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Abstract 

Paramagnet spinel NiFe2O4 nanocrystals were synthesized using the hydrothermal route and were 

put in contact with anatase TiO2 PC500; the mixture of semi-conductors was employed as 

substrate to deposit reduced Graphene Oxide (rGO) sheets synthetised via Hummers modified 

method. Several rGO mass amounts ‘x’ were deposited (x = 0, 5, 10, 15% and 20%). These steps 

of synthesis were followed by surface decoration with Ag metallic particles using the 

photodeposition method, wich led to different heterojunction nanocomposite materials. The XRD 

analysis proved that the NiFe2O4 has a spinel crystalline structure and the anatase TiO2 has a 

tetragonal system; these crystalline systems were conserved after the deposition of rGO. The 

electronic properties were studied experimentally using the UV-Vis DRS illustrating a 

hierarchical gap for the spinel NiFe2O4 and an indirect gap for TiO2; these analyses revealed that 

the electronic and structural properties are affected when the rGO is deposited. The SEM images 

proved the formation of the heterojunction and the good mixing of NiFe2O4 and TiO2 with the 

rGO. The EDX allowed attributing a chemical formula for the spinel structure, Fe2.02Ni1.01O3.22. 

Furthermore, the photocatalytic properties are influenced by the specific area of the 

photocatalyst; for that the DLS analysis was carried out to estimate the average aggregated grain 

seize. At the end, the composites were evaluated for their enhanced adsorptive performance and 

photocatalytic activity under visible light irradiation to degrade Methylene Blue (MB). In 

addition, the deposit of metallic Ag showed great improvement in the photocatalytic 

performances over pristine composites. 
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1. Introduction 

Non-biodegradable or recalcitrant organic pollution have today become crucial environmental 

problems because of their toxicities and persistence. Refractory organic products, mainly 

generated by industries are continuously discharged into waterways or the environment. A large 

quantity of wastewater from the textile industry contains dyes of various kinds whose elimination 

by conventional biological processes turns out to be ineffective. Thus, adsorption materials have 

found an importance in environmental processes 
1-3

, but with these materials, pollution is only 

transferred from the liquid phase to the solid phase 
4
. Consequently, it is necessary to find a new 

material having high catalytic power, which is not only capable to destroy pollutants into simpler 

and above all biodegradable compounds. In this way, many researchers have tried to synthesize 

new heterogeneous photocatalysts based on nanoparticles metallic oxides 
5,6

. 

As a new carbon material considered as an ideal support for nanoparticles 
7
, discovered in 

2004, graphene has a two-dimensional (2D) structure and has a thickness of only one atom. It 

aroused extraordinary interest, thanks to its physical properties. Graphene has been widely used 
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in several fields 
8-10

, owing to its high surface area, excellent electronic conductivity in storage 

and transport of electrons and high mechanical resistance 
11,12

. In addition, graphene oxide (GO) 

can be easily functionalized in order to modify its physical properties 
13

, rGO can be obtained by 

reduction of GO by electrical, chemical or thermal treatments 
14,15

. 

The fixation of metal oxide nanoparticles on graphene or its derivatives including graphene 

oxide and carbon nanotube have shown their effectiveness as adsorbent and in photocatalysis 
16-

19
. It is noted that the carbonic materials prevent the aggregation of nanoparticles immobilized on 

their surface.  

The metal oxides of structures AB2O4, A and B are divalent and trivalent metal cations 

respectively, are called spinel compounds and they can be indexed regarding the X-ray diffraction 

analysis as cubic face-centered with Fd3m space group 
20-23

, in which, 1/8 of tetrahedral sites and 

1/2 of octahedral sites are occupied by A and B cations respectively. This family of compounds 

has attracted considerable attention in few recent years, owing to their narrow band gaps and their 

great visible-light responses in wastewater treatment. 

Among the spinel composite oxide compounds, the spinel ferrite nanoparticles MFe2O4 (where 

M is divalent metal) have a vast potential for several technological applications 
24,25

, because of 

their optical-electrical properties, magnetic properties and mechanical and chemical stabilities 
26, 

27
. They have been used in adsorption, photocatalysis, hydrogen in solar cells, magnetostrictive 

sensors, transducers, actuators, supercapacitors, Li-ion batteries, drug delivery, memory devices, 

microwave and spintronic devices, catalysis and gas sensor 
28-31

. From that, several researchers 

have synthesized nanoparticles of MFe2O4 by different techniques, such as micro-emulsion 

method, co-precipitation method, sol-gel auto-combustion method, hydrothermal method, 

solvothermal method, etc. 
32-35

. Among the spinel ferrite nanoparticles, the NiFe2O4 spinel has 

shown good magnetic properties, allowing an easy separation, and it also shows an interesting 

photocatalytic activity 
36

. In this context, only few researches on NiFe2O4 were developed in the 

fields of elimination of organic pollutant by photocatalytic processes 
37,38

. Other than that, 

NiFe2O4 nanoparticles were used for reduction of metals 
39

, hydrogen production, reduction of 

CO2 and photoelectrochemical water splitting 
40,41

. Other researchers have synthesized spinel-

LDH composites for the adsorption and photocatalysis 
42

. 

In order to increase the photocatalytic activity of spinels by separating the photogenerated e-

hole couple 
43, 44

, some researchers have synthesized nanocomposites of NiFe2O4 deposited on 
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two-dimensional structure materials, such as g-C3N4 as well as on other photocatalytic 

semiconductors such as ZnO and TiO2 
45-47

. Other researchers have introduced other materials 

into the NiFe2O4-TiO2 matrix, such as polypropylene, silica and ionic liquids 
48

. 

This study focused therefore on the development of the photolytic properties of NiFe2O4, by 

adopting three strategies. The first one was the production of the junction NiFe2O4-TiO2; the 

second one was the deposition of rGO on NiFe2O4-TiO2 and the last one was the deposition of 

metallic Ag nanoparticules; synthesizing finally the NiFe2O4-TiO2/rGO/Ag composite. The 

photocatalytic activities of NiFe2O4-TiO2, NiFe2O4-TiO2/rGO and NiFe2O4-TiO2/rGO/Ag were 

compared; the systematic structural and electronic characterizations were also performed. 

2. Experimental part 

2.1. Materials and methods 

2.1.1. Preparation of Graphene Oxide (GO) 

GO was synthesized by the modified Hummers method 
49

. In a typical synthesis, 5 g of powder 

graphite and 2.5 g of potassium nitrate K(NO3) were added to 115 mL of 98% sulfuric acid 

H2SO4 and mixed with constant stirring; the temperature of the mixture was kept below 10 °C 

using an ice bath. 15 g of potassium permanganate KMnO4 was slowly added to the suspension 

and the stirring was continued for 2 h. Next, the temperature was increased to 35 °C and the 

mixture was kept at this temperature for another 45 min. Further, 230 mL of distilled water was 

added dropwise to the paste; the temperature was increased up to 98 °C and the reaction was 

maintained for 45 min. Finally, the resulted suspension was further diluted with addition of 350 

mL of warm distilled water H2O, and then treated with 15 mL of H2O2 (30%) solution to reduce 

the residual permanganate; the addition of H2O2 resulted in a yellow color, indicating high level 

of oxidation and the manganese dioxide swing to colorless soluble manganese sulfate. The 

suspension was washed with 5% HCl aqueous solution using centrifuge until total removal of 

SO4
-2

. The removal of SO4
-2

 was detected by addition of barium chloride, since the presence of 

sulfate ion induced a white precipitate when barium chloride was added to the supernatant 
50

. 

Then, the mixture was repeatedly centrifuged and washed with de-ionized water until the pH of 

the supernatant was neutral. Finally, the material was dried at 40 °C for 72 h giving brown black 

sample. 
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2.1.2. Preparation of NiFe2O4 

0.02 mol of Ni(NO3)2.6H2O, 0.04 mol of Fe(NO3)3.9H2O (the Ni
2+

/Fe
3+

 molar ratio was 1/2) 

and 5 g of PEG (Poly Ethylene Glycol) in 20 ml of 50% aqueous alcohol were added in 100 ml 

water. PEG was added to obtain small homogeneous particle size; after 10 minutes of stirring, the 

aqueous NaOH solution was added successively dropwise with continuous stirring until the pH 

reached 11. 

Then, the precursor solution was treated by sonication for 30 minutes and transferred to a 

hydrothermal stainless steel reactor for 12 h of hydrothermal treatment at 190 °C. It was then 

cooled to room temperature. The resulting product was collected by centrifugation, then washed 

with deionized water and ethanol several times, then dried under vacuum. The last step was 

calcination at 600 °C for 4 h. 

2.1.3. Preparation of NiFe2O4-TiO2 

Commercial TiO2 PC500, with an average particle size of 25 nm, was chosen as precursor in 

the preparation of NiFe2O4-TiO2 junction. The composite consisted of a mass ratio of 5 % 

NiFe2O4 and 95 % TiO2; this molar ratio corresponded to 0.08 g of NiFe2O4 and 1.52 g of TiO2. 

For this purpose, they were suspended in 40 ml ethanol, with subsequent addition of 0.25 g of 

maleic acid; the mixture was maintained under stirring vigorously for 2 h. The suspension was 

collected by centrifugation and washed several times with water and ethanol and was dried 

overnight in air at 60 °C, and finally annealed at 230 °C for 3 h. 

2.1.4. Preparation of NiFe2O4-TiO2/rGO 

The preparation of NiFe2O4-TiO2/rGO photocatalysts with different weight ratios 5, 10, 15 and 

20 wt.% of rGO to NiFe2O4-TiO2 were prepared via the hydrothermal method. 200 mg of 

NiFe2O4-TiO2 powder and appropriate mass percent of GO were dispersed in solution of H2O (40 

ml) and ethanol (20 ml); the mixture was treated by ultrasonic waves for 2 h and stirred for 

another 2 h to obtain homogenous suspension. The suspension was transferred to Teflon sealed 

autoclave and maintained at 120 °C for 12 h. The resulting compound was washed several times 

by centrifugation in distilled water and ethanol and finally, dried in an oven at 60 °C for 24 h. 

2.2. Materials characterization 

2.2.1. XRD 

The XRD analysis was performed using a diffractometer X’Pret PANalytical equipped with Cu 

anticathode characterized by an incident wavelength K1(λ = 1,5406 Ǻ). The acceleration tension 
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was fixed at de 40 kV and the courant at 30 mA; the scan step was about 0.016 ° with an 

accumulation time of 0.2 s per step, in the range of 5 ° to 90 °. 

2.2.2. DLS 

Hydrodynamic diameter was measured using Dynamic Light Scattering (DLS) of the type 

Horiba Patrica LA960, equipped with capillary cell. 

2.2.3. SEM 

The morphology was investigated with Scanning Electron Microscopy (SEM) of the type FEI 

QUANTA 250 FEG (FEI, Hillsboro, OR, USA), with 10 KV as acceleration voltage. 

2.2.4. FTIR 

Infrared Fourier Transform (FT-IR) analyzes were carried out on an Agilent Technologies 

4300-Spectrophotometer in the region between 4500 and 500 cm
-1

. 

2.2.5. UV-Vis-DRS 

Optical transmission and absorption spectra were performed in Ultraviolet-Visible Diffuse 

Reflection Spectroscopy (UV-Vis-DRS) spectrometer, Shimadzu UV-3600 spectrophotometer 

with a Harrick Praying Mantis accessory, in the range of 200 to1000 nm. 

2.3. Adsorption Kinetics 

The adsorption kinetic curves allow determining the time necessary to obtain the adsorption 

equilibrium 
51

. The procedure was carried out in the dark and at room temperature as follows: 50 

mg NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 20%) was dispersed in a 200 ml solution of MB 

with a concentration of 10 mg/L; it was rigorously stirred. To follow the evolution of the 

adsorbed quantity (Qads), samples were taken at time intervals of 10 min until equilibrium was 

obtained. The yield was calculated according to the relation (1): 

R(%) =
(     )

  
 × 100                                                                                                            (1) 

Where R is the percentage of MB fixed on the adsorbent, C0 the initial concentration of the MB 

solution (mg/L) and Ce the residual concentration of the MB solution at equilibrium (mg/L). 

2.3.1. Equilibrium modeling 

The study of adsorption dynamics describes solute adsorption rate. This rate controls the 

residence time of adsorbed molecules on the solid–solution interface. Several kinetic models 

were applied to fit experimental data 
51

. In this work, three models were used: pseudo-first-order, 
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pseudo-second order and pseudo n
th

 order. The conformity of the experimental results with those 

of the modeling was estimated by the correlation coefficients R
2
. 

2.3.1.a. Pseudo First Order model (PFO) 

The PFO kinetic model is the study of the adsorption into solid/liquid interface; this model is 

based on the adsorption capacity 
51, 52

 and managed by the relation (2): 

   

  
= 𝑘  (𝑄 − 𝑄 )                                                                                                                  (2) 

Where Qe (mg/g) and Qt (mg/g) refer to the amount of dye adsorbed at equilibrium and at time t 

(min) respectively, k1 (min
-1

) is the equilibrium rate constant. 

The solution of the differential equation Eq.2, with the following boundary conditions t = 0 to t 

= t and Qt = 0 to Qt gives relation (3): 

𝑄 = 𝑄 (1 − 𝑒    )                                                                                                                 (3) 

2.3.1.b. Pseudo Second Order model (PSO) 

The PSO model is applicable to a wider time interval, usually the entire adsorption process 
52

. 

This model is governed by the relation (4): 

𝑄 = (
    

  

       
)                                                                                                                         (4) 

Where k2 (g.mg
-1

 min
-1

) is the equilibrium rate constant of PSO model. 

2.3.1.c. Pseudo n
th

 Order (Pn
th

O) 

The general rate law equation without pre-set order to a fixed value can be written as (relation 

(5) 
51, 52

: 

   

  
= 𝐾  (𝑄 − 𝑄 )

                                                                                                                (5) 

The solution of the differential equation Eq.5, with the boundary conditions gives the relation 

(6): 

𝑄 = 𝑄 (1 −
 

[  (   )     
(   )]

 
   

)                                                                                        (6) 

Where R is the percentage of MB fixed on the adsorbent, C0 the initial concentration of the MB 

solution (mg/L) and Ce the residual concentration of the MB solution at equilibrium (mg/L). 
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2.4. Photocatalytic tests 

Photocatalytic experiments were monitored using Shimadzu 1700 UV-Vis. spectrophotometer. 

The spectra were recorded between 200 and 800 nm and the kinetic curves were traced for the 

absorbance at λmax = 664 nm of the MB. 

Photocatalytic tests were performed at room temperature, using visible Xenon light (two lamps 

of 150 W), placed at 30 mm above an open-air beaker with exposed surface to LED light of about 

32.17 cm
2
. MB was chosen as the model molecule for photo-degradation experiments due to its 

easy availability and its wide use in industry. The procedure was performed as follows: 30 mg of 

NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 20%) were dispersed in 200 ml of aqueous solution of 

MB (10 mg/L); the natural pH was about 6.5. Firstly, the solution was stirred in the dark for 70 

min, in order to establish the adsorption desorption equilibrium. After 70 min, each 15 min, 1 ml 

of the suspension was taken and immediately centrifuged to separate the catalyst from the 

solution, and then analyzed by UV-Vis. spectroscopy. 

3. Results and discussion 

3.1. Characterization 

3.1.1. XRD 

The Figure 1 shows the XRD patterns of TiO2, NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 

15 and 20%). Several diffraction peaks can be seen on the diffractograms for TiO2 at the angular 

positions: 2θ = 25.24°, 37.87°, 47.98°, 54.54°, 62.57°, 69.70°, 75.21° and 82.78°. These peaks 

were attributed according to the reference pattern (96-900-8215) as respectively (1 0 1), (0 0 4), 

(2 0 0), (1 0 5), (2 0 4), (1 1 6), (2 1 5) and (2 2 4) Bragg’s planes of anatase structure, which has 

a tetragonal system. For NiFe2O4 at the angular positions 2θ = 18.40°, 30.25°, 35.69°, 37.30°, 

43.30°, 44.50°, 53.89°, 57.28°, 62.99°, 71.59° and 74.45°, the peaks were attributed according to 

the reference pattern (96-100-6117) as respectively (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 0 4), (1 1 

6), (2 1 5) and (2 2 4) Bragg’s planes of cubic system. No new peaks were observed for NiFe2O4–

TiO2 in comparison with those of NiFe2O4 and TiO2, indicating the absence of any chemical 

reaction between the two pristine compounds. 

For the composites, the mass ratio of NiFe2O4 to TiO2 was 5% to 95 %, leading to a weak 

apparition of the peaks relative to NiFe2O4 in the composite patterns, which are marked by only 

three first intense peaks (022), (131) and (101) (mentioned by a star *). 
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It can be seen also from the XRD-patterns that more the ratio of rGO sheets was high more the 

XRD-patterns appeared noisy, indicating the presence of amorphous phase of rGO. 

Furthermore, the diffraction peaks of the composites shifted comparatively to the peaks of 

NiFe2O4-TiO2, when mass ratio “x” of rGO increased toward the great angles, which indicates 

that the cell parameters were affected during the deposit, leading to the generation of a stress in 

the crystalline structure. The comparison of the cell parameter measures of NiFe2O4, TiO2, and in 

their junction are summarized in the Table 1, and the variations of the cell parameters with the 

increase of rGO ratio are illustrated in the Figure 2. The characteristic cell parameters are 

calculated using the relations (7): 

2dhkl sin = nλ      and  d   =
 

√  

  
 
  

  
 

  

  

                             (7) 

With dhkl: the interreticular spacing, K = 0.94 constant of the form, β: the width at half-height 

and θ is the angle of diffraction. 

It is seen from the values of the Table 1 that the cells of NiFe2O4 and TiO2 were dilated when 

they were attached; the dilation rate 
  

 
=

    

  
 was 0.056 % for cubic NiFe2O4 and the 

  

 
 and 

  

 
 

values for TiO2 were 0.229 % and 0.614 %. Those values indicate that the junction of the two 

semiconductors induced a significant dilation of the TiO2 especially along the direction ‘c’, while 

the cell of NiFe2O4 was almost unchangeable. 

The cell parameter measures were calculated for both crystalline phases of NiFe2O4 and TiO2, 

but because the weak intensity of the peaks of NiFe2O4, the grain seize (D), microconstraint (휀%) 

and the density of the dislocations (𝛿) were estimated and discussed only for TiO2; they were 

calculated according to the relations (1), (8), (9) and (10) 
53, 54

. The results are summarized in the 

Table 1 and the variations of the grain seize (D), the microconstraint (휀%) with the ratio x are 

illustrated in the Figure 3: 

D =
  

     
                                                                                                                        (8) 

휀% =
 

     
                                                                                                                     (9) 

𝛿 =
 

                                                                                                                               (10) 

It is clearly observed from the Figure 2 and the Figure 3, that the fixation of graphene sheets on 

NiFe2O4-TiO2 at the microscopic scale decreased the lattice parameter measures and increased 
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the microconstraints; and at the macroscopic scale, it reduced the grain seize and induced strong 

structural defects estimated by a rise of the density of the dislocation. 

3.1.2. EDX 

In the focus to know the chemical formula of the synthetized NiFe2O4 compound, EDX analysis 

was exploited. The EDX spectrum (Figure 4) illustrated the presence of only O, Fe and Ni 

elements, which confirmed the purity of the compound, with the weight percent of 23.42 %, 

49.97 % and 26.61 % (wt. %) respectively. Those values corresponded to atomic fractions, 51.54 

%, 32.31 % and 16.15 % and the empiric formula can be written as Ni1.01Fe2.02O3.22. 

3.1.3. SEM 

The Figure 5 shows the SEM images of NiFe2O4-TiO2/rGOx. The images of the first line of the 

table were captured at weak zoom (x100); they illustrate that the particles of NiFe2O4 had a 

strong tendency to form aggregated clusters, which were destroyed when the FeNi2O4 was joined 

to TiO2. Regarding the composites NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 20%), the images at 

weak zoom showed a homogenous distribution of NiFe2O4-TiO2 particles on the graphene sheets, 

with a considerable diminution of the aggregation. 

The second line of the table shows images captured with the zoom of (x10000); they focalized 

on the particles of NiFe2O4-TiO2, illustrating that the particles had an intermediate shape between 

spherical and cubic forms. The images of the third line proved the existence of a contact at the 

microscopic scale between NiFe2O4-TiO2 and graphene sheets, confirming the formation of the 

heterojunction. Otherwise, the fourth line proves the formation of the junction between NiFe2O4 

and TiO2 with related focalized EDX spectra. 

3.1.4. DLS 

The photocatalytic reactivity is controlled by the external surface state of the particles. Indeed, 

the surface exposed to the external media is the surface of the aggregated particles; the 

aggregation of transition metal oxides in aqueous solution is well known 
55, 56

. For this reason, the 

semiconductor particle of NiFe2O4 and NiFe2O4-TiO2 were characterized by DLS. 

The Figure 6 shows the distributions of the hydrodynamic diameter of aggregated nanoparticles 

in distilled water suspension, showing the formation of various sizes of aggregated particles; the 

experimental data were fitted with a Gaussian function. 

The fitted curve shows that the average seize value of hydrodynamic diameter were 839.29 ± 

1.67 nm and 1847.39 ± 4.96 nm and the width at half height of the fitted curve were 251.89 ± 
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3.39 nm and 631.65 ± 9.79, for NiFe2O4 and NiFe2O4-TiO2 respectively. Those results indicate 

that both compounds had a great tendency to form aggregated particles; this tendency was more 

considerable for Fe2NiO5 than for the junction NiFe2O4-TiO2. 

3.1.5. UV-DRS 

The catalysis is influenced by the structural and electronic properties of the external surfaces 

and the interfaces of the compounds. Consequently, strong correlation is obvious between 

structure, charge-carrier lifetimes and interfacial charge transfer with the adsorption and the 

photocatalytic activities. More precisely, the light absorption characteristics (i.e., absorption 

coefficient, band gap energy and Urbach energy) of NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0, 5, 

10, 15 and 20 %) are critical factors affecting the photocatalytic activity; the UV-Vis-DRS 

spectroscopy is a suitable tool for studying these properties. The corresponding spectra are shown 

in the Figure 7. The line of NiFe2O4 exhibited a large adsorption band in the visible domain 

overlapped by many small bumps, interpreting thereby a complicate electronic character. In 

addition, spectroscopic studies revealed a hierarchy of band gaps in both spin up and down 

channels. The band hierarchical gap refers to the presence of multiple charge gaps in the optical 

absorption spectrum 57, 58; its large absorption band can be attributed to the transition from the 

highest occupied bands formed by both Ni3d and O2p to the lowest unoccupied band formed 

principally by Fe states. The small bumps can be analyzed in the optical data in terms of metal-

to-metal intersite d-d and p-d charge-transfer-like excitations 
59

. 

The choice of the NiFe2O4 was essential, if we take into consideration its hierarchical gap in 

both up and down channel; in such case, the electron transfer can occur in many ways between 

the NiFe2O4, TiO2 and rGO. 

Moreover, the spectra of the composites were mostly dominated by the adsorption of the TiO2 

anatase 
60, 61

, showing an adsorption band in the UV domain. This adsorption band was due to the 

electronic transition from the valence band related to the O2p orbitals, followed by Ti4s orbitals, 

to the conduction band related to the Ti3d, followed by the O2p orbitals 
62

. It is seen also from 

the spectra of the composites that the intensity of the large band in the visible domain increased 

with the increase of rGO ratio ‘x’, this band was due to the adsorption of the graphene, which 

was superimposed with the adsorption of the small amount of NiFe2O4. The adsorption of the 

composites in the visible light overlapped well with the solar spectrum; an interesting 

photocatalytic activity can be therefore predicted. 
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The absorption coefficients ‘α’ were deduced from the reflectance curves ‘R’, according to the 

Kubelka-Munk formula (11) 
63, 54

: 

𝛼 =
(   ) 

  
                                                                                                                               (11) 

The band gap ‘Eg’ was evaluated through the ‘Tauc plot’ on linear part of (α.hγ)
n
  (hγ-Eg), 

where n = 2 for the direct gap (Figure 8 (b)) and n = 1/2 for the indirect gap (Figure 8 (a)). The 

synthetized NiFe2O4 had energy values of 2.9 and 2.5 eV for n = 2 and n = 1/2 respectively, 

which were in good agreement with those found in literature (59) (64). For the studied 

composites, the decrease of the gap was not well defined with the increase of the ratio ‘x’; it was 

found 3.59 to 3.68 eV and from 3.87 to 3.90 eV, for the indirect and direct gap energy 

respectively. 

Another characteristic parameters, which can be evaluated and discussed through the UV-Vis-

DRS is the Urbach energy ‘EU’. This energy characterizes the variation in the electronic band 

structure caused by different origins (vacant or interstitial sites, lattice strain, dislocation…); it 

characterizes additional states within the band gap near HOMO and LUMO levels, and can be 

seen as tails of conduction and valence bands. EU is roughly equal to the average width of tails 
65

. 

The Urbach energy EU is evaluated using the relation (10) 
66

: 

α =  α exp(
     

  
)    (12) 

Where, 0 and E0 are constants relative to the studied compounds. 

‘EU’ was estimated through the plot of (lnα) vs (hυ) and it was evaluated from the slope of the 

linear part: (lnα)  (hα-E0) (Figure 8 (c)). Contrarily to the gap values, the increase of the values 

of the Urbach energy was well observed; it increased with the increase of the ratio ‘x’ from 216 to 

386 meV. This increase indicated that the deposit of rGOx sheets on NiFe2O4-TiO2 induced an 

increase of defects in the crystalline structure, in good agreement with the XRD results that 

showed an increase of the dislocation density ‘δ’. The tails of Urbach shifts the Fermi level; this 

shift may strengthens the migration of photogenerated electrons and represses the recombination 

electron-hole, which let expect an improvement of the photocatalytic activity. 

3.2. Adsorption activity 

The study of adsorption dynamics describes solute adsorption rate. This rate controls the 

residence time of adsorbed molecules on the solid–solution interface. The Figure 9 shows the 

experimental points of the adsorption of MB as a function of time and the corresponding fitted 
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curves with PFO, PSO and PNO models. The experimental values of the adsorption quantities 

and the results of the fits are summarized in the Table 2. It can be concluded from the fit curves 

that the saturation of adsorption was obtained after 40 min; to ensure saturation, 70 min 

equilibrium time was therefore considered. In addition, the adsorbed quantity at saturation 

increased significantly with the increase of rGO rate ‘x’ (from Qads = 14.59 mg/g to Qads = 25.40 

mg/g), due to the high specific area of the graphene. 

According to the Table 2, the adsorbed quantities Qads calculated with the PFO model were not 

close to the experimental values; while those given by the PSO model were much closer. In 

addition, the precision of the adjustment was generally better seen through the correlation 

coefficients R
2
. R

2
 values were between 0.888-0.981, 0.956-0.997 and 0.983-0.994 for the PFO, 

PSO and PNO models, respectively. According to the results obtained concerning the correlation 

coefficients R
2
, we can rule out the PFO model, which led to the lowest correlation coefficients. 

A statistical factor has been recently introduced to choose the most suitable correlation model; 

it is the Akaike Information Criterion (AIC). A comparison of the kinetic models was also carried 

out considering the AIC and the results are summarized in the Table 3. 

The AIC measures the quality of statistical models; it was proposed in 1973 by Hirotugu 

Akaike. Thus, the AIC must be minimal to minimize the loss of information. The model proposed 

was implemented for the description of the experimental data points of the dye adsorption. The 

ideal adjustment is obtained when the R
2
 are high and the AIC values are low. The general form 

for calculating the AIC is given by the formula (13) 
67, 68

. 

𝐴𝐼𝐶 = 2𝐾 − 𝐿𝑛 (
   

   
)                                                                                                           (13) 

Where: k is the number of data points, RSS is the residual sums of squares and n is number of 

parameters. 

Also, the AIC can be deduced by introducing the chi-square of fitting 
69

 by the expression (14): 

𝐴𝐼𝐶 = 𝑥 + 2𝑝                                                                                                                                                  

(14) 

Where p is the number of parameters of the fitted model, x
2
 is the chi-square. 

According to the results summarized in the Table 3, it seems that the PSO model gave the best 

results concerning the AIC (lowest values) for NiFe2O4-TiO2/rGOx (x = 5%, x = 10%, x = 15% 

and x = 20%), although the R
2
 values were comparable to those obtained by the PNO model. It 
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can also be pointed out that the AIC for NiFe2O4-TiO2/rGOx (x = 0% and x = 20%) showed that 

the PNO model was more suited to represent the absorption of MB on semiconductor composites 

(NiFe2O4-TiO2/rGOx). It can also be noted that the AIC values for the NiFe2O4-TiO2/rGO0% were 

very close, AIC = -22.95 and AIC = -23.38 for PSO and PNO models, respectively. The PFO 

model was therefore discarded because it gave low R
2
 and large AIC compared to the PSO and 

PNO models. Overall, the PSO model can be considered as the most appropriate to represent the 

MB adsorption mechanism on the different composites. 

To identify the adsorption mechanism, the effect of resistance to intra-particulate scattering on 

adsorption was evaluated by the intra-particulate scattering model expressed by the mathematic 

relation (15): 

𝑄 = 𝑘  ∗ 𝑡   + 𝐶                                                                                                              (15) 

The values of the external diffusion constant kid obtained after the first 5 minutes, as well as R
2
 

are given in the Table 4. From the Figure 10, it is easy to see that the intra-particle diffusion is an 

important step in the process of adsorption of MB on the various composites used in this work. 

The plot of Q(t) as a function of the square root of time t
0.5

, in the time interval ranging from 5 

to 30 min of contact between the MB and the different composites, is displayed in Figure 10. In 

this time interval, the straight lines showed that the adsorption process of MB on the composites 

was in the zone, which corresponds to the diffusion in the macropores and the transport of the 

dye molecules from the solution to the surface of the adsorbent. This lag time in adsorption can 

be explained by the displacement of the dye molecules in the channels of the NiFe2O4-TiO2 

particles, before reaching the surface. 

However, the surface adsorption process, which begins from the first minutes of contact and 

whose experimental points were well represented by the PSO model with very good regression 

coefficients R
2
, indicates that the intraparticle diffusion step was limiting, and hence controlled 

the transfer rate of MB at each instant t. The results obtained for the Kid showed a maximal value 

of this constant for the NiFe2O4-TiO2/rGO10% composite. 

3.3. Photocatalytic activity 

The photo-degradation of the MB by NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 20 %) 

composites was followed by UV-Visible spectroscopy. The Figure 11 shows the decay of 

normalized concentration (C(t)/C0) recorded at λ = 664 nm, and the kinetic points are fitted by an 

exponential fuction according to the relation (16): 
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 ( )

  
= 𝐴 + 𝐵 𝑒

              (16)                                                                                                          

Where: A0 is undegraded rest, A0+B0 gives the initial point at t = 0 and kap is the apparent rate 

constant of photocatalysis, the fit curves are superimposed on the Figure 11, and the constant 

rates calculated considering the linear regression are summarized in the Table 5. 

To better compare the effect of adsorption and photocatalysis, the histograms displayed in 

Figure 12 show their yields of elimination. Comparatively to the others, the composite x = 10% 

gave a high constant rate, 8.62 mn
-1

, as well as a high removal yield by photocatalysis, 36.19%. 

Owing to the good yields of elimination by adsorption and photocatalysis, the composite x = 10% 

was chosen as substrate for the decoration by metallic Ag nanoparticles, in order to improve the 

elimination of MB. Two amounts of metallic Ag were considered, 1% and 4%. Comparatively to 

NiFe2O4-TiO2/rGO10%, the deposit of metallic Ag enhanced well the photocatalytic activity; the 

constant rates were 9.52 and 17.88 mn
-1

 and the elimination yields were improved by 21% and 

26% for Ag1% and Ag4% respectively. Otherwise, the synthetized composites have a good yield of 

elimination, and can be considered as a good photocatalysts compared to other photocatalytic 

systems based on metal-oxyde/graphene composites 
70

, for example, M. K. Guediri and al. found 

a total yield of elimination about 45 % for FeTiO3/rGO10% 
71

. In addition, the NiFe2O4-TiO2/rGOx 

can be easily separated by centrifuging from the reaction systems without mass loss of the 

catalysts, to guarantee the recyclability of the photocatalysts, the photocatalytic tests were 

performed in three cycles and no obvious decrease of catalytic reduction activity was remarked, 

however, the recyclability of metal and metal oxide/graphene is well known 
72,73

.    

Moreover, the UV-Visible spectroscopy proves the good photocatalytic performance of the 

synthetized composites, but, it cannot prove the complete mineralization of the MB molecules, 

this is related to the fact that, the photodegradation of the dyes may induce the formation of 

colorless unstable transition products, especially in the presence of dissolved molecular oxygen 

70
. 

3.4. Proposed mechanism 

The histograms (Figure 12) illustrate that the yield of the photocatalytic process was influenced 

by the addition of graphene. In other words, the graphene not only increased the adsorption but is 

also involved in the electronic transfer during photocatalysis. This latter can act through different 

ways:  
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(i) The rGO π-conjugated electrons system favors thermodynamically the generation of ROS 

(Reactive Oxygen Species), and can oxidizes directly MB, and creates additional photocatalytic 

active sites in the composites 
74-75

; (ii) thanks to its gap null, rGO shifts the adsorption to the high 

wavelength and increases the absorption in the visible region, increasing the photogenerated 

carriers quantity; and (iii) rGO works as ‘p’ part (receiver) in the p-n junction (NiFe2O4-TiO2 as 

donor), the electrons photogenerated on NiFe2O4-TiO2 surfaces tend to be transferred to rGO 

sheets, which enhances the lifetime of the photogenerated charge carrier. 

The choice of the NiFe2O4 is essential if we take into consideration its hierarchical gap in both 

the up and down channels; in such case, the electron transfer can occur in many electronic ways 

between the NiFe2O4, TiO2 and rGO. 

The addition of metallic Ag increased considerably the elimination yield. This can be explained 

by the extension of the lifetime of photogenerated carriers; when Ag is deposited on the surface 

of the semiconductor (NiFe2O4-TiO2/rGO10%) (Schottky junction), at the interface, the band states 

of the metallic Ag are deeply buried into the band states of semiconductors 
75

. In such situation, 

two parameters of the semiconductor must raise the work function of the electrons in the 

semiconductors and the Fermi level 
63

. Furthermore, when the semiconductor is excited, the 

electrons of the CB flow into the Ag metal until equilibrium that is achieved when the Fermi 

energies are the same for both the metal and the semiconductor. The electron transfer to the metal 

delays the recombination electron-hole and increases the reactivity of electrons with the external 

media, enhancing thereby the photocatalytic performances. The Figure 13 summarizes the 

different proposed ways of the electron transfer in the composites. 

4. Conclusion 

A series of NiFe2O4-TiO2/rGOx nanocomposites with various graphene amounts were 

successfully synthesized using a facile hydrothermal method to form heterojunction composites. 

The XRD analysis proved that the NiFe2O4 had a spinel crystalline structure and the anatase 

TiO2 had a tetragonal system. These structures are conserved after the deposition of rGO, 

although the crystalline size and the cell parameters decreased, evidently accompanied by an 

increase of the microconstraints (ξ%); this induced strong structural defects estimated by an 

increase of the dislocation density (𝛿 ). Furthermore, SEM images proved the formation of the 

heterojunction and the good mixing of NiFe2O4 and TiO2 with the rGO. 
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The gap of pristine NiFe2O4 is hierarchical; this property offers to the composites many 

channels for the electron transfer. The UV-Vis-DRS spectroscopy revealed, though the Tauc 

formula, a direct gap of 2.9 eV and an indirect gap value of 2.2 eV. Owing to the presence of the 

anatase TiO2, the composites had a strong absorption in the UV domain, and the graphene 

extended the absorption in the visible giving a good absorption in all the electromagnetic 

spectrum. This characteristic offered to the composites good photosensing ability. The gap values 

given by the Tauc formula was similar to the gap of anatase TiO2; its change was not well 

defined, while the increase of the Urbach energy with the increase of the ratio x was well 

observed from 216 to 386 meV. 

Moreover, the adsorption kinetic curves showed that the amount of MB adsorbed increased 

with the increase of the rGO amount, with an equilibrium time of approximately 40 minutes. The 

fit of the kinetic curves proved that the pseudo second order model was adequate. The 

photocatalytic study showed that all synthetized compounds had an impact on the degradation of 

the MB under visible light; the junction with rGO sheets improved considerably the adsorptive 

and photocatalytic performances and the best synergy between the two ways of elimination was 

obtained for the NiFe2O4/rGO10% composite. The results indicated that deposit of graphene and 

decoration with Ag metallic particles enhanced visible light absorption and greatly improved 

separation of photogenerated carriers; the sample NiFe2O4-TiO2/rGO10%@Ag4% exhibited the best 

photocatalytic performances. At the end, a mechanism of photocatalysis was proposed. 
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Figure Captions 
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Figure 1. Diffraction patterns of TiO2, NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 

20%). 
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Figure 2. Cell parameter measures. 
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Figure 3. Variation of grain sizes and microconstraints vs rGO rate x. 
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Figure 4. EDX spectrum of NiFe2O4. 
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Figure 5. SEM images, first line: weak zoom x100, middle and third-line strong zoom x10000 

for NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 20%). 

 

 
 

  

Jo
ur

na
l P

re
-p

ro
of



0 2 4 6 8

0

5

10

15

20

25

30

35

40
NiFe2O4

 Gauss fit
V

o
lu

m
e 

(a
. 
u
.)

Hydrodynamic diamter (mm)

 Gauss fit

 NiFe2O4-TiO2

 

Figure 6. Hydrodynamic diameter of NiFe2O4 and NiFe2O4-TiO2 in H2O suspension, 

(experimental results: independent points, fit curves: continuous lines). 
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Figure 7. UV-Visible spectra of NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 20%). All 

spectra are normalized to 1 by the maximum of absorbance. Jo
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Figure 8. Variation of the band gap Eg (a) indirect, (b) direct and (c) variation of Urbach energy 

EU. 
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Figure 9. Adsorption of MB on NiFe2O4-TiO2/rGOx, experimental points and their fitting curves. 
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Figure 10. Experimental (symbols) and calculated data (continuous lines) by means of 

intraparticle diffusion model for MB adsorption onto NiFe2O4-TiO2/rGOx. 
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Figure 11. Photodegradation of MB under visible light, experimental and fitted curves. 
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Figure 12. Yield of elimination of MB by adsorption and photocatalysis. 

 

Figure 13. Schematic illustration of the photocatalytic mechanism of NiFe2O4/TiO2@Ag 

composite. 
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Table captions 

Table 1. Lattice parameters, grain sizes, microconstraints and dislocation densities of NiFe2O4, 

TiO2 and NiFe2O4-TiO2/rGOx (x = 0. 5. 10. 15 and 20%). 

 

Table 2. Experimental maxima of the adsorbed quantities and modeling results of MB onto 

NiFe2O4-TiO2/rGOx. 

 

  

Single 

 

 

TiO2 

a (Å) 3.793 

c (Å) 9.4929 

D (Å) 99.57 

NiFe2O4 
a (Å) 8.3471 

D (Å) 192.59 

NiFe2O4-TiO2/rGOx 0% 5% 10% 15% 20% 

TiO2 

a (Å) 3.8017 3.800 3.7955 3.7954 3.7918 

c (Å) 9.5512 9.5395 9.5317 9.5239 9.5200 

D (Å) 86.60 78.76 77.01 76.90 73.77 

ε % 0.940 1.021 1.052 1.059 1.100 

𝛿(nm)-2.10-3 0.133 0.165 0.168 0.169 0.183 

 
NiFe2O4 a (Å) 8.3518 8.3446 8.3373 8.339 8.3337 

 
Qexp 

(mg/g) 

PFO PSO Pn
th

O 

Qe 

(mg/g) 
R2 K1 

Qe 

(mg/g) 
R2 K2 

Qe 

(mg/g) 
R2 n Kn 

x=0% 14.89 14.12 0.927 0.165 15.24 0.997 0.0177 15.96 0.994 2.40 0.006 

x=5% 18.65 17.46 0.981 0.118 19.48 0.996 0.0087 19.45 0.996 2.00 0.009 

x=10% 21.39 20.33 0.953 0.096 22.85 0.982 0.0062 23.00 0.983 2.12 0.005 

x=15% 23.63 21.41 0.888 0.141 23.71 0.956 0.0089 25.01 0.966 2.63 0.001 

x=20% 25.46 23.92 0.942 0.191 25.92 0.985 0.0118 28.02 0.992 2.85 0.009 
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Table 3. Comparison of AIC and R
2
 of the models used in this work (adsorption kinetics of MB 

on NiFe2O4-TiO2/rGOx). 

 PFO PSO PNO 

R2 AIC R2 AIC R2 AIC 

x=0% 0.927 00.55 0.997 -22.950 0.994 -23.38 

x=5% 0.981 -03.40 0.996 -25.780 0.996 -21.73 

x=10% 0.953 13.81 0.982 00.075 0.983 03.56 

x=15% 0.888 27.11 0.956 14.170 0.966 14.30 

x=20% 0.942 20.44 0.985 01.470 0.992 -03.46 

 

 

Table 4. Intraparticle diffusion model of adsorption of methylene blue MB, on the various 

composites. 

Parameters Intraparticle diffusion 

C (mg/g) 6.68 4.75 5.33 11.42 13.79 

Kid (mg/gmin
0.5

) 1.29 2.25 2.44 1.45 1.66 

R
2
 0.981 0.926 0.971 0.963 0.983 

 

Table 5. Apparent rate constants of photocatalysis. 

x 0% 5% 10% 15% 20% 1%Ag 4%Ag 

Kap10
-3

 (min
-1

) 2.66 5.73 8.62 8.28 8.34 9.52 17.88 

R
2
 0.988 0.992 0.993 0.996 0.996 0.999 0.995 
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Highlights 

- rGO, spinel Fe2.02Ni1.01O3.22, anatase TiO2, and metallic Ag nanocrystals were studied 

- Nanocrystals and various ratio of rGO form hybrid heterojunction nanocomposites 

- High adsorptive and photocatalytic performances for the elimination of BM pollutant 

- rGO mass ratio 10% gives the best synergy between the adsorption and photocatalysis 

- Photocatalytic mechanism is explained via electronic transfer between the components 
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