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Nickel ferrite and cerium substituted nickel ferrite 
nanoparticles were synthesized by co-precipitation 
method. The structural, morphological, optical and 
photocatalytic properties were investigated. The 
crystallite size was found to decrease by the 
substitution of cerium ions in the nickel ferrite. 
Characteristic UV-Vis absorption data showed red 
shift for the cerium substituted sample with 
spherical morphology. Presence of Fe 2p, Ni 2p, and 
O 1s levels with higher intensities were observed 
for the cerium substituted nickel ferrite as 
evidenced from its XPS spectrum. In the presence of 
normal sunlight the photodegradation efficiencies 
of synthesized nanoparticles were investigated 
using the Azocarmine G dye. The cerium substituted 
nickel ferrite nanoparticles showed higher 
photocatalytic activity for dye degradation than 
pure nickel ferrite. This enhanced photocatalytic 
activity is correlated to the smaller particle size and 
higher optical absorption property. 

INTRODUCTION 
Nanotechnology is now considered to be one of the 
most promising technology in protecting the 
environment by offering different techniques such as 
biodegradation, recycling, preventing corrosion and 
treating waste from the industry.1-7 Environmental 
problems associated with water pollutants can cause 
serious threats to human life. For the last few decades, 
various physical, chemical and biological techniques as 
well as photocatalysis are applied to remove pollutants 
from the waste water.8-12 In addition to removing the 
pollutant particles from water, it is equally important to 

keep the non-toxicity of materials being used and the 
safety of the method employed. Among various water 
purification technologies, photocatalysis is a promising 
technique for the degradation of organic pollutants in 
water.13,14 The photocatalysis involves a catalytic 
reaction by a catalyst with light absorption. This 
method has several advantages since it deals with 
catalyst particles of larger surface area, and the 
availability of light source used.15  
The most commonly employed photocatalysts are ZnO, 
TiO2, WO3 and SnO2, due to their non-toxicity, low cost 
and insolubility under most of the environmental 
conditions.16,17 However, the activity of these metal 
oxide photocatalysts is reduced because of their 
inability to harvest sunlight efficiently.18,19 Also, the use 
of slurry reactor is still limited due to the difficulty for 
separating nanoparticles from treated water. Recently 
researchers have been proposed an efficient method of 
nanoparticle separation from the treated water by using 
magnetically separable photocatalysts.20-22 Various 
magnetic nanoparticles are synthesized based on Fe, Co 
and Ni for these purposes. NiFe2O4is a magnetic 
nanomaterial possessing excellent characteristics such 
as an inverse spinel structure, high electrical resistivity, 
high Curie temperature and environmental stability.23 

The present paper aims to develop magnetically 
separable photocatalysts based on NiFe2O4with high 
photocatalytic activity under visible light irradiation. 
Synthesis of NiFe2O4 and Nd substituted NiFe2O4 

photocatalysts by co-precipitation method was exposed 
extensively by Harish et al.,24 studying the 
photocatalytic properties of the material towards 
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various dyes such as rose Bengal, methylene blue, 
methyl orange, rhodamine B and methyl red. Here we 
report the synthesis of NiFe2O4 and Ce- substituted 
NiFe2O4 photocatalysts by co-precipitation. We 
investigate the importance of cerium substitution in 
regulating the properties of NiFe2O4 and substantiate 
the effect of Cerium substitution in enhancing the 
photocatalytic activity. AzocarmineG (Azo G) dye was 
selected as the model dye since it accounts for almost 
80% annual production of commercial dye. The 
prepared photocatalysts were characterized to find 
their structural, morphological, optical and 
photocatalytic properties using XRD, FTIR, and SEM 
with energy dispersive X-ray analysis, UV-Visible 
absorption spectroscopy (UV-Vis) and XPS. 
Photodegradation was monitored in regular intervals of 
time and the influence of concentration of the dye as 
well as the photocatalysts on the degradation process 
was studied. 

MATERIALS AND METHODS 

Chemicals 
Nickel acetate (C4H6NiO4), Iron (III) Chloride 
hexahydrate (FeCl36H2O) and Cerium (III) chloride -
7hydrate were purchased from Breckland Scientific 
Suoolies, U.K.; NaOH, oleic acid and ethanol were 
obtained from Sigma Aldrich. All reagents in this work 
were used without any further purification. 

Synthesis of Nickel ferrite and Cerium Substituted 
Nickel ferrite Nanoparticles 
Both NiFe2O4and Ce-substituted NiFe2O4nanoparticles 
were prepared following co-precipitation method.24,25 
The starting materials were nickel acetate 
[Ni(CH3COO)2.2H2O] ferric chloride and cerium (III) 
chloride -7hydrate. The chemicals were taken according 
to the molecular formula, NiFe2-xCexO4 [where x=0.0, 
1.5], and each material was weighed and dissolved in 
deionized water and mixed together by magnetic 
stirring. 3M NaOH was added dropwise to the solution 
to maintain the pH at 13.2. Finally, 3 drops of oleic acid 
(used as the surfactant)was added to the solution and 
the whole solution was subjected to a chemical reaction 
at 80°C temperature for 60min under stirring. After 
completion of the reaction, the precipitate was washed 
with distilled water and ethanol, and dried at 80°C in a 
hot air oven for 3h. Later calcination was done in a tube 
furnace at 400°C for 2h to obtain the cerium substituted 
nickel ferrite nano powders. The Ce-substituted NiFe2O4 
was optimized for the best molecular ratio and labelled 
as NiFe0.5Ce1.5O4. 

Characterization Techniques  
Sample morphology of the synthesized powders was 
examined using scanning electron microscope (SEM, XL-
30E Philips Co., Holland) and transmission electron 
microscope (FEI TECNAI G2 TEM). XRD diffractometer 
(Mini Flex 2, Rigaku equipped with Nickel filtered CuKα 
radiation (λ = 0.1564 nm) operated at 30 V and 15 mA in 
the 2θ range of 10-30° at a scanning speed of 1.8°/min), 

X-ray photoelectron spectroscope (AXIS Ultra DLD XPS) 
and FT-IR spectroscope (PerkinElmer Spectrum 400 
spectrophotometer in the range 400-4000 cm-1 with a 
resolution of 2 cm-1) were used to elucidate the 
structure of the particles. Photocatalytic activity of 
NiFe2O4 and Ce- substituted NiFe2O4was evaluated by 
measuring the decolorization rates of Azo G dye. Fig. 1 
represents the structure of the commercial organic Azo 
G. After optimization of the dye concentration, 50ml Azo 
G and 0.09g of catalysts were mixed in a dark room to 
maintain adsorption and desorption equilibrium. 
Thereafter, the samples were kept under normal 
sunlight on sunny days between 10 a.m. and 2.30 p.m. 
During this time, the sky was clear, and the rays were 
very intense in the premises of Qatar University. At 
given time intervals, the concentration of AzoG dye 
solution was analysed by a UV spectrophotometer in the 
range of 200-800nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Chemical structure of Azo G dye. 

The photocatalytic degradation (PCD) efficiency 
towards the degradation of Azo G organic dye using the 
catalyst was estimated as follows: 
 

     (1) 
     

Where Ct is the concentration of the dye after 
irradiation of light at a specific time and C0 the initial 
dye concentration.26 

 

RESULTS AND DISCUSSION 

Structural, Thermal and Morphological Studies 
Structural investigation of the pure NiFe2O4 and 
NiFe0.5Ce1.5O4 nanoparticles was done using the X-ray 
diffraction patterns as shown in Fig.2. All the diffraction 
peaks related to the cubic phase of NiFe2O4with 2θ 
values of 30.57°, 35.97°, 43.67°, 53.87°, 57.62°, 63.09° 
and 76.28° corresponding to the crystal phases of (220), 
(311), (400), (422), (511), (440) and (533) respectively. 
The obtained XRD diffraction is in accordance with the 
standard JCPDS pattern [card no –10.0325].27 In the 
case of cerium substituted NiFe2O4, all peaks 
correspond to the cubic phase of the CeO2structure 
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(JCPDS card no. 65-5923). When the cerium ion 
substituted into the NiFe2O4, the intensities of cubic 
phase of the CeO2grow and the NiFe2O4 phase becomes 
disappeared, indicating that the crystallinity of NiFe2O4 
deteriorates and the crystallite size decreases.     
The average crystallite sizes of the nanoparticles can be 
calculated from the Debye Scherrer formula, 
 
     (2) 
 
Where, ‘D’ is the average crystallite size, ‘λ’ is the 
wavelength, ‘β’ is the full-width half maximum and θ is 
the scattering angle.28 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Powder X-ray diffraction pattern for NiFe2O4and 
NiFe0.5Ce1.5O4nanostructures. 
The average crystallite size for the pure NiFe2O4was 
found to be 13 nm, and the substitution of Ce into nickel 
ferrite lattice caused the further decrease of crystallite 
size of about 9 nm. The reduction in the crystallite size 
may be attributed to the distortion in the host lattice by 
the impurities (i.e., Ce3+) that inhibit the growth of the 
particle.29 The lattice parameters for the cubic 
structured NiFe2O4 and NiFe0.5Ce1.5O4 nanoparticles 
were also calculated from the following Equations. 
 
     (3) 
 
 
     (4) 
 
Where‘d’ is the interplanar spacing, ‘θ’ is the angle of 
diffraction, ‘λ’ is the wavelength of X-rays and the h, k, l 
are the miller indices.30 For both NiFe2O4 and 
NiFe0.5Ce1.5O4 nanoparticles, (311) crystal plane was 
selected for calculating the lattice parameters. The 
calculated lattice constants for NiFe2O4 and 
NiFe0.5Ce1.5O4 were respectively found to be a= 8.30 and 
8.99Å. Here, the lattice parameter was increased with 
the Ce3+ substitution, obeying the Vegard’s law.31 From 
the XRD results, we conclude that the substitution of Ce 
ions in the NiFe2O4 lattice, causes the Ni cations to be 
replaced with Ce cations. Thus the oxygen atoms in 
NiFe2O4 lattice are removed and subsequently oxygen 
vacancies are produced.32 This lattice oxygen vacancy 

was one of the important parameter for the 
enhancement of photocatalytic activity. 
The crystallite size and strain contributions to line 
broadening are independent of each other and the 
crystallite size and strain can also be calculated using 
the Willamson-Hall method. 
 
  
 
(5) 
 
Where λ is the X-ray wavelength, β is the FWHM (full 
width at half-maximum intensity), θ is the Bragg’s angle, 
and η is the micro strain parameter.33 The intercept of 
the plot between (βtotalcosθ/Kλ) and 4sinθ/Kλis shown 
in Fig.3. The estimated crystallite sizes of both materials 
from this method are respectively 15 and 7nm and in 
good agreement with the values calculated from the 
Debye-Scherrer formula. The strain is estimated from 
the slope of the lines which are 2.8x10-3 and 3.4x10-3, 
showing the increased strain value for the Ce 
substituted NiFe2O4. This in turn reveals that the lattice 
imperfections are increased with the Ce substitution 
which leads to the prevention of NiFe2O4 crystal growth. 
 
 
 
 
 
 
 
 
Figure 3. Williamson-Hall plots for NiFe2O4 and Ce-substituted 
NiFe2O4 samples to determine crystallite size and micro strain. 

X-ray photoelectron spectroscopy (XPS) was used to 
analyse the elements present in the samples. The 
spectrum in Fig. 4a shows the presence of Ni, Fe, O 
elements in NiFe2O4with no other elements present. 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) XPS spectra of NiFe2O4 and NiFe0.5Ce1.5O4, b) Ni 2p 
region and c) Fe 2p region of NiFe2O4. 

In Fig. 4b, the peak at 848eV binding energy is 
attributed to the Ni2p. In the spectrum of Fe 2p (Fig. 4c), 
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the peaks located at 711 and 724eV correspondto the 
binding energies of Fe2p3/2 and Fe2p1/2 respectively.34 
The structural properties of NiFe2O4 and NiFe0.5Ce1.5O4 
samples were further analyzed by FTIR technique as 
shown in Fig. 5. The absorption bands at 600-500cm-1 
and 400-470cm-1 attribute to the stretching vibrations 
due to interaction of oxygen and cations in tetrahedral 
A site and octahedral B site. A broad peak was observed 
at 3300cm-1 and a small peak at 1621cm-1, ascribed to 
the O-H vibration of water molecules.35-37 The peak 
variation of tetrahedral A site is shown in Fig. 5b in 
which the band position is higher for NiFe0.5Ce1.5O4 than 
that of pure NiFe2O4. This can be due to (i) decrease in 
particle size, (ii) composition of the samples, and (iii) 
cation substitution causing variation in Ce-oxygen bond 
length in A-site and B-site.38,39 It is also found that the 
absorption band of A site peak position slightly shifts to 
higher wavenumber side with the substitution of Ce-

ions in accordance with the reports of Hemeda and 
Shinde et al.40,41 
 
 
 
 
 
 
 
 
Figure 5. FTIR spectra of NiFe2O4 and NiFe0.5Ce1.5O4. 

Morphological Analysis 
The surface morphology of the pure NiFe2O4 and 
NiFe0.5Ce1.5O4 are shown in Fig 6. Fig 6(a) shows the 
morphology for pure NiFe2O4 illustrating the spherical 
appearance with less agglomeration. This structure is 
modified into fine particles which are more or less 
spherical in shape in NiFe0.5Ce1.5O4 as shown in Fig 6(b).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. (a,b) SEM images (c, d) TEM images and (e, f) EDAX images of NiFe2O4 and NiFe0.5Ce1.5O4. 

These morphological changes were due to the 
incorporation of Ce-ions into the NiFe2O4 lattice. The 

surface morphology of pure and cerium substituted 
nickel ferrite samples were further analyzed by the 
Transmission electron microscopy (TEM) is shown in 
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Fig. 6(c, d). In Fig 6d, the spherical shaped morphology 
with less agglomeration was observed for nickel ferrite 
and cerium substituted nickel ferrites. The elemental 
analysis spectra of pure NiFe2O4 and Ce-substituted 
NiFe2O4 are shown in Fig.6 (e, f) in which the 
characteristic peaks of Ni, Fe, O, Ce peaks are found. 

UV-Vis Absorption Analysis 
Fig. 7 shows the UV-Vis absorption spectra of pure 
NiFe2O4 and NiFe0.5Ce1.5O4 nanoparticles. In the UV 
region a strong peak was observed at a wavelength of 
around 300nm, attributed to the band gap absorption of 
NiFe2O4 nanoparticles. In the visible region, two strong 
absorption peaks were observed at wavelengths of 
about 456 and 605nm. The absorptions in the visible 
region was due to the Fe3+ 3d-3d spin forbidden 
transition (indirect transition).42 Also, the visible region 
absorption spectrum exhibits broad spectrum which 
was mainly attributed to the charge transfer excitations 
from the O 2p dominated occupied to the Fe 3d 
character unoccupied valence states or it may be due to 
the crystalline spinel structure.43,44 The absorption band 
was shifted towards higher wavelength side for 
NiFe0.5Ce1.5O4 nanoparticles. In other words, it shows a 
red shift. The band gap of the pure NiFe2O4 and 
NiFe0.5Ce1.5O4 nanoparticles was determined using the 
following equation. 
      
     (6) 
 
Where hν is the photon energy, A is the constant 
relative to the material, α is the absorption co-efficient, 
λ is the wavelength in nm, Eg is the band gap energy, n = 
½ for allowed direct band and 2 for the allowed indirect 
transition. However, n takes the values of 3/2 and 3 for 
the direct and indirect forbidden transitions 

respectively.45 In order to calculate the Eg values, a 
graph was plotted between (αhν)2 versus photon 
energy (hν). The intercept on the X-axis gives the band 
gap of the nanoparticles. These Tauc’s plots were shown 
in Fig. 7 (b, c). The calculated band gap values were 
2.2eV and 1.8eV respectively for pure NiFe2O4 and 
NiFe0.5Ce1.5O4. It is found that the band gap value 
decreases for the Ce- substituted sample. In our case, 
the decrease in band gap value can be attributed to the 
formation of Ce secondary phases which was consistent 
with the XRD results.46 The substitution of Ce-ions into 
the NiFe2O4 shows secondary peaks corresponding to 
the Ce-ions. The reduction in band gap implies the 
possible application of these nanomaterials in potential 
visible light driven photocatalysts. 

Photocatalytic Degradation of the Organic Pollutant 
The photocatalytic activity of pure NiFe2O4 and 
NiFe0.5Ce1.5O4 was evaluated by measuring the 
decolorization rates of the Azo G dye. The effects of 
photocatalyst dosage and dye concentration were 
investigated first. The initial dye concentration under 
visible light irradiation was varied from 10-60ppm and 
the amount of catalyst and irradiation time was kept 
constant. The degradation efficiency decreased when 
the dye concentration increased from 10 to 30ppm. This 
is due to the lower number of dye molecules presented 
in the solution and less utilization of OH radicals.47 The 
degradation efficiency was higher at 40ppm, due to the 
presence of enough dye molecules in comparison to 
OH* radicals for the degradation of dye. Further 
increase in the concentration of the dye, reduced the 
PCD efficiency, since higher number of dye molecules in 
the solution increases the competition with OH* 
radicals.48 Therefore, the optimum dye concentration 
was selected as 40ppm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. (a) Absorption spectra for NiFe2O4 and NiFe0.5Ce1.5O4,  (b, c) Tauc’s plot of NiFe2O4 and NiFe0.5Ce1.5O4. 
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The effect of catalyst concentration on the dye 
degradation is a very significant parameter in regulating 
the PCD efficiency. Here, the catalyst amount was varied 
from 10 to 120mg/50ml. The degradation efficiency 
increased from 10 to 90mg/50 ml and when the amount 
of photocatalyst enhanced beyond 90 mg, the 
degradation efficiency was decreased. Here, the strong 
particle-particle interactions and increased light 
scattering are the main reasons for the decrease in 
number of active sites on the photocatalyst surface.49 

 

 

 

 

 

 

 

 

 

 
Figure 8. Comparison of the photocatalytic activity of NiFe2O4 
and NiFe0.5Ce1.5O4 nanoparticles. 

Fig. 8 shows the comparison of photocatalytic activity of 
the catalyst by changing different parameters. The 
results clearly indicate that the NiFe0.5Ce1.5O4 

nanoparticles are better catalysts for the degradation of 
Azo G dye compared to pure NiFe2O4. 
UV-Vis absorption spectrum of Azo G with different 
reaction time under sun light irradiation in the presence 
of NiFe0.5Ce1.5O4 catalyst is shown in Fig.9 (a, b). The 
intensity of the absorption peak diminishes as the 
irradiation time increases. This indicates the complete 
degradation of Azo G. The value of C/Co plotted against 
time (Fig. 9c) illustrates the higher degradation 
efficiency for NiFe0.5Ce1.5O4 nanoparticles compared to 
pure NiFe2O4. 90% of dye degradation is achieved in the 
NiFe0.5Ce1.5O4 sample within 120 min. 
The photocatalytic activity depends upon a number of 
factors such as particles size, morphology and surface 
properties of the photocatalysts.50-52 Here the higher 
photocatalytic activity achieved for NiFe0.5Ce1.5O4 can be 
mainly due to its smaller particle size as evident from 
the XRD results. 
Based on aforementioned studies, a degradation 
mechanism was proposed for the NiFe0.5Ce1.5O4 

photocatalyst for degrading the organic pollutant Azo G 
under sunlight (Fig. 10). Many reactive species such as 
hydroxyl (*OH) and superoxide (*O2-) radicals formed 
during the reaction play important roles in the 
degradation of organic dyes.53 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. (a, b) UV-visible absorption spectra of the photocatalytic activity of AzoG dye (= 40 ppm, catalyst = 90mg/50ml), (c)plots 
of C/Co versus irradiation time. 
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When a photon of energy (hν) equal or higher than the 
band gap energy of the material is irradiated on the 
sample, electron-hole pairs are created. These charge 
carriers act as photocatalytic active centres.54 The holes 
in the valence band are oxidized to react with surface 
water present in the dye to form OH radicals. The 

electrons in the conduction band reduce the oxygen to 
give superoxide radicals. These two radicals are the 
powerful tools in disintegrating the organic pollutants 
and convert it to mineralized products.55 The following 
reaction explains the photodegradation of Azo G dye by 
NiFe0.5Ce1.5O4 catalyst: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Photocatalytic degradation mechanism of Azo G dye under visible light irradiation. 
 
Conclusions 
Pure NiFe2O4 and NiFe0.5Ce1.5O4 nanoparticles were 
synthesized by co-precipitation method. The structural 
characterization reveals the cubic structure of NiFe2O4 

nanoparticles with a crystalline size of 13 nm. With 
cerium doping this size was reduced to 9nm for 
NiFe0.5Ce1.5O4. The optical band gap of the Ce-
substituted sample showed a red shift when compared 
with the pure NiFe2O4. NiFe0.5Ce1.5O4 showed enhanced 
photocatalytic activity compared to the pure NiFe2O4 

sample due to its smaller crystallite size. The maximum 

degradation efficiency for Azo G dye degradation was 
achieved in 120 min, which proves the significance of 
cerium substituted NiFe2O4 in photocatalytic 
degradation of organic pollutants.  
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