Fig. 5d) located at ~529.7 eV corresponds to the Nb-O bonds in the 

octahedral NbO6, and the clear peak located at 532.6 eV belongs to the Bi-O bonds in 

the (Bi2O2)2+ layer and a O-H, which is adsorbed at the surface [40, 41]. The shoulder 

peak near to Nb-O bonds at approximately 530.9 eV belongs to oxygen vacancies [42]. 

During the high temperature sintering process of the CBN samples, Bi2O3 is 

inevitably volatilized due to its lower melting point, resulting in oxygen vacancies of 

Nb produced for the electric equilibrium as in equations (1) and (2) [43].  

2 Bi× + 3  → 2  + 3  + Bi2O3 ↑ (1) 

 + 1/2 O2 →  + 2  (2) 

The intensity of the shoulder peak for the oxygen vacancy (Ov) in the CBN 

platelet is lower than that of the CBN particle, see Fig. 5d; this indicates that more 

Bi2O3 in the CBN particles volatilizes and generates more vacancies, which is further 

verified by the test of oxygen vacancies in Electron Paramagnetic Resonance 

spectroscopy (EPR). The C 1s at 284.80 eV, as shown in Fig. 5e, is attributed to 

hydrocarbons generated by the XPS instrument and used for calibration of the binding 

energies. The survey scan in Fig. 5f indicates that there are no impurity elements such 

as Na, K, or Cl residues in the sample.  

EPR is employed to verify the oxygen vacancies in the CBN particle and platelet, 

respectively. According to Fig. 5g, the Landé g factor peaks at 2.003, which 

demonstrates the presence of oxygen vacancies in both the CBN particle and CBN 

platelet lattices [44, 45]. In addition, the oxygen vacancy intensity of the CBN 



particles is higher than that of the CBN platelets, which is consistent with the XPS 

results. The grains of CBN platelets are inclined to grow along the major planes 

(0010) facets preferentially, according to the XRD patterns shown in Fig. 5h. 

However, the grains of the CBN particles are inclined to preferentially grow along the 

(115) facets. Unlike the crystal growth diffusion mechanism in a traditional solid-state 

reaction, the mechanism of crystal growth in the molten salt method is interface 

controlled [46]. The major plane is destroyed owing to the difference in stress 

between the inside and on the surface of the grains in the liquid molten salt. The 

specific surface area of the CBN particle is 2.332 m2•g−1, which is 3.4 times higher 

than that of CBN platelets (0.695 m2•g−1), as shown in Fig. 5i. The SEM image 

spectra are illustrated in Fig. S1. 

 



Fig. 5. XPS spectra of CaBi2Nb2O9 (CBN) particle and platelet: (a) Bi 4f, (b) Ca 2p, 

(c) Nb 3d, (d) O 1s, (e) C 1s and (f) O 1s (f) survey; (g) EPR spectra, (h) XRD pattern, 

and (i) specific surface area of CBN particle and platelet. 

3.2. Catalytic activity performance 

After the above characterization and DFT analysis, we observed that the CBN 

platelets exhibit a better crystal structure and space arrangement of atoms, while the 

CBN particles show the advantages of a higher specific surface area and number of 

vacancies. Therefore, the piezocatalytic, photocatalytic and piezo-photocatalytic 

properties are investigated to verify which factors are dominant in the catalytic 

process, as shown in Fig. 6. Figs. 6a - 6c presents the degradation efficiency of both 

the CBN particles and CBN platelets, with simultaneous treatment by light (for 

photo-catalysis) and the application of ultrasound (for piezo-catalysis). The detailed 

UV-vis absorbance spectra are illustrated in Figs. S3-S4. The RhB degradation rate 

during piezo-photocatalysis of the CBN particles, CBN platelets, and with no CBN 

additive (as a control) are 98.7%, 96.7% and 25.8% in 32 min, 60 min and 60 min, 

which corresponds to a rate constant of 0.131 min−1, 0.06 min−1 and 0.005 min−1, 

respectively. This result demonstrated that pure CBN in both particle and platelet form 

exhibits excellent potential as a catalyst. 

The piezo- (ultrasound only), photo- (light only), and piezo-photocatalytic (both 

light and ultrasound) performance of the CBN materials are shown in Figs. 6d - 6f. 

The dye degradation rate of the CBN particles under combined piezo-photocatalytic 

activation is 0.060 min−1, which is much higher than that of photocatalytic alone 



(0.029 min−1) or piezocatalytic alone (0.009 min−1); this implies that the combination 

of the application of ultrasound and light can achieve a significant enhancement in the 

surface charge of materials with both piezoelectric and optoelectronic properties. 

Furthermore, the degradation rate constant of CBN platelets reaches 0.066 min−1 and 

0.026 min−1 under ultrasound only activation and when only stimulated by sunlight 

respectively, but reaches a higher value of 0.131 min−1 under the combination of both 

ultrasound and light, which exceeds the sum of the individual piezocatalytic and 

photocatalytic processes. The individual photocatalytic performance of both CBN 

samples of different dimensions is higher than their individual piezocatalytic 

performance, which suggests that photocatalysis plays a dominant role for a typical 

CBN piezoelectric material. Since CBN has a wide band gap, as in Fig. 4a, the 

utilization of visible light is limited. However, bismuth vacancies and oxygen 

vacancies are formed due to the easy volatilization of Bi2O3 during high temperature 

processing. The oxygen vacancies are able to generate a large number of holes during 

the cooling process, thereby forming a p-type conduction mechanism and reducing the 

resistivity. In addition, the (Bi2O2)2+ layer is often used to replenish space charges and 

suppress the migration and aggregation of oxygen vacancies to domain walls. The 

(Bi2O2)2+ layer, with its exposed facets (020) and (200) crystals, electron transport 

channels and low electron excitation energy can effectively promote carrier transport 

in the bulk phase and is beneficial to the photocatalytic performance. However, its 

weak piezoelectric catalytic performance is primarily limited by the low piezoelectric 

coefficient of CBN [47, 48]. In addition, this observation indicates that there is a 



coupling of piezoelectric and photocatalytic effects for piezo-photocatalysis in CBN 

with dual piezoelectric and optoelectronic properties, and the piezoelectric field 

contributes to the separation of carriers, resulting in enhanced piezo-photocatalytic 

performance.  

 

Fig. 6. (a) Piezo-photocatalytic degradation efficiencies of RhB as a function of time 

with CaBi2Nb2O9 (CBN) particles or CBN platelets or no additives (as a control); 

corresponding (b) linear fitting of pseudo-first-order kinetics and (c) rate constant k 

values. (d) Piezo-, photo-, and piezo-photocatalytic performance of CBN particle and 

corresponding (e) kinetic curves and (f) rate constant k values. (g) Piezo-, photo-, and 

piezo-photocatalytic performances of CBN platelet and the corresponding (h) kinetic 

curves and (i) rate constant k values. 



Several quenching experiments were performed to ascertain the active species 

involved in this piezo-Fenton process. Radical scavenger additives were added to 

explore the role of free radicals in the catalytic oxidation process. Phenylhydrazine 

(BQ), ethylenediamine tetraacetate dehydrate (EDTA) and tert-butyl alcohol (TBA) 

were selected as •O2
−, h+ and •OH scavengers, respectively. As shown in Figs. 7a and 

Fig. S2, the degradation rate of RhB is decreased to only 48.5% at 32 min with the 

addition of BQ, corresponding to a rate constant of 0.025 min−1. With the addition of 

EDTA, 87.2% of RhB is decomposed at 32 min where the rate constant is 0.064 min−1. 

When TBA was added to the reaction system, the degradation ratio reaches 95.3% in 

32 min, with a rate constant of 0.086 min−1. The use of CBN platelets without any 

scavengers exhibits the highest pseudo-first-order reaction kinetics (k = 0.131 min−1), 

as shown in Fig. 7a and Fig. S2b. These results indicate that abundant •O2
− radicals 

are produced and act as a major free radical in the catalytic oxidation process. The h+ 

and •OH radicals also play a role in the process of dye decomposition under ultrasonic 

agitation together with light irradiation. It is worth noting that these scavengers, 

especially for TBA molecules, are self-degraded under the combined effect of 

ultrasound and light irradiation. The DMSO-•O2
− and DMPO-•OH signals are further 

confirmed by the electron paramagnetic resonance (EPR) testing, as shown in Figs. 

7b-7c [49]. In Fig. 7b, a quartet peak with intensity ratio of 1:1:1:1 is demonstrated 

and there are cleat split peaks in the middle two peaks, which is in accordance with a 

typical pattern of the DMSO-•O2
− signal. The four characteristic peaks with an 

intensity ratio of 1:2:2:1 belongs to the DMPO-•OH adducts, as shown in Fig. 7c. As 



a result, •O2
−, h+ and •OH scavengers are considered as the main reactive free radicals 

involved in the process of dye degradation, which can be assumed to proceed via the 

following equations: 

CBN + vibration + irradiation → CBN (h+ + e−) (5) 

O2 + e− → •O2
− (6) 

•O2
−+ e− + 2H+→ H2O2 (7) 

H2O2 → •OH + •OH (8) 

H2O + h+ → •OH + H+ (9) 

According to the quenching experiments, the influence of the •O2
− radicals are the 

most serious, and the decrease caused by •OH is higher than that of h+ in the catalytic 

oxidation process. If the generation of •OH is shown as Eq. (9), which is independent 

of •O2
−, the piezo-photocatalytic degradation efficiency should be almost the same 

after the addition of EDTA and TBA. However, when the h+ is trapped, its catalytic 

performance is higher than when the •OH is trapped, which suggests that there are 

other ways to generate the •OH, as shown in Eqs (7) and (8).  

In Fig. 7d, the repeatability and stability of CBN platelets is investigated and present a 

similar degradation reaction rate across five runs, indicating that the CBN platelets 

maintain a high activity after cyclic experiments, which is important for its practical 

application. XRD scan patterns and SEM images of the surface of the CBN platelets 

after cyclic testing are shown in Fig. S5 and Fig. S6, respectively. This further verifies 

the high stability of the CBN platelets, where the structure and morphology of the 

platelets were almost unchanged after repeated use. Fig. 7e shown a comprehensive 

comparison of previously reported piezo-photocatalysts for degradation of RhB for 



intrinsic systems based on a single material and composite systems, where the results 

indicate that the catalytic activity of the CBN platelets is highly promising as a 

coupled piezo-photocatalytic material [50-61]. 

 

Fig. 7. (a) Kinetic curves of CaBi2Nb2O9 (CBN) platelet with the addition of 

scavengers for the degradation of RhB. ESR signals for (b) DMPO/DMSO-•O2
− and 

(c) DMPO-•OH under simultaneous light and ultrasonic irradiation. (d) Consecutive 

cycling catalytic performances of CBN platelet toward bleaching of RhB. (e) 

Comprehensive comparison of previously reported piezo-photocatalysts for 

degradation of RhB. 

3.3 Analysis of mechanism of catalysis  

The piezoelectric properties of CBN platelet is characterized by piezoresponse force 

microscopy (PFM). As illustrated in Figs. 8a-8b, the CBN platelet exhibits a surface 

potential of ≈ 60 mV, and the topographic AFM image shown in Fig. 8c and Fig. 8d 

reveals that the thickness of a CBN platelet is approximately 620 nm. The 



piezoresponse of a CBN platelet is illustrated in Fig. 8e, where the applied tip bias 

sweeps from −12 V to +12 V, and the deformation of the CBN platelet is generated by 

the converse piezoelectric effect caused by the direct current (DC) bias. The variation 

in piezo-response amplitude with tip bias voltage shows a typical “butterfly loop” 

shape, and is in agreement to the strain-electric field (S - E) curve of piezoelectric 

materials. Under an opposite tip bias, there is a phase reversal of ~180 ° in the CBN 

platelets, as shown in Fig. 8f. Theoretically, the phase-shift response of the PFM with 

respect to the alternating current (AC) voltage corresponds to the domain orientation: 

the attractive forces by negative polar surface shifts phase negatively, while the 

repulsive forces by the positive polar surface shift phase positively [62]. The phase 

reversal demonstrated in the piezoresponse phase-voltage hysteresis loop in Fig. 8e 

indicates the existence of 180 ° domain switching process. The clear PFM amplitude 

butterfly loops and phase hysteresis loops further verify the non-zero remnant 

polarization of the CBN platelets. 

 



Fig. 8. PFM of the CaBi2Nb2O9 (CBN) platelet, (a) relative amplitude of piezoelectric 

response, (b) corresponding profile of electrical output (mV) as a function of distance, 

(c) topographic image, (d) corresponding height profile of morphology image, (e) 

PFM amplitude butterfly loops and (f) PFM phase hysteresis loops of CBN platelet. 

A COMSOL multi-physics simulation is now employed to explore the correlation 

between CBN morphology and piezoelectric potential. During the simulation process, 

we found that for different fixed points, the deformation of the material is different, 

and the magnitude of the generated electric potential is therefore changed. The 

dimensions of the simulation were consistent with material dimensions obtained by 

electron microscopy, where the diameter of the simulated CBN particle is 500 nm, 

and the size of the simulated CBN platelet is 10 um ×10 um × 0.4 um. In addition, the 

applied stress is set as 1.0 × 108 Pa, which is typical of the stress induced by 

ultrasound [63, 64]. As shown in Fig. 9a, the piezoelectric potential difference across 

the CBN particle is 2.64 V for a symmetrical stress distribution applied to the whole 

surface of CBN particle with the center fixed. However, the piezoelectric potential 

across a CBN platelet is 3.05 V (Fig. 9c) for a fixed center point.  

Since bubble cavitation during the application of ultrasound is unlikely to be 

symmetrical on the surface of the material, we simplified the model to a stress that is 

applied on one side. Fig. 9b and Fig. 9d show that the piezoelectric potential of the 

CBN particle is 2.90 V for a fixed bottom and the applied stress on the top 

hemi-particle. For the CBN platelet, when the center point of the platelet was fixed 

and a stress was applied to the top of the platelet, as shown in the Fig. 9d, the 



piezoelectric potential was 3.38 V. In addition, Fig. S7 shows data when the center of 

the CBN particle and CBN platelet were fixed, with an applied force on the top 

hemi-particle and top plate surface, respectively. When the volume of the central fixed 

region of material increases, the electrical potential generated by the material 

decreases. When the applied force is transmitted to the central fixed region, a smaller 

fixed region leads to a greater stress (force per unit area), and a higher level of local 

deformation. As a result, the calculated potential will be higher and in Fig. S7 fixed 

central positions of different sizes are designed with equal proportions for the two 

geometries, where the simulations show that the electric potential generated by a CBN 

platelet is higher than that generated by a CBN particle for all cases. This, combined 

with the large piezo-potential generated from a surface stress, also verifies that the 

piezo-catalytic performance of the CBN platelet is higher than that of the CBN 

particle. 



 

Fig. 9. Theoretical analysis of the piezo-potential distribution according to the 

volumetric stress distribution. CaBi2Nb2O9 (CBN) particle with (a) center point fixed 

and force applied to all points on the surface of the particle; (b) bottom fixed and 

applied force to the top hemi-particle; CBN platelet with (c) center point fixed and 

force on the all the surface, and (d) bottom fixed and force on the upper surface. 

Since the CBN platelets exhibit the best catalytic characteristics, their use for 

water splitting for H2 production through the photo-, piezo-, and piezo-phototronic 

effects are further investigated in detail in Fig. 10a. The photocatalytic activity of the 

CBN platelets is approximately 29.60 μmol•g−1•h−1, while the piezo-catalytic activity 

is higher at 72.12 μmol•g−1•h−1. Crucially, through the combined piezo-photocatalytic 

process, a significant improvement is observed and the generated H2-production rate 

reached approximately 96.83 μmol•g−1•h−1. This result is in good agreement with our 



dye degradation test, where a synergistic piezo-photocatalytic effect is observed and 

the piezoelectric field generated in the CBN platelets can effectively inhibit the 

recombination of photogenerated carriers. After undertaking piezo-photocatalysis for 

hydrogen production, there is no change of the morphology structure of the CBN 

platelet, which is shown in Fig. S8. Fig. 10b shows the crystal structure of the CBN 

platelet, where CBN is a typical Aurivillius phase structure that consists of alternating 

layers of bismuth oxide (Bi2O2)2+ and perovskite-like layers (CaNb2O7)2-. Due to its 

unique 2D layered structure, the spontaneous polarization is confined to the a-b plane. 

The basic principle of piezo-enhanced photocatalysis is shown in Figs. 10c-10d. 

When CBN is only exposed to light, due to its wide band gap, the utilization of light 

is limited and electrons and holes readily recombine in the bulk and surface during 

their transport to the surface of the material. The regular bismuth layer structure 

reduces the electron transmission resistance, and its photoelectric conversion 

efficiency is limited. Under the action of dark-state ultrasound, the CBN platelets has 

a certain efficiency for dye degradation and hydrogen production, which indicates that 

the positive and negative charges generated on the surface after ultrasonic 

deformation can also participate in the catalytic reaction. The perovskite-like layers 

(CaNb2O7)2- with a non-centrosymmetric structure is deformed when subject to 

mechanical vibrations, such as ultrasound, and the thin CBN platelet are readily bent 

to generate positive and negative charges on the surface of CBN platelet. In 

conclusion, the reasons for CaBi2Nb2O9 platelets exhibiting excellent 

piezo-photocatalytic performance can be attributed to the following aspects: (i) the 



surface of the CBN platelets attracts a large amount of dissociated hydrogen and 

hydroxide ions due to the dominating active exposing facets of the (020) and (200) 

crystal planes of the CBN platelet; (ii) inside the CBN platelet, the electron transport 

channels in the (200) crystal plane have a lower energy for electron excitation, and (iii) 

the generated built-in electric field under the application of ultrasound can greatly 

inhibit the recombination of photogenerated carriers.  

 

Fig. 10 (a) Piezo-, photo- and piezo-photocatalytic hydrogen production from water 

splitting by a CaBi2Nb2O9 (CBN) platelet, (b) crystal structure of CBN platelet, 

schematic representation of transfer processes of photoexcited charge carriers (c) 

without and (d) with mechanical vibration. 

4. Conclusions 

This paper has examined the unique piezo-catalytic and photo-catalytic properties of 



CaBi2Nb2O9 platelets that contain structured (Bi2O2)2+ layers, which were synthesized 

via a molten salt method. To explore the influence of CaBi2Nb2O9 morphology on 

catalytic performance, an in-depth analysis of the materials included phase analysis, 

electron microscopy, UV-Vis spectroscopy, and catalytic performance. Detailed 

atomistic modelling was further employed to gain new insights on the differences 

between the different crystal planes of the CaBi2Nb2O9. It was demonstrated that 

while the CaBi2Nb2O9 platelets have a smaller specific surface area and fewer oxygen 

vacancies than the CaBi2Nb2O9 particles, the unique bismuth layer structure of the 

platelets provides active exposed facets on the (020) and (200) planes, thereby 

producing high electron transport channels and a low electron excitation energy. 

These attractive features effectively promote carrier transport in the bulk phase to 

achieve an enhanced catalysis performance. In addition, the thinner plate-like 

structure is easier to deform under the application of ultrasound, leading to a larger 

piezoelectric field to inhibit the recombination of carriers.  

For water splitting applications, the CaBi2Nb2O9 platelets exhibit a high hydrogen 

yield rate of 96.83 μmol•g−1•h−1 under the combined action of irradiation by light and 

ultrasound, without the need to use a sacrificial agent. For water treatment 

applications, the piezo-photocatalytic decomposition ratio for a Rhodamine B (RhB) 

dye can be up to 98.7% in only 32 min using the CaBi2Nb2O9 platelets, with a high 

rate constant of k = 0.131 min−1. As a result, this work demonstrates the unique 

potential of CaBi2Nb2O9 platelets with structured (Bi2O2)2+ layers in terms of 

providing excellent piezo-photocatalytic performance for applications related to water 



splitting and water treatment. This work therefore provides a new approach for the 

design and manufacture advanced materials with enhanced photocatalytic 

performance by exploiting structured layers to couple piezo- and photo-catalytic 

effects  
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