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Abstract

This paper provides a detailed evaluation of the photo-piezo-catalytic properties of BaggsCao.15Zr0.1(Tii-
xC0x)0.9(BCZT-xCo,x = 0 - 0.025) ferroelectric ceramics prepared by a solid-state process. By control of the
Co doping level, the band gap was reduced to 2.40 eV at the composition x = 0.02, which improved the
generation of photo-generated charges and enhanced the photocatalytic activity. When a solution containing
BCZT-0.02Co particles under both ultrasound and illumination, the degree of degradation of Rhodamine B
reached 99% within 60 min, which was greater than when subjected to illumination or ultrasound alone.
The examination of the dielectric properties, photoelectrochemical measurements and band energy structure
of the materials provided new insights into the catalytic mechanism, where a strong coupling between
piezoelectricity and photoexcitation was clearly observed. This work therefore highlights the attractive
photo-piezo-catalytic properties of BCZT-xCo doped ceramics and is the first demonstration that Co
substitution in these lead-free ferroelectric ceramics provides significant potential for photo-piezo-catalysis

applications.
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1. Introduction

Photocatalysis represents an ecofriendly and efficient technology for contamination remediation, and

has therefore received widespread interest in response to global challenges in energy and environmental

pollution [1, 2]. However, the performance of existing photocatalytic materials is often limited due to the

recombination of photoexcited charge carriers[3]. Recently, significant effort has been made to facilitate

the separation of carriers and reduce recombination rates using a variety of methods, which include impurity

doping[4, 5], noble metal modification[6] and the construction of a heterojunction[7, 8]. Nevertheless, the

efficiency continues to be limited in many cases.

On this basis, Wang et al. recently proposed the concept of piezo-phototronics, which combines the

piezoelectric polarization and semiconductor properties of a material to manipulate charge transport and

charge separation[9]. Piezoelectric materials are able to generate a built-in electric field under an applied

mechanical stress to promote carrier separation[10] and tune the band structure to facilitate reduction —

oxidation (redox) reactions[11, 12],which in turn facilitate catalysis. This process is not only able to harvest

light (solar energy) but can also capture environmental mechanical energy[13]. Among the range of

available piezoelectric materials, the lead zirconate titanate (PZT) family has been widely used as a result

of its outstanding piezoelectric properties. However, due to the high toxicity of lead (Pb)[14, 15], there is

an urgent need to develop environmentally lead-free piezoelectric materials that can compete with lead-

based PZT materials for a range of applications[16, 17]. Several lead-free materials, which include



Bay 7Sro3TiO; particles[18], ZnO nanorods[19], BaTiO; pellets[20], BaZro0,Tio0s03 powders[21],

Ko.sNag sNbOs particles[22], and Ba;«Ca,TiO3 nanowires[23] have been shown to demonstrate a coupling

between mechanical, electrical, and chemical fields, leading to an increased efficiency in the degradation

of pollutants. As a classical perovskite ferroelectric, ceramics based on the BaTiOs-based system are one

of the most extensively studied lead-free piezoelectric materials. In 2009, Liu et al. reported on a Ca and

Zr co-doped BaTiOs-based system, 0.5Ba(Zro2Tip3)O3—0.5(Bao.7Cao3)TiOs (BCZT) whose composition

was at a tri-critical point-type morphotropic phase boundary (MPB), which exhibited an extremely high

piezoelectric constant d3; (~620 pC/N) and could achieve properties comparable to leading PZT

materials[24]. As a result, the BaggsCag.15Tio.9Zr0.103 (BCZT) system is of interest as an environmentally

friendly catalysts due to its relatively high piezoelectric coefficient[24], lead-free nature[25] and high

saturation polarization (17 pC/cm?)[26]. However, as is observed for many traditional ferroelectric

materials[27], the band gap of BCZT is relatively large (3.18 eV) which limits the spectrum of photons that

can be harvested to create electron—hole pairs under the application of ultra-violet (UV) light [28]. A

reduction in the band gap of the BCZT system to coincide with the visible spectrum is therefore one of the

emerging strategies to create photo-active materials; this is achieved using composite semiconductors[29],

metal loading[30] and doping[31]. The first two methods are relatively time-consuming and high-cost,

while doping is a facile and effective method which has attracted widespread attention [32]. Compared with

pure BCZT, doped BCZT has the potential to create vacancy defects and reduce the effective band gap to

achieve visible light photocatalytic activity [33]. Zhang ef al. reported that transition metal (TM) doped

BCZT lead-free ceramics, where TM = Mn, Fe, Co, and Ni, which were able to enhance the optical

properties. The band gaps of BCZT - 0.05Mn, BCZT - 0.05Fe, BCZT - 0.05Co, and BCZT - 0.05Ni are

1.95,2.26, 1.68, and 3.04 eV, respectively, which are considerably lower than that of the pure BCZT (3.18



eV)[28]. Among them, the band gap of Co-doped BCZT with is lower than many other perovskite

ceramics[34], however, no detailed exploration of the photo-piezo-catalytic performance evaluation of

BCZT-Co ceramics has been provided to date.

This work therefore provides the first evaluation of the photo-piezo-catalytic capability of

Bag 3sCao.15Zr0.1(Ti1xCox)o.o (BCZT - xCo, x = 0 - 0.025) ferroelectric ceramics. Cobalt was introduced to

the BCZT system to form a series of BagssCao.15Zro.1(Tii-xCox) 09 (x = 0, 0.01 ,0.015, 0.02 and 0.025)

ferroelectric ceramics and the dielectric properties, optical properties, and catalytic performance are

examined in detail to reveal the underlying mechanisms for dye degradation applications.

2. Experimental

2.1. Preparation of BCZT - xCo powder and pellets

The Bag s5Cao.15Z10.1(Ti1-xCox) 09 (x = 0, 0.01, 0.015, 0.02 and 0.025) powders and pellets used in this

work were prepared by a conventional solid-state process. All chemicals and reagents were obtained

commercially and used without further purification. Analytical grade BaCOs (99%), CaCOs (99%), TiO,

(99%), ZrO, (99%) and CoO (AR) were used as raw materials. The raw powders were weighed according

to the required stoichiometric rations. Subsequently, the powders were ball-milled for 24 h, with alcohol

being used as the milling agent.

For photoelectrochemical and catalytic characterisation, the balled-milled powders milling were

calcined at 1350°C for 3 h. To produce dense materials for electrical measurements, 1.5 g aqueous solution

of polyvinyl (5wt %) was mixed in 5g calcinated powder of BCZT - xCo and pressed into circular pellets

with a 12 mm diameter and 1.0 mm thickness. Dense BCZT - xCo pellets were then obtained after sintering

in a furnace at 1350°C for 3 h.



2.2. Characterization and measurements

The phase structure of the BCZTO - xCo powders were evaluated by an X-ray diffraction technique

(XRD, PAN-analytical Empyrean, Netherlands) in the range of 20° and 80°. Scanning electron microscopy

(SEM, Ultim Max 40, tescan mira4 LMH) was used to characterize the morphology. Polarization - electric

field (P-E) ferroelectric hysteresis loops were characterized using a TF Analyzer 2000 (aixACCT systems,

Germany). BCZT-xCo pellets were poled at an electric field of 3 kV/mm at 60°C in a silicone oil bath for

30min. The d3; piezoelectric charge coefficient of poled pellets was measured by a piezoelectric d3; meter

(ZJ-4AN, Institute of Acoustics, Academic Sinica, China). A spectrophotometer (UV-2450, Shimadzu,

Japan) was used to record the UV-Vis spectra of the materials and the UV—vis absorbance spectra of the

solution were obtained via a UV—vis spectrometer (UV-2000i, Shimadzu, Japan).

2.3. Catalytic performance

The photocatalytic, piezocatalytic and photo-piezo-catalytic activity of the BCZT - xCo materials were

measured by the decomposition of Rhodamine B (RhB) dye solutions. An ultrasonic source (200 W,

45/80/100kHz, KQ-200VDE, China) and a 300 W Xe lamp (PLS-SXE300D, Perfect Light, China) was

selected to provide a periodic mechanical load and simulated sunlight source, respectively. In a typical

process, 100 mg of the ceramic powder was dispersed into 100 ml of RhB aqueous solution (initial

concentration Cp = 10 mg/L) in a 200mL beaker. The solution was then stirred for 45 min in the dark to

establish adsorption-desorption equilibrium between the dye and the catalysts. A 6 ml reaction solution was

collected every 15 min during ultrasonic treatment and/or illumination irradiation and the supernatant was

analyzed by the UV—vis spectrometer to record the change in dye absorbance. ESR measurements were

also performed for radical confirmation and 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) was used as a spin



trap. Typically, a Smg/mL catalyst solution was prepared where the deionized water and Dimethyl Sulfoxide

(DMSO) were used as solvents for the ESR detection of ‘OH and -O,— , respectively. After 20 min of

illumination irradiation and/or ultrasonic treatment, 50 pL of the solution was taken out and mixed with 5

uL of DMPO, then encapsulated in a glass capillary tube for ESR test on Bruker model A300 spectrometer

(Bruker A300, Germany).

2.4. Photoelectrochemical measurements

Photoelectrochemical experiments were performed in a standard three electrode electrochemical work

station (Chenhua CHI604E, Shanghai). A platinum foil and Ag/AgCl electrode was used as the counter and

reference electrodes, respectively, with a 0.5 mol/L Na,SO4 aqueous solution as the electrolyte. The

working electrode was prepared as follows: 20 mg of catalyst and 50 pL of Nafion aqueous solution were

dispersed in 2 mL ethyl alcohol, followed by sonication for 30 min. Subsequently, 60 puL suspension was

coated onto the surface of a fluorine doped tin oxide (FTO) conducting glass (coated area: 1x1 ¢cm?) and

annealed at 200 °C for 3 h. The setup was illuminated with visible light using a 300 W Xe lamp (PLS-

SXE300, Perfect Light, China). Photocurrent-potential (J - ) curves under alternating light and dark were

recorded by linear sweep voltammetry (LSV). Mott-Schottky tests were measured at different frequency of

1 kHz, 2 kHz and 3 kHz, respectively.

3. Results and discussions

3.1. Characterization of catalyst

Figure 1(a) shows an X-ray photoelectron spectroscopy (XPS) spectrum of Co 2p and Ba 3d for the

BCZT - 0.02Co material. In the range of 775-800.5 eV, the peaks of Co 2p3,» and Ba 3ds,; and the peaks of

Co 2pi12 and Ba 3d3, overlap at approximately 777.8 eV and 793.3 eV, respectively[33]. The spectrum is



deconvoluted into three components. The binding energies for Ba 3ds» and Ba 3ds), are located at 793.95

eV and 779.6 eV, respectively, which can be assigned to Ba?>"[35]. The two peaks centered at 780.21 eV

and 795.51 eV arise from the Co?" 2p3» and Co?" 2pp, indicating the presence of Co?'[33]. Notably, the

peaks present at 793.3 and 777.8 eV are assigned to Co*" 2p1,» and Co** 2ps.2, which indicates the existence

of Co*"[35]. Co*" is partially oxidized to Co** when the CoO-doped BCZT was sintered under atmospheric

conditions. However, the concentration of Co>" is relatively lower in comparison to that of Co?" since the
y p

Co?" is typically more stable than Co*'[36].

Figure 1(b) shows the XRD pattern in the range of 20°-80°for the BCZT - xCo powders at Co additions

of x = 0 - 0.025. As seen in Figure 1(b), it can be seen that all peaks are well matched with the pure

perovskite structure after sintering at 1350°C for 3 h[37]; this demonstrates that stable solid solutions are

formed after the introduction of Co into the BCZT structure. The Co ions replace and occupy the Zr*" or

Ti* ion positions since the ionic radii of Co?" (0.665 A) and Co* (0.61 A) are close to that of Ti** (0.605

A) and Zr*" (0.72 A)[38]. Figure 1(c) shows fine-scale scanned XRD patterns at approximately 20 = 45°

for the BCZT - xCo ceramics. For the pure BCZT ceramic, without any Co-doping, a coexistence of

rhombohedral (R, R3m, PDF#85-1797) and tetragonal (7, P4mm, PDF#05-0626) phases was observed. With

the introduction of Co by doping, the (200) peaks were weakened, indicating a phase transformation from

the tetragonal phase to the rhombohedral phase, leading to only the rhombohedral phase being detected in

the BCZT - xCo ceramics. After 24h of ball-milling, the morphology and particle size of the powders are

highly uniform and exhibit a tight size distribution, as shown in Figure S1.

Figure 1(d-h) show scanning electron microscopy (SEM) images of the surface morphology of the

sintered BCZT - xCo (x =0, 0.01, 0.015, 0.02, and 0.025) pellets. All samples exhibit a dense structure and

the grain size was calculated based on surface morphologies using ImagelJ software. For the pure BCZT



material, a relatively large average grain size of ~15.2 um and clear grain boundaries were obtained. The

average grain size of BCZT - xCo ceramics were ~12.5, 10.3, 7.1, and 4.8 um for compositions x = 0.01,

0.015, 0.020, and 0.025, respectively. Grain refinement occurs on Co-doping since the kinetic energy

needed for the nucleation growth of Co-doped ceramics was low[39]. Furthermore, the atomic weight of

Co ion is higher than that of Ti** and Zr*", leading to a low mobility of the Co ion, which accounts for a

decrease in grain size with an increase in Co content[40]. Similar growth mechanisms have also been

observed in Fe-doped Bag 3sCao.15Zro.1(TiixCox) 0.9[13], Co-doped BaTiO3[41], and Ni-doped PbTiO3[42].

3.2. Dielectric properties and optical properties of catalyst

Figure 2 shows the polarisation-electric field (P-E) hysteresis loops, remnant polarization (P,) and

piezoelectric coefficient (d33) of the BCZTO - xCo ceramics at room temperature for different Co additions

from x = 0 to x = 0.025. At an electric field of 3 kV/mm and 1 Hz, all the P-E ferroelectric hysteresis loops

were slim with good rectangularity, confirming the good ferroelectric response of the BCZT — xCo materials.

As shown in Figure 2(b), with an increase in Co content, the P, and d; decreased from P, = 11.53 pC/cm?

to P,=2.05 uC/cm?, and ds; = 307 pC/N to ds; = 139.3pC/N, respectively, indicating a hard doping effect

through the formation of a defect dipole pair with doping level[43].

To determine the optical properties of the BCZT — xCo materials, the bandgap was estimated using

Tauc’s plots[44]. The UV—vis absorbance spectrum was scanned from 200 to 800 nm for pure BCZT

and doped BCZT — xCo, as shown in Figure S2. The pure BCZT absorbs light at a wavelength below

400 nm, indicating absorption only UV light. However, after doping the BCZT — 0.02Co demonstrated

a superior response in an extended range and exhibiting optical absorption. The band gap (Eg) of BCZT,

BCZT - 0.01Co, BCZT - 0.015Co, BCZT - 0.02Co, and BCZT - 0.025Co was found to be E; ~3.21, 2.90,

2.48, 2.40, 2.67 eV, respectively, as shown in Figure 3 (a-e). The band gap initially decreased with



increasing Co concentration, attaining a lowest bandgap at the composition x=0.02, followed by an

increase to Eg ~ 2.67 eV with a further substitution of Co to x = 0.025, as shown in Figure 3f. The oxygen

vacancies created by Co ion substitution of Zr** or Ti*" generated additional energy states near the top of

the valence band and the bottom of the conduction band, leading to a decrease in band gap with an increase

of Co doping and a resulting shift from the UV range to visible region [13]. However, when the Co doping

level was increased to x = 0.025, the BaCaTiO4 phase with a bandgap of E; ~ 3.14 eV[45] could be

precipitated, and its powder diffraction file (PDF) card is similar to that of BaTiO3, leading to an increase

in the band gap, as shown in Figure S3 and S4. After the incorporation of Co into the lattice of BCZT, the

photocurrent is enhanced, as shown in Figure S5. Furthermore, compared with pure BCZT, the BCZT - xCo

system exhibits a reduced band gap, which is promising for activation by visible light for photocatalytic

reactions. However, the photocatalytic performance of BCZT-0.02Co is not significantly higher than that

of pure BCZT, as shown in Figure S6. This may be due to the existence of defects caused by doping, those

could act as electron-hole recombination centers[46].

3.3. Catalytic activity

Figure 4 shows that the catalytic activity of BCZT - xCo materials under different excitation conditions

which were evaluated by the degradation of RhB. The BCZT - xCo powders were dispersed in a RhB

solution, which was stirred in the dark. Subsequently, the RhB dye solution was used for photocatalytic

reactions to characterise the catalytic performance of the BCZT - xCo ceramics. For comparison, and as a

control, the self-degradation rate of RhB under the same conditions was also evaluated. The degradation

rate (D%) and the first-order kinetic rate constant (k) can be estimated from Equation (1) and (2) to

determine the degradation performance.

Degradation rate(D%) = [1 — (C./C,y)] X 100% (1)



In(Co/Cy) = kt )

where ¢ is reaction time, Cy and C; are the dye concentrations at time = () and ¢, respectively, and & can be

evaluated through the In (Cy/ C;) — ¢ plot to determine the kinetics of the degradation process. The trend of

the kinetic curve is consistent with a linear fitting kinetic[47] and the resulting R? values are summarized

in Table S1.

Figure 4a and 4b show the degradation efficiency and a In (Cy/ C;) — ¢ plot when illuminated. A

negligible adsorption of BCZT - 0.02Co is shown in Figure S7, which was stirred for 60 min in dark after

reaching the adsorption-desorption equilibrium. The results confirm that the photocatalytic activity of

BCZT-xCo ceramics are better than that of pure BCZT, which is consistent with the reduced band gap

and transient photocurrent response, as shown in Figure 4 and S5. In particular, the photocatalytic of

BCZT - 0.025Co is superior than that of BCZT - 0.02Co which has the lowest bandgap, and reasons for

this will be discussed in Section 3.5.

Figure 4c and 4d show the piezocatalytic activity of the BCZT - xCo materials under ultrasonic

vibration in the dark to explore the effect of Co doping on piezocatalytic performance. After achieving

adsorption-desorption equilibrium, ultrasonication was selected to provide a periodic mechanical vibration.

As shown in Figure 4(c), the degradation efficiencies of RhB were 77.1%, 75.0%, 72.8%, 69.9% and 63.4%

respectively for pure BCZT, BCZT - 0.01Co, BCZT - 0.015Co0, BCZT - 0.02Co and BCZT - 0.025Co under

ultrasonic vibration for 60 min, indicating Co doping could decrease the piezocatalytic activity to some

extent, which is in agreement with d3; data, as shown in Figure 2(b). It can be seen that the self-degradation

efficiency of RhB, without any BCZT - xCo ceramic present, was negligible. To evaluate whether RhB

degradation was due to sonocatalysis, a non-ferroelectric control sample was tested based on nanostructured

Al,O; and negligible RhB degradation was observed, as shown in Figure S8.



The performance under the application of both illumination and ultrasound are now examined. In

Figure 4(e and f), the RhB degradation efficiencies were enhanced and reached 86.7%, 91.9%, 95.7%, 99.1%

and 77.8% within 60 min under combined ultrasonic vibration and illumination for BCZT, BCZT - 0.01Co,

BCZT - 0.015Co, BCZT - 0.02Co and BCZT - 0.025Co, respectively. A remarkable improvement can be

observed during combined photo-piezo-catalysis for all samples when compared to piezocatalysis alone or

photocatalysis alone. This large improvement suggests that the polarization-modulated built-in electric field

in BCZT- xCo was beneficial for the separation and transfer of carriers[46], leading to the improved photo-

piezo-catalytic activity of the doped BCZT - xCo materials.

The results have indicated that there is an appropriate level of doping of Co for superior photo-piezo-

catalytic performance of BCZT - xCo. The RhB degradation kinetics of all samples were also investigated

for illumination irradiation alone, ultrasonic vibration alone, and combined illumination/ultrasonic

irradiation. The & data is summarized in Table 1, where it can be seen that the photo-piezo-catalytic

performance of the BCZT - 0.02Co materials provided the best performance, and the & for combined photo-

piezo-catalysis is higher than that of the sum of the individual illuminated and ultrasound conditions,

indicating the strong degree of coupling between piezoelectricity and photoexcitation[48].

Figure 5(a) shows a comparison of the photocatalytic, piezocatalytic, and photo-piezo-catalytic

degradation efficiency of the BCZT - xCo materials for 60 min. It can be seen that the degradation

efficiencies of BCZT - 0.02Co for photocatalytic, piezocatalytic and photo-piezo-catalytic conditions are

21.6%, 69.9%, and 99.0% within 60 min, respectively. In addition, the first-order kinetic rate constant, £,

for the BCZT - 0.02Co material under combined ultrasound and illumination conditions was 25 times and

4 times higher than those under illumination alone or under ultrasonic alone, as shown in Table 2. This

enhancement indicates that the built-in electric field in the BCZT - xCo provided a driving force for the



separation and migration of electron-hole (e™-h*) pairs[47]. Therefore, the piezoelectric properties of the

BCZT - xCo materials is an important factor in improving its photocatalytic performance, which provides

potential to broaden the application of piezoelectric materials in catalysis.

To compare the performance of photo-piezo-catalysts related to applications in pollution degradation,

recent results in the literature and this work are summarized in Table 2; where the mechanism of the

coupling effect between piezocatalysis and photocatalysis will be discussed in detail later.

3.4. Generated active species

Figure 5(b) shows the photo-piezo-catalytic degradation of RhB solution (C, = 10 mg/L), with and

without the scavengers, where isopropyl alcohol (IPA), ethylenediaminetetraacetic acid (EDTA), and

benzoquinone (BQ) were selected as specific scavengers for hydroxyl ion (-OH), photogenerated holes (h*)

and superoxide (-O>"), respectively. The addition of EDTA decreased the degradation rate from 99% to 40%,

implying that -OH may have participated in the RhB degradation process. On adding IPA or BQ into the

reaction solution, a large reduction in the degradation rate was observed, which indicated that -O,~ and -OH

are the dominant active species for the photo-piezo-catalytic coupling effect.

Moreover, the exact active oxygen species (-O2” and -OH) generated during piezocatalysis,

photocatalysis, and photo-piezo-catalysis were verified by its electron spin resonance (ESR) spectrum; this

is shown in Figure 5c and 5d, which is similar to those reports by Zheng et al.[47] and Liu et al.[49].

No signals of solvent were observed under the action of combined illumination and ultrasound. The BCZT

- 0.02Co materials exhibited weak signals of both radicals under either ultrasonic or illumination, which

could be considered as the contribution of piezocatalysis alone and photocatalysis alone. Stronger signals

of both ‘O, and -OH for the BCZT - 0.02Co composition were detected under combined ultrasound and

illumination, which is in agreement with the degradation results of RhB via piezocatalytic (ultrasound),



photocatalytic (light) and photo-piezo-catalytic (light and ultrasound) approaches. These results indicate

the generation of ‘O, and -OH in the photo-piezo-catalytic system, which indicate the key role of the

piezoelectric field during catalysis. The mechanism of photo-piezo-catalytic degradation can be represented

as:

BC’ZT—xColig}ltﬂll&wni1 BCZT — xCo + h* + e~ (3)
0,+e” -0, (4)
OH™ + h* > OH (5)
-OH (or - 0,7) + dye molecules — dye decomposition (6)

3.5. Mechanism of photo-piezo-catalytic process

Figure 6 shows the Mott-Schottky data for the BCZT - xCo materials at different frequencies (i.e.

1kHz, 2kHz, and 3kHz, respectively) to reveal the energy band structures. The samples exhibit a positive

slope on the Mott—Schottky plots, which indicated that they are an n-type semiconductor. Their flat-band

potentials (¥ g) for BCZT - xCo (x = 0 - 0.025) were determined to be -0.53, -0.56, -0.59, -0.61 and -0.65

V (vs. Ag/AgCl) respectively, according to the x-intercepts of the plots. Since E(NHE) = E(Ag/AgCl)

+0.197 eV [50], the conduction band (CB) position (Ecz) of BCZT, BCZT - 0.01Co, BCZT - 0.015Co,

BCZT - 0.02Co, and BCZT - 0.025Co were -0.33, -0.36, -0.39, -0.41 and -0.45 eV (vs. NHE), respectively.

A more negative Ecp indicates that the electrons on the conduction band of BCZT - 0.025Co possess a

stronger capability for reducing O, to ‘O, to decompose the RhB, resulting in the photocatalytic

performance of BCZT - 0.025Co is superior to that of BCZT - 0.02Co; as shown in Figure 4a and 4b.

Since the band gap has been examined, the valence band (VB) position (Eyz) can be estimated

according to Eyz= Ecp+ Eg. Figure 7(a) shows a schematic energy band structure of pure BCZT and BCZT

- 0.02Co. A schematic of the photo-piezo-catalytic process is also proposed, which is shown in Figure 7b



and 7c. As highlighted above, the ‘O, and -OH radicals play an important role in the catalytic activity,

where the standard redox potentials of O, /-O, and OH /-OH are —0.33 eV and +1.90 ¢V versus NHE,

respectively[51]. When there is no light or no ultrasound, the BCZT - 0.02Co powders remain in

equilibrium with the solution at room temperature. The Eyz of BCZT - 0.02Co (+1.99 V vs. NHE) is more

positive than the standard redox potential of OH /-OH to generate radicals. On the other hand, the Ecp of

the BCZT - 0.02Co (—0.33 V vs. NHE) is more negative than the standard redox potential of O, /Oy,

thereby enabling the reduction of dissolved O, to generate radicals. In this case, the piezoelectric

polarization (Ppiczo) of the BCZT - 0.02Co corresponds to a minimum, as shown in Figure 7(a). Due to the

high recombination rate, the concentration of free charges in BCZT - xCo is low, which lead to a low

catalytic performance at this stage.

Figures 7b;.3 shows the system when subjected to a periodic mechanical strain via the application of

ultrasound for the piezocatalytic effect alone. The polarization of the piezoelectric particles (Ppiezo) is

changed by the ultrasound pressure over time during the catalytic process. Figure 7b; shows that when Pz,

is changed by a rising pressure, this can lead to the generation of positive-negative electric charges due to

the piezoelectric effect[52] via Eq. (3). As a result, the temporary equilibrium of electric charges and

associated screening charges is removed and space charges from the solution are adsorbed on the surface

to balance the bound charges; this leaves charges in the electrolyte with opposite polarity to those being

adsorbed to participate in the redox reactions for piezocatalytic dye degradation. On the cathode, electrons

on the surface of the BCZT - xCo material attract the dissolved O, in the electrolyte and produce - O, on

the basis of Eq. (4). On the anode, - OH can be produced by positive charges (q") on the surface of BCZT -

xCo on the basis of Eq. (5). Reactive species, such as - OH and - O, , are responsible for decomposing the

organic molecules via Eq. (6). When Ppi.-, reaches a maximum value, this adsorption will disappear since



the bound charges are in a new equilibrium with screened charges, as shown in Figure 7b,. Subsequently,

the Ppiczo falls to a minimum value and bound charges decrease, leading to the same level of piezocatalytic

dye degradation again as shown in Figure 7bs.

For combined photo-piezo-catalytic conditions, this coupling can also be described by four stages, as

shown in Figures 7c.3. Unlike photocatalysis alone, piezocatalysis is now introduced, and the number of

the charges increase sharply since the built-in electric field promotes charge separation and recombination

of photoinduced charges [53]. As a result, the superior photo-piezo-catalytic activity of the BCZT - 0.02Co

material is due to: (a) the increased number of generated electron-hole pairs as a result of the narrow

bandgap, and (b) the built-in electric field of the ferroelectric material facilitates the separation of electron-

hole pairs. This work demonstrates that doping in design of lead-free ferroelectric ceramics is of significant

potential in the field of catalysis applications such as dye degradation, air purification and hydrogen

production.

4. Conclusions

This work provides the first evaluation of the catalytic properties of ferroelectric ceramics based on

Bay 35Cao.15Zr0.1(Ti1xCox)oo (BCZT - xCo, x = 0, 0.01 ,0.015, 0.02 and 0.025) prepared by a solid-state

method. The BCZT - 0.02Co ceramic exhibited superior photo-piezo-catalytic properties for Rhodamine B

(RhB) degradation, compared with pure BCZT, where the new material was able to fully degrade a RhB

solution at an initial concentration (Cy) of 10 mg/L within 60 min, thereby demonstrating a high first order

rate constant of k ~ 0.081 min~'. The magnitude of the rate constant k for the BCZT - 0.02Co materials

subjected to combined ultrasound and illumination was four times higher than when subjected to ultrasound

alone and 25 times higher than illumination alone. Detailed characterisation and examination of the

catalytic properties provided new insights into the mechanism by which the material acts as a catalyst,



where the enhanced photo-piezo-catalytic performance of the BCZT - 0.02Co materials was attributed to a

combination of (i) a reduced band gap, which increased the amount of generated electron-hole pairs when

illuminated and (ii) the built-in electric field of the active ferroelectric that facilitated charge carrier

separation, thereby indicating a strong coupling between piezoelectricity and photoexcitation. This work

therefore provides news ideas and directions for the design of functional materials with enhanced photo-

piezo catalytic activity for dye degradation and other catalytic applications.
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Figure 1 (a) XPS of Co 2p and Ba 3d of the BCZT - xCo powders at x = 0.02. (b) XRD patterns and (c)
expanded XRD patterns of BCZT - xCo powders. SEM images of sintered BCZT - xCo materials: (d) x =

0; (e) x=0.01; (f) x = 0.015; (g) x = 0.02; (h) x = 0.025.
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Figure 2 (a) Ferroelectric polarisation — electric field hysteresis loops, (b) remnant polarization (P,) and

piezoelectric coefficient (ds;3) of the BCZT - xCo materials.
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Figure 3 Band gaps of BCZT - xCo: (a) x = 0; (b) x = 0.01; (c) x = 0.015; (d) x = 0.02; (e) x = 0.025, (f)

relationship between Co addition (x) and optical band gap.
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Figure 4 Catalytic activity of BCZT - xCo under different conditions: (a) photocatalytic degradation
efficiency and (b) fitting of kinetic curves; (c) piezo-catalytic degradation efficiency and (d) fitting of
kinetic curves; (e) photo-piezo-catalytic degradation efficiency and (f) fitting of kinetic curves. Inset of
images represents the concentration change of RhB with BCZT - 0.02Co. Inset shows the colour change of

the RhB dye solution with increasing reaction time.
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Figure 5 (a) Degradation for BCZT - xCo ceramics. (b) Effect of various scavengers during photo-
piezocatalysis for the BCZT - 0.02Co ceramics. ESR of (¢) ‘O, and (d) -OH with radical spin-trapped by
DMPO over (1) BCZT - 0.02Co + illumination + ultrasound; (2) BCZT - 0.02Co + ultrasound; (3) BCZT -

0.02Co + illumination and (4) solvent + illumination + ultrasound, respectively.
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Figure 6 Mott-Schottky plots of BCZT - xCo powders: (a) x = 0; (b) x =0.01; (¢) x = 0.015; (d) x = 0.02

0.025 at different frequencies, (f) relationship between Co addition x and FEcs.
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Figure 7 (a) Schematic of energy band structures of BCZT and BCZT - 0.02Co in equilibrium with the

solution. (bi-3) Energy band structure of BCZT - 0.02Co during piezocatalysis. (ci-3) Energy band

structure of BCZT - 0.02Co during photo-piezo-catalysis, where P, is polarization of the piezoelectric

particles.



Table 1

First-order kinetic rate constant (k) for the photocatalytic, piezocatalytic and photo-piezo-catalytic activity

of BCZT — xCo
first-order
BCZT - BCZT - BCZT - BCZT - BCZT -
Activity kinetic rate
0Co 0.01Co 0.015Co 0.02Co 0.025Co
constant
Photo k x 10° min! 22 22 2.7 33 4.6
Piezo k x 103 min™! 26.4 26.7 243 21.7 19.1
Photo-piezo  k x 10° min™! 37.8 42.8 56.8 80.6 27.7
Table 2
First-order kinetic rate constant, k values, recently reported for photo-piezo-catalysts.
Catalyst C C (Dye) Condition kx 1073 (min™") Ref.
(Catalyst)(g/L)
KNbO3 0.5 10mg/L RhB  Ultrasound:40 kHz, 22 [54]
nanosheets 110 W
Light: 300 W
ZnO hollow 1.0 10mg/L RhB  Ultrasound:40 kHz, 22.9 [55]
pitchfork 120 W
Light: 100 W
Ag deposited 1.0 Smg/L RhB  Ultrasound: 150 W 223 [56]
BaTiOs Light: 500 W
nanopowders
BNT 1.0 Smg/L RhB Ultrasound: 28 kHz, 94 [57]
nanorods 200 W
Light:300 W
BaTiOs@C 1.0 10mg/L RhB  Ultrasound: 40 kHz, 359 [47]
core-shell 120 W
Light:300 W
BiOBr 1.0 10 mg/LRhB  Ultrasound:40 kHz, 71 [58]
nanoflakes 120 W
Light: 9 W
BNT 0.5 10mg/L RhB  Ultrasound: 40 kHz, 61 [59]
nanospheres 110W
Light: 300W
KNN 1.0 5mg/LRhB  Ultrasound: 40 kHz, 39.7 [22]
particles Light: 350W
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