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Abstract  

This work report on the synthesis of the iron orthovanadate oxide (FeVO4) catalysts with various 

vanadium (V) loading amounts of 10% (FeV-1); 20 wt% (FeV-2); 30 wt% (FeV-3) and 40 wt% (FeV-

4). The structure evolution of FeVO4 was studied by using XRD, UV-vis, PL, FTIR, XPS, SEM, EDX, 

TEM, EIS, Raman and BET surface area techniques. XRD analysis showed that crystal structure and 

phase formation of FeVO4 to depend on V-metal loadings, and that the various Fe:V ratio showed peaks 

shifting, which were related to the transformation of Fe2O3 and V2O5 interface into FeVO4 phase with 

respect to increasing V-metal loadings. The XPS results showed the significant influence of the V-metal 

loadings on inducing various electronic, redox oxidation states of V3+/V4+/V5+ and Fe2+/Fe3+ and oxygen 

vacancy defects structure properties of FeVO4 catalysts. The physical structure changes confirmed by 

XRD, XPS and FTIR manifested the tailoring of the optical properties as evidenced by PL and UV-vis 

with FeV-3 catalyst showing the desirable optics properties. This were determined to give the properties 

for the efficient photodegradation activity of methylene blue model organic dye of wastewater with its  

near complete removal with 30 min reaction time. The enhanced productivity photodegradation  

performance of the hetero-mixed FeVO4 catalysts is ascribed to their enriched visible-light harvesting  

range and efficient suppression of electrons/holes (e-/h+) recombination manifested by the effect of Fe:V  

composition ratio. Moreover, the presence of small quantity of Fe2O3 in predominant FeVO4 could allow  

efficient e-/h+ separation and transfer by creation of Fe2O3/FeVO4 heterojunction interface. The FeVO4  

catalyst showed excellent recyclability and its stable photoactivity under aqueous degradation  

conditions.  

  

Keywords: Photocatalyst; iron-orthovanadate (FeVO4); photodegradation; methylene blue.  

  

1. Introduction  

The application of organic dyes in the textile industry for coloring fabrics dates to the Neolithic period  

and it constitutes the core of the modern textile manufacturing industries. Unlike in the old days with  

the use of plant extracted dyes, nowadays the textile industry relies extensively on synthetic of organic  

dyes [1]. The main problems associated with the use of these synthetic dyes is their release into the water  

ecosystem, thus presenting a detrimental impact of accessing clean water. As a result, the prominent  

solution is to remove the dyes in the effluents wastewater streams at the generation source before being  

released into the ecosystem to be exposed to clean water [2]. Several methods have been reported as  

means for treatment removal of organic dyes in textile contaminated wastewater streams including  

adsorption [3], electrocoagulation [4], biodegradation [7] and advanced oxidation processes (AOPs)  

using Fenton and photodegradation [8,9] techniques. Photocatalysis offers effective methods for the  
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complete degradation of organic dyes to carbon dioxide (CO2) and H2O as compared to other methods 

that usually creates accumulation of secondary pollutants. The use of photocatalysis in the degradation 

removal of organic dyes has been the most extensively studied. Enormous research is directed towards 

further development with respect to the design of new material photocatalysts to achieve efficient 

photodegradation processes [10]. On the other hand, the success application of photocatalysis depends 

on the design of materials that can fulfill the desired properties including extended visible light 

absorption, effective photo-generation of charge carriers, separation, and transfer for their utilization on 

redox photodegradation of organic dye molecules [11]. The common traditional metal oxides such as 

TiO2, ZnO, SnO2, CeO2 and ZrO2 are only active in the ultraviolet (UV) light, which constitute only 4%, 

hence this hampers their use in the simulated or direct solar sunlight degradation of dyes over an 

extended visible spectrum region [10-17]. Both vanadium and iron oxide respectively and combined are 

capable of visible light absorption which is 39% or above of the solar sunlight composition, thus they 

could present effective degradation efficiencies as heterostructured designed photocatalyst [18,19].  

  

Hetero-mixed interfaces of more than two metal oxides have been the most effective strategies in 

designing visible-light photoactive materials [20,21]. At the interface junctions of mixed metal oxides, 

there are several intrinsic structural properties improvement with respect to extended solar light 

absorption range to visible with enhanced efficiency to generate, separate and transport charge carriers 

for effective redox utilization in photocatalytic reactions [22-28]. These photocatalytic mechanisms can 

be significantly improved at composite oxides interfaces by creating oxygen vacancies defects, which 

can act as electrons sites trapping while improving redox activity adsorption/desorption of the reacting 

substrates [29-30]. To demonstrate the significant photocatalytic enhancement in hetero-mixed metal 

oxides, several metal orthovanadates (AVO4) (A = metal oxide) based on BiVO4 [31], CeVO4 [32], 

LaVO4 [33], InVO4 [34], GdVO4 [35], and PrVO4 [36] semiconductors have been successfully 

synthesized, characterized, and evaluated for their photocatalytic structure properties. Amongst these 

orthovanadates, iron orthovanadates (FeVO4) constituting the heterostructure composite of iron and 

vanadium is photoactive under both UV and vis light due to its narrow band gap energy of 2.02–2.7 eV 

[37]. Because of its visible-light photoactivity, FeVO4 has demonstrated relatively effective degradation 

activity in removal of organic wastewater contaminants compared to Fe2O3 which requires the addition 

of H2O2 to be active under UV and vis light [38,39]. Moreover, several strategies have been reported for 

the synthesis of FeVO4 based catalysts and evaluation of their photocatalytic activity in the degradation 

of various organic dyes [40-42]. The photocatalytic activity of FeVO4 is limited by its low adsorption 

capability range (approximately 500 nm wavelength) and high recombination rates of electrons (e-) and 

holes (h+) pair [43]. The influence of FeVO4 catalysts structural aspects such as morphology, shape, 
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size, dopants and heterojunctions interfaces on the charge carrier’s separation and transport efficiencies 

with the view to optimize the structure-activity photocatalytic performance have been investigated [44-

47]. One aspect that has not been explored in the literature is the influence of Fe and V compositions 

ratios on both structure-activity performance relationships of FeVO4 photocatalysts with respect to the 

optical absorbance properties under visible light region and its photodegradation activity. As a result, 

herein, we investigated the effect of various Fe and V compositions ratio with increasing loading 

amounts of V-metal from low to high loadings with respect to their photodegradation activity in the 

removal of methylene blue. The understanding of the effect of various V-metal loadings could be 

beneficial in understanding the basis photocatalytic properties of optimized binary FeVO4 catalysts for 

further developments in heterostructured photocatalysts.  

 

2. Experimental Methods 

2.1 Catalysts synthesis 

For synthesis of FeVO4 catalysts with different V-metal loadings, the required amounts of vanadium 

pentoxide (V2O5) and of iron nitrate nonahydrate (Fe(III)(NO3)29H2O) were added into 250 ml flask 

containing 100 ml mixture of ethylene glycol (EG) and deionized water (H2O) solvent with ratio of 3:1. 

The amounts of vanadium were varied relatively to be 10 wt%, 20 wt%, 30 wt% and 40 wt% with 

respect to 25 mmol of Fe(III)(NO3)29H2O. This solution mixture was stirred at 100 C for 1 h under 

reflux and followed by the dropwise addition of HNO3 until the pH was 2-3 with the continuous stirring 

of the reaction mixture for another 1h. Thereafter, a 0.5 g of PVP surfactant, which was initially 

dissolved completely in 20 mL of H2O, was added dropwise. After allowing the reaction solution 

mixture to homogenize under 100 C for 30 min under reflux, the pH was adjusted to 9 using aqueous 

NH4OH. The reaction solution mixture was stirred continuously at 100 C under reflux for 24 h. After 

24 h, the reaction solution was allowed to cool, and the resulting slurries of the catalysts were collected 

by centrifugation and then washed with the mixture of ethanol/water (1:1) for several times. The 

obtained solid catalysts were then dried at 110 C for overnight in an oven. The obtained FeVO4 catalysts 

depending on nominal V loadings were denoted as FeV-1 (10 wt% V); FeV-2 (20 wt% V); FeV-3 (30 

wt% V); and FeV-4 (40 wt% V), respectively. Similarly, Fe2O3 was synthesized following the same 

procedure without vanadium while commercial V2O5 was used. 

 

2.2 Catalysts characterisation  

The crystalline structures and phases of the synthesized catalysts powders were recorded using the 

powder X-ray diffraction (XRD) (PANalytical X’PERT-PRO diffractometer, Netherlands) operated at 
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tube voltage and current of 45 kV and 40 mA, respectively. The primary X-rays from Ni filtered CuKα 

radiation was set at 0.154 nm with the scan range of 2θ = 20–90 ° using continuous scanning at a rate of 

0.02 °/s. The surface areas and pore distributions of the samples were analyzed on a Micromeritics BET 

surface area and porosity analyzer (Tri-Star II 3020, USA) by using nitrogen (N2) physisorption at -196 

ºC and calculated by the Bruner-Emmer-Teller (BET) and Barret-Joyner-Halenda (BJH). The 

morphologies, dimension and elemental compositions of the prepared catalysts samples were 

characterized by Scanning electron microscopy (SEM) with the images recorded on a Zeiss-Auriga 

focused-ion-beam (FIB) operated at accelerating voltage of 3 keV coupled to energy dispersive X-ray 

(EDX). The ultraviolet-visible (UV/Vis) spectroscopy technique was used to investigate the light 

absorption edges of the catalysts to gain insight into the visible-light response recorded using the Perkin 

Elmer Lambda 750 UV/Vis spectroscope at wavelength from 200 to 1200 nm. The raw data were 

resolved using the Perkin Elmer UV WinLab™ software. The photoluminescence (PL) technique was 

used to determine the charge recombination of the catalysts by measuring them on HORIBA Jobin Yvon 

Nanolog® spectrofluorometer at excitation wavelength of 325 nm. The emission peaks were recorded at 

wavelength ranging from 350–700 nm. The oxidation states and binding energy of the photocatalysts 

were collected by X-ray photoelectron spectroscopy (XPS) using Kratos Axis Ultra device (Kratos, 

United Kingdom), which used monochromatic (Al Kα) as the excitation source. Electrochemical 

measurements were done using a VersaSTAT 3F potentiostat from Princeton Applied Research, in a 

three-electrode setup. 10 mg of each of the prepared nanoparticles were dissolved in 10 ml of deionized 

water and sonicated for 30 min to form a homogeneous solution. 10 µL of the solution was dropped on 

glassy carbon (GC) electrode and dried in an oven at 80°C for 10 mins. About 3 µL of 5% Nafion, which 

served as a binder was then dropped on the GC electrode and dried for 5 min. Electrochemical 

impedance spectroscopy (EIS) was performed on the samples where the modified GC electrode, 2×2 

cm platinum mesh, and Ag/AgCl in 3M KCl served as working, counter, and reference electrodes 

respectively. 0.1M of N2-bubbled Na2SO4 was used as the electrolyte. The EIS studies were done at a 

frequency range of 0.1 to 10 000 Hz, an amplitude of 10 mV, and a potential of 0.4 V vs. Ag/AgCl. 

Raman spectroscopy study of the films were performed using a WiTec alpha 300 RAS+ Confocal 

Raman Microscope with excitation laser of 532 nm at 5 mW. 

 

2.3 Photocatalytic degradation activtiy studies  

Catalytic activity testing of the materials for the photodegradation of the methylene blue (MB) was 

performed at near room temperature (26 oC) using a sealed stirred batch glass photo-reactor with the 

capacity volume of 1 L. The typical test solutions consisted of 500 mL of aqueous MB dye solution with 

10 ppm or 10 mg/L concentration, and 100 mg of catalyst. Before illumination of the reactor, the MB 
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dye test solution was placed in dark for 30 min under continuous stirring to allow for adsorption-

desorption equilibrium. A visible light 350 W Xenon lamp using a desired wavelength (nm) with the 

cut-off filter ( > 420) to remove UV radiation under stirring irradiated the dye solution mixture. Liquid 

samples of the reaction mixture were withdrawn periodically and filtered solid catalyst before analysis 

of on UV-vis absorption spectrophotometer to monitor the progression of the degraded amount of MB 

dye. 

 

3. Results and discussion 

3.1. Catalysts characterisation 

Fig. 1(a) and Fig. 1(b) shows the XRD structure patterns of the FeVO4 based catalysts. The iron oxide 

shows the formation of strong diffraction peaks at 2θ = 24.1(012); 33.2(104); 35.7(110); 40.9(113); 

49.5(024); 54.1(116); 57.5(018); 62.4(214); and 64.1(300) with respective planes belonging to the 

hematite Fe2O3 phase (JCPDS No. 89-0599) [19]. The XRD patterns confirming V2O5 is shown in Fig. 

S1 (supporting information). For FeVO4 catalysts, the intensities of their XRD peaks varied relatively 

with the increasing amounts of V-metal loadings from FeV-1 to FeV-4 (Fig. 1b). The decrease of Fe2O3 

peak intensity at 2θ of 24.1 (012) disappeared at higher V-metal loadings for FeV-3 and FeV-4 (Fig. 

1b). The FeV-2, FeV-3 and FeV-4 catalysts shows the appearance of new XRD peaks at 2θ of 24 - 28 

(Fig. 1b). These peaks correspond to (012), (112), and (221) planes due to FeVO4 phase (JCPDS No. 

71-1592) [37,40,41]. At low V-metal loadings (FeV-1 with 10 wt%) the XRD peaks due to FeVO4 phase 

are not well defined, hence Fe2O3 peaks are dominant. Moreover, the Fe2O3 XRD peaks at 33.16 and 

35.65 shows shifting to high 2 due to the introduction of the vanadium into its structures, thus 

indicating strong interactions of the two metals. The peaks shifts can be correlated to the particles size 

of vanadium, where its introduction of nanosized particles comparable to that of Fe2O3 will occupy the 

interstitial position, which can lead to changes in the lattice structure and the d-spacing between the 

atoms to become less, hence the increase in the XRD peaks shifting to higher angles [41]. 
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Fig. 1. XRD of the FeVO4 catalysts (a) full 2 scale (b) magnified 2 = 22–44 range. (i) Fe2O3; (ii) 

FeV-1; (iii) FeV-2; (iv) FeV-3; and (v) FeV-4. 

 

Fig. 2 shows the sorption isotherms of FeVO4 catalysts. The FeVO4 catalysts shows type IV isotherm 

curve shape that are mesoporous with hysteresis loop of H1-type based on the IUPAC classification 

[48]. The BET surface areas (SABET) of FeVO4 catalysts are low compared to 72.0 m2/g of Fe2O3. Further, 

V2O5 shows relatively low surface area of 8.6 m2/g. The SABET of the catalysts shows to decrease from 

57.0 m2/g (FeV-1) to 21.7 m2/g (FeV-4) for FeVO4 catalysts with respect to increase of V2O5 loading 

from 10 to 40 wt% (Table 1). The average pore size diameters (Dpore) of FeVO4 catalysts are in the range 

of 19–42 nm (Table 1) while their distribution range over the diameter size of 5–100 nm (Fig. 2). 

Similarly, the pore volume (Vpore) capacity of the catalysts varies in the range of 0.07–0.40 cm3/g (Table 

1). The results show that the mesoporous structure of FeVO4 is re-constructed by the dispersion of 

various V2O5 loadings onto Fe2O3, especially for the high V-metal loading amounts. 
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Fig. 2. N2 physisorption and pore size curves of FeVO4 catalysts. (a) V2O5; (b) Fe2O3; (c) FeV-1; (d) 

FeV-2; (e) FeV-3 and (f) FeV-4. 

 

Table 1. BET surface area, pore size dimeter and volume of the FeVO4 catalysts. 

Entry Catalyst SABET (m2/g) Dpore (nm) Vpore (cm3/g) 

1 Fe2O3 72.0 24.12 0.313 

2 V2O5 8.6 19.20 0.018 

3 FeV-1  57.0 26.60 0.345 

4 FeV-2  50.7 25.59 0.324 

5 FeV-3  46.8 41.64 0.394 

6 FeV-4  21.7 19.28 0.073 
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Fig. 3. SEM of FeVO4 catalysts. (a)-(b) V2O5; (c)-(d) Fe2O3; (e)-(f) FeV-1; (g)-(h) FeV-2; (i)-(j) FeV-

3; (k)-(l) FeV-4. 

 

Fig. 3 illustrates the SEM microstructure images of the binary FeVO4 based catalysts including Fe2O3 

and V2O5. V2O5 shows its morphology to compose of agglomerated large irregular sharped particles with 

approximate diameter size of larger than 100 nm with poorly defined pores shapes (Fig. 3a-3b). On the 

other hand, the morphology of Fe2O3 shows uniform porous small nanoparticles (NPs) with diameter 

size of less than 20 nm (Fig. 3c-3d). The FeV-1 catalyst consist of spherical-shaped NPs morphology 

with the diameter size of 20–30 nm. The spherical NPs morphology of FeV-1 shows agglomerations 

and an increase in size for FeV-2 and FeV-3 (Fig. 3). In the FeV-4 sample, the spherical NPs morphology 

observed in for FeV-1 to FeV-3 shows to transform completely into uniform loosely bound large NPs 

of greater than 100 nm in diameter size. The elemental mapping of the FeVO4 catalysts is summarized 

in Fig.’s S2–S7 (Supporting Information) with the corresponding Fe and V elemental amounts in Tables 

S1–S6 (Supporting Information). The FeVO4 catalysts shows well distribution of the Fe and V elements. 

The tentative amounts of V-metal in the FeVO4 catalysts were as follows: FeV-1 (V= 7.02 wt%); FeV-

2 (V= 14.70 wt%); FeV-3 (V= 27.07 wt%); and FeV-4 (V= 34.72 wt%). The TEM was employed to 

investigate the nanostructure morphology and particles size of the FeVO4 based catalysts. The TEM 

images and associated single angle electron diffraction (SAED) rings of the respective catalysts, Fe2O3 

and FeVO4 based are illustrated in Fig. 4. The Fe2O3 shows the formation of agglomerated nanosized 
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particles with tentative diameter size of 10–15 nm (Fig. 1a). Further, the SAED of Fe2O3 confirms the 

polycrystalline rings which correlates well with the XRD resolved crystalline peaks (Fig 1a). For V-

metal loaded FeVO4 catalysts (FeV-1 and FeV-3), the < 15 nm nanoparticles size obtained for the pure 

Fe2O3 had increased to a range diameter size of 20-50 nm. This increase of large particles size in FeVO4 

based catalysts is because of vanadium as reported previously for vanadium supported or heterostructure 

catalysts materials [49-52]. Furthermore, the same trend observed in the TEM increase in particle size 

of FeVO4 catalysts with V-metal loadings when compared to Fe2O3 is correlated with respective changes 

in SEM particles morphology results (Fig. 3c-3l). The resolved SAED ring patterns for Fe2O3 is only 

observed in low concentration loaded FeVO4 catalyst (FeV-1) compared to scattered in FeV-3 due to 

high vanadium loading and transformation into new phase of Fe2O3/FeVO4. 

 

  

Fig. 4. TEM images and SAED of (a) Fe2O3; (b) FeV-1 and (c) FeV-3 catalysts  

  

Fig. 5a presents the UV-vis optical structure properties of the pristine Fe2O3 and FeVO4 based catalysts.  

All the FeVO4 catalysts showed the increase in visible-light absorption range due to the strong red shift  

in comparison to Fe2O3, which indicates the prominent efficiency in photoinduced generation of more  

e-/h+. The respective optical band gap (Eg) of Fe2O3 and FeVO4 based catalysts are illustrated in Fig. 5b.  

The Eg optical values estimated according to absorption spectrum of respective FeVO4 and Fe2O3  

catalysts calculated by equation Eg = 1240/Abs.Edge and resolved using the Kulbelka-Munk function  

[F(R)h]1/2 are shown in Fig. 5b. The different band gap values are as follows: Fe2O3 (2.13 eV); FeV-1  
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(2.47 eV); FeV-2 (2.51 eV); FeV-3 (2.58 eV), and FeV-4 (2.69 eV). The obtained band gap values for 

Fe2O3 catalysts are correlated to previously reported [53-55].  

 

 

Fig. 5. (a) UV-vis curves; (b) Tauch band gap energies; (c) PL curves; and (d) FTIR of the FeVO4 

catalysts. 

 

Fig. 5c shows the PL curves of V2O5, Fe2O3 and FeVO4 catalysts. When a semiconductor photocatalyst 

is illuminated by light it generates e-/h+ charge photocarriers that recombine, and some of e-/h+ 

photocarriers release energy in the form of fluorescence emission. Hence, the lowest fluorescence 

emission intensity indicates low or highly suppressed e-/h+ recombination rate, thus efficient e-/h+ 

separation [56]. All the FeVO4 catalysts including their respective single Fe2O3 and V2O5 shows light 

absorbance capacity within the 400–600 nm wavelength range. Further, all the catalysts show the most 

intense high PL emission peak at approximately 450 nm wavelength. The PL intensity of FeV-3 catalyst 

at 450 nm was the lowest, which implies its best separation and suppression recombination efficiency 

of the charge carriers [31]. It is also observed that the PL intensity of FeVO4 catalysts decreased with 

the increase in vanadium content from FeV-1 to FeV-3, which indicated their reduced probability of e-
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/h+ recombination in the valence band (Fig. 5c). However, the higher PL peak intensity is observed for 

FeV-4 catalyst, which could be due to the high V2O5 loading amount since pure V2O5 had the higher 

peak intensity than FeV-4 (Fig. 5c). This shows that there is the optimum loading amount effect of V-

metal in the binary FeVO4 catalysts to achieve the best photo-generation of e-/h+ and their transfer with 

the high separation efficiency for the enhanced photocatalytic activity rates. 

 

Fig. 5d shows the FTIR spectrum of the FeVO4 catalysts measured in a range of 550–1150 cm-1. For 

V2O5, the resolved IR band at 998 cm-1 is ascribed to the vibration mode of the V=O bond and the 

absorption peaks between 750–850 cm-1 are attributed to the bridging oxygen atoms of the V-O-V bond 

[56]. Fe2O3 shows not well-resolved IR bands appearing at 600–700 cm-1. For FeVO4 catalysts, the 

different IR bands are observed with respect to the changes in the molar ratio compositions of V and Fe 

metals content. The IR bands with the broad peaks at 550–700 cm-1 are due to the vibration modes of 

V-O-Fe and V-O-Fe mixed bridging stretching [56]. Further, the IR bands at 850–1050 cm-1 are ascribed 

to the vibration mode stretching of the short vanadyl (V-O) bonds. The IR band at 894 cm-1 is due to the 

V-O and V-O-V coupled vibration modes while at 830 cm-1 is due to the bridging V-O…Fe stretching 

[57,58]. The IR bands at 974–983 cm-1 depicts number of vibration modes peaks, which shows to 

decrease relatively with the increase in V2O5 loadings while leading to the formation of new broader 

bands that are due to the Fe-O and Fe-O-Fe. The shift of the band at 830 cm-1 to lower wavenumber 

originates from the relative increase in V2O5 loading from FeV-1 to FeV-4.  

 

   

Fig. 6. (a) Raman spectra and (b) Electrochemical impendence spectroscopy curves. 

 

Fig. 6a shows the Raman spectra bands patterns of Fe2O3 and FeVO4 based catalysts. The peaks at 225 

and 291 cm-1 confirms the Fe2O3, which corresponds to E1g and A1g bands, respectively. These peaks, 

(b)

FeV-1

FeV-2

FeV-3

FeV-4

Fe2O3

Bare GC electrode

75 275 475 675 875 1075

Fe2O3 FV-1 FV-2 FV-3 FV-4

2/degree

In
te

n
s

it
y
/a

.u
. 9

6
1

9
2

7
8

9
6

8
3

1

7
3

4
7

6
6

5
9

6

3
9

6
3

3
2

2
9

1

2
2

5
1

8
8

1
7

4
1

5
0

1
1

2
9

8

FeV-1 FeV-2 FeV-3 FeV-4Fe2O3 FeV-1 FeV-2 FeV-3 FeV-4Fe2O3
(a)



13 
 

especially at 225 and 291 cm-1 are observed in the FeVO4, thus indicating the formation of 

heterostructure Fe2O3/FeVO4. The Raman bands of FeVO4 are clearly resolved for FeV-2, FeV-3 and 

FeV-4 catalysts while FeV-1 showed mainly strong peaks due to Fe2O3 except one band at 761 cm-1. 

The low detection of peaks due to FeVO4 in FeV-1 indicate the high dispersion of vanadium metal for 

low loadings [49]. The bands at 332 and 362 cm-1 are due to the VO4 symmetric and asymmetric bending.  

 

The electrochemical impedance spectroscopy (EIS) analysis was performed to study the resistivity and 

the charge transfer kinetics at the surface of the FeVO4 based catalysts. Fig. 6b illustrates the obtained 

Nyquist plots of the measurements conducted on the modified and bare GC electrodes. The plots 

revealed partial semicircles at higher frequencies followed by a line at lower modulations which often 

represent a much larger circle. Smaller semicircles depict a decrease in charge transfer resistance at the 

surface of the semiconductor material [59]. All the modified GC electrodes with Fe2O3 and FeVO4 

catalysts yielded smaller semi-circles compared to the bare one as expected because of the higher 

electron transfer at their surfaces due to the modification with photocatalysts nanoparticles. The FV-3 

photocatalyst showed the least resistance to electron transfer at its surface followed by FeV-4 sample. 

The improved conductivity observed for FeV-3 correlated well with the PL results, which showed FeV-

3 with less charge recombination rates, thus efficient separation and transfer of photocarriers for their 

effective redox utilization in the degradation reaction. Similarly, FeV-1 showed the highest surface 

resistance to charge transfer because of its high charge recombination rates as shown by the PL (Fig.5c). 

The FeVO4 nano-oxide catalyst with the least charge transfer resistance will usually result in better 

electrochemical charge mobility performance in the photo-degradation of organic dye molecules. 
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Fig. 7. Fe 2p XPS of (a) Fe2O3; (b) Overlaid comparison of all FeVO4 catalysts; (c) FeV-1; (d) FeV-2;  

(e) FeV-3; and (f) FeV-4 catalysts.  

  

The XPS survey scan of the FeVO4 catalysts are illustrated in Fig. S8. The survey spectra confirm the  

presence of the Fe, V and O elements in the binary FeVO4 catalysts. The XPS Fe 2p spectra of Fe2O3  

shown in Fig. 7a shows the two peaks with the binding energies (BE) at 710.0 eV and 724.5 eV. These  

peaks are due to the spin-orbit coupling of Fe 2p3/2 and Fe 2p1/2, respectively (Fig. 7a) [37-39,60,61].  

Further, the XPS spectra of Fe2O3 confirms the Fe2+/Fe3+ redox pair to be slightly more in the low  

oxidation state of Fe2+. The other small peaks at BE of 720 eV and 735 eV are satellite peaks of the  

Fe2O3 [61]. For FeVO4 catalysts, their overlaid Fe 2p in Fig. 5b shows the peaks shifting with respect to  

pure Fe2O3 to higher BE region for both Fe 2p3/2 and Fe 2p1/2, respectively. The Fe 2p peaks shifting in  

the FeVO4 catalysts did not show to follow any significant trend due to the different vanadium loadings.  

These peaks shifting corroborate the results obtained in the XRD and FTIR where the different phases  

compositions and vibration modes of interactions were observed relative to the various amounts of V- 

metal loadings in the FeVO4 catalysts. The non-existence of the well-defined trend is ascribed due to  

the possible formation of the difference phases of vanadium species manifested by the V-metal loadings.  

The fitted Fe 2p peaks of the FeVO4 catalysts shows similar trend of the composition ratio of Fe2+ and  

Fe3+, where Fe2+ was the dominant oxidation state (Fig.’s. 7c-f). This trend may indicate the occurrence  

of the electron transfer from V5+ cation to form more V4+ sites in the V2O5 crystal lattice and occurring  

from Fe3+ to form more of the Fe2+ active sites [37-39,60,61].  
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Fig. 8. V 2p XPS of (a) Overlaid FeVO4 catalysts; (b) FeV-1; (c) FeV-2; (d) FeV-3; and (e) FeV-4 

catalysts. 

 

Fig. 8 shows the 2p peaks profiles of vanadium metal in the different FeVO4 catalysts. The overlaid V 

2p peaks of FeVO4 catalysts shows peaks shifting to low BE region for FeV-4 catalyst containing the 

highest vanadium metal loadings while the alignment of FeV-1, FeV-2 and FeV-3 were relatively the 

same (Fig. 8a). Further, Fig. 6a shows the relative increase in the FeVO4 catalysts peaks intensity for 

both the V 2p2/3 and V 2p1/2 at 517 eV and 524.5 eV from FeV-1 with the lowest V-metal loadings to 

FeV-4. The increase in the intensity of V 2p3/2 and V 2p1/2 peaks shows to induce the changes in the 

surface ratios of V4+/V5+ oxidation states, which are associated with the different vanadium phases. The 

fitted V 2p peaks of the respective FeV-1 to FeV-4 catalysts are summarized in Fig.’s 9b-6e. These 

resolved V 2p3/2 and V 2p1/2 peaks shows the FeVO4 catalysts with various vanadium oxidation states of 

V3+, V4+ and V5+. The asymmetric V 2p3/2 signals are fitted into three peaks at BE = 515.6, 517 and 517.2 

eV for all the FeVO4 catalysts samples, which are attributed to the surface presence of the V3+, V4+ and 

V5+ oxidation states [18,37,61]. The peak at 517 eV (2p3/2) is attributed to the V4+ oxidation state [18]. 

Further, the peak intensity at ≤ 515.6 eV, which is ascribed to the V3+ oxidation state appears to decrease 

relatively with the increase in the vanadium loadings from FeV-1 to FeV-3. For FeV-4 catalyst with 

high V-metal loading, the V3+ shows to disappear completely with the presence of only V4+ and V5+ 

oxidation states detected by XPS analysis. Fig. S9 shows the high-resolution O1s peaks of the FeVO4 

catalysts. These O 1s peaks include the lattice oxygen (OL) at BE of 529.2–529.5 eV, surface adsorbed 
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oxygen (OV) at BE of 531–531.3 eV, and the adsorbed hydroxyl oxygen (Oads) located at BE of 532.3–

532.7 eV. The overlaid O 1s in Fig. S9(a) shows significant peaks shift of Fe2O3 when compared to 

those of FeVO4. Furthermore, compared to FeVO4 catalysts, the Fe2O3 shows high amount of Oads. The 

FeVO4 catalysts shows high amount of the oxygen vacancies (Vo) concentration compared to Fe2O3 

catalyst. Such high oxygen vacancies could provide the enhancement in the photocatalytic performance 

by facilitating efficient e-/h+ charge generation, separation and transfer including the redox reactive sites 

for the improved photoactivity due to the defect structures [21,22,31,62,63].  

 

3.2. Evaluation of photocatalytic degradation activity  

3.2.1 Optimization and catalysts screening  

To evaluate the MB photodegradation activity performance of FeVO4 catalysts with respect to the effect 

of Fe:V composition, firstly the various degradation reaction conditions were optimized including the 

effect of (i) MB concentration; (ii) adsorption-equilibration time; (iii) catalyst activity under the photo-

light and without the light; and (iv) catalyst dosage. These sets of experiments were carried out with 

FeV-3 catalyst based on the prior optical characterization properties. Fig. 9 shows the degradation 

activity of FeV-3 under the different MB concentrations in a range of 10–40 mg/L. The 10 mg/L MB 

shows the highest degradation efficiency of 98.7% removal of MB after 120 min of irradiation time. For 

20 mg/L MB, the irradiation time of 180–210 min is required to attain 98.94% MB degradation amount 

while both 30 mg/L and 40 mg/L shows up to 420 min or 7h of irradiation times to attain above 95% 

MB degradation amounts. Dai et al. [64] explained such significant effect of MB solution concentration 

on its photodegradation rates, and the amount removed to be directly correlated to the photonic 

efficiency of the catalysts. It has been suggested that the increment of photonic efficiency with high 

degradation performance for low organic dye concentrations is attributed to the increase in collision 

frequency between the organic dye molecules and photons when compared to the decrease in high 

organic dye concentration, which results into poor photonic efficiency [64]. At high MB concentrations, 

large amount of MB dye is adsorbed on FeVO4 catalyst surface, thus covering up the surface-active sites 

to prevent its contact with the photo-light. This could prevent the effective contact of MB dye with the 

radical’s oxygen generated by e-/h+. The re-plotted Fig. 9 in Fig. S10 for equal irradiation time of 120 

min shows that the effective photodegradation rates to afford shorter removal times are obtained with 

10–20 mg/L MB concentrations.  
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Fig. 9. Effect of MB solution concentrations on photodegradation activity of FeV-3 catalyst. Other 

conditions: 500 ml MB solution, pH (~7), reaction temperature (25  C); and catalyst (100 mg).    

 

By using 10 mg/L MB concentration, the effect of adsorption-equilibration time on the photodegradation 

rates (with 30 min in dark equilibration and without) was investigated. After 30 min in dark 

equilibration, FeV-3 degraded 23% of MB, and the amount increased to 98% after 120 min of light 

irradiation (Fig. 8a). For the degradation reaction carried out without prior equilibration of 30 min in 

dark, 98% of MB is removed within 60 min of irradiation time (Fig. 10a). The results shows that the 

photodegradation rates carried out without prior equilibration is more effective for FeV-3 catalyst. The 

differences in the degradation rates are ascribed to the fact that in the degradation with prior 30 min in 

dark equilibration, the surface of the catalyst active sites might be saturated with the adsorbed MB dye. 

The adsorbed MB could cover up the active sites, thus making the irradiation light contact with the 

catalyst active sites less accessible to create the effective e−/h+ pairs for the high photodegradation 

activity rates. This is corroborated by the fact that as the reaction progress for the 30 min equilibration 

in dark with the irradiation light switched on, there is a gradual increase in the degradation activity rates 

until it matches the degradation reaction rates carried out directly without prior 30 min equilibration in 

dark. The MB degradation activity of FeV-3 was further evaluated under both photo-irradiation light 

and without irradiation light. In Fig. 10b, the degradation activity of FeV-3 carried out without 

irradiation afforded only 30.24% of MB removal after 120 min while under irradiation light, 98.04% of 

MB was removed. The results show the effect of the irradiation light to contact with the catalyst active 

sites for creation of effective required e−/h+ pairs to initiate the formation degradation reactive oxygen 

radicals. 
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Fig. 10. (a) Composirion of 30 min equilibration in dark and without equlibration degradation rates; (b) 

comparison of photolysis and photo-catalysed degradation rates. (c) effect of catalyst dosage; and (d) 

comparison of the different FeVO4 catalysts photodegradation activity. Other conditions: 500 mL MB 

solution; pH (~7); and reaction temperature (25  C). (a), (b) and (d) 100 mg of catalyst amount was 

used. (b)–(d) 10 mg/L of MB concentration was used. 

 

Fig. 10c shows the effect of FeV-3 catalyst dosage on MB degradation rates evaluated over a range of 

10–200 mg. The removal amount of MB increased relatively from 66.19% to 98.99% with increasing 

catalyst dosages. The gradual increase in MB removal efficiency with increasing catalyst dosage is 

correlated to the high adsorption rates induced by the availability of more catalyst active sites, which 

could generate high amount of the effective e-/h+ for formation of optimized reactive oxygen radicals 

[65,66]. The best efficiency with respect to the amount of MB removed of about 98.3–99.0% within 40 

min was achieved with 200 mg and 100 mg catalyst dosages while the least of 62% was obtained with 

10 mg dose at irradiation time of 120 min (Fig. 10c). While the increase in FeV-3 dosage (i.e., 100 and 

200 mg) showed to increase the degradation rates and amount removed of MB, it also indicated that 

once the maximum FeV-3 dosage was reached, further increase in the dosage was not providing any 

significant increase in rates and removal amount of MB. This observation can be explained by the fact 

that when more than adequate catalyst dose is added, the solution becomes more turbid, which causes 
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the photo-light to become difficult to go through the water. As a result, large quantities of catalyst could  

not be irradiated by light in more than adequate dosage exceeding equilibrium, thus photonic efficiency  

decreases with a large insignificant catalyst dosage quantity [67].  

  

Fig. 10d shows the results for the effect of various Fe:V compositions on photodegradation activity of  

FeVO4 catalysts for MB removal efficiency. The single V2O5 and Fe2O3 oxide shows low  

photodegradation activity when compared to the binary FeVO4 catalysts with both affording MB  

removal amounts of 57.44% and 75.29%, respectively after 120 min. For FeVO4 catalysts, their  

photodegradation activity for MB removal increased relatively with the increase in V-metal loadings  

from FeV-1 to FeV-4. After 120 min, all the FeVO4 catalysts achieved near complete MB removal (Fig.  

10d). However, the comparison of the FeVO4 catalysts at irradiation time of 50 min (Fig. S11), they  

show the MB degradation amounts of 78.93% (FeV-1), 90.41% (FeV-2), 98.46% (FeV-3), and 97.84%  

(FeV-4). This demonstrate that both FeV-3 and FeV-4 catalysts requires less photo-irradiation times of  

up to 30 min to achieve high degradation rates efficiency. The results shows that there is a direct  

influence of vanadium metal composition amount on the photodegradation activity rates of the FeVO4  

based catalyst. In particular, the results shows that the photocatalytic activity rates improve relatively  

with the increasing amounts of V-metal loadings according to the determined elemental compositions  

amounts (Table S1-S6 and Fig. S3-S6). In fact, the increasing activity of the FeVO4 based catalysts with  

the relative increase in V-metal loadings correlated well with the structure evolution formation of the  

FeVO4 phase from pure Fe2O3 and low loadings of V-metal to the high loaded V-metal amounts (Fig.  

1). Based on the XRD results, the formation of FeVO4 structure phase was clear for the FeV-3 ( 27  

wt%) and FeV-4 ( 34 wt%). Both FeV-3 and FeV-4 were the catalysts with the highest degradation  

rates for the removal of MB, thus the reduced photo-irradiations times of up to 30 min when compared  

to the others that required more than 100 min. According to the PL results, the FeV-3 shows the lowest  

intensity when compared to the other binary FeVO4 catalysts, including both the Fe2O3 and V2O5. The  

PL results correlated well with the obtained degradation activity performances trends of the different  

FeVO4 catalysts where FeV-3 with the best e-/h+ generation and separation efficiency, thus suppressed  

recombination rates shows the highest photocatalytic degradation activity rates than the others did.  

Another aspect worth mentioning is the probable influence of the vanadium oxidation state. According  

to the XPS high resolution of V 2p (Fig. 7 and Fig. S9), vanadium was obtained with its three common  

oxidation states of V3+; V4+ and V5+ for the FeV-1 and FeV-2 catalysts while FeV-3 shows trace amounts  

and FeV-4 showed completely no detectable V3+. With reference to supported vanadium metal catalysts,  

the most active catalyst had been found to compose of V4+ and V5+ oxidation states [58]. Perhaps, the  
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presence of the low V3+ oxidation state could also contribute to the low photo-activity of FeVO4 (i.e., 

FeV-1 and FeV-2) in conjunction to the absence of the well-defined formed orthovanadate structure 

phase. In particular, the V4+ has been shown to present the highly active vanadium catalysts in several 

catalytic reactions, which is correlated to its reactive coordinated electronic structure associated with 

the monolayer VO4. The VO4 structure is the building block of the binary FeVO4 structure framework, 

and thus its interaction with the Fe can induce modified electronic structure, which would influence the 

band gap energies and optics of the different binary FeVO4 catalysts. Such profound electronic structure 

modification of the FeVO4 catalysts were observed by XPS shifting of both Fe and V respectively with 

increasing amounts of V-metal loadings. These comprehensive structure properties show to be 

significant in understanding the design and photocatalytic performance application of the FeVO4 based 

catalysts. During photocatalysis reaction process, V4+ can act as e− and h+ trapping sites which can favour 

charge effective separation, while V5+ might act as an electron acceptor for the enhanced 

photodegradation activity [69]. This prominent effect of V4+/V5+ structure composition modulation in 

FeVO4 could be significant for manifesting the design of its improved photocatalytic activity 

performances. Moreover, another contributing factor on the observed high photodegradation activity of 

FeV-3 catalyst compared to others is the effect of the formed heterojunction interface of Fe2O3/FeVO4 

phases in FeV-3. The formation of such heterostructure interface was confirmed by the XRD and Raman 

results. The presence of both Fe2O3 and FeVO4 in FeVO4 derived materials has been demonstrated 

previously to be efficient photocarriers charge separation and transfer, thus minimizing the 

recombination rates as confirmed in the PL (Fig. 5c) and EIS (Fig. 6b) results [70–72].  

 

The influence of scavengers on control experiments to study the type of active species accounting for 

the catalytic photodegradation activity of MB were evaluated using FeV-3 catalyst. Fig. 11a illustrate 

the trapping using the different scavengers for probing electrons (e−), holes (h+) superoxide anion 

radicals (O2
•−), and hydroxyl radicals (OH•−)  reactive species. The catalytic photodegradation amount 

of MB was only 43% from 98.2% when triethanolamine (TEOA) was added as h+ scavengers, which 

showed that h+ is playing a significant role in accelerating the photocatalytic activity. Moreover, the 

addition of isopropanol (IPA) as •OH scavengers demonstrated a significant decrease in the amount of 

degraded MB from 98.2% to 39%, while Benzoquinone (BQ) addition for •O2 showed minimal decrease 

from 98.2% to 88.6% of MB removal efficiency. This showed that the formation and presence of h+ and 

•OH species were primarily important to create effective photocatalytic reactive system conditions for 

the efficient degradation of MB than negligible effect of •O2 radicals. Based on the photocatalytic tests 

and characterisation results, tentative proposed mechanism of heterostructure Fe2O3/FeVO4 (FeV-3) 

catalyst operation in the photodegradation of MB is illustrated by Fig. 11 [70-73]. Moreover, the 

https://www.sciencedirect.com/topics/physics-and-astronomy/polarization-charge-separation
https://www.sciencedirect.com/topics/chemistry/electron-acceptor
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reusability and stability of Fe2O3/FeVO4 (FeV-3) catalyst thus decrease of its activity was evaluated for 

five times repeatable test experiments of MB degradation reactions. Insignificant decrease of MB 

degradation efficiency was observed with removal amount stabilized within 97–99%. 

 

    

Fig.11. (a) Trapping experiments of reactive species in MB photodegradation reaction. (b) 

Representation of redox potential of FeVO4 and Fe2O3 heterostructure to generate reactive oxygen 

species of •OH and •O-
2 radicals. (c) Recyclability performance of FeV-3 catalyst. (d) Evaluation of 

FeV-3 catalyst degradation activity under photo, Fenton and photo-Fenton conditions Other conditions: 

500 mL MB solution;  solutionn concentration (10 mg/L); solution pH (~7); catalyst amount (100 mg); 

and irradiation time (120 min). 

 

3.2.2 Comparison of Fenton, photo and photo-Fenton activity of FeVO4 

Fig. 11d shows the MB photodegradation activity of FeV-3 under the three different AOPs (i.e., Fenton, 

photo, and photo-Fenton). All these processes use the ROS derived hydroxyl free radicals driven 

mechanism as an effective degradation path but differ from the routes to produce them. The results show 
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the combination of photo-light and FeV-3 catalyst to give the best degradation rates performance by 

achieving up to 98% of MB removal after comparable photo-irradiation time of 120 min. This was 

followed by the photo/H2O2/FeV-3 system as the second best to afford up to 88% of MB removal after 

120 min while Fenton-like system (i.e., H2O2/FeV-3) could only reach up to 64% of MB removal. The 

less MB degradation activity of H2O2/FeV-3 Fenton system might arise from molar ratio of Fenton 

reagent (H2O2 and Fe (II)) since it has been reported to be an essential operating factor to determine the 

dye removal efficiency because either of the two chemicals can scavenge the in-situ reaction formed 

•OH radical [74]. Further, Fenton processes is mostly effective in the acidic pH solution medium, 

typically 3–4 pH [74]. The use of H2O2 also affect the activity of UV/H2O2/FeV-3 process since it 

requires a continuous dose of H2O2 oxidant, which disadvantages the utilization of UV/H2O2 AOP, since 

only around 20% of H2O2 is consumed during the AOPs [75]. Hence, this led to the requirement of 

quenching step of the residuals excess H2O2 using sodium thiosulphate sodium hypochlorite or granular 

activated carbon [76]. The use of these metal salts to quench the residual H2O2 can result into formation 

of environmentally unfriendly inorganic wastes that will require further work up for safe disposal, 

increasing on additional costs in the process operation. 

 

5. Conclusions 

In summary, we demonstrated the synthesis of binary FeVO4 catalysts with various vanadium (V) 

loading amounts of 10% (FeV-1); 20 wt% (FeV-2); 30 wt% (FeV-3) and 40 wt% (FeV-4) using the sol-

gel surfactant assisted method. The structure evolution developments of FeVO4 relating to the 

crystallinity and phases compositions, morphology, textural, electronic, interactions, oxidation state and 

optical properties were studied by using XRD, PL, SEM, FTIR, XPS and BET surface areas techniques. 

The formation of morphology consisting of nanoparticles was confirmed with the particle size increasing 

relatively with the increase in vanadium loading. Similarly, the crystallinity and phase formation of 

FeVO4 showed to depend on the amount of vanadium loading. Further, the catalysts were also showed 

the modifications of the electronic and optical absorbance structure properties with respect to V-metal 

loadings that was accompanied by noticeable peaks shifting in both XRD and XPS. The FeV-3 showed 

the best photocatalytic performance and its performance and other heterostructure FeVO4 catalysts 

correlated well with the obtained catalytic results. The results showed that there is a direct influence of 

the vanadium metal loading of the photocatalytic performance of the FeVO4 catalyst. Further, the results 

showed that an optimum loading of V in FeVO4 is critical to achieve the high photodegradation rates. 

In particular, the catalyst with both Fe2O3 and FeVO4 phases forming heterojunction showed to provide 

effective surface activity for the efficient photocarriers separation and charge transfer with less 

recombination, thus enhance photocatalytic performance. 
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