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Abstract

Porous FeVO4 nanorods decorated on CeO2 nanocubes (FeVO4@CeO2) were successfully

prepared via a facile hydrothermal route and tested in the degradation of 4-nitrophenol (4-NP)

for enhanced heterogeneous oxidation using ultrasonic (US), ultraviolet (UV), and binary

irradiation US/UV, respectively. The nanostructure of the core-shell FeVO4@CeO2 was

characterised using XRD, SEM, EDS elemental mapping, TEM, HRTEM, SAED, FTIR, Raman,

BET, point of zero charge (PZC), XPS analysis and UV-vis DRS. The effect of various

parameters, for examples, nanostructured core-shell amounts, hydrogen peroxide concentration,

initial concentration, pH and irradiation time, on 4-NP degradation were investigated for the

optimisation of the catalytic performance. The durability and stability of the core-shell

nanostructured materials were also investigated and the obtained results revealed that the

catalysts can endure the harsh sonophotocatalytic conditions even after six cycles. Mineralisation

experiments were investigated using the optimised parameters. The core-shell nanostructured

FeVO4@CeO2 has  higher  PZC  than  pure  FeVO4 and CeO2, leading to excellent

sonophotocatalytic activity even at high pH and stability for the degradation of 4-NP after six

cycles. A possible mechanism over the FeVO4@CeO2 was proposed based on the special three-



way Fenton-like mechanism and the dissociation of H2O2 with the experiments of active species

trapping and calculated band gap energy.
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1. Introduction

Nitro aromatics have been widely used in the manufacture of many chemical products

like pharmaceuticals, dyes, solvents, explosives and fungicidal agents [1, 2]. Nevertheless, these

nitro compounds have serious effects on the environment and also a highly toxic effect on living

organisms [3]. Among these compounds, 4-nitrophenol (4-NP) is used as a chemical

intermediate for rubber, lumber preservatives, azo and others [4]. According to the USA

Environmental Protection Agency (EPA), 4-NP has been classified as a priority toxic pollutant

[5]. Advanced Oxidation Processes (AOPs), are considered as the most promising approaches to

the destruction of recalcitrant organic pollutants, and are based on the generation of hydroxyl

radicals [6]. Recently, sonolysis with an appropriate catalyst has received great attention as a

promising system owing to the generation of more free radicals [7, 8].

Nevertheless, it has been observed that a combination of different AOPs has been found

to be more efficient and foster the degree of mineralisation of organic pollutants [9, 10]. It has

been reported that the simultaneous use of sonolysis and photocatalysis called

sonophotocatalysis can be considered a promising technique with increasing the production of

•OH radicals [11,12].

Nowadays, the core-shell nanostructure have great potential in catalysis because of their

unique chemical and physical characteristics and have many advantages such as an increased

number of surface-active sites for the core and promotion by the shell of catalytic activity [13,



14]. Moreover, the reactions of all catalysts occur at the same time and the strength of the shell

can protect the core and prevent assemblage of the particles [15, 16]. In this context, many

researchers have used various core shell nanostructures [17-31]. Among the inorganic shell

materials, cerium oxide (CeO2) has served as one of the most efficient photocatalysts for the

degradation of organic pollutants because of its ability to transform between Ce+3 and Ce+4 states

at oxygen vacancy sites, and to facilitate electron transfer and e-/h+ pair di usion between CeO2

and another semiconductor such as Cu2O [32], CdS [33] and TiO2 [34, 35]. Accordingly, the

preparation of core-shell materials with a metal as a core and ceria as a shell is of great

significance. Iron vanadate FeVO4 is considered as a semiconducting, highly stable, selective as

a photocatalyst accordingly to its unique and excellent performance [36].

To the best of our knowledge, successful synthesis of a FeVO4@CeO2 core shell

nanostructure and its use as heterogenous Fenton-like catalyst in the degradation of 4-NP in the

presence of ultrasonic (US), ultraviolet (UV), and binary irradiation US/UV, using H2O2 as an

oxidant have not been reported. In this work, a FeVO4@CeO2 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. Catalysts preparation

2.1.1 Preparation of porous FeVO4 nanorods



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

was dissolved in another 10 mL of deionised water at 90 °C. Next, NH4VO3 solution was slowly

added to FeCl3.6H2O solution under constant stirring. After 20 min of stirring, the obtained

slurry was placed in a 50 mL Teflon-lined stainless-steel autoclave. The autoclave 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 deionised water and absolute

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

powder was calcined at 500 °C at a rate of 5 °C/min for 2 h [37].

2.1.2. Preparation of CeO2 nanocubes

CeO2 nanocubes were prepared using an ultrasonic-assisted precipitation method as

described in [38]. Ce (NO3)3.6H2O (0.1 M) and NaOH (0.3 M) solutions were prepared and the

NaOH solution was added dropwise to the cerium nitrate solution under sonication. After that,

the slurry was kept under sonication for 60 min. The obtained yellowish precipitates of cerium

hydroxide were separated by centrifugation, washed with deionised water several times and then

calcined at 250 °C for 4 h.

2.1.3. Preparation of FeVO4@CeO2 core shell nanostructures

FeVO4@CeO2 core shell nanostructures were prepared using a hydrothermal route, where

0.1 g of FeVO4 as-prepared, 0.5 g of CO(NH2)2, 0.2 g of CeCl3, and 1.0 g (PVP, Mw = 58,000)

were added to 80 mL of ethanol (50%, V/V) under continuous stirring for 6 h. The suspension

was placed in a 50 mL Teflon-lined stainless-steel autoclave that was heated at 110 °C for 20 h

and then left to cool down naturally to the ambient temperature. The obtained FeVO4@CeO2 was

collected by centrifugation, washed several times in deionised water and absolute ethanol, dried

in an oven at 50 °C for 12 h and then calcined at 500 °C for 4 h [39].



2.2. Characterisation

The crystalline phase was investigated by XRD analysis on a PANalytical diffractometer with

Cu K  radiation (wave-length = 1.54 A ) operated at 40 kV and 40 mA. SEM with energy

dispersive X-ray spectroscopy (HITACHI /EDS S-4800) attached was used. TEM, HRTEM and

SAED were measured on a JEOL JEM-2010 (HT) operated at 200 kV. FTIR spectrum (Bruker

Platinum ATR VERTEX 70) and Raman analysis were measured using a Horiba Jobin Yvon,

and a Labram HR, respectively. Surface texture parameters (BET) were measured by nitrogen

adsorption/desorption using a MicroActive-TriStar II Plus 2.03. The PZC was determined using

the mass titration method [40]. XPS was done on an ESCALAB 250Xi with Al-K (1486.6 eV).

DRS was done on an Agilent Cary 5000 UV-Vis spectrometer with a DRA 2500 integrating

sphere.

2.3. Sonophotocatalytic reactor and experimental procedures

Ultrasonic experiments were performed in programmable sonication at an ultrasound

frequency of 20 kHz (Sonics & Materials, Inc., VCX 750) with a titanium alloy probe with a tip

diameter of 13 mm and maximum power output of 125 W. Water circulation was used to

maintain the reaction temperature at 25 ± 2 C. The quartz reactor was filled with 110 mL 4-NP

solution for each experiment, followed by a dispersed specific amount of the prepared catalyst to

the solution. The reaction was initiated once adding H2O2. The obtained samples were analysed

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

150 mm 4.6 mm) and a UV detector adjusted to 285 nm. A mixture of acetonitrile and Milli-Q

water with a volumetric ratio of 50:50 was used as the mobile phase throughout the analysis with



a flow rate of 1 mLmin-1. A Total Organic Carbon Analyzer (TOC-VCPH Shimadzu) equipped

with an auto sampler (ASI-V Shimadzu).

3. Results and discussion

3.1. Characteristics of the prepared FeVO4@CeO2 core shell nanostructure

3.1.1. XRD

The crystalline phases and composition of pure FeVO4, CeO2 and FeVO4@ CeO2 were

determined by XRD analysis (Fig. 1). The porous FeVO4 nanorods  present  a  similar  XRD

pattern to the triclinic FeVO4 (JCPDS No. 71- 1592).  Further, CeO2 prepared ultrasonically

shows all the diffraction peaks matched very well with the nanoceria of cubic fluorite structure

(JCPDS No. 75-0390). The diffraction pattern of the FeVO4@CeO2 shows that all the peaks are

in good agreement with the peaks of the triclinic structure of the FeVO4 and of cubic CeO2

nanoparticles. The decrease intensities in the diffraction peaks of FeVO4 were observed as a

result of CeO2 coating. The average crystallite sizes calculated using the Scherrer equation of

FeVO4, CeO2 and FeVO4@CeO2 are 45, 20 and 78 nm, respectively.

3.1.2. SEM - EDS with elemental mapping

To obtain insights into the morphology and surface features of the prepared samples, we

carried out SEM analysis. Figs. 2(a-c) show the SEM of the individual FeVO4, CeO2 and

FeVO4@CeO2 core shell nanostructure, respectively. Fig. 2a shows that the morphology of

FeVO4 is in porous nanorod-type with smooth surfaces. Fig. 2b shows that CeO2 has a flower-

like structure. The SEM image of FeVO4@ CeO2 in Fig 2c, shows the core-shell nanostructure,

where the porous nanorod particles of FeVO4 are shielded by a thin layer of CeO2 particles. To



confirm the core-shell nanostructure and the distribution of the elements in the core-shell

nanostructure, Fig. 2(d-i) shows the EDX spectrum of FeVO4@CeO2 and EDS mapping.

3.1.3. TEM, HRTEM and SAED

Figs. 3 (a-c) show the TEM images of FeVO4, CeO2 and FeVO4@CeO2, respectively. The

morphology of FeVO4 shows porous nanorods with an average diameter of 45-50 nm, whereas

CeO2 is cube-shaped particle with an average size of 15-20 nm, which agrees with the data

calculated by the Scherrer equation. Based on the TEM image, the shell thickness was

determined to be 25 nm.

The corresponding SAED patterns of FeVO4, CeO2 and FeVO4@CeO2 in Figs. 3(d-f) endorse

the presence of single crystalline phase of triclinic FeVO4, cubic fluorite CeO2 and their mixture.

Fig.3 (g) shows the HRTEM image of the heterojunction area between FeVO4 and CeO2 in

FeVO4@CeO2, illustrating the presence of two sets of different interplanar spacing. The lattice

fringes of 0.624 and 0.278 nm correspond to the interplanar spacing of (111) and (112) planes of

triclinic FeVO4 phase, respectively, while the interplanar spacing of 0.318 and 0.265 nm matches

well with the fringe spacing of (111) and (200) lattice planes of the cubic fluorite CeO2 structure,

respectively.

3.1.4. FTIR

FTIR  analysis  for  FeVO4, CeO2 and FeVO4@CeO2 was carried out and the obtained

spectra are presented in Fig 4. The bands at 3,400 and 1,630 cm-1 are  ascribed  to  the  OH

stretching vibrations of the absorbed water molecules. For FeVO4, the bands appearing at 880

and 1,050 cm-1 are ascribed to the terminal V-O stretching vibrations. The presence of bands at

700–800 cm-1 is an indication of the bridging V-O…Fe stretching vibration [41] while those



appearing at 550–700 cm-1 are ascribed to mixed bridging V-O…Fe and V…O….Fe stretching.

These data concur well with the previously published data [42]. The FTIR spectrum of CeO2

exhibits a strong broad band at 550 cm-1 ascribed to the stretching vibration of Ce-O [43]. It is

clear that this band became broader in the FeVO4@CeO2 spectrum and can be ascribed to the

overlapping between the V-O…Fe band and Ce-O band.

3.1.5. Raman

Further evidence of core shell formation in FeVO4@CeO2 nanostructures is revealed by

Raman spectroscopy. The Raman spectra of FeVO4, CeO2 and  FeVO4@CeO2 core shell

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

bands of FeVO4, which revealed that the peaks between (970–895 cm-1), are assigned to the

terminal V–O stretching, and those appear at (890–736 cm-1) corresponding to the bridging V–

O–Fe stretching, while the peaks between (730–633 cm-1) corresponding to the mixed bridging

V–O–Fe and V–O–Fe stretching and the bands observed at (502–317 cm-1) are attributed to V–

O–V deformations and Fe–O stretching [44]. In the case of the Raman spectrum of CeO2 exhibit

a sharp band at 463 cm-1 is assigned to the F2g modes of CeO2, thus confirming the cubic

fluorite  structure  [45].  The  Raman  spectrum  of  FeVO4@CeO2 exhibits all the characteristic

bands of FeVO4 and CeO2 with a slight decrease in the intensity of the bands assigned to FeVO4,

which can be attributed to the coverage of FeVO4 nanoparticles with CeO2 nanoparticles.

3.1.6. BET

Texture analysis of FeVO4, CeO2 and FeVO4@CeO2 were performed and the surface

areas (SBET) and total pore volumes (Vp) are listed in Table 1. The isotherms of all the catalysts

(Fig.6) are of type IV with a hysteresis loop of type H3 [46], confirming that the pore size is



mainly in the range of mesopore [47]. As shown in Fig.6 (inset) and Table 1, the pores of the

catalysts are in good agreement with the mesoporous structure. The SBET values of FeVO4 and

CeO2 are  24.2  and  20.5  m2g-1, respectively, while the value of FeVO4@CeO2 is  27.5  m2g-1,

larger than that of FeVO4 and CeO2.Moreover, FeVO4@CeO2 also displays nearly two times

greater pore volume (0.062 cm3g-1) than FeVO4 (0.032  cm3g-1) and CeO2 0.032  cm3g-1. The

larger (SBET) and (Vp) of FeVO4@CeO2 increase the number of active sites and enhance the

reactant mass transfer.

3.1.7. DRS

UV–vis diffuse reflectance spectroscopy (DRS) was performed to obtain the light

absorption properties of FeVO4, CeO2, and FeVO4@CeO2 in the range of 250 - 800 nm (Fig.

7(a)). The values of the band gap energy of FeVO4, CeO2, and FeVO4@CeO2 were determined

to be 1.95, 2.76 and 1.91 eV, respectively, as shown in Fig. 7(a). It can be seen that the

absorption edge of the FeVO4@CeO2 exhibits a shift toward the visible region with a band gap

energy (Eg), lower than that of FeVO4 and CeO2 due to the heterojunction structure, and defect

states induced by oxygen vacancies [48] that leads to the formation of Ce3+ from Ce4+. This

increase in the amount of Ce3+ states leads to the formation of localised energy states, which are

closer to the conduction band and thereby decreasing the band gap [49]. In addition, oxygen

vacancies and Ce3+ form intermediate defect energy states in the band gap. These intermediate

energy states lead to retarding in the direct transition of photoinduced electrons from the valence

band (VB) to the conduction band (CB), which in turn narrows the band gap [50]. The transition

character of the absorption edge (direct or indirect) was evaluated by plotting the square and

square root of absorption coefficient against energy and then determining the linear one and the



one that deviates away from the straight line [51]. The data reveal that the absorption edge of all

the samples is caused by indirect transitions as shown in Fig. 7(b).

2.1.8. XPS

The composition and valance states of FeVO4@CeO2 were investigated by XPS analysis

(Fig.8).The survey XPS spectrum of FeVO4@CeO2 in Fig. 8(a) is composed primarily of peaks

from C, Fe, O, V, and Ce. The C 1s peak at about 284.5 eV is attributed to the signal from

carbon in the instrument and was used for calibration [52]. As shown in Fig. 8(b), the peaks at

723.65 and 710.4 eV correspond to the Fe 2p1/2 and Fe 2p3/2 signals of Fe3+ species [53].  It can

be clearly seen from Fig.8(c) that the doublet peaks located at V 2p1/2 and 2p3/2 peaks at 525.2

and 516.9 eV, respectively, are attributed to V5+ in FeVO4 [54], and that the peak for O 1s

located at about 531.77 eV is due to the formation of O-H bonds [55]. From Fig. 8(d) the main

peaks attributed to  Ce4+ 3d5/2 and Ce4+ 3d3/2 are observed at the binding energies of 898.57 and

916.85 eV, respectively [56]. The presence of Ce3+ 3d5/2 is observed at 882.73 eV. In addition to

these, two peaks are observed at 890.45 and 908.89 eV, corresponding to the presence of Ce3+

3d5/2 and Ce3+ 3d3/2, respectively [57].  These results reveal the formation of a mixed valence

state  of  cerium species  of  Ce3+ and Ce4+ in the FeVO4@CeO2. Moreover, the increase of Ce3+

species increases the oxygen vacancies around Ce4+, leading to the achievement of equilibrium

charge in the catalysts [58].

3.2. Insights in degradation of 4-NP using ultrasonic or ultraviolet irradiations in the presence

of FeVO4@CeO2

 3.2.1. Effect of sonolysis or photolysis conditions



To investigate the capability of (US) irradiation and (UV) irradiation on the degradation

of 4-NP, the sonolysis and photolysis of 4-NP solutions were carried out in the absence of any

oxidant or catalyst as shown in Fig.S1. The obtained results revealed that the degradation extent

reached 16% and 27% after 1 h of sonolysis and photolysis, respectively. This degradation

capability can be ascribed to the generation of different free radicals [59, 60] as a result of the

photolysis or sonolysis of 4-NP aqueous solutions. The effect of H2O2 concentration on the

sonolysis and photolysis of 4-NP was tested in a range of 5-40 mM (Fig.S2). The addition of

H2O2 enhanced the degradation performance of the sonolysis and photolysis of 4-NP reaching

38% and 50%, respectively, up to 20 mM H2O2, and after this concentration the degradation

efficiency declined. This enhanced performance attributed to the production of extra amounts of

free radicals and also because the ultrasonic-assisted cleavage of the O-O bond in H2O2 is much

easier than O-H bond in water [61]. However, the use of the extravagant H2O2 scavenges the free

radicals generated instead of generating additional radicals [62].

3.2.2. Optimisation of ultrasonic or photo-heterogeneous Fenton

In the absence of any irradiation (US or UV), called (silent mode), several catalytic runs

were performed. It has been observed that the extent of degradation was only 9% for 4-NP (20

ppm) using 40 mM H2O2, 0.1 g of the catalyst and pH 7 with continuous stirring for 1 h.

3.2.2.1. Optimisation of sonocatalytic or photocatalytic irradiation time

The FeVO4@CeO2 was introduced as heterogeneous Fenton like to the sonolysis or

photolysis systems in the presence of H2O2 to enhance the degradation performance of the

systems. The effect of irradiation time was investigated and the obtained data are presented in

Fig. S3. The results demonstrate that using 0.1 g L 1 of  FeVO4@CeO2,  10 mM of H2O2, 4-NP



(20 ppm), pH 7 and 1 h time for irradiation, a degradation extent of 85% and 94% was achieved

for sonocatalytic or photocatalytic irradiation respectively.

3.2.2.1.1. Mechanistic insights into the sonocatalytic degradation of 4-NP over FeVO4@CeO2

To gain a full understanding of the sonocatalysis mechanism of 4-NP over the

FeVO4@CeO2, the mechanism of Fenton-like reaction was studied. The catalytic mechanism

possibly involved, in a special three-way Fenton-like mechanism, the dissociation of H2O2 by

both Fe3+ and V5+ in FeVO4 as the first and second pathway and Ce4+ in CeO2 as the third

pathway. The Fe3+ ions are able to react with H2O2 to generate an intermediate complex (Fe–

O2H2
+) that can be dissociated into Fe2+ and HO2

• under (US) irradiation. Fe2+ ions are able to

react with H2O2 to generate a higher concentration of •OH. The first pathway of the Fenton-like

reaction is illustrated as follows [63]:

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

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

The activation of V5+ in FeVO4 with  H2O2 to generate •OH as the second pathway is

described in the following eq. [64-65]:

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

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

It should be noted that the recycling of Fe3+ from Fe2+ in eq (2) and V5+ from V4+ in eq (4) is

much slower than the reactions in eq (1) and in eq (3), respectively. Thus, we believed that these

two redox cycles (Fe+3/Fe2+ and  V5+/V4+)  take  place  within  the  FeVO4–H2O2 system.

Furthermore, the redox cycle of CeO2 between  Ce3+ and Ce4+ as the third pathway makes it a



potential candidate as a heterogeneous Fenton-like and thus can be employed efficiently in the

degradation of reluctant organic contaminants [66]. Heckert et al. [67] reported that CeO2 is able

to generate considerable numbers of HO• in the presence of H2O2 as an oxidant, which is similar

to that generated in an iron Fenton-like reaction according to the following eqs. :

Ce3+ + H2O2  Ce4+ + HO• + HO                              (5)

Ce4+ + H2O2  Ce3+ + HO2
• + H+                               (6)

3.2.2.1.2. Mechanistic insights into photocatalytic degradation of 4-NP over FeVO4@CeO2

Based on the calculated band energy and data from the scavenging of the active species

experiments above, a type-II staggered-gap type of heterojunction structure is formed between

FeVO4 and  CeO2 with attunable band edge potentials. The band edge positions for the

semiconductor of both (CB) and (VB) at the value of PZC could be determined according to the

following equations [68-69]:

ECB =  Ee  1/2Eg (7)

EVB = Eg + ECB             (8)

where  represents the semiconductor’s absolute electronegativity; Ee represents the free

electrons energy on the hydrogen scale (ca. 4.5 eV); and Eg represents the semiconductor’s band

gap energy. The calculated values of both CB and VB of FeVO4 are -0.44 and 1.56 eV, and those

of CeO2 are 0.32 and 2.44 eV, respectively. The possible mechanism was proposed under UV

light irradiation; both FeVO4 and CeO2 can be activated since the VB and CB of CeO2 are more

negative than those calculated for FeVO4. Thus, the excited electrons in the CB of CeO2 transfer



readily to the CB of FeVO4.  Also,  the holes  in  the VB of  FeVO4 transfer directly to the VB of

CeO2. Such transitions in the heterojunction core-shell nanostructure afford substantial

suppression in the e-/h+ pair recombination and also prolong the lifetime of the carriers.

Moreover, this heterojunction structure in the presence of H2O2 can change the electronic

structure and oxidation states of V4+/V5+ and Ce3+/Ce4+.  The  V4+/V5+ pairs  are  able  to  form

energy state deficiency, which can act as an e-/h+ trap and thus suppress the rate of recombination

[70]. Moreover, the surface Ce4+ ions are able to trap the electrons in the CB where they are

reduced to Ce3+ ions. These reduced ions (Ce3+) are able to react with the dissolved oxygen to

produce superoxide radicals (•O2 ) and some of them may be re-oxidised again to Ce4+ using the

generated holes or hydroxyl radicals to complete a cycle reaction. Thus, the existence of

Ce3+/Ce4+ pairs  not  only effectively delays the e-/h+ pair recombination but also plays a role in

the generation of •O2  [71]. Meanwhile, •OH are formed by oxidising the absorbed OH  and H2O

using the holes in the VB of CeO2 [72]. Scheme 1 shows a mechanism of various radical

generations over FeVO4@CeO2 core shell nanostructures in a sonophotocatalytic system for the

degradation of 4-NP.

3.2.2.2. Optimisation of H2O2 concentration

To gain insight into the effects of H2O2 concentration on 4-NP degradation on

FeVO4@CeO2, the addition of H2O2 in a range of 5–40 mM was examined. It was observed that

an increase in sonocatalytic degradation and photocatalytic degradation of 4-NP in the range of 5

and  15  mM  of  H2O2 as shown in Fig.S4. It is obvious that, as the concentration of H2O2

increases, the extent of degradation of 4-NP increases up to an optimum concentration and then

decreases. This is due to the scavenger effects of H2O2, which are illustrated by Eq. (9) and (10)

[16].



H2O2 + •OH  H2O + HO2•                                                 (9)

HO2• + •OH  H2O + O2                                                    (10)

On the other hand, the addition of H2O2 also acts as an electron trap and is able to suppress the e-

/h+ recombination [73], as can be described in Eq. (11), (12):

H2O2 + e  OH  +•OH (11)

H2O2 + O2
•OH+OH  + O2 (12)

3.2.2.3. Optimisation of catalyst amount

To unfold the role of catalyst amount on the degradation of 4-NP, different catalyst

amounts in the range of 0.05-1 g L-1 of FeVO4@CeO2 were tested as shown in Fig.S5 for (US)

and (UV) irradiation. The obtained results revealed that, as the amounts of catalyst increases, the

degradation efficiency increases up to 0.3 g L-1 for (UV) and (US) irradiation and then begin to

decrease slowly with a further increase in the catalyst amount. Due to the increase in the number

of obtainable active sites, induces H2O2 decomposition and enhances the generation rate of

cavitation bubbles and subsequently generates more hydroxyl radicals [19, 74]. On the other

hand, the decrease in the degradation efficiency by increasing the amount of the catalyst can be

ascribed to the dissipation of the (US) irradiation by the agglomerated catalyst, [75, 76] and also

prevents the (UV) irradiation from illuminating the catalyst particles [77].

3.3. Optimisation of the sonophotocatalytic degradation of 4-NP using FeVO4@CeO2

All the optimised conditions of the sonocatalytic and photocatalytic reactions were

carefully selected and applied in the sonophoto-catalytic system as demonstrated in Fig.9. The

obtained results revealed that 30 min of binary irradiation US/UV was sufficient to complete the



degradation of 4-NP (20 ppm) using 0.1 g L 1 of FeVO4@CeO2 in the presence of 10 mM H2O2

at pH = 7. It is obvious that the degradation efficiency of the sonophotocatalytic system was

higher than that of the sole sonocatalytic or photocatalytic system by 26% and 13%, respectively,

following an order: sonophotocatalytic > photocatalytic > sonocatalytic performance. This

remarkable performance can be ascribed to the ability of the US/UV system to exclude all the

disadvantages observed in the individual systems, such as the blocking of the catalyst active

sites, mass transfer limitations and catalyst fouling [78]. The sonophotocatalytic degradation of

4-NP follows the pseudo first order and the obtained degradation rate for the US/UV system is

found to be higher than the sum of the degradation rates of each systems under the same

conditions as shown in Table 2 and Fig.S6. To obtain more precise results, the synergistic effect

of sonophotocatalytic system, sonocatalysis and photocatalysis degradation of 4-NP was

calculated by Eq. (13) [77].

                                       (  ( + )
 (%) =

The data obtained from Table 2 show that the synergetic effect of US/UV system is faster than

the sole systems and has a positive effect on 4-NP degradation performance

3.3.1. Optimisation of initial pH

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

of 2.7 - 11 was screened as shown in Fig.S7. The obtained results revealed that the system was

able to completely degrade 4-NP at the different pH values and even within the alkaline pH

range after only 30 min of binary irradiation using FeVO4@CeO2. This remarkable performance

shows that the working pH range of FeVO4@CeO2 can be extended to cover the alkaline pH



range (pH = 9). The pKa of 4-NP is 7.15, so it is positively charged at below pH 9 and negatively

charged at above pH 9 [79]. Augugliaro et al.[ 80] reported that the photocatalytic degradation of

4-NP in the presence of TiO2 decreased by increasing of the solution pH because the negatively

charged TiO2 particles repel the negatively charged 4-NP molecules, which in turn suppress

photocatalytic performance. However, using FeVO4@CeO2 within  the  alkaline  pH  range,  the

degradation capability of the system was not reduced. This can be attributed to the presence of

V5+ ion within FeVO4,  which is deemed a Lewis acid that is able to adsorb OH– in the solution

and alter the pH of the system [81, 82]. To further explain this outstanding phenomenon with the

alkaline pH, the PZCs of the prepared samples were estimated using the mass titration method

(Fig.S8). The the PZC of FeVO4@CeO2 is higher than those of FeVO4 and CeO2 with values of

9.8, 8.1 and 8.2, respectively. This means that FeVO4@CeO2 particles remain positively charged

up to pH 10, so the positively charged FeVO4@CeO2 particles will be able to attract the

negatively charged 4-NP molecules at the alkaline pH. This remarkable enhancement in the PZC

value can be ascribed to the presence of Ce3+ ions that induces more defects in FeVO4 crystals.

The presence of such defects enhances the adsorption of hydroxyl species on the particles surface

and then increases the affinity towards protons, which in turn increases the value of PZC

[83].The enhanced PZC reveals that the surface of the catalyst is highly susceptible to be

positively charged, and so attracting the negatively charged molecules [84,85].

3.4. Reusability

The sonophotocatalytic stability and reusability of FeVO4@CeO2 was investigated

throughout six successive cycles under the same operating conditions (Fig.10). The

sonophotocatalytic performance slightly decreased after six cycles. The synergic effect between

FeVO4 core and CeO2 shell (Fig.7 (a, b)) can enhance stability toward 4-NP degradation.



Furthermore, to identify the change in the structure and morphological stability, the XRD after

the first and sixth runs and the SEM of FeVO4@CeO2 after six runs were scrutinised (Fig.S9 and

S10).

3.5. TOC and mineralisation

The mineralisation performances of the materials, TOC analyses, were examined

(Fig.S11). FeVO4@CeO2 sonophotocatalyst possesses a high mineralisation capacity for the

removal of 4-NP, reaching 92.2% in 30 min. The remarkable achievement of the

sonophotocatalytic performance of the FeVO4@CeO2 can be attributed to its high adsorption

rate, fast mass diffusion and enhanced performance of electron–holes pairs with a high

generation rate of hydroxyl and superoxide radicals. The formed intermediates need longer time

degrade completely, due to their slower rate of reaction with hydroxyl radicals attacking [86].

3.6. Radical scavengers

The pathway of the 4-NP sonophotocatalytic degradation by radical trapping was

executed to investigate the main active species in the reaction (Fig.11). In this study, isopropanol

(40 mmol L 1), ethylene diaminevtetraacetic acid (40 mmol L 1), benzoquinone (4 mmol L 1),

and potassium dichromate (2 mmol L 1) were used to trap hydroxyl radicals (•OH), holes (h+),

superoxide radicals (•O2 ) and electron (e-), respectively. The sonophotocatalytic performance is

greatly inhibited with a slight difference by adding IPA, EDTA and BQ in comparison with the

initial activity in the absence of radical scavengers, and follows the order •OH > h+ > O2
• . On

the other hand, the degradation performance is highly enhanced by adding potassium dichromate,

which acts as a trapping agent for the generated electrons and thus extends the lifetime of the

holes.



Conclusions

Core shell nanostructured FeVO4@CeO2 acted as effective Fenton-like achieve high

performance in the sonophotocatalytic degradation of 4-NP at low concentrations of the catalyst

and oxidant. The synergistic effect of FeVO4@CeO2 enlarges the photoactivity of FeVO4 and

effectively inhibits the charge carrier recombination, ultimately improving the photocatalytic

activity of FeVO4 with CeO2. The hydroxyl radicals (•OH) and holes (h+) play a more important

role than that of super oxide radicals (O2
• ) in the degradation process. This paper therefore

opens up the prospect of further exploration of novel and interesting core-shell nanostructures for

environmental remediation.
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