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Abstract

In this study, a FeVO4@BiOCl p–n heterojunction with n-type porous FeVO4 nanorods

as the core and p-type flower-like BiOCl nanostructures as the shell was successfully prepared

by a facile hydrothermal method. The novel heterostructure was investigated as a durable

heterogeneous Fenton catalyst for ultrasonic irradiation (US), ultraviolet irradiation (UV) and

coupling irradiation systems (US/UV). Characterization of FeVO4@BiOCl core shell

heterojunction was conducted by XRD, SEM, EDS elemental mapping, TEM, HRTEM, SAED,

FTIR, Raman, BET, PZC, XPS and DRS. Several different experimental parameters, including

irradiation time, H2O2 concentration, catalyst amount, initial concentration, and pH value, were

optimized. The stability and reusability of the prepared FeVO4@BiOCl core shell heterojunction

were evaluated as well. Mineralization experiments were carried out using the optimized

parameters. The results showed that FeVO4@BiOCl core shell heterojunction exhibits a superior

sonophotocatalytic performance compared to either sonocatalysis or photocatalysis. Moreover,

the formation of p-n core@shell nanostructures could significantly increase the pHpzc, and to an

excellent stability for the degradation of PNP after six cycles. The remarkable enhancement of



the degradation performance of FeVO4@BiOCl core shell heterojunction can be attributed to the

unique structure and morphology with a matched energy band structure owing to the internal

electric field induced by the p–n junction, a high transfer efficiency and the efficient separation

of  e-/h+ pairs, resulting in a huge number of reactive species for the degradation of PNP. A

plausible mechanism over FeVO4@BiOCl core shell heterojunction for the sonophotocatalytic

degradation of PNP is proposed based on a special three-way, i.e. one as a photocatalyst and a

two-way Fenton-like mechanism with the dissociation of H2O2. Active species trapping and

calculated band gap energy were also discussed.
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1. Introduction

The wide use of nitro aromatic compounds as a synthetic intermediate in the manufacture

of petrochemicals, pharmaceuticals, agrochemicals, fungicidal agents, plastics and preservatives

[1], leads to an increased accumulation of phenolic compounds. Among the nitroaromatic

compounds, p-nitrophenol (PNP) is an important intermediate in many industries such as the

manufacturing of fine chemicals, dyes, explosives, industrial solvents and pesticides like

bifenox, parathion, p-acetaminophenol and others [2, 3]. PNP was therefore found frequently in the

wastewater effluents of these industries [4]. PNP has been classified as a priority pollutant by the

United States Environmental Protection Agency (EPA), with a range of 1-20 ppb as a maximum

allowed concentration in drinking water [5]. It is highly toxic to many living organisms, poses

significant health and environmental risks and causes lung edema, central nervous system

disorders, renal failure, skin, respiratory tract, myocardial depression and eye irritation [6]. PNP

decays in surface water but, takes a long time in deep soil and in groundwater. PNP may also



accumulate in the food chain and in the surrounding environment [7, 8], so rapid degradation of

PNP is indispensable. Many different methods including physical, chemical or biological

treatment processes are carried out to remove PNP from wastewater. However these methods

have their own limitations due to the high stability and refractory to conventional biological

treatments of nitrophenol [9], and the accumulation of concentrated sludge creates a disposal

problem even after phenols are removed [10].

Advanced Oxidation Processes (AOPs) have high degradation and mineralization

efficiency for recalcitrant organic pollutants using highly reactive hydroxyl radicals. AOP

techniques have facilitated different processes for oxidation reactions under benign conditions

[11,12] such as classic Fenton, photocatalysis, photo-Fenton, ozonation and sonolysis, which are

widely utilized in the oxidation of many organic pollutants [13]. Recently, a sonophotocatalytic

system,  combining  US/UV  of  ultrasonic  (US)  and  ultraviolet  (UV)  irradiation  with  a

heterogeneous photocatalyst, can produce a huge number of hydroxyl radicals (•OH), leading to

the improved overall oxidation process [14]. Instead of using (US) or (UV) alone,

sonophotocatalysis (US/UV) can significantly improve the degradation performance of

recalcitrant organic pollutants synergistically and eliminate the disadvantages associated with

each individual process [15]. For instance, the use of ultrasound in heterogeneous catalytic

systems increases the turbulence in the liquid produced by acoustic cavitation, and can remove

the disadvantages of the photocatalytic system such as a decrease in UV available sites, a

decreased catalyst surface due to the blocking of the active sites by contaminants and mass

transfer limitations [16]. De-aggregation and mass transfer, generation of hydroxyl radicals and

catalyst particles as nuclei are the factors describing the performance of combined ultrasound

and photocatalytic system that have been explained by Manickam et al. [17].



To date, semiconductor photocatalyst have attracted great attention because of their

superior potential in water purification, environmental remediation and energy crisis [18, 19].

Recently, special attention has been paid to the design of rational semiconductor core shell

nanoparticles, because of their unique structure and interesting properties by varying either the

core constituent materials or the shell thickness [20, 21]. They are being widely utilized in

catalytic, optical, electronic, magnetic, biotechnological, and sensing devices [22, 23].

More recently, semiconductor/semiconductor core shell nanostructures have received

considerable research attention due to their high efficiency and superior stability. It is worth

mentioning that this research have attracted great attention in the field of photocatalysis with a

semiconductor heterojunction or core shell heterojunction, where both the core and shell are

prepared from a semiconductor material or semiconductor alloy [24-27]. The main advantage of

semiconductor/semiconductor core/shell nanostructures is an increased in photocatalytic activity

and photooxidation stability, because they have an external coating of another semiconductor

material [27]. The semiconductor hybrid combined between a narrow band gap and wide band

gap can extend the range of light response and suppress the recombination rates of photoinduced

electron hole (e-/h+) pairs, resulting in the enhanced photocatalytic activity [28]. Moreover, the

good matching of crystal lattice and band gap between the two components, with the

morphology into the heterojunction structure can greatly improve photocatalytic efficiency [29].

Among the most widely used semiconductors, iron vanadate (FeVO4) is highly stable and has

high photocatalytic degradation efficiency towards many organic pollutants [30]. FeVO4

comprises earth-abundant elements and is considered as an n-type semiconductor, with low band

gap energy at around 2.05 eV and visible light absorption in the range of up to 600 nm [31, 32].

As a result of the high recombination rate of the e-/h+ pairs and the narrow band gap, the



photocatalytic activity of FeVO4 is not high enough, so the coupling of the n-type FeVO4 narrow

band gap with a p-type wide band gap semiconductor is an effective way to solve this problem.

In addition, a wide band gap shell is able to protect the narrow band gap core from

photocorrosion [33]. As one of the most important bismuth oxyhalides, bismuth oxychloride

(BiOCl) is considered as a p-type wide band gap semiconductor (Eg = 3.5 eV) owing to its

unique structure. BiOCl compound tends to crystallize in the tetragonal matlockite with a layer

structure characterized by Bi2O2]2+ slabs sandwiched between two slabs of Cl- [34] with plate

morphology and an ideal shell material [35]. BiOCl has more potential applications in UV

photocatalysis for water splitting and organic compound decomposition [36, 37]. Furthermore,

the coupling of the p-type, wide band gap of BiOCl and n-type, narrow band gap of FeVO4 is a

promising design to suppress the recombination of photo-induced e-/h+ pairs and to enhance the

photocatalytic performance by a heterojunction structure [38, 39].

To the best of our knowledge, successful synthesis of a FeVO4@BiOCl p-n

heterojunction with a core shell nanostructure in which FeVO4 as the core and BiOCl as the shell

and its use as a Fenton-like catalyst for efficient sonophotocatalytic degradation of PNP in the

presence of H2O2 have not been reported. In this work, a FeVO4@BiOCl p-n heterojunction was

synthesized and investigated with XRD, SEM, EDS, TEM, HRTEM, SAED, FTIR, Raman, N2-

adsorption-desorption, DRS and XPS. The different degradation parameters, for instance,

irradiation time, catalyst loading, pH and H2O2 initial concentration were optimized, and the

mineralization and recyclability were examined. Moreover, the synergistic effect with reaction

kinetics was investigated in detail and the possible mechanism was discussed.

2. Experimental

2.1. Materials



Iron (III) chloride hexahydrate (FeCl3.6H2O, 97 %), ammonium metavanadate (NH4VO3,

99%), ethanol (C2H5OH, 99%), bismuth (III) nitrate pentahydrate (Bi(NO3)3.5H2O), potassium

chloride (KCl) were purchased from Sigma Aldrich and used as received without purification.

Milli-Q-purified water prepared in the laboratory was used for preparing all the solutions.

2.2. Catalysts preparation

2.2. Preparation of porous FeVO4 nanorods

FeCl3.6H2O (2 mmol) was dissolved in 10 mL of deionized water and NH4VO3 (2 mmol)

was dissolved in another 10 mL of deionized water at 90 °C. Next, the ammonium vanadate

solution was added drop-wise to the ferric chloride solution under vigorous stirring. After 20 min

of stirring, the obtained slurry was placed in a 50 mL Teflon-lined stainless-steel autoclave,

which was sealed and heated at 180 °C for 3 h and then left to cool down naturally to the ambient

temperature. The obtained precipitate was separated by centrifugation, washed with deionized

water and absolute ethanol several times.  After drying in an oven at 60 °C for 6 h, the obtained

powder was calcined at 500 °C for 2 h at a heating rate of 5 °C/min [40].

2.3. Preparation of FeVO4@BiOCl p-n heterojunction with core shell nanostructures

FeVO4@BiOCl p-n heterojunction materials were prepared using a facile hydrothermal

route, where 1 mmol Bi(NO3)3.5H2O and 1 mmol KCl were dissolved in 40 mL of deionized

water. After that, 0.15 g of the as-prepared FeVO4 was added to the solution under continuous

stirring. The suspension was placed in a 50 mL Teflon-lined stainless-steel autoclave, heated at

160 °C for 18 h, and then left to cool down naturally to the ambient temperature. The precipitates

were separated by centrifugation, washed three times with deionized water and absolute ethanol,

and then dried at 60 °C in a vacuum for 8 h [41].

2.4. Preparation of BiOCl



The preparation of BiOCl was the same as the synthesis of the FeVO4@BiOCl core shell

heterojunction nanostructures without adding FeVO4.

2.5. Characterizations

A PANalytical diffractometer with Cu K  radiation (wavelength = 1.54 A ) was used to

obtain the X-ray diffraction (XRD) for the crystallinity, phase composition, and purity of the

prepared samples, operated at 40 kV and 40 mA in the range of 2  = 10-80° at a scanning speed

of 2 /min and 0.02° step size. A HITACHI /EDS S-4800 was operated at an accelerating voltage

of 5 kV  to obtain SEM images, attached to an energy-dispersive X-ray spectroscopy (EDS)

detector for elemental mapping of composition analysis. A TEM JEOL JEM-2010 (HT) operated

at 200 kV was used for TEM images, (HRTEM) and (SAED). A Horiba Jobin Yvon, and

Labram HR with a green laser at wavelength 514.5 nm was recorded at room temperature, and a

Bruker Platinum ATR VERTEX 70 was used to determine Raman and FTIR spectra,

respectively. A MicroActive-TriStar II Plus 2.03 analyzer was used to obtain the BET surface

area. Point of zero charge (PZC) was determined using the mass titration method [42]. An

ESCALAB 250Xi with Al-K (1486.6 eV) as the X-ray source was used to measure the XPS of

the prepared catalysts. An Agilent UV–vis spectrophotometer (Cary 5000) with a DRA 2500

integrating sphere   was used to measure the DRS and elucidate the absorption profiles of the

prepared catalysts with BaSO4 attached on a black carbon tape as the reference.

2.5. Sonophotocatalytic degradation

A Sonics & Materials, Inc. VCX 750 ultrasonic instrument was used to execute all

ultrasonic operations, during which a constant frequency of 20 kHz attached to a titanium probe

with a tip diameter of 13 mm and power output of 125 W was employed as a source of US



irradiation. During the entire sonocatalytic experiment, the tip of the probe was immersed below

the PNP solution surface by about 2 cm. For the PNP photodegradation experiments, a UV lamp

(shortwave, 254 nm, 8 watt, Analytik Jena, Germany) was adjusted parallel to the quartz double

jacket reactor with a constant distance between them. When the photocatalysis experiments were

carried out, a magnetic stirrer adjusted to 500 rpm was used and the sonicator was turned off.

While the UV lamp was turned off, sonocatalytic experiments were carried out. In addition, the

water circulation system was used to maintain the reaction temperature at 25±2 C. In each

experiment, the PNP solution was 110 mL, followed by dispersion of a certain amount of

catalyst into the solution. The reaction was started at once by adding the hydrogen peroxide to

the PNP solution and turning on the US, UV lamp or combined US/UV. After the irradiation was

completed, 1 mL of aliquots was withdrawn at intervals and the catalyst was immediately

removed by filtration with a 0.45- m-pore-size membrane syringe filter. Samples were analyzed

using an HPLC (SHIMADZU®) equipped with a Phenomenex® C18 column (5 µm,

150 mm 4.6 mm) and a UV detector set at 285 nm. A mixture of acetonitrile and Milli-Q water

with a volumetric ratio of 50:50 was degassed in an ultrasonic bath and passed through a

Millipore filtration apparatus (0.2 µm) before being used at a flow rate of 1 mL/min as the

mobile phase throughout the analysis. The injection flow rate was kept at 1 mL/min. A Total

Organic Carbon Analyzer (TOC-VCPH Shimadzu) equipped with an auto sampler (ASI-V

Shimadzu) was used for the mineralization analysis.   All experimental were performed with at

least three replicates. Data were reported as average ± standard deviations.

3. Results and discussion

3.1. Characteristics of the samples



3.1.1. XRD

The crystallographic and structure studies of the prepared samples of FeVO4, BiOCl and

FeVO4@ BiOCl p-n heterojunction were detected by XRD. As shown in Fig. 1, the FeVO4

corresponded to the standard triclinic FeVO4 (JCPDS No. 71-1592) and no other diffraction

peaks were detected. The XRD pattern of the BiOCl corresponded to the standard tetragonal

BiOCl (JCPDS card No. 85-0861). The coexistence of all characteristic peaks of both FeVO4 and

BiOCl in Fig. 1 indicates that the FeVO4@BiOCl p-n heterojunction is composed of triclinic

FeVO4 and tetragonal BiOCl.  No additional impurity phases were found in the diffraction

patterns of FeVO4@BiOCl p-n heterojunction core shell nanostructures, suggesting that the

FeVO4@BiOCl core shell exhibit a coexistence of both FeVO4 and BiOCl phases. According to

the Scherrer equation, the calculated crystallite sizes of FeVO4, BiOCl and FeVO4@BiOCl p-n

heterojunction were estimated to be 45, 25 and 73 nm, respectively. This indicates that the

FeVO4 inner core semiconductor, which was prepared at first, has a crystallite size much larger

than that of the BiOCl semiconductor shell layer.

3.1.2. SEM - EDS with elemental mapping

The morphology of FeVO4,  BiOCl  and  FeVO4@BiOCl p-n heterojunction were

investigated  by  SEM  (Fig.  2  (a-c)).  The  SEM  image  of  FeVO4 exhibits a uniform porous

nanorod-type with smooth surfaces while BiOCl exhibits a flower-like structure with a lot of

BiOCl petals inserted. The SEM image of Fig. 2 (c) clearly shows the core shell nanostructures,

where the porous nanorod particles of FeVO4 are surrounded by a thin layer of BiOCl

nanoparticles. However, the FeVO4@BiOCl p-n heterojunction core shell nanostructures become

rough after the BiOCl shell growth, indicating the surface of the porous nanorod particles of

FeVO4 coated with BiOCl nanoparticles. The successful synthesis of the FeVO4@BiOCl p-n



heterojunction core shell nanostructures was further confirmed by the chemical composition

measured by EDS as displayed in Fig. 2 (d). The EDS spectrum indicates that the main peaks are

Fe, V, O, Bi and Cl. A magni ed SEM image shows the selected area of FeVO4@BiOCl p-n

heterojunction core shell nanostructures. This result confirmed that the final product was of a

highly pure FeVO4@BiOCl p-n heterojunction core shell nanostructure. Moreover, Fig. 2 (f-j)

shows the elemental mappings of the FeVO4@BiOCl p-n heterojunction core shell

nanostructures. The results confirmed the homogenous distribution of Fe, V, O, Bi and Cl

elements in the core shell heterojunction.

3.1.3. TEM, HRTEM and SAED

To obtain further convincing evidence about the composition of the core shell

nanostructures, the catalysts were characterized by TEM, HRTEM and SAED analysis. Fig. 3 (a-

c) shows the TEM images of FeVO4,  BiOCl  and  FeVO4@BiOCl p-n heterojunction,

respectively. As shown in Fig. 3 (a), FeVO4 shows morphology of porous nanorods in an average

diameter of 45-50 nm with smooth surfaces, while in Fig. 3 (b) BiOCl shows well-de ned

ower-like architectures with an average particle size of 20-30 nm. The particle size results agree

well with the data calculated by the Scherrer equation. However, Fig.3 (c) shows a FeVO4 core

nanorod with a diameter of 50 nm and the surrounding BiOCl shell with an average thickness

of 20 nm. The difference in brightness between the core and the shell in the magnified TEM

image clearly endorses the formation of core shell nanostructures. The corresponding SAED

pattern of FeVO4, BiOCl and FeVO4@BiOCl p-n heterojunction are displayed in Fig 3 (d-f). The

rings observed in Fig.3 (d, e) suggest the presence of a single crystalline phase of the triclinic

FeVO4 and tetragonal crystal structure of BiOCl.  The bright spots corresponding to BiOCl were

observed with a high crystallinity (Fig.3(f)), corroborating evidence of the formation of core



shell geometry in FeVO4@BiOCl nanostructures. The HRTEM image of FeVO4@BiOCl core

shell heterojunction is shown in Fig. 3 (g) and different lattice fringes can be observed. The

lattice fringes of 0.624 nm correspond to the interplanar spacing of (111) plane of the triclinic

FeVO4 phase, while the lattice fringes of 0.275 nm belong to the (110) crystalline plane of

tetragonal BiOCl.

3.1.4. FTIR

To identify the functional groups presented in the prepared catalysts, FTIR was

performed (Fig 4.) In the FTIR spectra, the characteristic bands in the regions 1,650 and 3,400–

3,700 cm 1 are attributed to physically adsorbed water. The spectrum of FeVO4 can be divided

into four different groups: (1) Terminal V–O stretching in the range of 970–895 cm-1, (2)

bridging V–O–Fe stretching in the range of 890–736 cm-1, (3) mixed bridging V–O–Fe and V–

O–Fe stretching in the range of 730–633 cm-1 and (4) V–O–V deformations and Fe–O stretching

in the range of 502–317 cm-1. Each band could be attributed to one of these groups by

comparison with values reported in previous literature [43, 44]. The FTIR spectrum of BiOCl

only shows a very strong band at 524.54 cm-1 which is attributed to the Bi-O bond [45]. In the

case of FeVO4@BiOCl p-n heterojunction, the characteristic bands for both FeVO4 and BiOCl

were found. Interestingly, the FeVO4@BiOCl spectrum clearly shows that the intensity of the

BiOCl band is greatly enhanced and the peak is broadened due to the overlap of the IR band of

FeVO4 with BiOCl. Thus, the FTIR analysis shows the coexistence of FeVO4 and BiOCl in the

core shell nanostructures.

3.1.5. Raman



Further evidence of core shell heterojunction formation in FeVO4@BiOCl nanostructures

is revealed by Raman spectroscopy. The Raman spectra of FeVO4, BiOCl and FeVO4@BiOCl p-

n heterojunction are shown in Fig. 5. The Raman spectrum of FeVO4 shows the characteristic

bands of pure FeVO4, which concur with the data given with previous reports [46, 47]. The

Raman spectrum of BiOCl exhibits bands at 61.5, 139.5 and 192.2 cm-1, corresponding to Bi Cl

stretching modes, and the band at 390 cm-1 is attributed to the Bi O stretching mode [48]. In the

case of FeVO4@BiOCl p-n heterojunction, the characteristic peaks for both the FeVO4 and

BiOCl were found. Furthermore, the intensity of the bands is greatly enhanced and the peaks are

broadened due to the overlap of FeVO4 with the bands of BiOCl.

3.1.6. N2 adsorption-desorption isotherm.

N2 sorption isotherms of FeVO4, BiOCl and FeVO4@BiOCl p-n heterojunction and pore

size distributions (BJH) are displayed in Fig. 6. The isotherms of all the catalysts are type-IV

adsorption isotherms with an H3 hysteresis loop according to the IUPAC classification [49]. The

BJH curves reveal the presence of the mesoporous region in the range of (10-50 nm) for all the

catalysts Fig. 6, inset. The surface areas (SBET) calculated using the BET equation [50], total pore

volume, Vp taken at P/P0 = 0.95, and average pore radius are listed in Table 1. The SBET values

of FeVO4 and  BiOCl  are  24.2  m2 g-1 and  11.3  m2 g-1, respectively, while the surface area of

FeVO4@BiOCl p-n heterojunction is 71.6 m2/g, which is approximately 3 times greater than

FeVO4 and is much greater than BiOCl. The enhanced surface area stemming from the rough

surface of core shell heterojunction could facilitate more surface active sites. These results

revealed that the growth of BiOCl shell onto the porous nanorod particles of FeVO4 greatly

enhances the surface area of resulting FeVO4@BiOCl core shell heterojunction. Moreover, the

FeVO4@BiOCl p-n heterojunction also shows approximately 3 times greater in total pore



volume of 0.11 cm3 g-1 compared to that of FeVO4 (0.032 cm3 g-1)  and BiOCl (0.028 cm3 g-1).

The results indicated that the formation of BiOCl shell onto the FeVO4 nanorods significantly

increases the surface area of single-component material. Such a large surface area and total pore

volume could facilitate mass transfer of the reactants, enhance the incident light harvesting and

increase surface active sites [18,51], leading to a higher catalytic activity.

3.1.7. Diffuse reflectance spectroscopy (DRS)

The UV vis diffuse reflectance spectra and band gap of FeVO4,  BiOCl,  and

FeVO4@BiOCl p-n heterojunction in the range of 250-800 nm are shown in Fig. 7(a). BiOCl

shows strong absorption of ultraviolet light with an absorbance edge of 360 nm, while FeVO4

and FeVO4@BiOCl p-n heterojunction show good absorption in the visible light range with an

absorbance edge around 600 and 650 nm, respectively, The band gap energy of the crystalline

semiconductors can be obtained from the intercept of the straight-line portion of the plot of the

modified Kubelka Munk function [F (R )h ]1/2 versus the energy of the absorbed light (h )

[52].Fig. 7(a) shows that the band gap energies of FeVO4 and BiOCl were estimated to be 1.95,

and 3.46 eV, respectively. However, FeVO4@BiOCl p-n heterojunction exhibits an obvious shift

of absorption edge toward the visible region at 1.90 eV. To estimate the transition character of

the adsorption edge (direct or indirect), we measured the shape of the reflectance spectra. In

semiconductors, the square of the absorption coefficient is linear with energy for direct optical

transitions in the absorption edge region, whereas the square root of the absorption coefficient is

linear with energy for indirect transitions. As shown in Fig. 7(b), the absorption1/2 versus energy

plot is nearly linear, while absorption2 versus energy deviates from the fitted straight line. This

feature suggests that the absorption edges of the samples are caused by indirect transitions.

2.1.8. XPS



To obtain further convincing proof of the core shell heterojunction, XPS analysis was

performed to investigate the oxidation state and surface composition of the samples Fig.8 (a),(b).

The XPS patterns of FeVO4@BiOCl before sonophotocatalytic treatment are shown in Fig.

8(a).The XPS survey spectrum of FeVO4@BiOCl p-n heterojunction shows the presence of C,

Fe, O, V, Bi and Cl. The C 1s peak located at 284.5 eV can be ascribed to the signal from carbon

contained in the instrument and was used for calibration [53]. The peaks at 723.65 and 710.4 eV

are assigned to the Fe 2p1/2 and Fe 2p3/2 signals  of  the  Fe3+ species [54]. The characteristic

spin orbit splitting of V 2p1/2 and V 2p3/2 signals was observed at approximately 524.0 and 517.2

eV, respectively, attributed to V5+ in FeVO4, and O 1s signals at a binding energy of 531.77 eV

correspond to the O2  [55, 56]. In addition, the two characteristic peaks for Bi 4f, located at

164.4 and 159.0 eV, are attributed to Bi 4f5/2 and Bi 4f7/2, respectively, confirming that the

bismuth species in the heterojunction is Bi3+ [57,58]. For the spectra of Cl 2p, the peaks with

binding energies at 197.6 and 199.2 eV are ascribed to Cl 2p3/2 and Cl 2p1/2, respectively,

indicating the characteristic of Cl [59]. According to the XPS results, the coexistence of FeVO4

and BiOCl in the core shell nanostructures can be further confirmed. XPS spectra of

FeVO4@BiOCl core shell nanoparticles after sonophotocatalytic treatment are shown in Fig.

8(b). The result demonstrate that there is no obvious change of XPS spectra of the

FeVO4@BiOCl before and after sonophotocatalytic treatment and the presence of Fe+3/Fe2+,

V5+/V4+ cycles reveal that hydroxyl radicals generated under heterogeneous Fenton like

mechanism.



3.2. Degradation of PNP using ultrasonic or ultraviolet in the presence of FeVO4@BiOCl p-n

heterojunction core shell nanostructures

3.2.1. Insight into sonolysis (US) and photolysis (UV) conditions

Initially, an investigation of the impact of either sonolysis (at an extremely high

temperature and pressure produced by acoustic cavitation bubbles implosion, which produces

•OH and •H as a result of the pyrolysis of water molecules) or photolysis alone (a considerable

number of •OH are generated through the photolysis of water) [60, 61] on the degradation of

PNP in the absence of any catalyst was performed to determine the degradation efficiency of the

(US) and (UV) irradiation. The extents of degradation after 60 min of sonication or ultraviolet

irradiation were only 19% and 28%, respectively, as shown in Fig. S1. The effect of H2O2

concentration on the (US) and (UV) of PNP was investigated in the range of 5 – 40 mM Fig.S2).

The degradation efficiencies reached 35% and 54% at 20 mM H2O2 for US and UV,

respectively, but the degradation efficiency decreased with a further increase in H2O2 beyond this

concentration. The enhancement of the degradation efficiency upon the addition of hydrogen

peroxide is attributed to enrichment in the generation of •OH [62]. Moreover, the cleavage of the

bond energy O–O (139 kJ mol 1) in H2O2 is much easier than that of the bond energy O–H (463

kJ mol 1) of water [63]. However, the suppression of degradation efficiency upon the continuous

addition of an excessive amount of H2O2 leads to more scavenging of hydroxyl radicals and the

generated free radicals [17], which indeed retard the degradation of organic compounds by

consuming more H2O2 and the radical species generated by the decomposition of H2O2 would be

finally terminated to produce O2 and H2O which ascribed to the scavenging phenomenon of •OH

[64].



3.2.2. Influence of ultrasonic or photo-heterogeneous Fenton

In order to probe the capability of FeVO4@BiOCl p-n heterojunction, some experiments

were performed in the absence of (US) or (UV) irradiation.  It can be seen that the degradation

efficiency reached 11% using 0.1 g L 1 of the catalyst, 40 mM of H2O2,  PNP (20 ppm) at pH 7

and after 1 h stirring. The result indicates that the turbulence of the solution has little degradation

efficiency.

3.2.2.1. Influence of sonocatalytic or photocatalytic irradiation time

The prepared FeVO4@BiOCl core shell heterojunction was introduced as heterogeneous

Fenton catalysts to the sonolysis or photolysis systems in the presence of H2O2, and the effect of

irradiation time was investigated (Fig. S3). Using 0.1 g L 1 of FeVO4@BiOCl heterojunction, 10

mM of H2O2, PNP (20 ppm), pH 7 and 1 h time for irradiation, degradation extents of 80% and

90% were achieved for US and UV, respectively.

To gain a detailed understanding of the plausible sonocatalytic degradation mechanism of

PNP over the FeVO4@BiOCl p-n heterojunction, the mechanism of Fenton-like reaction was

studied. The catalytic mechanism was possibly involved in a special two-way Fenton-like

mechanism, which is the dissociation of H2O2 by both Fe3+ and V5+ in FeVO4 to generate active

hydroxyl radical •OH. The two-way Fenton-like mechanism can be described as follows in the

equations [65]:

    Fe3+ + H2O2    Fe2+ + •OOH + H+       (1)

    Fe2+ + H2O2  Fe3+   + •OH+ OH-          (2)



The activation of V5+ in FeVO4 with  H2O2 to generate hydroxyl radicals is described in the

following equations.  [66, 67]:

    V5+ + H2O2    V4+ + •OOH + H+       (3)

    V4+ + H2O2  V5+ + •OH+ OH-          (4)

According to the above equations, the two-way catalytic mechanism involved in the Fe+3/Fe+2

and  V+5/V+4 redox cycles takes place in the FeVO4–H2O2 system as shown in eq. (1)–(2) and

(3)–(4). We believed that these two redox cycles (Fe+3/Fe2+ and  V5+/V4+)  were  more  able  to

consider FeVO4 as a highly active Fenton-like catalyst than the conventional heterogeneous

catalysts such as magnetite [65]. On the other hand, the radicals production in the sonocatalytic

degradation of PNP using BiOCl in FeVO4@BiOCl p-n heterojunction occurs by a different

mechanism, through a phenomenon called sonoluminescence [68]. The sonoluminescence

occurring through ultrasonic irradiation could be emitting light within a wide wavelength range

[69, 70]. The generation of the reactive oxygen species (ROS) via the sonoluminescence

phenomenon over BiOCl in the presence of US is illustrated in the following equations [71]:

BiOCl ))))))))  BiOCl (h+ + e ) (5)

H2O + )))))))) •OH + H• (6)

•OH + •OH  H2O2 (7)

e- + O2  O2
•- (8)

h+ + H2O  •OH + H+ (9)

h+ + OH- •OH (10)

It can thus be concluded that the sonocatalytic degradation mechanism of PNP over

FeVO4@ BiOCl p-n heterojunction core shell nanostructures could be ascribed to a special two-



way Fenton-like mechanism and the dissociation of H2O2 by both Fe3+ and V5+ in FeVO4 and the

sonoluminescence phenomenon.

We believe that, when semiconductors are used as a catalyst, there is a similar plausible

mechanism between sonocatalytic and photocatalytic degradation, so the recombination of

electron-hole pairs should be suppressed to enhance the catalytic performance.

 The band edge potential plays a crucial role in estimating the transfer of photoinduced

charge carriers in a p-n heterojunction. To approach the photocatalytic mechanism of

FeVO4@BiOCl p-n heterojunction core shell nanostructures, the relative band positions of the

FeVO4 and BiOCl were investigated. The Mulliken electronegativity theory was used to

determine the band edge positions of the conduction band (CB) and the valance band (VB) at the

value of PZC as expressed in the following equation [72, 73]:

ECB =  Ee  1/2Eg (11)

EVB = Eg + ECB            (12)

where X is absolute electronegativity of the semiconductor, Ee is the free electron energy on the

hydrogen scale (ca. 4.5 eV), and Eg represents the  band gap energy. The calculated values of

both CB and VB of FeVO4 are -0.44 and 1.56 eV, and those of BiOCl are 0.15 and 3.53 eV,

respectively. Monoclinic FeVO4 is a typical n-type semiconductor with a Fermi level lying close

to CB, whereas BiOCl exhibits the characteristic properties of a p-type semiconductor where the

Fermi  level  is  located  close  to  the  VB.  Before  the  formation  of  the  FeVO4@BiOCl p-n

heterojunction, the CB edge of p-BiOCl is lower than that of n-FiVO4, and the Fermi level of the

BiOCl is also lower than that of the FeVO4.  When FeVO4 nanorods are in contact with BiOCl,

the electron will diffuse from n-FeVO4 to p-BiOCl, causing the accumulation of negative charges



in the BiOCl region. At the same time, holes will diffuse from p-BiOCl to n-FeVO4, resulting in

a positive charged region near FeVO4. The diffusion of electrons from n-FeVO4 to p-BiOCl

stops when the Fermi levels align and reach the thermal equilibrium state [74]. Meanwhile, the

energy band positions of p-BiOCl are raised up along the Fermi level (Ef,p) and those of n-FeVO4

are lowered along their Fermi level (Ef,n). As a result, the CB bottom of p-BiOCl became higher

than that of n-FeVO4 owing to the formation of the FeVO4@BiOCl p–n junction. With FeVO4

and BiOCl being closely joined together and after the FeVO4@BiOCl p–n junction formed, an

internal static electric field from n-FeVO4 to p-BiOCl was established at the heterojunction

interfaces [75]. Under UV-light irradiation, both FeVO4 and BiOCl absorb photons of energy

greater than the corresponding band gap energy, which helps excite the electrons in the VB to the

CB and leave holes in the VB. According to the effect of the internal static electric field, the

excited electrons are transferred from the CB of the p-BiOCl to the CB of the n-FeVO4. And

simultaneously the holes prefer to stay in the VB of p-BiOCl [76]. As a consequence, the

photoelectrons in the CB of the n-FeVO4 can be trapped by (O2) molecules to produce reactive

super oxide radicals (O2 ),  and  holes  are  remained  in  the  VB  of  BiOCl  reacting  with  H2O to

produce a large amount of •OH radicals [77] or directly react with the reactants adsorbed on the

surface of the photocatalyst [74, 78]. In other words, the holes in the VB of BiOCl could initiate

oxidation reactions, and the excited electrons in the CB of FeVO4 could simultaneously create a

reduction reaction. Therefore, the internal field created by the II-type p-n heterojunction with

matched band edge potentials of FeVO4 and BiOCl greatly promotes the separation of

photogenerated electron–hole pairs between p-BiOCl and n-FeVO4 and enhances the

photocatalytic performance through spatially selective oxidation and reduction [79], the



formation of FeVO4@BiOCl p-n heterojunction and the energy band structure are presented in

Scheme 1.

Scheme 1 (a) The band energy of n-FeVO4 and p-BiOCl before contact and (b) formation of

FeVO4@BiOCl p–n junction and the proposed charge separation process and transfer mechanism

under UV-light irradiation and plausible mechanism for the sonophotocatalytic degradation of

PNP.

3.2.2.2. Influence of H2O2 concentration

The addition of hydrogen peroxide in the range of 5 – 40 mM promotes the degradation

efficiency of PNP up to a certain amount of H2O2, for US 15 mM, and for UV 20 mM as shown

in Fig.S4. A remarkable improvement in degradation efficiency was related to the decomposition

of  H2O2 to produce •OH under US or UV irradiation. Hydrogen peroxide is considered highly

relevant in the catalytic degradation domain and plays a vital role in the enhancement of

degradation efficiency. It is obvious that H2O2 dissociates to produce •OH under US or UV

irradiation, but PNP degradation efficiency was slightly inhibited with excessive amounts of

hydrogen peroxide. This can be attributed to the scavenger effects of •OH by H2O2, as described

in the following Eq. (13) and (14).

H2O2 + •OH  H2O + HO2
•                                                  (13)

HO2
• + •OH  H2O + O2                                                      (14)

On the other hand, hydrogen peroxide also acts as electron traps. H2O2 reacts with e- in the (CB),

thus suppressing the e-/h+ recombination [80], as can be described in Eq. (15), (16):

H2O2 + e  OH  +•OH (15)



H2O2 + O2
•OH+OH  + O2 (16)

3.2.2.3. Influence of catalyst amount

To unfold the optimal amount of the catalyst for the degradation of PNP, different

catalyst amounts in the range of 0.05–1 g L-1 of  FeVO4@BiOCl  p-n  junction  were  tested,  as

shown in Fig.S5 for US and UV irradiation. The degradation efficiency is enhanced by

increasing the amount of catalyst up to 0.3 g L 1, and then any further increase in catalyst

amount reduces the degradation capability of the system. As the catalyst amount increases, the

number of the active sites increases, which enhances the rate of cavitation bubble generation and

greater H2O2 decomposition to produce a huge number of •OH [81,82]. However, the degradation

efficiency decreases upon increasing the catalyst amount, due to the scattering of ultrasound

irradiation and the blocking of the transmission of ultrasound waves and energy near the catalyst

surface, which in turn decreases degradation efficiency [83]. Moreover, the opacity and

screening effect of the agglomerated catalyst prevents the penetration of UV light from

illuminating the catalyst particles, which in turn decreases degradation efficiency [84].

3.3. Optimization of the sonophotocatalytic degradation of 4-NP using FeVO4@BiOCl p-n core

shell junction

To evaluate the effect of sonophotocatalytic degradation using a small amount of the

catalyst and hydrogen peroxide in the shortest irradiation time with all the optimized parameters,

sonocatalytic and photocatalytic reactions were carefully selected and applied in the sonophoto-

catalytic system and the results are shown in Fig.9. Complete degradation of 20 ppm of PNP

using 0.1 g L 1 of FeVO4@BiOCl  in  the  presence  of  10  mM  H2O2 and  pH  =  7  at  room

temperature will be achieved in 40 min. The degradation performance of the sonophotocatalytic



system was higher than that of the sonocatalytic or photocatalytic system by 26% and 20%,

respectively and the performance ordered is sonophotocatalysis > photocatalysis > sonocatalysis.

This remarkable performance can be ascribed to the ability of the combined irradiation system

US/UV to overcome all the disadvantages observed in the individual systems, such as the

blocking of the catalyst active sites and catalyst fouling [85]. It is worth mentioning that the

accompanying irradiation system US/UV has many advantages such as increased production of

hydroxyl radicals, enhanced mass transfer limitation [86,87,88], and enhanced catalytic activity

due to catalyst dispersion and the prevention of the aggregation of the catalyst particles, as well

as increasing surface area [89,90].

3.3.1. Synergistic effect and kinetic study

The synergistic effects of using sonocatalytic system, photocatalytic system and

sonophotocatalytic system were studied and obtained by calculating the difference between the

sonophotocatalytic degradation rate constant and the sum of rate constants of the use of

sonocatalysis and photocatalysis individually  Eq. (17) [91].

                                       (  ( + )
 (S%) =

(17)

The sonophotocatalytic degradation of PNP follows the pseudo first order and the degradation

rate constant for the combined irradiation system US/UV is found to be higher than the sum of

the degradation rate constant of each system under the same conditions as shown in Table 2 and

Fig.S6. Furthermore, a synergetic effect value greater than 1 indicates a positive synergistic



effect in using the hybrid system US/UV on PNP degradation performance. It was seen that the

mechanism of US and UV provides us with a full description of the sonophotocatalytic

mechanism of PNP degradation using FeVO4@BiOCl p-n heterojunction, so the results of this

study suggest strongly that the superior performance of FeVO4@BiOCl p-n junction can be

attributed to the morphological design and appropriate band alignment that improves the transfer

and separation of e-/h+ pairs within the p-n heterojunction (Scheme 1(b).

3.3.2. Influence of initial pH

To evaluate the effect of initial pH on the sonophotocatalytic system, a wide pH range of

2.7 - 11 was screened as shown in Fig.S7. Complete degradation of PNP at the different pH

values is achieved after only 40 min, showing that the working pH range of FeVO4@BiOCl core

shell heterojunction can be extended to alkaline pH range (pH = 9). The pKa value of PNP is

7.15, so it is negatively charged at above this pH value and positively charged below the pH

[92,93]. The FeVO4@BiOCL core shell heterojunction successfully overcomes the narrow

working pH range in the heterogeneous Fenton process. This is due to the presence of V5+ in

FeVO4 as  a  Lewis  acid  that  adsorbs  OH– in solution and decreases solution pH values in the

system [94]. This increases the affinity to protons, leading to an increase in the pHPZC of

FeVO4@BiOCL p-n junction relative to either FeVO4 or BiOCL. The zeta potentials of FeVO4,

BiOCL and FeVO4@BiOCL p-n junction were estimated using the mass titration method

(Fig.S8).  The PZC of FeVO4@BiOCl p-n junction is higher than that of FeVO4 and BiOCl with

values of 9.8, 8.1 and 8, respectively. The enhanced PZC reveals that FeVO4@BiOCL core shell

heterojunction could invert the surface negative charge to positive, eliminating the electrostatic

repulsion of PNP at higher pH values [95]. It can thus be concluded that the FeVO4@BiOCL p-n



junction is a highly potential candidate for the abetment of organic contaminants within the

alkaline pH range.

3.3.3. Influence of pollutant concentration

In order to unravel the optimal concentration of PNP solution over FeVO4@BiOCl p-n

junction under sonophotocatalytic degradation, the effect of pollutant initial concentration was

investigated at 10, 20, 40, 60 and 80 ppm. The degradation of PNP decreased as PNP

concentration increased (Fig.S9). The results are supported by a previous study [96]. As the

concentration of PNP is increased, the PNP molecules adsorb light, prevent the UV irradiation

from reaching the catalyst particles [97] and retard the generation of h+ or •OH on the catalyst

surface, thus the degradation efficiency decreases. Fig. S9 shows that a 20-ppm concentration of

PNP has the best degradation.

3.4. Stability and recyclability

To investigate the stability and reusability of FeVO4@BiOCl p-n junction, cycling

experiments of sonophotocatalytic degradation of PNP were performed. The catalyst was

collected using centrifugation, and then dried to be used in several sequential runs under the

same operating processes. The sonophotocatalytic performance slightly decreased after six times

(Fig.10). This is attributed to the removal of surface contamination and self-cleaning of the

catalyst surface provided by the (US) irradiation, keeping the catalyst reactive for longer periods

with high reusability and superior stability. Furthermore, the sonophotocatalytic stability of the

FeVO4@BiOCl p-n junction is also indicated by its XRD, which shows no change in the

diffraction pattern after the first and six runs in comparison to the virgin as shown in Fig.S10.

Thus, all these results confirm that the structure of the FeVO4@BiOCl p-n junction is sufficiently



stable under reaction conditions, and is a promising candidate for viable use in environmental

applications.

3.5. PNP Mineralization

To estimate the extent of mineralization of PNP, TOC analysis was conducted (FigS11).

The TOC removal of PNP by the FeVO4@BiOCl p-n junction reaches 89% after 40 min of

sonophotocatalytic irradiation. The significant TOC removal can be attributed to the increased

mass transfer enhanced the surface area and increased the active sites of the catalyst, which was

produced through the cavitation process [98]. Also, the high performance of charge carriers with

a high generation rate of •OH and O2
•- radicals enhances TOC removal. This could be attributed

to the formation of photoactive complexes between Fe3+ and the carboxylic acid intermediates

[17]. It is believed that the high value of TOC removal indicated the low concentration of

intermediate in the solution after sonophotocatalytic irradiation [99].

3.6. Radical trapping

To unfold the mechanism of the sonophotocatalytic degradation of PNP over the

FeVO4@BiOCl core shell heterojunction, trapping experiments were carried out as shown in

Fig.11. Different concentrations of scavengers were employed to confirm the major active

species during sonophotocatalytic PNP degradation. We introduced isopropanol (IPA, 40 mmol

L 1) to scavenge hydroxyl radicals (•OH), ethylene diaminetetraacetic acid (EDTA, 40 mmol

L 1) for holes (h+), benzoquinone (BQ, 4 mmol L 1) for superoxide radicals (•O2 ) and potassium

dichromate (2 mmol L 1) for electron (e-). When IPA, EDTA and BQ were introduced, the

degradation performance was thoroughly depressed. Conversely, the degradation efficiency of

PNP slightly improves with the addition of potassium dichromate, and does not suppress the



degradation performance due to the increased number of surviving holes as a result of trapping

the generated electrons. Thus, it can be inferred that •OH, h+ and •O2 play dominant roles in

sonophotocatalytic degradation and follow the order •OH> h+> •O2.

4. Conclusions

A  core  shell  FeVO4@BiOCl p-n junction was successfully fabricated using a facile

hydrothermal method. The FeVO4@BiOCl was employed as both an effective Fenton-like

catalyst and an efficient photocatalyst. High performances were demonstrated in the

sonophotocatalytic degradation of PNP using a small amount of the catalyst and oxidant in low

concentrations within a short time of the combined irradiation system US/UV. A remarkable

synergistic effect was observed when the combined US/UV was used. Moreover, the

FeVO4@BiOCl p-n junction possesses superior degradation performance and reusability, even

after six cycles of sonophotocatalytic degradation. Moreover, the better mineralization could be

achieved with longer irradiation in the US/UV system. In addition, the fabrication of p-n junction

in a core shell nanostructure could significantly increase the pHpzc leading to excellent

sonophotocatalytic activity in a highly alkaline pH range. The active species-trapping

experiments demonstrated that the hydroxyl radicals and holes play a more crucial role than that

of super oxide radicals in the degradation performance. A possible mechanism over the

FeVO4@BiOCl p-n heterojunction for the sonophotocatalytic degradation of PNP was proposed.

We believe that this work opens up a new application  for environmental remediation and

energy-harvesting .
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