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a b s t r a c t

Thisstudycomprises thecombinedeffectofpiezocatalyticandphotocatalyticactivitytoobtain

improvedpiezo-photocatalyticdyedegradationefficiency invisible light.Single-phaseBi2VO5.5

powder was prepared through solid-state synthesis at 750 �C in 8 h. Time-dependent photo-

current responseswere conducted to understand the phenomenonof charge carrier transport

in visible light. Bi2VO5.5 powder sample demonstrated high photocatalytic efficiency and good

reusability possessing a bandgap value of 2.13 eV. Bi2VO5.5 powder sample attained�70% and

� 58%degradationefficiencyduringphotocatalysis andpiezocatalysis respectively.Thepiezo-

photocatalyticmethylenebluedyeattained~82%degradationefficiency in 240mindurationof

visible light illumination. The scavenger test depictedholes (hþ) as the principal active species

in the piezo-photocatalytic dye degradation. There incurred no severe loss in photocatalytic

efficiency even after 4 cycleswhich proclaims the reusability of the Bi2VO5.5 powder sample. A

studyon thekinetic rateconstantwithvaryingdyeconcentrationswasconducted.Withvaried

dye concentration of 5, 10, 15mg/L, the kinetic rate constant obtainedwas 0.00528, 0.0030, and

0.00125 min�1, respectively. Germination index was found through a phytotoxicity test using

vigna radiata seeds. Here visible light along withmechanical energy has been used to achieve

higher MB dye degradation efficiency through piezo-photocatalysis.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction Bi2VO5.5 possess ferroelectric property below 725 K [21e24].
At present time, a surge in water pollution has been a major

concern across the globe. Various pollutants such as heavy

metals, organic dyes, drugs, heavy metals, etc. are readily dis-

charged into water bodies through domestic sewage and in-

dustrial wastewater. Textile industries are the major source of

discharge of dye effluents causing water pollution [1,2]. Lack of

proper treatment and handling aids in the surge of water

pollution [3]. Organic dyes need special treatment for their

eradication which is essential for environmental safety as they

are not self-degradable [4,5]. Conventional wastewater treat-

ment measures like ultra-filtration, microbial degradation,

adsorption, and coagulation are general water treatment mea-

sures but these possess difficulty in low concentration of con-

taminants removal as well as lower removal efficiency [6,7].

Recently,photocatalysishasbeenused fordyedegradationsince

it possesses advantageous features such as oxidation of con-

taminants at a low concentration at room temperature, non-

toxicity, diminished secondary pollution, and low-cost [8,9]. At

present time, anatase TiO2 has been readily used as a commer-

cial photocatalyst owing to its features such as good chemical

stability, low cost, and high oxidizing power. However, TiO2

functions in ultraviolet (UV) illumination because of its wide

band gap (3.20 eV) and it has a short lifespan of photo-induced

charge carriers leading to lower dye degradation efficiency

[3,10]. We know visible light are in majority of the solar light

spectrum (~40%) while UV light constitutes very less (~5%).

These two factors probe hindrance towards its commercial

applicability and efficient solar energy utilization [11,12]. Thus,

there has been a great emphasis to develop a more efficient

visible lightactivephotocatalyst over recentyears. In thisregard,

a great emphasis has been laid on developing a Bi-based pho-

tocatalyst that would be visible light active due to its readily

availability of rawmaterialsat lowcostand itsdistinct electronic

structure [13]. BiVO4, Bi2WO6, CaBi2O4, BaTaO4, BiNbO4, Bi2MoO6,

etc. are some of the recently reported bismuth-based photo-

catalysts [14,15]. As hybridized Bi (6s) and O (2p) valence bands

are present, the Bi3þ containing oxides demonstrate photo-

catalytic properties [14,15].

In this present work, we are intended in exploring Bi2VO5.5

(BV) which is a member of the BieVeO system. Due to the

presenceof cadmium,mostyellowpigmentspossess toxicitybut

bismuth vanadate is known for its ionic conductivity and non-

toxic nature. These are highly stable and show a high price-to-

performance ratio in comparison to organic pigments [16].

Bi2VO5.5 is known to possess awide visible light response and its

layered structure helps in efficient carrier transportation [16]. BV

possessescrystal structureandelemental compositionsimilar to

BiVO4 [17]. Moreover, the visible light absorption range of BV is

larger than BiVO4 owing to its reduced bandgap (2.13 eV) [18,19].

Bi2VO5.5 or Bi4V2O11 [20] belongs to the Aurivillius family pos-

sessing the general formula (Bi2O2)
2þ (An-1BnO3nþ1)

2-, where A

refers to tri-, di- ormono-valent ions or theirmixture, B refers to

hexa-, penta- or tetra-valent ions and n refers to counts of the

perovskite blocks sandwiched in between the (Bi2O2) layers [21].
Bi2VO5.5 is one of the eminent ferroelectric materials [25]. Ferro-

electricmaterials showpermanent spontaneouspolarization (Ps)

belowCurie temperature (Tc).Thenon-centrosymmetricunitcell

caused to erupt discrete stable polarization inducing sponta-

neous polarization in the material. Band bending and space

charge regions arise as a result of the resultant surface polari-

zation [26]. At low temperatures, oxygen vacancies linked to

vanadium atoms form vanadium centered octahedral and

tetrahedral. Elevated high temperatures disrupt the oxygen va-

cancies thereby causinghighoxide-oxygen conductivity [27e29].

Wang et al. achieved 95% methyl orange degradation efficiency

in visible light using BiVO4/Bi2VO5.5 nanostructure [30]. Xie et al.

achieved 85.2%degradation ofmethylene blue (MB) in the visible

range using Au nanoparticles loaded on Bi2VO5.5 [31]. Liang et al.

achieved99%rhodamineBdegradation in thevisible rangeusing

TiO2/Bi4V2O11 photocatalyst [32]. Lu et al. has degradedMBdye in

the visible range using Bi4V2O11 photocatalyst [33]. Kumar et al.

has shown RhB and MB dye degradation in UV irradiation using

Bi4V2O11 [16]. Xie et al. achieved 89.97% MB dye degradation in

simulated sunlight using Bi2VO5.5/Bi2O3 composite films [19].

Piezocatalysis is known for pollutant degradation utilizing ul-

trasonic vibration as an excitation source [34]. The non-

centrosymmetric orthorhombic structure of BV imparts piezor-

esponsive behavior [35,36].

Recently, we reported 81% piezo-photocatalytic degrada-

tion efficiency of MB dye using a BiVO4 sample [37]. In the

present work, we have tried to explore Bi2VO5.5 (BV) from the

same Aurivillius family as that of BiVO4. We have used visible

light along with mechanical energy to achieve higher MB dye

degradation efficiency through piezo-photocatalysis. The

synergistic combined piezo-photocatalysis effect facilitates

easy electron-hole pair separation and thus reduces the pho-

tocatalysis time at the same time attains high dye degradation

performance. Bare piezocatalytic study and combined piezo-

photocatalytic activity with Bi2VO5.5 has not been explored

till now and this approach would open a new door to be uti-

lized for water pollution eradication at the industrial level.
2. Experimental

2.1. Fabrication of Bi2VO5.5 powder

Bi2VO5.5 ceramic powderwas prepared using Bi2O3 andV2O5 as

the starting raw materials taken as per the ascribed stoichio-

metric molar ratio. These powders are initially mixed manu-

ally in a mortar pestle for nearly 30 min and the acquired

homogenousmixturewas calcined at 750 �C for 8 h duration to

obtain the Bi2VO5.5 phase. The preparation methods of

Bi2VO5.5 ceramic powder are displayed in Scheme 1.

2.2. BiVO5.5 powder characterization

Phase identification of the BV powdered samples was assured

by the X-ray diffraction (XRD, Rigaku diffractometer, Japan,
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Scheme 1 e The preparation process for the BV powder.
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9 kW, CueK a rotating anode) technique. The sample powder

was put through a 2�/min scan rate over the 2q angle ranging

from 10 to 60�. To understand the existing bonding and

structure in the sample Raman spectroscopy was done.

HORIBA (LabRAMHR Evolution, Japan) spectrometer was used

to acquire the Raman spectra where 532 nm laser excitation

wavelength, 10% power, and 600 gratings were taken in use to

scan the sample over the range of 350e1100 cm�1. Perkin

Elmer spectrum RX I spectrophotometer was used to conduct

Fourier transform infrared spectroscopy (FTIR) analysis in the

range of 500e1600 cm�1 where KBr pellets were used as

sample matrix. To obtain the microstructures and the surface

morphology of the samples Nova Nano SEM-450 scanning

electron microscope (FE-SEM) was taken into use. Inbuilt en-

ergy dispersive spectroscopy (EDS) in SEM was taken into use

to understand the compositional element distribution in BV

powdered sample. Binding energy and the chemical state of

the BV sample were obtained using the (Nexsa) X-ray photo-

electron spectrophotometer instrument with an Al-Ka source.

The absorbance peak intensity was obtained through the

(SHIMADZU) UVevisible spectrophotometer instrument.

2.3. Photocurrent measurement

An electrochemical workstation (AUT86543 Metrohm Autolab

B.V.) was utilized to obtain the current-time curves for the BV

sample. Here three electrode setup was employed where the

platinum wire served as a counter electrode, AgeAgCl wire

served as the reference electrode, and the working electrode

while two bulbs of Havells Company (each 15W) served as the

visible light illumination source. In order to get a photocurrent

response, a few cycles of OFF and ON of the visible light source

was conducted. 0.1 M phosphate-buffered saline solution

served as electrolyte. To make the working electrode, 5 mg of

catalyst was mixed in 1 mL of ethanol where an additional

20 mL Nafion solution was added, and utilizing this well-

dispersed catalyst ink solution was prepared. The catalyst
ink was subjected to 30 min of ultrasonication and thereby

~10 mL of catalyst ink was taken into use to coat the surface of

the cleaned glassy carbon electrode. The coated electrode was

properly dried before being used as the working electrode.

2.4. Bandgap calculations

To know the bandgap of the sample, diffuse reflectance

spectroscopy (DRS) was used. The obtained absorption spectra

fromDRSwere readily converted into Tauc's plot (a plot drawn

between ðaEÞ2 vs E) so as to get the direct bandgap as

mentioned in many works of literature [38,39].

2.5. Photocatalytic activity

The photocatalytic assessment of the powdered BV was

determined by degrading MB dye in visible light illumination.

For conducting the catalysis experiment, 0.25 gm of powdered

sample was used. Prior to the commencement of the photo-

catalysis assessment, adsorption saturation concerning the

dye was attained precisely. On attaining adsorption satura-

tion, the used dye is substituted with a new 10 ml dye volume

of � 5 mg/L concentration as the initial starting dye. The

powdered BV sample submerged in dye solutionwas placed in

the visible light source coming from two bulbs (Havells com-

pany, each 15W power). The light source was confined at a

distance of � 12 cm from the sample. An incessant stir at

500 rpm was provided all over the experiment. To obtain the

adsorption peak intensity, a test sample was procured after a

definite interval which was replenished again to the beaker to

sustain a consistent volume. MB dye degradation percentage

was evaluated as per Eq. (1) [40,41].

% removal of MB dye¼Co � C
Co

� 100 (1)

where, Co and C symbolize the MB dye concentration previ-

ously and after the passing of ‘t’ time, respectively.
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Fig. 1 e XRD of synthesized BV powder.
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2.6. Piezocatalytic activity

The piezocatalytic performance of the powdered BV was

determined by degrading MB dye in ultrasonic vibration. For

conducting the catalysis experiment 0.25 gm of powdered

sample was taken into use. Prior to the commencement of the

piezotocatalysis assessment, adsorption saturation concern-

ing the dye was attained precisely. On attaining adsorption

saturation, the used dye is substituted with a new dye of

volume 10 ml of � 5 mg/L concentration as the initial starting

dye. BV powdered sample submerged in dye solution was

subjected to ultrasonic vibration source coming from ultra-

sonicator (40 kHz, 150 W). Since the water was used as a me-

dium during ultrasonication so, after elapse of every 15 min,

the water was replaced from the ultrasonicator in order to

shun dye solution heating. This experiment was conducted in

dark conditions. To acquire adsorption peak intensity, a test

sample was procured after a definite interval which was

replenished again to the beaker to retain a consistent volume.

2.7. Piezo-photocatalysis activity

Piezo-photocatalytic assessment of the powdered BV was

determined by degrading MB dye in the dual effect of visible

light illumination and ultrasonic vibration. For conducting the

catalysis experiment 0.25 gm of powdered sample was taken

into use. Prior to the commencement of the piezo-photo-

catalysis assessment, adsorption saturation concerning the

dye was attained precisely. On attaining adsorption satura-

tion, the used dye is substituted with a new 10 ml dye volume

of ~5 mg/L concentration as the initial starting dye. The BV

powdered sample submerged in dye solution was subjected to

a dual effect of visible light illumination coming from two

bulbs (Havells company, 15W power each) and the ultrasonic

vibration source coming from an ultrasonicator (40 kHz,

150 W). Since the water was used as a medium during ultra-

sonication so, after elapse of every 15 min, the water was

replaced from the ultrasonicator in order to avoid dye solution

heating. To get adsorption peak spectra, a test sample was

procured after a definite interval whichwas replenished again

to the beaker to retain a consistent volume.
3. Results and discussion

Fig. 1 displays the XRD pattern of the prepared BV powdered

sample. The obtained XRD pattern conveys that all the dif-

fracted peaks well match the perovskite layered structure of

bismuth vanadate. The BV sample shows (orthorhombic)

single phase which is in conformity to the standard JCPDS

references file of orthorhombic Bi2VO5.5 (File No. 42e0135).

There was no presence of any secondary peak which justifies

Bi2VO5.5 single phase formation.

Sharp diffraction peaks depict higher crystallinity of the

powdered sample. The % crystallinity of the powdered sample

was evaluated using Eq. (2) [42e44].

% Crystallinity¼Area under the crystalline peaks
Area of all peaks

� 100 (2)
The evaluated% crystallinity of the samplewas found to be

73%.

Fig. 2 shows the Raman bands associated with the pre-

pared BV sample. Here, the Raman spectrum of BV was

studied over the range of 350e1100 cm�1. The Raman bands

were discovered at 372, 653, 768, 852, and 925 cm�1. These

bands are consistence with that reported in the literature

[16,45]. The band at 372 cm�1 is because of the vibrational

mode symmetric bending of VeO bonds present in BV [16].

The band at 653 and 768 cm�1 are because of the doubly co-

ordinated (VeOeV) oxygen atom. The presence of the Raman

band at 852 cm�1 is because of the vibration of the short-range

VeO bonds [45]. There is a presence of weak vibrational mode

at 925 cm�1 because of the small amount of V4þ ¼ O unit.

When vanadium is present in a mixed-valence state of aþ5

and þ 4, this vibrational mode is known to be the signature of

V4þ ¼ O [45].

Fig. 3 shows the FTIR spectroscopy study to understand the

change in the functional groups of the material. There is the

presence of strong IR bands at 832, 766, 715, 610, and 529 cm�1.
Fig. 2 e Raman spectrum of BV.
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Fig. 3 e FTIR spectrum of BV sample.
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The peaks at 832 depict asymmetric stretching vibration of the

(VeO) bond while the peaks at 766, and 715 depict symmetric

stretching vibration of the (VeO) bond [46,47]. The peaks are

seen at 613, and 529 depicts the deformation of the vanadate

anion (OeVeO) [48,49].

The surface morphology of the synthesized BV sample has

been shown in Fig. 4 through SEM micrographs. Fig. 4(aeb)

clearly show the presence of irregular-shaped grains of the BV.

EDS elemental color mapping for the Bi2VO5.5 sample has been

done for phase identification and Fig. 4(c) shows the selected

area for themapping. Fig. 4(def) shows the EDS elemental color

mapping which affirms that Bi, V, and O elements are present.

To affirm the presence of the chemical state of the ele-

ments, an XPS analysis of the BV powdered sample was done.

Fig. 5(aec) present the XPS spectra which accords to the V2p,

Bi4f, and O1s scans. Initially, deconvolution of the Bi4f spec-

trum was done into Bi4f5/2 and Bi4f7/2 asymmetric compo-

nents, each deconvoluted into Bi3þ and Bi2þ components. The

existing peaks observed at 158.7 and 164 eV correspond to the

Bi3þ oxidation state and the presence of the peaks at 157.3 and

163.7 eV correspond to the Bi2þ oxidation state [50,51]. Firstly,

deconvolution of the V2p spectrum was done into V2p3/2 and

V2p1/2components, and each was further deconvoluted into

V4þ and V5þ components. The presence of the peaks at 516.4

and 524.2 eV accords to the V5þ oxidation state and the pres-

ence of the peaks at 517.3 and 523 eV accords to the

V4þoxidation state [52]. Further, the asymmetric O1s spectrum

was deconvoluted into OL and OA components [50]. Here, the

presence of oxygen vacancies and lattice oxygen (O2� oxida-

tion state) have been symbolized by OA and OL. Localized ox-

ygen vacancies are formed because of the intrinsic defects

caused by thermal treatment during the material synthesis.

Excess charge usually gets trapped in the form of electron

pairs around the V and Bi atoms and at the vacancy site which

causes a reduction of Bi3þ and V5þ to Bi2þ and V4þ respectively.

Thus, we observe the simultaneous presence of Bi2þ and V4þ

along with the existing Bi3þ and V5þ [53].

Time-dependent photocurrent response analysis of the

Bi2VO5.5 was done to understand the phenomenon of charge
carrier transportation as shown in Fig. 6. BV attains a low dark

current density (~7.5 mA/cm2) before dye degradation and on

visible light illumination, the photocurrent density increases

to ~12 mA/cm2. Thus we evidence a light to dark current ratio

of nearly 1.6 times. This high photocurrent density is because

of the effective photogenerated charge carriers separation.

The photocurrent is replicated for each irradiation as the

photocurrent density response of the material is reversible

[54,55].

Fig. 7(a) shows the DRS spectrum of the synthesized BV

powder sample. The optical absorption edge of the BV can be

seen in Fig. 7(a). The explored bandgap of the synthesized BV

powdered sample is 2.13 eV as shown in Fig. 7(b). As the

explored bandgap of theBVsample lieswithin the visible range,

this allows photocatalysis assessment to be conducted in

visible light irradiation.

Photocatalytic assessment of the BV powdered sample was

measured byMB dye degradation as a pollutant and the results

obtained are demonstrated in Fig. 8(a). Before commencing the

photocatalysis assessment, adsorption saturation concerning

the dye was attained precisely. MB dye degradation under

visible light illumination was supervised by recording the

decrement in theUVevisible absorption peak spectra ofMBdye

withan increase in illuminationtimewhichcanbeevidencedby

Fig. 8(a). The decreased peak intensity with time supports that

the pollutant solution has been decolorized. The C
Co
vs time plots

acquired with and without using BV powdered sample while

photocatalysis assessment in visible light is shown in Fig. 8(b).

Photolysis phenomena caused control dye without the usage of

any sample, to attain � 27% MB dye degradation in 240 min of

visible light illumination. BVsampleattained� 70%degradation

efficiency in 240 min during photocatalysis experiment. An

improvement of 43% in degradation efficiency during photo-

catalysis was evidenced with the use of a BV powdered sample

concerning the control dye without sample usage. Fig. 8(c)

demonstrate theMB dye degradation percentage as ~ 70%, 68%,

65% and 63% with each advancing cycle. We observe no severe

loss in photocatalytic efficiency even after 4 cycles which pro-

claims reusability of the BV powdered sample.

Thepiezocatalytic efficiency of theBVpowderedsamplewas

measured byMB dye degradation as a pollutant and the results

obtained are demonstrated in Fig. 9(a). Before commencing the

piezotocatalysis assessment, adsorption saturation concerning

the dye was attained precisely. MB dye degradation under

ultrasonication was supervised by recording the decrement in

the absorption peak spectra of the MB dye with a surge in

ultrasonication time which can be evidenced by Fig. 9(a). The

decreased peak spectra with time support that the pollutant

solutionhasbeendecolorized.The C
Co
vs timeplotsobtainedwith

BV sample and without utilizing sample while piezocatalysis

assessment is shown in Fig. 9(b). The ultrasonication process

causes water bubble formation (where water vapor and

entrapped gases reside), its growth, and collapsing [56]. This

activity creates a local hot spot where there is evidenced an

increase in temperature up to 4000e5000K [56,57]. As a conse-

quence of these localized hot spots, �OH radicals are created

because of the thermolytic decomposition of water. These

erupted �OH radicals further cause MB dye to degrade. This

whole phenomenon is mentioned in literature as sonolysis

https://doi.org/10.1016/j.jmrt.2022.09.130
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Fig. 4 e (aeb) SEM images of BV powdered sample, (cef) EDS elemental color mapping analysis of BV.

Fig. 5 e XPS spectra obtained for (a) V2p, (b) Bi4f, and (c) O1s.
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Fig. 6 e Current response vs. time for BV.
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[58,59]. Since the water was used as a medium during ultra-

sonication so, after elapse of every 15 min, the water was

replaced from the ultrasonicator in order to shun dye solution

heating. The control dyewithout theusageof any sample incurs

� 17% MB dye degradation in 240 min of ultrasonication. BV

powdered sampleachieved� 58%degradationefficiencywithin

240minduring thepiezocatalysis experiment. An improvement

of 41% in degradation efficiency during piezocatalysis was evi-

denced by using BV powdered sample concerning the control

dye without sample.

The piezo-photocatalytic efficiency of the BV powdered

sample was measured by MB dye degradation as a pollutant in

the dual action of visible light and ultrasonication and the

outcome obtained is exhibited in Fig. 10(a). Before commencing

the piezo-photocatalysis assessment, adsorption saturation

concerning the dye was attained precisely. MB dye degradation

under piezo-photocatalysis was supervised by recording the

decrement in the absorption peak spectra of MB dye with an

increase in time which can be evidenced by Fig. 10(a). The

decreased peak intensity with time supports that the pollutant

solution has been decolorized. The ultrasonication process

causes water bubble formation (where water vapor and
Fig. 7 e (a) Absorbance spectrum of the BV powdered samp
entrapped gases reside), its growth, and collapsing. This activity

creates a local hot spot where there is evidenced an increase in

temperature up to 4000e5000K [56,57]. As a consequence of

these localized hot spots, �OH radicals are created because of

the thermolytic decomposition of water. These erupted �OH

radicals further cause MB dye to degrade [58]. Since the water

was used as a medium during the piezo-photocatalysis experi-

ment so, after elapse of every 15 min, the water was replaced

from the ultrasonicator in order to shun dye solution heating.

The C
Co

vs time plots obtained with and without using BV

powdered sample during the piezo-photocatalysis assessment

are shown inFig. 10(b). The control dyewithout theusageof any

sample incurs� 34%MB dye degradation in 240min during the

piezo-photocatalysis experiment. BV sample attained � 82%

degradation efficiency within 240 min during the piezo-

photocatalysis experiment. An improvement of 48% in degra-

dation efficiency during piezo-photocatalysis was evidenced

with the use of a BV powdered sample concerning the control

dye without sample usage. The C
Co

vs time plots obtained using

BV powdered sample while photocatalysis, piezocatalysis, and

piezo-photocatalysis assessment are displayed in Fig. 10(c). The

dye degradation efficiency of � 70%, � 58%, and � 82% is

attained with the use of BV powdered sample during photo-

catalysis, piezocatalysis, and piezo-photocatalysis assessment

respectively. Clearly, it canbe evidenced that betterdegradation

efficiency was attained by the combined effect of piezo-

photocatalysis than that was possible to achieve through indi-

vidual piezocatalysis and individual photocatalysis experi-

ments. Here, the dye degradation efficiency attained during

piezocatalysis was less as compared to photocatalysis because

of fewer charge carriers evolution in the absence of visible light

illumination. An improvement of 20% and 41% in degradation

performance during photocatalysis and piezo-photocatalysis

respectively was evidenced with the use of a BV powdered

sample concerning that attained by the individual piezocatal-

ysis experiment. During piezo-photocatalysis assessment, bet-

ter utilizationof generated charge carriers takesplacedue to the

modified band structure caused by the built-in electric field

[60,61]. Moreover, existing polarization also depletes the possi-

bility of charge recombination by efficient separation of charge

carriers [60,62,63]. Thus, the dual effect of piezo-photocatalysis
le, and (b) The Bandgap assessment using Tauc's plots.
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Fig. 8 e (a) Absorption spectra change while photocatalytic assessment utilizing BV powdered sample, (b) C
Co

vs time plots for

the photocatalytic assessment with sample and without utilizing any sample, (c) Repeated photocatalysis assessment of BV

sample over four cycles.
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could prove to be an efficient way to obtain enhanced photo-

catalytic efficiency. During the piezo-photocatalysis experi-

ment, in view to capture active radical species such as hydroxyl

radical (�OH), superoxide radical (� O�
2 ), and holes (hþ), scaven-

gers such as isopropanol (IPA), p-benzoquinone (p-BQ), and

ethylenediaminetetraacetic acid (EDTA) respectively were

introduced separately to the dye solution [64e66]. Fig. 10(d)

demonstrates that the EDTA scavenger that scavenges holes

(hþ) has put a major impact on the piezo-photocatalysis

assessment. As per the scavenger test, holes (hþ) are consid-

ered the principal active species in the piezo-photocatalytic dye

degradation activity.

Table 1 demonstratespiezo-photocatalyticdyedegradation

assessment using different catalysts. The C
Co

vs time plots ob-

tainedusingBVpowdered sample invarieddye concentrations

(5, 10, and 15 mg/L) during the piezo-photocatalysis assess-

ment are shown inFig. 11(a). The -ln
�

C
Co

�
vs timeplotsobtained

using BV powdered sample in varied dye concentrations dur-

ing the piezo-photocatalysis assessment are shown in

Fig. 11(b). Here, the piezo-photocatalytic degradation reaction

follows the pseudo-first-order kinetic according to Eq. (3)

[67,68].
Fig. 9 e (a) Absorption spectra change while piezocatalytic asses

the piezocatalytic dye degradation with sample and without ut
ln
C
Co

¼ � kt (3)

Here, ‘k’ symbolizes the kinetic rate constant calculated by

the slope of the �ln C
Co

vs time ‘t’ linear plot. Here, 5 mg/L dye

concentration attains the highest k value of 0.00528min�1 and

undergoes a reduction in k value with an increase in dye

concentration. With varied dye concentration of 5, 10, 15 mg/

L, the kinetic rate constant obtained was 0.00528, 0.0030, and

0.00125 min�1, respectively. The graph between kinetic rate

constant ‘k’ distinct MB dye concentration (5, 10, 15 mg/L) has

been displayed in Fig. 11(c).

A simple germination index (GI) test was performed where

thegerminationofseedsandtheiroverall growthwereanalyzed

in order to explore the reusability, sustainability, and suitability

of the cleaned waste water post the piezo-photocatalysis

experiment. 10 seeds of the Vigna radiata were placed in each

of the 3 vials and were sprinkled with 0.5 ml of untreated,

treated, and distilled water every day. The test analysis was

done for a period of 7 days at IIT Mandi, India where the envi-

ronmental temperature was 30 �C. Fig. 12(aec) present seed

growth with the use of dye water before piezo-photocatalysis,

post piezo-photocatalysis, and with the use of distilled water.
sment utilizing BV powdered sample, (b) C
Co

vs time plots for

ilizing any sample.
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Fig. 10 e (a) Absorption spectra change while piezo-photocatalytic assessment utilizing BV powders, (b) C
Co

vs time plots for

the piezo-photocatalytic dye degradation with sample and without utilizing any sample, (c) C
Co

vs time plots obtained using

BV powdered sample during the photocatalysis, piezocatalysis, and piezo-photocatalysis assessment, (d) varied scavengers

effect while piezo-photocatalytic assessment utilizing BV powders.

Table 1 e The piezo-photocatalytic dye degradation assessment using different catalysts.

Catalyst Pollutant Energy source (L- light) Starting dye concentration
(volume used)

Catalysis
Time (min)

% Degradation

BiOCl [69] Rhodamine B

(RB dye)

Ultrasonic:120 W, 40 kHz;

L: Xe Lamp

50 mg/L (50 mL) 96 ~99%

AgeBaTiO3 [70] RB dye Ultrasound; L: Xe Lamp 0.01 mM (50 mL) 75 ~83%

Bi2VO5.5 (Present study) MB Ultrasonic:120 W, 40 kHz;

L: Xe Lamp

5 mg/L (10 mL) 240 ~82%

ZnO/TiO2 [71] Methyl orange

(MO dye)

Ultrasound:40 kHz L:

Mercury Lamp

10 mg/L (50 mL) 120 ~98%

PMN-PT@TiO2 [72] RB dye Ultrasound:53 kHz, 180 W L:

15W (l < 254 nm)

12 mg/L (50 mL) 210 ~100%

Ag2O/BaTiO3 [73] MO Ultrasound:45 kHz, 500 W L:

Xe Lamp

10 mg/L 120 ~97%

Bi0.5Na0.5TiO3@TiO2 [74] RB dye Ultrasonic:100 W, 40 kHz; L:

visible light

10 mg/L (50 mL) 90 ~97%

BiOI/ZnO [75] Bisphenol A Ultrasonic:90 W, 40 kHz; L:

Xe Lamp

10 mg/L (50 mL) 30 ~100%

BiVO4 [37] MB dye Ultrasonic:70 W, 40 kHz; L:

Visible Light

5 mg/L (10 mL) 240 ~81%

BaZr0.02Ti0.98O3 [76] RB dye Ultrasonic:70 W, 40 kHz; L:

UV Light

6 mg/L (10 mL) 240 ~89%

ZnO nanoparticles [77] RB dye Ultrasonic:120 W, 40 kHz; L:

UV Light

5 mg/L (100 mL) 120 ~90%
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Fig. 11 e (a) C
Co

vs time plots obtained using BV powdered sample in varied dye concentrations for piezo-photocatalytic, (b)

plots between -ln
�

C
Co

�
vs time in varied dye concentration for piezo-photocatalytic assessment and, (c) plot between the

kinetic rate constant ‘k’ vs MB dye concentration (mg/L).
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It was noted that most hindrances to seed growth were seen

with untreated 5mg/L dyewhile growthwith treatedwater falls

under non-toxic level [78]. Although, edible plants need extra

safety and their unfavorable effect needs to be tackled effec-

tively. We suggest that this treated wastewater could be useful

for watering playgrounds instead of edible plants [79]. In this

way, there will be a partial reduction in water requirement.

Phytotoxicity results have been shown in Fig. 12(d). To analyze

compounds based on GI values Emino et. al and Zucconi et al

have suggested three classifications as the absence of phyto-

toxicity ðGI > 80%Þ, moderate phytotoxicity ð50% <GI <80%Þ,
and high phytotoxicity ðGI <50% Þ [80,81]. As per the results,

treatedwater lies at amoderate level of toxicitywhile untreated

dye lies at a high toxicity level [81,82]. Here, the treated water

used for seed germination has only attained 63% dye degrada-

tion efficiency after piezo-photocatalysis assessment. There is a

further possibility to improve the germination index by

achieving 100%purificationefficiencyofdye throughenhancing

catalytic load, catalytic time duration, and reduction in dye

concentration [83,84].
Fig. 12 e Impact of MB dye on Vigna radiata seeds growth evalu

MB dye, (b) treated wastewater, (c) distilled water, (d) Germinatio

photocatalysis.
Fig. 13(aec) show a descriptive mechanism for MB dye

degradation during photocatalysis, piezocatalysis, and piezo-

photocatalysis experiments. Fig. 13(a) presents the mechanism

of photocatalysis, where visible light induces the generation of

electron (e�)-hole (hþ) pairs in the BV phase. Hydroxyl radicals

ðOH�Þ are generated due to the oxidation of the adsorbed water

by the holeswhile superoxide radicals ðO��
2 Þ are generated since

electrons reactwith adsorbed oxygen. Thespecies like ðO��
2 Þ and

ðOH�Þare termedas reactiveoxidizingspecies (ROS)whichcause

degradation of MB dye into harmless end products. Thus, pho-

tocatalytic activity takes place [18,37,85].

Fig. 13(b) presents the mechanism of piezocatalysis. The

cavitationphenomenoncauses localhotspot formationwhich in

turn acts on the BV surface producing local strain [58]. Polariza-

tion charges (internal electricfield) are inducedon theBVsurface

as a result of the stress induced during ultrasonication. The free

hole and electron pairs move to the opposite polarity under the

influence of the internal electric field and thus assist in the sep-

aration of e�ehþ pairs [86,87]. This suppresses the possibility of

recombination of charge carriers and thereby causes more free
ated for 7 days; Analysis is commenced utilizing (a) 5 mg/L

n index investigated on 2 samples post 0 and 4 h of piezo-
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Fig. 13 e Schematic of the BV powdered sample for (a) photocatalysis, (b) piezocatalysis, (c) piezo-photocatalysis

assessment.
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chargeaccumulationon theBVsurface [63,88]. Originationof the

charge carriers while the ultrasonication process is still a matter

of discussion, although it is believed that sonoluminescence (at

375 nm wavelength, light is generated during ultrasonication)

and thermal rise because of hot spot formationmaybe the cause

[89,90]. There may be a combined effect of phenomena like po-

larization or ultrasonication. Further, polarization also causes

band bending which helps in the transfer of e� and hþ to the BV

surface [74]. As the piezocatalysis is done in a dark environment,

these aren't photogenerated e� and hþ. Hydroxyl radicals ðOH�Þ
are generated due to the oxidation of the adsorbed water by the

holes while superoxide radicals ðO��
2 Þ are generated since elec-

trons react with adsorbed oxygen. These ROS further cause the

degradation of MB dye into harmless end products [37,56,57].

Thus, piezocatalytic activity takes place.

Fig. 13(c) presents the mechanism of the piezo-

photocatalysis process. Visible light excites valence band (VB)

electronstotheconductionband (CB)while leavingholesback in

the VB and thus erupts electron (e�)-hole (hþ) pairs in the BV

phase [91]. Origination of the charge carriers while the ultra-

sonication process is still a matter of discussion, although it is

believed thatsonoluminescenceandthermal risebecauseofhot

spot formation may be the cause [89,90]. There could be a

combined effect of phenomena like polarization or
ultrasonication. During piezo-photocatalysis, photoexcited

electrons and holes are inminor concentrationwhile thermally

exciting holes and electrons are in majority. Thus, the intro-

duction of visible light alongwith ultrasonication enhances free

charge concentration over the surface of the semiconductor

catalysts [92]. Polarizationchargesare inducedontheBVsurface

because of the stress induced during ultrasonication. The cavi-

tation phenomenon causes local hot spot formation which in

turn acts on the BV surface producing local strain [56,57].

Further, polarization also causes band bending which further

causes photoexcited electrons tomove to the lower energy level

and the photogenerated holes in the VBmove to the higher en-

ergy level [74]. The prevailing polarization cause holes and

electrons to migrate in the opposite direction thus suppressing

their recombinationbyenhancing thespacebetween thecharge

carriers [87]. This ensures more availability of electrons and

holes over the BV surface causing more radical formation [63].

Thus, the catalytic redox reaction is enhanced and thereby

accelerating the dye degradation efficiency. Hydroxyl radicals

ðOH�Þ are generated due to the oxidation of the adsorbed water

by theholeswhile superoxide radicals ðO��
2 Þ are generated since

electrons react with adsorbed oxygen. These ROS further cause

the degradation of MB dye into harmless end products

[37,56,57,90]. Thus, piezo-photocatalytic activity takes place.
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4. Conclusions

The Bi2VO5.5 powder was proclaimed through solid-state syn-

thesis at 750 �C in 8 h and their combined piezocatalytic and

photocatalytic activity was explored to obtain enhanced piezo-

photocatalytic efficiency. The catalyst adequately used both the

visible light illumination and the ultrasonication for dye degra-

dation by effectively separating charge carriers. A comparative

study on the dye degradation efficiency attained through pho-

tocatalysis, piezocatalysis, and piezo-photocatalysis was done

along with their degradation mechanism. The dye degradation

efficiency of � 82% is attained with the use of a BV powdered

sample during the piezo-photocatalysis experiment. Here, the

dye degradation obeys pseudo first-order kinetic and attains the

highest k value of 0.00528 min�1. Thus, piezo-photocatalysis

using Bi2VO5.5 could be an alternate way to attain higher MB

dye degradation efficiency by combining the effect of both pho-

tocatalysis and piezocatalysis.
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