
HAL Id: hal-01674793
https://hal.umontpellier.fr/hal-01674793v1

Submitted on 10 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Mesoporous ZnFe2O4@TiO2 Nanofibers Prepared by
Electrospinning Coupled to PECVD as Highly

Performing Photocatalytic Materials
Amr A. Nada, Maryline Nasr, Roman Viter, Philippe Miele, Stephanie

Roualdes, Mikhael Bechelany

To cite this version:
Amr A. Nada, Maryline Nasr, Roman Viter, Philippe Miele, Stephanie Roualdes, et al.. Mesoporous
ZnFe2O4@TiO2 Nanofibers Prepared by Electrospinning Coupled to PECVD as Highly Perform-
ing Photocatalytic Materials. Journal of Physical Chemistry C, 2017, 121 (44), pp.24669 - 24677.
�10.1021/acs.jpcc.7b08567�. �hal-01674793�

https://hal.umontpellier.fr/hal-01674793v1
https://hal.archives-ouvertes.fr


Mesoporous ZnFe2O4@TiO2 Nanofibers Prepared by Electrospinning 

Coupled with PECVD as Highly Performing Photocatalytic Materials 

 

Amr A. Nada1,2, Maryline Nasr2,3, Roman Viter4, Philippe Miele2,5, Stéphanie Roualdes2, 

Mikhael Bechelany2* 

 

1Dept. of Analysis and Evaluation, Egyptian Petroleum Research Institute, Cairo, Nasr city 

P.B. 11727, Egypt. 

2Institut Européen des Membranes IEM, UMR 5635, ENSCM, Université de Montpellier, 

CNRS, Place Eugène Bataillon, CC047, F-34095 Montpellier Cedex 5, France 

3EC2M, Faculty of Sciences 2, and Research Platform for Nanosciences and 

Nanotechnologies, Lebanese University, Campus Pierre Gemayel, Fanar, 90656 Lebanon. 

4Institute of Atomic Physics and Spectroscopy, University of Latvia, 19 Raina Blvd., LV 

1586 Riga, Latvia 

5Institut Universitaire de France (IUF) 

Corresponding author: mikhael.bechelany@umontpellier.fr 

 

ABSTRACT 

Zinc ferrite @ titanium dioxide (ZnFe2O4@TiO2) composite nanofibers were elaborated by 

combining the two different techniques: electrospinning and plasma enhanced chemical 

vapour deposition (PECVD). The nanofibers compositions were controlled using different 

ratio of zinc to iron. Their structural, morphological, and optical properties were analysed by 

scanning electron microscopy (SEM), X-ray diffraction (XRD), energy-dispersive X-ray 

spectroscopy (EDX), BET surface area, Raman spectroscopy and UV-Visible 
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spectrophotometry. The photocatalytic activity has been investigated by the degradation of 

methylene blue (MB) under visible light. The results indicate that the combination of spinel 

structure with titanium dioxide improves the photodegradation up to 98%. The deposition of 

TiO2 via PECVD on zinc ferrite enhances the absorption of TiO2 into the visible region and 

increases the electron-hole separation. In addition, the improved surface area can promote 

adsorption, desorption and diffusion of reactants and products, which is favourable to obtain 

a high photocatalytic activity.  

 

INTRODUCTION 

The development of the dye industries throughout the planet has led to increase water 

contamination 1-2, which implies a serious threat to humans and environment. Therefore, 

many strategies have been developed in order to remove the organic dyes from wastewater 

such as chemical flocculation 3, adsorption and ion exchange 4-6. However, the traditional 

remediation of dye wastewater has many side effects including the secondary pollution, the 

low degradation rate and the long processing cycle 7-8.  

As an alternative approach, photocatalysis has attracted much attention due to its ability to 

degrade the organic dye in wastewater into environmental friendly compounds such as CO2 

and water 9-10. Many researchers have focused on semiconductors materials such as TiO2 and 

ZnO, due to their high photocatalytic activity 11-12. Among these materials, the spinel 

structure Zinc ferrite (ZnFe2O4) has been widely investigated due to its several potential 

applications, such as gas sensor, electrocatalyst as well as its photocatalytic properties 13-16. 

All applications of zinc ferrite are mainly dependent on its surface area and morphology. 

Thus, many methods have been employed to elaborate different morphologies of zinc ferrite 

such as core-shell, nanoparticles and nanofibers by hydrothermal, co-precipitation and 

electrospinning technique, respectively17-19. In particular, zinc ferrite nanofibers were 



synthesised by electrospinning for different applications such as: (i) Preparation of NiZn-

ferrite nanofibers by electrospinning for DNA separation 20, (ii) Electrospinning synthesis of 

ZnFe2O4/Fe3O4/Ag nanoparticle-loaded mesoporous carbon fibers with magnetic and 

photocatalytic properties 21, (iii) Electrospun ZnFe2O4-based nanofiber composites with 

enhanced super capacitive properties 22 and (iv) Electrospinning synthesis of Ni, Fe co-doped 

ultrafine-ZnFe2O4/C nanofibers for lithium ion storage 23. 

Spinel ZnFe2O4 is a low band gap, thus it can be excited by visible light for the degradation 

of organic pollutants 24-25. However, the poor separation efficiency of photo-generated 

electrons and holes in the ZnFe2O4 leads to a low photocatalytic activity 26. The efficiency 

can be improved by loading different metals such as Ag or Al on the surface of ZnFe2O4 
27-28. 

On another hand, titanium dioxide has attracted attention as a photocatalyst (in dye sensitized 

solar cells, water splitting, self-cleaning and degradation of organic pollutant) due to its 

relatively low cost, high stability and low toxicity.29-30 However, the high recombination rate 

between the electron-hole of TiO2 limits the efficiency of the photocatalytic reaction. In 

addition, TiO2 has a wide band gap (3.2 eV) and it can only be excited by UV light. 

Therefore, the use of solar light which contain 44% of visible light and 7% of UV light 

appears to be quite difficult 9, 31. In order to shift the absorption edge of TiO2 to the visible  

range, several processes have been carried out, such as (i) Conjugation with semiconductor 

that has small band gap 32-34, (ii) Addition of transition metals 35-36, (iii) Doping with non-

metal elements 37-38, (iv) Co-catalyst loading 39-43 and (v) Mesoporous silicon nanopillars 

(NPL) 44. 

In this paper, electrospinning and Plasma-Enhanced Chemical Vapour Deposition (PECVD) 

techniques have been combined to produce special forms of ZnFe2O4@TiO2 nanofibers. 

Among all techniques used to prepare zinc ferrite, electrospinning is a simple and cost-

effective technique. It permits the synthesis of nanofibers with controllable diameters ranging 



from a few to several hundred nanometers.45-46 Mesoporous structure could be also obtained 

depending on processing conditions. In addition, plasma processes are very competitive to 

insure stability, integrity and compactness of the material. Among plasma processes, Plasma-

Enhanced Chemical Vapour Deposition (PECVD) is a very promising low-temperature one-

step method for deposition and stacking of TiO2 onto nanofibers substrates. This versatile 

method enables optimization of structural and functional properties of composite to get 

promising materials. In the present work, the plasma enhanced chemical vapour deposition 

(PECVD) method has been applied for the first time to elaborate ZnFe2O4@TiO2 mesoporous 

nanofibers with high surface area. The structural, morphological and optical properties of the 

prepared samples have been analyzed. The performance of these materials for photocatalytic 

degradation of methylene blue under visible light has also been evaluated. 

 

EXPERIMENTAL SECTION 

1. Chemicals and materials 

Zinc nitrate hexahydrate (99.99%, 228737), Iron(III) nitrate nonahydrate (99.99%, 216828), 

titanium tetra-isopropoxide (TTIP) Ti(OCH(CH3)2)4 (97%, 205273), polyvinylpyrrolidone 

(PVP) (Mw = 1 300 000 g/mol) (437190), acetic acid (98%, 33209), (DMF) N,N-

dimethylformamide (99.8%, 33120) and methylene blue (MB) (M9140) were purchased from 

Sigma Aldrich, and used without any further purification. Absolute ethanol (99%, 20821.310) 

was purchased from VWR PROLABO Chemicals. 

 

2. Preparation of zinc ferrite nanofibers 

The zinc combined with iron nanofibers was prepared by the electrospinning technique.47-48 

The polymer solution was prepared as follows: 1 g of PVP was dissolved in 9 mL of absolute 

ethanol. Then, different molar ratios of Zn:Fe (1:0, 1:1, 1:2 and 1:3) were used to fabricate 



nanofibers with different amounts of Zn and Fe. The naming of the samples ZF0, ZF1, ZF2 

and ZF3 refers to [Z – zinc and F – iron] . Numbers 0, 1, 2 and 3 were referred to different 

molar ratios of Zn:Fe (1:0, 1:1, 1:2 and 1:3) respectively. Zinc nitrate and iron nitrate were 

completely dissolved in 5 mL of N,N-dimethylformamide (DMF) with vigorous stirring to 

form a homogeneous solution. 0.8 mL of metal-DMF was added dropwise to the PVP 

solution with low stirring for 2 hours. Finally, 1 mL of acetic acid was added to the mixture 

with low stirring for 1 hour. The homogeneous solution was typically extruded through a 

stainless steel nozzle with a diameter of 0.7 mm at a constant flow rate of 0.5 ml/h. The 

feeding flow rate was controlled by a syringe pump. The temperature inside the 

electrospinning chamber was fixed around 38 ± 5o C. The nanofibers were collected on a 

rotating coil covered with an aluminium foil with a rotation speed of 400 rpm. A high voltage 

of 1.8 KV/cm was applied. In the electrospinning process, a high applied voltage was 

achieved by connecting the positive and ground terminals to the nozzle and the metallic 

collector, respectively. During the electrospinning, the applied electric field overcomes the 

surface tension of the polymeric solution, that way ejecting a continuous jet which upon 

subsequent solvent evaporation and bending produces nanofibers on the collector surface. 

 

3. Deposition of TiO2 by PECVD (Plasma Enhanced Chemical Vapour Deposition)  

Before deposition, the base pressure in the chamber was maintained at 1 Pa by pumping. The 

liquid precursor titanium tetra-isopropoxide (TTIP) was maintained in an oil bath at 80 °C. 

The inert argon was bubbling in the TTIP liquid as a carrier gas; the carrying line was heated 

at 100 °C in order to avoid any condensation of the precursor. Oxygen was introduced as an 

oxidant gas. R.F. power generator (CESARTM 136) coupled with a matching box (RF Navio, 

Advanced Energy) was connected to an inner electrode (diameter 10 cm) on top of the 

chamber. The bottom electrode (diameter 10 cm) and the chamber body were grounded. The 



substrate (i.e. bottom electrode) was heated with a heating device (Eurotherm) up to 150o C. 

The optimum sample ZF2 was used as substrate in a 7 cm a hollow stainless steel dish. The 

oxygen partial pressure controlling the oxygen flux was set to 0.17 mbar. The partial pressure 

of TTIP mixed with Ar was 0.225 bars. The distance between the two electrodes (dP) was 3.0 

cm and the discharge power equal to 50 W. The deposition time was 1 h to produce ZF2T. 

Schematic diagram of plasma reactor is presented in Figure S1. All prepared composite 

nanofibers were collected and then calcined in a furnace at 550o C with a heating rate of 1o 

C/min for 3 h in air. 

 

4. Characterisations of materials 

The crystalline phase of the materials was analysed by X-ray diffraction (XRD), using a 

PANAlytical Xpert-PRO diffractometer equipped with an Xcelerator detector using Ni-

filtered Cu-radiation (l = 1.54 A). The scan step size was fixed to 0.0167 o/step and the time 

per step was 0.55 sec/step. Raman spectra were obtained from Horiba XploRA, λ= 659 nm at 

a power of 20 W with the following acquisition conditions: continuous mode time of 10 

seconds, snapshot time of 7 seconds, number of accumulations set to 30 time and a 

microscope objective lens of 100x. Scanning electron microscopy (SEM) images were taken 

with a Hitachi S4800, Japan. Energy-dispersive X-ray spectroscopy analysis (EDX) and 

elemental mapping were performed with a Zeiss EVO HD15 microscope coupled with an 

Oxford X-MaxN EDX detector. The UV-VIS absorbance spectra were recorded by a Jasco 

V-570 UV-VIS-NIR spectrophotometer. The surface area of the samples was determined 

from nitrogen adsorption–desorption isotherms at liquid nitrogen temperature using 

Micromeritics ASAP 2010 equipment (outgassing conditions: 200oC – 12 h). 

 

5. Photocatalytic reaction 



20 mg of each photocatalyst was added into 20 mL of MB aqueous solution (C = 20 mg/L). 

MB was used as a reference for organic pollutants. The mixture was magnetically stirred in 

the dark for 30 min before light irradiation in order to establish the adsorption–desorption 

equilibrium. Then, the mixture was irradiated by a 500 W linear halogen lamp (the 

wavelength distribution was in visible region) under continuous stirring. The emission 

spectrum of the halogen lamp is in the range 420 to 600 nm.49 The reaction temperature was 

kept constant at 25o C by circulating water in a cylindrical tube surrounding the photo-reactor 

during the entire experiment. The distance between the lamp and the dye solution was 

maintained at 10 cm. Every 30 min, 2 mL of the sample solution was taken out and 

centrifuged to remove the catalyst. The centrifuged solutions were analysed by a UV-VIS 

spectrometer. The photocatalytic degradation efficiency was calculated as follows: 

Degradation efficiency (%) = (C0 - C)/C0 * 100   equation (1) 

Where C0, is the initial concentration of the dye before degradation and C, is the final 

concentration of the dye after degradation 50. 

 

RESULTS AND DISCUSSION 

The XRD patterns of all prepared materials ZF0, ZF1, ZF2, ZF3 and ZF2T are presented in 

Figure 1. It can be seen that ZF0 has peaks characteristic of the ZnO phase (JCPDS No. 01-

089-1397) with major lattice planes structure (100), (002) and (101) corresponding to 2θ = 

31.77, 34.34 and 36.23° respectively. The disappearing of (002) and (101) planes in ZF1 is 

due to the overlapping with the (311) plane at 2θ = 35.33° of the franklinite ZnFe2O4. In ZF2, 

the pure phase of ZnFe2O4 was detected (JCPDS No. 00-022-1012)51-53. For ZF3, the peak at 

2θ = 33° corresponds to Fe2O3 and is related to the major plane (222) of iron oxide (JCPDS 

No. 00-039-0238). When TiO2 was deposited on ZF2 (ZF2T sample), the main peak of 

anatase was detected at 2θ = 25.2° related to the (101) plane (JCPDS No. 00-021-1272). In 



the case of ZF2T, the broad peak at 53° is obtained from the overlapping of franklinite peaks 

at 53.1° and 56.6° with anatase peaks at 53.9° and 55.1°. The franklinite peaks are shifted to 

low angle in ZF2T sample compared with tZF2 sample (Figure 1b). This shift is certainly due 

to the formation of TiO2 on the surface of ZnFe2O4. Moreover it can be supposed that the 

incorporation of Ti4+ ions in the ZnFe2O4 lattice did not happen in this case because the 

incorporation of Ti4+ should induce a shift to higher angle since the radius of Zn2+ (0.074 nm) 

and Fe3+ (0.0645 nm) is larger than that of Ti4+ (0.0605 nm) 51. 

The crystallite average sizes of zinc ferrite with different amounts of iron were estimated 

using the Scherrer equation 9. The calculated results (Table 1) show that the crystallite sizes 

are decreasing with the increasing of iron ratio. We can suggest that the iron is a grain-growth 

inhibitor for the franklinite ZnFe2O4 from ZF1 to ZF3. 
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Figure 1. XRD patterns of all prepared nanofibers ZF0, ZF1, ZF2, ZF3 and ZF2T on the 2 

range 20-80° (A) and on the 2 range 34-37° (B). 

 

Table 1. Grain size of zinc ferrite with different iron ratios 

 ZF1 ZF2 ZF3 ZF2T 

Grain size (nm) 20.6 19.6 19.1 17.0 

 

The obtained materials were characterized as well by Raman spectroscopy (Figure 2). In ZF0, 

the observed peak at 437.32 cm-1 was attributed to the E2h mode which is the strongest mode 

in the ZnO wurtzite crystal structure. The peak at 586.7 cm-1 corresponds to E1L mode of ZnO 

52. In addition to these first-order modes, the Raman spectra also show another peak at 327.29 

cm-1, which is attributed to a combination of the first-order modes and an overtone, identified 
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as M point phonons 2-E2(M) of ZnO. From Figure 2, it is clear that the formation of ZnFe2O4 

leads to the decrease of the E2h intensity. In addition, the broad peak at 615.33 cm-1 in ZF1 

sample can be attributed to the spinel structure of ferrite ZnFe2O4. This peak refers to the A1g  

mode of the symmetric stretch of tetrahedral FeO4 
51. In ZF2, E2h mode disappears indicating 

the formation of pure phase of zinc ferrite. The Eg that appears at 333.5 cm-1 is due to the 

symmetric bending of oxygen ions with respect to Fe 53. After deposition of TiO2 on ZF2 

(ZFT2 sample), all the vibrations modes of anatase appear at 144.8 cm-1 (Eg), 198 cm-1 (Eg), 

395.2 cm-1 (B1g), 514 cm-1 (A1g) and 634 cm-1 (Eg) 
54. Beside the Eg band of zinc ferrite at 

329.1 cm-1 is observed. The broad peak at 634 cm-1 (Eg) has been blue shifted in comparison  

with the previous studies of Vahtrus et al. (2015) 54. This shifting is attributed to the 

overlapping with zinc ferrite peak at 615.33 cm-1. 

 

 

Figure 2. Raman shift of ZF0, ZF1, ZF2, ZF3 and ZF2T samples. 
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Scanning electron microscopy was used to investigate the morphological features of the 

prepared nanofibers. It was found that the morphology of the prepared nanofibers strongly 

depends on the Zn/Fe ratio, as presented in Figure 3. ZF0 sample presents a rod like 

morphology whereas ZF1 sample presents a nanofiber morphology. With a further increase 

of iron concentration (ZF2 and ZF3 samples), ZnFe2O4 with an optimum nanofibers structure 

was obtained (Figure 3). The obtained nanofibers in ZF2T after TiO2 deposition are shorter 

than ZF2 due to the plasma impact on the fibers. However, the fibers morphology is still 

preserves. 

Furthermore, Ti, Fe, Zn and O elements were detected in EDX mappings for ZF2T, as 

presented in Figure S2. The distribution of TiO2 is uniform on the surface of ferrite 

nanofibers. The composition presented in Table 2 confirms the formation of ZnFe2O4@TiO2 

nanofibers. 

 



 

 



Figure 3. Scanning electron microscope images of ZF0, ZF1, ZF2, ZF3 and ZF2T samples. 

 

Table 2. EDX data showing the composition of ZF2T. 

Element Atomic % (error: 1%) 

O 67.5 

Ti 8.5 

Fe 16.3 

Zn 7.7 

 

The surface properties and pore structure parameters of the prepared samples were studied 

using nitrogen adsorption/desorption isotherm. The Barrett–Joyner–Halenda (BJH) pore size 

distribution is illustrated in Figure S2. From BET (Barrett–Emmett–Teller) method, we found 

a surface area of 31.18, 59.38, 77.86, 61.83 and 158.51 m2/g for ZF0, ZF1, ZF2, ZF3 and 

ZF2T, respectively. As shown in Figure S3, the isotherms of ZF2 and ZF2T are of type IV 

and display a distinct hysteresis loop, which indicates the mesoporous structure of the 

samples55. It is clear that the ZF2T has a high specific surface area (158.51 m2/g) and it 

maintains the multi-porosity of ZF2 nanofiber with enriched average pore volume (from 

0.009 to 0.046 cm3/g). This could result from the elimination of PVP in ZF2 nanofibers 

during the TiO2 plasma deposition. Such mesoporous structure with a very high surface area 

has not been recorded before for this material. This composite material can certainly promote 

adsorption, desorption and diffusion of reactants and products, which is favourable to obtain 

a high photocatalytic activity 56. This composite ZF2T has a wide pore size distribution in the 

range of 2 to 11 nm, which might be beneficial for the adsorption of contaminant molecules 

in the liquid system. Moreover, the well-defined transport path of multi-porous ZF2T 

nanofibers is helpful for charge carrier. 



The photocatalytic activity is controlled by the four mechanisms: the photoabsorption, 

the generation of electron-hole pairs, the charge carrier transfer and the charge carrier’s 

utilization. ZF2T has the best absorption properties as confirmed in BET data. In another 

hand, the enhancement of the photocatalytic activity is mainly caused by the efficient 

generation and the transfer of the electron-hole pairs, which depend on the band gap structure 

of the photocatalyst. 

The band gap of samples (Eg) was determined by the following equation: 

𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔)𝑛/2 equation (2) 

where α is the absorption coefficient, v is light frequency and n is a proportionality constant. 

Thevalue of n is determined by the transition of semiconductor, i.e. direct transition as for 

zinc ferrite (n = 1) or indirect transition as for TiO2 (n = 4). The diffuse reflectance of all 

prepared samples is presented in Figure 4. In addition, the absorption edge of ZF2T had 

relatively steep edges, indicating that the absorption in the visible region was not due to the 

surface states but rather to an intrinsic band transition57. The Eg values of all samples are 

listed in Table 3. Where Eg1 of ZF0 was presented for ZnO, Eg1 of ZF2T (IT) – indirect 

transitions for TiO2, Eg2 values were displayed for ZnFe2O4 and Eg3-5 were referred to Fe2O3. 

These results indicate that ZF2T composites could absorb more photons which enhance the 

photocatalytic process. 

Furthermore, the conduction band (∆EC), the valence band gap offsets (∆EV), the fermi level 

(EF) and the built in potential (Vbi) are calculated in Table 4 by the following equations:58  

∆EC = X2 – X1     equation (3) 

∆EV = Eg1(IT) – Eg1(DT) - ∆EC  equation (4) 

EF = ɸ - X     equation (5) 

Vbi .q = EF2 – EF1    equation (6) 



Where,  X1,2 = 4.35 and 4.19 eV are electron affinity values of zinc ferrite and TiO2, 

respectively.59 Eg1(IT) and Eg1(DT) are the band gap values from Table 3. ɸ is the work 

function presented in Table 4.60 q is electron charge and EF1,2 are Fermi level positions of 

TiO2 and zinc ferrite, respectively.  

 

 

Figure 4. Diffuse reflectance of all prepared nanofibers. 

 

Table 3. Band gap energy of ZF0, ZF1, ZF2, ZF3 and ZF2T nanofibers. 

 

Sample Name Eg1 (ev) Eg2 (ev) Eg3 (ev) Eg4 (ev) Eg5 (ev) 

ZF0 3.22 -- -- -- -- 

ZF1 2.79 2.7 2.52 2.33 2.27 

ZF2 2.85 2.7 2.53 2.33 2.27 
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ZF3 -- 2.73 2.51 2.33 2.27 

ZF2T (DT)* 2.78 2.73 2.48 -- 2.26 

ZF2T (IT)* 3.27 (TiO2) -- -- -- -- 

* ZF2T (DT) – direct transitions and ZF2T (IT) – indirect transitions 

 

Table 4. Electronic parameters of ZF2T nanofibers. 

 Electron 

affinity (eV) 

Band gap 

(eV) 

Work 

function 

(eV) 

∆EC (eV) ∆EV (eV) Vbi (eV) 

Zinc ferrite 4.35 59 2.78 4.56 59 

0.16 0.33 0.02 

TiO2 4.19 59 3.27 4.38 59 

 

The photoluminescence spectra of all prepared samples are shown in Figure 5. A drastic 

quenching of PL intensity of ZF2T was observed after the introduction of TiO2 with zinc 

ferrite, indicating that the recombination of the photo-generated charge carriers was greatly 

reduced in the obtained materials.60 This phenomenon could be attributed to the phase 

transitions. As it can be seen, the wavelength of the peak was shifted in ZF1 sample due to 

the disappearing of ZnO. This result matchs well with the XRD data presented above. 



 

Figure 5. Photoluminescence of ZF0, ZF1, ZF2, ZF3 and ZF2T nanofibers. 

 

The photocatalytic activities of zinc ferrite with different ratios of iron with or without 

deposition of titanium dioxide by PECVD were evaluated for the degradation of methylene 

blue under visible light. The MB is difficult to be photodegraded in the absence of a 

photocatalyst as shown in Figure 6. After 30 minutes in dark, the adsorption-desorption 

equilibrium was established as presented in Figure S4. The degradation of MB is up to 15%, 

40%, 50%, 38% and 98% for ZF0, ZF1, ZF2, ZF3 and ZF2T respectively (Figure 6). It is 

well known that the enhancement of the photocatalytic activity depends on the specific 

surface area, crystallinity, light absorption capacity and separation efficiency of electron–hole 

pairs.61-62 Therefore, the good photocatalytic activity of the ZF2T sample is directly related to 

its high surface area and quenching of photoluminescence due to the effect of spinel structure 

with TiO2. Moreover, a very high surface area has previously been recorded for this material 
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(ZnFe2O4@TiO2 nanofibers) in comparison with the previously studied ZnFe2O4/TiO2 

nanoparticles (surface area : 36 m2/g).63 The enhancement of surface area is another reason 

for the improvement of the photocatalytic activity. 

The photodegradation rate was clarified by the degradation kinetic linear curves which are 

presented in Figure 7. The photodegradation reactions follow a Langmuir Hinshelwood first 

order kinetics model. The equation is described as follow: 

r = dC/dT = kKC/(1+KC)  equation (7) 

Where r is the rate of MB degradation (mg L-1 min-1), C is the concentration of the MB 

solution (mg L-1), t is the degradation time, k is the reaction rate constant (mg L-1 min-1), and 

K is the adsorption coefficient of MB (mg L-1). The relationship between ln(C0/C) and the 

reaction time (t) shows that the decomposition of MB with different photocatalysts follows a 

pseudo first order kinetic: 

Ln(C0/C) = kKT = kat  equation (8) 

where ka is the apparent first-order rate constant (min-1) and C is the concentration at time t. 

ka reported in Table 5 is obtained from the linear dependence between ln(C0/C) and time. The 

rate constants are increasing in the following order: ZF2T > ZF2 > ZF1=ZF3 >ZF0. The rate 

constant exhibits a maximum of 0.022 min-1 for ZF2T. From the obtained results, it is evident 

that the produced ZnFe2O4@TiO2 nanofibers by electrospinning and PECVD show a very 

high surface area with mesoporous structure and good properties for the separation of photo-

induced electron–hole pairs of TiO2. These characteristics significantly increase their 

photocatalytic activity under visible light, as proved by their very high performance in the 

degradation of methylene blue under visible light by comparison with previous studies (Table 

6).62, 64-66 

The degradation mechanism, based on all above-mentioned results, the energy band structure 

of ZnFe2O4@TiO2 hetero-interfaces is schematically shown in Figure 8. Zinc ferrite is a p-



type semiconductor, while TiO2 is an n-type semiconductor. Separately, the band gap of n-

type TiO2 is larger than those of p-type Zinc ferrite, and the Fermi level of ZnFe2O4 is lower 

than that of TiO2. When they are in contact, the Fermi level of TiO2 is moved down and the 

Fermi level of ZnFe2O4 is moved up until an equilibrium state is formed. Under light 

irradiation, electrons and holes are generated in the junction. The charges are driven by the 

internal electric field (the built-in potential Vbi). The photogenerated electrons in the 

conduction band of the p-type ZnFe2O4 cannot transfer to that of n-type TiO2 because of the 

barrier established at the junction. Only a small amount can be transferred by the tunnel effect 

through the electric potential barrier near the junction. The photo-generated holes in TiO2 can 

instead migrate from the valence band of n-type TiO2 to that of p-type ZnFe2O4 because of 

the gradient established at the junction, so leaving an excess of negative charge in the TiO2. 

These results are important in cationic dyes as MB.67 The photogenerated holes have a strong 

oxidizing power to produce OH• radicals. In the same time the photogenerated electrons are 

enough to produce O2 
•- from molecular oxygen; following this mechanism: 

ZF2T + hν    (h+) ZnFe2O4 + (e-) TiO2   equation (9) 

(e-) TiO2 + O2   O2 
•-     equation (10) 

H2O + O2 
•-   2OH•     equation (11) 

(h+) ZnFe2O4 + H2O  OH• + H+    equation (12) 

H2O + O2 
•- + H+  OH• + H2O2 + OH-   equation (13) 

H2O2 + e-   OH• + OH-    equation (14) 

OH- + h+   OH•     equation (15) 

OH• + MB   degradation products   equation (16) 

 

 

 



 

 

Figure 6. Photodegradation of MB by ZF0, ZF1, zinc ferrite, ZF3 and ZF2T nanofibers. 

 

 

0

0.2

0.4

0.6

0.8

1

0 30 60 90 120 150 180

C
/C

0

Time (min.)

MB
ZF0
ZF1
ZF2
ZF3
ZF2T

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 30 60 90 120 150 180

L
n

 C
0
/C

Time (min.)

MB
ZF0
ZF1
ZF2
ZF3
ZF2T



Figure 7. Kinetic of MB degradation by ZF0, ZF1, ZF2, ZF3 and ZF2T nanofibers.  

 

  

Figure 8. The transport mechanism of photogenerated charges in ZF2T 

 

 

Table 5. Kinetic parameters for photocatalytic activities of ZF0, ZF1, ZF2, ZF3 and ZF2T 

nanofibers. 

 ka (min.-1) R2 

MB 0.0003 0.86 

ZF0 0.0005 0.85 

ZF1 0.0026 0.90 

Vacuum 

Φ 2 χ 1 
χ 2 

Φ 1 

E F 

E g1 (DT)  E g2 (IT)  

TiO2 

ZnFe 2 O 4 

e- 

h
+

 



ZF2 0.0034 0.97 

ZF3 0.0026 0.94 

ZF2T 0.0220 0.98 

 

Table 6. Maximum degradation of various photocatalysts for MB under visible light. 

Photocatalysts    Weight of 

catalysts/L 

Concentration 

of MB 

Time 

(h) 

Degradation 

(%) 

Ref. 

c-NaNbO3 1.04 g/L  10 ppm 3 h 87% 66 

5.0%Zn3(OH)2V2O7·2H2O/g-

C3N4 

2 g/L  10 ppm 1 h 90% 62 

g-C3N4/TiO2-80% 1 g/L  10 ppm 6 h 95% 65 

mesoporous WO3 0.5 g/L  3 ppm 1.2 h 63% 64 

WO3-GO 0.5 g/L  3 ppm 1.2 h 82% 64 

mesoporous Pt/WO3 0.5 g/L  3 ppm 1.2 h 90% 64 

Pt/ WO3-GO 0.5 g/L  3 ppm 1.2 h 94% 64 

ZnFe2O4@TiO2 1 g/L  20 ppm* 3 h 98% Our work 

 * Highest concentration of MB 

 

CONCLUSION 

In this study, by combining the two techniques electrospinning and PECVD, a novel 

ZnFe2O4@TiO2 nanofibers structure with high surface area was successfully manufactured. 

The photocatalytic activity was evaluated through MB dye degradation under visible light. 

The prepared zinc ferrite nanofibers with TiO2 displays the best activity (98% degradation 

ratio of pollutant) compared to the same sample without TiO2 (50% degradation ratio of 

pollutant). Zinc ferrite@TiO2 acts as p-n junction to keep the electrons on the surface of TiO2 



inducing enhanced photodegradation of pollutant. Some electrons can accumulate on the 

surface of ZnFe2O4@TiO2 as confirmed by quenching of photoluminescence. As a 

conclusion, the zinc ferrite coated with TiO2 has a very high potential to enhance the 

photocatalytic efficiency in the degradation of organic pollutant under visible light. 
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