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Abstract 

In the present work, nanocrystalline undoped, N-doped and N,Fe codoped TiO2 have been 

synthesized by sol-gel method for the photocatalytic degradation of Reactive Blue 4 dye under 

visible light, with N,Fe codoped TiO2 exhibiting the best activity. Further, to encounter the 

problem of separation of N,Fe codoped TiO2 photocatalyst, magnetically separable γ-Fe2O3/N,Fe 

codoped TiO2 heterojunction was fabricated and found to exhibit enhanced photoactivity with 

100% dye degradation as compared to 85% with N,Fe codoped TiO2. This behavior has been 

attributed to the facilitated electron-hole transfer in γ-Fe2O3/N,Fe codoped TiO2 heterojunction, 

low electron-hole recombination rate, existence of  pure anatase phase and a narrow band gap of 

1.5eV.The recycled γ-Fe2O3/N,Fe codoped TiO2 also demonstrated good repeatability of 

photoactivity. The mechanism involved for degradation of dye by γ-Fe2O3/N,Fe codoped TiO2 

has also been discussed. In conclusion, the synthesis of  magnetically separable and visible light 

active titania by coupling of γ-Fe2O3 and N,Fe codoped TiO2 to overcome its limitations of 

narrow band gap and non-recyclability with additional advantage of enhanced photocatalytic 

activity for degradation of Reactive Blue 4 dye has been achieved. 
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1. Introduction 

Semiconductor photocatalysts, mainly TiO2, has attracted much attention in the last decade for 

the removal of organic and inorganic pollutants1-4 because of its high activity, chemical stability, 

commercial availability and non-toxicity. However, TiO2 inevitably encounter two obstacles 

when applied in practice which are, narrow light response and difficulty in separation.5 

Therefore, the development of a visible light active (VLA) and magnetically separable 

photocatalyst has become an important topic of research in this field. 

 The doping of non-metals or metals in TiO2
6-11 resulted in efficient photoactivity in the 

visible region. Recently, codoped TiO2 with non-metals and metals has been investigated, which 

are found to be even more promising to make TiO2 visible light responsive.12,13 Among the 

various combinations of non-metal and metal codoping, nitrogen and iron codoping has received 

considerable attention because of their interesting synergistic effect in depressing the electron-

hole recombination rate.14,15 

 An approach to overcome the separation problem is by the synthesis of a photocatalyst 

via incorporating magnetic nanoparticles due to the ease of their removal by the application of an 

external magnetic field.16 Unfortunately, sometimes photo-dissolution of catalyst may occur, 

leading to the separation of TiO2 from the magnetic iron oxide core, which not only changes the 

properties of the magnetic iron oxides but also decreases the photocatalytic activity.17,18 Several 

papers have been reported in literature on the synthesis of TiO2-based magnetic 

photocatalysts19,20 but research in the synthesis of magnetically separable VLA titania is still in 

its infancy and very few papers with magnetically separable non-metal or metal doped TiO2 have 
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been reported.21-23 Yu et al recently reported magnetically separable N,La codoped TiO2 as the 

first report of the synthesis with non-metal and metal codoped TiO2.
24  

 In this paper, the visible light induced photodegradation study has been carried out for 

Reactive Blue 4 dye (RB 4) with undoped, N-doped and N,Fe codoped TiO2. The best activity 

was found with N,Fe codoped TiO2 which was further modified for the improvement in the 

separation process of the photocatalyst as magnetically separable γ-Fe2O3/N,Fe codoped 

TiO2.
25,26 The enhanced photoactivity of γ-Fe2O3/N,Fe codoped TiO2 has been accounted for 

based on the suggested mechanism and its physico-chemical properties. 

2. Experimental 

2.1. Reagents and Chemicals 

Tetrabutyl titanate (TBT), Fe(NO3)3.9H2O, FeSO4, urea and RB 4 dye (M.W. = 637.43 gmol−1, 

C.I. 61205) were purchased from Sigma-Aldrich, USA. All other chemicals, ammonium 

hydroxide (NH3.H2O, 25-28%), acetic acid, absolute ethanol were of analytical grade and used as 

received without any further purification. Double distilled water (DDW) was used throughout the 

study. 

2.2. Preparation of modified photocatalysts  

2.2.1. Synthesis of γ-Fe2O3 

 A mixture of 0.18M of Fe(NO3)3.9H2O (50ml) and 0.12M of FeSO4  (50ml) solution were  

mechanically stirred at 40oC and followed by the addition of NH3.H2O (5ml). The mixture was 

stirred for 15 min and heated at 60oC for 10 min. The black precipitates formed were separated 

with a magnet and washed with double distilled water (4x20ml). The as-obtained precipitates of 

iron oxide were finally heated at 100oC to form stable γ-Fe2O3 as a dry powder.  
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2.2.2. Preparation of undoped, N-doped and N,Fe codoped TiO2 

Firstly, TBT (5 ml) and acetic acid (5 ml) were added in 25 ml of absolute ethanol (solution A). 

Secondly, acetic acid (2.5 ml) and distilled water (3 ml) were added in 12.5 ml of absolute 

ethanol (solution B). Solution B was added drop-wise into the solution A with vigorous magnetic 

agitation. The obtained mixture was stirred for 3 h, followed by drying at 100oC in the oven, 

porphyrized into a powder and then annealed at 500oC at a rate of 3oC per minute in a 

programmable furnace for 3 h. The final powder obtained was undoped TiO2. The N-doped and 

N,Fe codoped TiO2 were prepared with the same procedure by using dopant sources, urea (1.8 g, 

30 mmol) and ferric nitrate (0.17 g, 0.43 mmol) for nitrogen and iron respectively, added in 

solution B.  

2.2.3. Preparation of γ-Fe2O3/N,Fe codoped TiO2 

γ-Fe2O3 (0.77 g, 4.82 mmol) was added in solution A in the above procedure to obtain γ-

Fe2O3/N,Fe codoped TiO2 catalyst. The schematic process for synthesis of modified TiO2 has 

been shown in Fig. 1.  

 The as-synthesized materials were characterized by X-ray diffraction (XRD), 

Transmission Electron Microscope (TEM), Brunauer Emmett Teller (BET), Fourier Transform 

Infra-red spectra (FTIR), UV-vis diffuse reflectance spectra (UV-vis DRS), X-ray photoelectron 

spectroscopy (XPS) and Energy dispersive X-ray spectra (EDS) techniques. 
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Fig. 1. Schematic process for synthesis of modified TiO2 

2.3. Characterization of nanocrystalline TiO2 

XRD measurements were performed using an X-ray powder diffractometer (XPERT-PRO) 

operated at 45 kV and 40 mA with Cu-Kα radiation (λ=0.15406 nm) at a scan angle (2θ) of 20-

100o. TEM images of samples were studied using transmission electron microscope of Hitachi 
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(H- 7500) with an accelerating voltage of 120 kV. EDS was performed with EDX-INCAx-act, 

Oxford instrument, attached with TEM. The hydrodynamic particle sizes were determined from 

Malvern Zetasizer ZS90. BET surface area measurements were performed using Quantachrome 

Nova Win version 10.01 and the samples were previously outgassed at 1800C for 2 h. FTIR in 

the range 4000-400 cm-1 were taken from Perkin Elmer - Spectrum RX-I. UV-vis DRS of 

samples were performed on a Perkin Elmer-Lambda 35 UV-vis spectrophotometer, with a 

double-beam optical arrangement, equipped with an integrating sphere attachment. The BaSO4 

was used as a reference.27 XPS was recorded with a Shimadzu ESCA-3200 spectrometer. The 

shift of binding energy due to relative surface charging was corrected using the C1s level at 

284.6 eV as an internal standard. 

2.4. Photocatalytic experiments 

The photocatalytic experiments were performed with 200 ml of dye solution in an immersion 

well type reactor. The experiments were conducted using a 100W halogen lamp with the 

circulation of 2 M NaNO2 solution for absorption of any irradiation below 400 nm with vigorous 

bubbling of oxygen into the solution to increase the dissolved oxygen concentration. An aliquot 

of 5 ml was taken from the reactor at regular intervals of time with a syringe. The suspension 

was centrifuged for 5 min at 4000 rpm and subsequently filtered through a Millipore filter (pore 

size 0.45µm) to remove the catalyst and the filtrate was analyzed by UV-vis spectrophotometer. 

3. Characterization 

 Fig. 2 shows the XRD pattern of all the synthesized photocatalysts. The XRD patterns 

shown in Fig. 2a, 2b and 2c, corresponds to undoped, N-doped TiO2 and N,Fe codoped TiO2 

respectively, indicating the presence of anatase phase (JCPDS No. of pure anatase- 01-071-1167) 

only in undoped and N-doped TiO2 while in case of N,Fe codoped TiO2, it has anatase phase 
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with trace amount of rutile phase (JCPDS No. of pure rutile-  01-078-1510) i.e. 95.55% anatase 

and 4.45% rutile phase28 as calculated by the following equation - 

FA = 100 – 
�

��
�.���

��

 100 

where IA is the intensity of the 101 peak of anatase and IR is the intensity of the 110 peak of 

rutile. 
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Fig. 2. XRD patterns of the synthesized photocatalysts calcined at 500oC (a) undoped TiO2, (b) 

N-doped TiO2, (c) N,Fe codoped TiO2, (d) γ–Fe2O3 and (e) γ-Fe2O3/N,Fe codoped TiO2. 

 The XRD diffraction peaks γ–Fe2O3 in Fig. 2d at 2θ = 30.290, 35.720, 43.400, 57.450, 

63.070 and 74.60 confirms its crystal lattice structure.21 The diffraction peaks in Fig. 2e of γ-

Fe2O3/N,Fe codoped TiO2, showed the anatase peaks of TiO2 and the peaks of γ–Fe2O3 which 

remains unchanged, and reveals that the magnetic properties are not lost after high temperature 

treatment.  The absence of rutile phase in Fig. 2e as compared to Fig. 2c suggests that there is 

some interaction between γ–Fe2O3 and N,Fe codoped TiO2.  
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 The crystallite sizes of all photocatalysts were calculated by Debye-Scherrer equation as 

shown in Table 1. 

 

 

 

 

Table 1. Physico-chemical properties of synthesized photocatalysts. 

 

 

Undoped TiO2 N-doped TiO2 N,Fe codoped 

TiO2 

γ-Fe2O3/N,Fe 

codoped TiO2 

Crystallite size(nm) 

from XRD 

14.2 13.6 21.3 12.0 

Range of particle 

size(nm) from TEM 

8-15 12-18 9-12                      7-14 

Hydrodynamic size 

(Å) 

238.8 132.8 25.2 42.0 

Band gap (eV) 3.0 2.6 2.4 1.5 

BET surface area 

(m2g-1) 

103.8 83.4 98.0 131.5 

 

 Fig. 3. illustrates the TEM images of all synthesized samples. The particle size from 

TEM was found to be in agreement with the crystallite size calculated from XRD analysis. The 

undoped and N,Fe codoped TiO2 (Fig. 3a and 3c) have a cubic shape while N-doped TiO2 (Fig. 

3b) showed rectangular shape with low aggregation of particles. Fig. 3d of γ-Fe2O3/N,Fe 

codoped TiO2 showed heterogeneous dispersion of ultrafine γ-Fe2O3 magnetic nanoparticles in 
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the N,Fe codoped TiO2 matrix.29 The heterojunction formed between γ-Fe2O3 and N,Fe codoped 

TiO2 has been shown in the enlarged view of  Fig. 3d. The dark region corresponds to γ-Fe2O3 

and the light region corresponds to N,Fe codoped TiO2. The presence of well defined SAED ring 

pattern in HRTEM of γ-Fe2O3/N,Fe codoped TiO2 confirmed the crystallinity of titania. Further, 

the calculated d-spacing of 0.35 nm and 0.25 nm corresponding to the (101) plane of anatase of 

TiO2 and (110) plane of Fe2O3 respectively confirmed the presence of heterojunction as shown in 

Fig. 3e.   
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Fig.3. TEM images of (a) undoped TiO2, (b) N-doped TiO2, (c) N,Fe codoped TiO2, (d) γ-

Fe2O3/N,Fe codoped TiO2 and (e) HRTEM of γ-Fe2O3/N,Fe codoped TiO2 

 The hydrodynamic particle size of all the synthesized TiO2 samples has also been 

determined as given in Table 1. The hydrodynamic sizes of the photocatalysts were found to be 

larger than the crystallite size, calculated by Debye-Scherrer equation, due to the aggregation of 

the powders in an aqueous media. 

 The BET surface area of the synthesized samples are shown in Table 1. Among all the 

samples, γ-Fe2O3/N,Fe codoped TiO2 has higher surface area which can be accounted for based 

on the different nucleation and growth of nanocrystallites resulting in the formation of particles 

of small size and correspondingly having larger surface area.30 
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 The FTIR spectra has been analyzed of all samples to confirm the composition and 

structure of nanocomposites (Fig. 4). In all the spectra, the peaks at 1620 and 3400 cm-1 are 

attributed to absorption by water and hydroxyl groups31 and peaks at 500-900 cm-1 originates 

from Ti-O-Ti bond. 32 The small peaks at around 1450, 1230 and 1090 cm-1 can be assigned to 

the nitrogen atoms embedded in the TiO2 network in doped TiO2 samples. In the spectra of γ-

Fe2O3/N,Fe codoped TiO2, the peak around 570 cm-1 was observed which is due to the vibration 

of Fe-O bond.  

4000 3500 3000 2500 2000 1500 1000 500

cm
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undoped TiO
2

N-doped TiO
2

N,Fe codoped TiO
2

γ-Fe
2
O

3
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2

 

Fig. 4. FTIR spectra of the synthesized photocatalysts 

 Fig. 5 showed the UV-vis DRS spectra of all synthesized catalysts and their band gap 

was calculated by Tauc plot.33 The undoped TiO2 has a band gap of 3.0 eV indicating that it can 

absorb only UV light. In N-doped TiO2, the band gap shifts from 3.0 eV to 2.6 eV because of 

hybridization of N 2p with O 2p orbitals. In N,Fe codoped TiO2, the incorporation of iron further 

decreases the band gap to 2.4 eV.34 The doping of nitrogen and iron in TiO2 forms the impurity 

band just above the valence band (VB) and below the conduction band (CB) respectively in 

TiO2.
35 The reduction in band gap confirms that both nitrogen and iron weave efficiently into the 
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crystal lattice structure. In γ-Fe2O3/N,Fe codoped TiO2, the band gap further lowers to 1.5 eV 

which justifies their increased absorption in the visible region.36 The shift in band gap might be 

due to the formation of a heterojunction between γ-Fe2O3 and N,Fe codoped TiO2 which was 

further confirmed from HRTEM analysis. This is further supported by literature reports where 

heterojunction formation leads to reduction in band gap.37-39  
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Fig. 5. UV-vis DRS analysis of the synthesized photocatalysts. 

 The XPS spectra of doped samples  as represented in Fig. 6, showed a clear N 1s binding 

energy around 400 eV which has been assigned to interstitial nitrogen and residual non-influent 

N species at the surface.40-42 The N,Fe codoped TiO2 sample showed peaks for the binding 

energies of Fe 2p located at 722.6 and 709.7 eV indicating the existence of Fe-O bond on the 

surface of the sample. 
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Fig. 6. XPS of N-doped TiO2 and N,Fe codoped TiO2 

 EDS analysis has been used for the elemental analysis of γ-Fe2O3/N,Fe codoped TiO2 and 

the energy peaks corresponding to the elements i.e. N, Fe, O and Ti were observed as shown in 

Fig. 7.
43 

 

Fig. 7. EDS data of (a) γ-Fe2O3/N,Fe codoped TiO2  

4. Results and discussion 

4.1. Results of photoactivity test 
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 The RB 4, a textile azo dye, was chosen as a target compound to test the photocatalytic 

activity of the prepared photocatalysts. The degradation efficiency of the synthesized catalysts 

was defined as C/Co, where C and Co stand for the remnants and initial concentration of the dye 

respectively. The order of degradation efficiency with respect to the initial rate of reaction for the 

photocatalytic degradation of the dye under visible light was found to be γ-Fe2O3/N,Fe codoped 

TiO2 > N,Fe codoped TiO2 > N-doped TiO2 > undoped TiO2 as shown in Fig. 8.  

 

Fig. 8. Photocatalytic degradation of RB 4 dye with synthesized catalysts; C0=10 ppm, catalyst 

amount= 0.24gm/200ml 

4.2. Discussion for mechanism of degradation  

 In γ-Fe2O3/undoped TiO2, the CB and VB of γ-Fe2O3 is located between CB and VB of 

TiO2 as shown in Fig. 9.
44 The electron get excited from VB to CB of γ-Fe2O3 by absorption of 

visible light, but neither electrons in CB nor holes in VB of the γ-Fe2O3 can be transferred to the 

CB or VB of TiO2 by following pathway A and B, due to unfavorable energy band matching.   
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Fig. 9. Schematic representation of mechanism involved for degradation of dye in γ-Fe2O3/N,Fe 

codoped TiO2 heterojunction 

 While in γ-Fe2O3/N,Fe codoped TiO2, this mismatch of energy bands do not limit the 

photoactivity of catalyst because codoping with N and Fe induces the formation of new states 

close to the VB and CB respectively. Due to these newly formed states, the electron and hole 

mobility from γ-Fe2O3 to impurity band of N,Fe codoped TiO2 becomes feasible by pathway C 

and pathway D respectively as shown in Fig. 9.45-50  The probable reactions of electrons and 

holes by pathway C and D are as below, which lead to the degradation of RB 4 dye. 

Pathway C 

O2 + e-                     
O

.�    

O

.�+ H+                    HO


.  

HO

.  + dye                                      CO2 + H2O 

Pathway D 
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(H2O)ads + h+           H+ + .OH  

(OH)ads + h+          .OH  

.OH + dye                                      CO2 + H2O 

 The narrow band gap of γ-Fe2O3/N,Fe codoped TiO2 (1.5eV) participates in increasing 

the quantity of photoinduced electrons and holes by following pathway E as shown in Fig. 7 

which leads to enhancement in the utilization of visible light more efficiently for degradation of 

dye.51 The high photoactivity of γ-Fe2O3/N,Fe codoped TiO2 is further facilitated by the large 

surface area and pure anatase phase because the fast migration of photogenerated electrons and 

holes from the bulk to surface occurs better in the anatase phase, thus resulting in the low 

recombination rate of photogenerated charge carriers as reported in literature.52-54 

4.3. Photocatalyst reuse 

The magnetic γ-Fe2O3 nanoparticles in TiO2 facilitate the separation of photocatalyst that 

improves the recyclability of the catalyst. The recycling runs were carried out by separating the  

γ-Fe2O3/N,Fe codoped TiO2 catalyst under an external magnetic field of intensity 365 Gauss. A 

mass recovery of ~ 98% was achieved with a minor loss. This loss was expected owing to small 

size . As shown in Fig. 10, the photocatalytic activity of catalyst remains almost constant upto 4 

runs.  
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Fig. 10. Recycling runs for degradation of RB 4 dye by γ-Fe2O3/N,Fe codoped TiO2 ; the inset is 

a photograph showing separation of catalyst under magnetic field 

5. Conclusion 

In this paper, we have successfully synthesized γ-Fe2O3/N,Fe codoped TiO2 which resulted in the 

formation of a heterojunction and was well characterized. The synthesized γ-Fe2O3/N,Fe 

codoped TiO2 exhibits enhanced photocatalytic activity in comparison to non-magnetic N,Fe 

codoped TiO2 and has been well accounted for based on the coupling effect of γ-Fe2O3 and N,Fe 

codoped TiO2, shift in band gap, low electron-hole recombination rate, large surface area and 

anatase phase. Moreover, the fast magnetic separation and efficient photoactivity of catalyst is 

advantageous for using the synthesized catalyst in industries for addressing environmental issues. 
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