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Abstract—NiO and NiO-NiFe2O4, composite had been 

synthesized by the coprecipitation method and characterized 

using XRD, FTIR, UV-DRS, and SEM-EDS. The photocatalytic 

degradation performances of the photocatalyst were 

investigated using visible irradiation, in which Congo red dye 

was used as a model. The photocatalytic degradation process 

was assessed through three variables: the pH of the solution, 

Congo red dye initial concentration, and irradiation time. The 

removal efficiency of photocatalytic degradation of 98.45% was 

achieved using NiO-NiFe2O4 at a pH of 6, an initial 

concentration of the dye of 100 mg/L, and an irradiation time of 

120 minutes was higher than that obtained using NiO, which 

was 78.5%. Pseudo-first-order was suitable to describe the 

kinetics of photocatalytic degradation of Congo red, with values 

of k = 0.0114 min
-1

 and t1/2 = 60.789 min using NiO as the 

photocatalyst, and with k =0.0225 min
-1

 and t1/2 = 30.8 min using 

NiO-NiFe2O4. The removal efficiency of the NiO-NiFe2O4 

composite of consecutive reuse three-time was 98.45, 97.13, and 

96.21%, while NiO was 78.30, 77.12, and 75.32%. Therefore, 

NiO-NiFe2O4 was considered more effective in reducing Congo 

red concentration than NiO. 

 
Index Terms—NiO, NiO-NiFe2O4 composite, photocatalytic, 

degradation, Congo red.   

 

I. INTRODUCTION 

Many environmental problems have emerged due to 

human activities. Water pollution is one of the problems that 

can cause physical, chemical, and biological changes in 

natural water. Such pollution does not affect aquatic 

ecosystems only but also living things [1]. Industrialization 

plays a role in water pollution. The textile, paper, soap, 

plastic, paint, food, and petrochemical industries produce 

waste in the form of dyes [2]. About 15-50% of dyes used in 

the textile industry are not bound to the fabric, thus 

discharged as liquid waste [3]. 

Heterogeneous photocatalysis is considered a destructive 

technology that leads to the mineralization of organic 

compounds, in which the degradation of compounds occurs 

in water by the action of a semiconductor material 

illuminated by light. Semiconductor oxides such as TiO2 [4], 

ZnO [5], SnO2 [6], NiO [7], and others are reported as 

photocatalysts for the degradation of organic pollutants. 
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p-type semiconductor metal oxides, such as NiO, are used as 

photocatalysts. NiO is chemically stable, it has low-cost 

synthesis and low toxicity, and exhibits remarkable 

electro-optic capabilities with a wide bandgap between the 

valence and conduction bands (3.2–4.0 eV), making it 

suitable to be a photocatalyst [1], [8]. NiO has been used in 

the degradation of organic dyes such as Rhodamine B [9], 

Methylene blue [10], and methyl orange [11]. 

Spinel ferrite compounds (MFe2O4; M = Fe, Co, Ni, Mn, 

Zn, and others) have been attracting much attention because 

of their wide practical applications in various fields as 

catalysts [12] and magnetic adsorbents [13], as well as for 

magnetic resonance imaging [14]. Nickel ferrite (NiFe2O4) is 

one of the most important spinel ferrite compounds for its 

excellent properties: high saturation magnetization and a 

unique magnetic structure [15]. 

One of the main problems in heterogeneous photocatalysis 

is the wide band gap and electron-hole pair recombination, 

which significantly lower the photocatalytic efficiency [16], 

[17]. This problem can be relatively solved by doping, 

supporting, and coupling the semiconductor with other 

materials. In the hetero-junction system, the electron-hole 

recombination is significantly reduced. Thus, increasing the 

photodegradation efficiency.  

Spinel ferrite compound has a band gap of about 2 eV [18], 

thus able to enhance the photocatalytic effect of NiO in the 

visible region. NiFe2O4 has moderate saturation 

magnetization, strong catalytic properties, photochemical 

stability, and high adsorption [19]-[22]. Magnetic properties 

provide an advantage because, after the degradation process, 

the photocatalyst can separate quickly using permanent 

magnets. Several researchers reported studies of 

photocatalysis of ferrites and metal oxides such as 

CuFe2O4-Ag2O and CuFe2O4-NiO [23], TiO2-NiFe2O4 [24], 

ZnO-CoFe2O4 [25], NiFe2O4-ZnO [26]. 

Several methods are applicable for the synthesis of NiO 

and NiO-NiFe2O4 such as the sol-gel [8], microwave and 

hydrothermal route [27], thermal decomposition [7], and 

coprecipitation [11]. In this study, the synthesis of NiO and 

NiO-NiFe2O4 composite was performed using the 

coprecipitation method. The method is simple and has a high 

product yield. Furthermore, the photocatalytic activities of 

NiO and NiO-NiFe2O4 composite were compared against 

Congo red dye using visible irradiation. Congo red dye is an 

anionic dye that is an issue for health [28]. Both NiO and 

NiO-NiFe2O4 were characterized using XRD, FTIR, 

SEM-EDS, and UV DRS.  
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A. Materials 

The chemicals used were Ni(NO3)3·6H2O, Fe(NO3)3·9H2O, 

NaOH, NiSO4·6H2O, NaCl, HCl, and Congo red produced by 

Merck, Germany.  

B. Synthesis of NiFe2O4 

A total of 2.91 g of Ni(NO3)3·6H2O and 8.08 g of 

Fe(NO3)3·9H2O were dissolved in 100 mL of distilled water. 

NaOH was added slowly to the mixture while stirred by a 

magnetic stirrer until the pH of the solution reached 10. The 

precipitate formed was washed using distilled water and then 

dried in an oven for 1 hour at 100 °C, and then calcined using 

a furnace at a temperature of 800 °C for 2 hours. 

C. Synthesis of NiO 

A total of 3.09 g of NiSO4·6H2O was dissolved in 100 mL 

of distilled water. 1 M NaOH was added slowly into the 

solution until reaching a pH of 10 while stirred using a 

magnetic stirrer. The precipitate formed was separated and 

washed using distilled water, then dried using an oven for 1 

hour at 100 °C, and calcined in a furnace at a temperature of 

600°C for 2 hours.  

D. Synthesis of NiO-NiFe2O4 Composite 

The synthesis of NiO-NiFe2O4 composite with a weight 

ratio of 3:1 was carried out by adding 0.5 g of NiFe2O4 to 50 

mL of 0.01 moL NiSO4.6H2O. 1 M NaOH solution was 

added slowly into the mixture until the solution reached a pH 

of 10 using a magnetic stirrer. Drying was carried out in an 

oven for 1 hour at a temperature of 100°C. The precipitate 

was calcined in a furnace at a temperature of 600°C for 2 

hours. 

E. Characterization of NiO dan NiO-NiFe2O4 

X-ray diffraction method (Rigaku Miniflex-600) was used 

to determine the crystal structure. The product functional 

group was determined using Fourier transform infrared 

(Prestige 21 Shimadzu) at a wavenumber region of 400-4000 

cm-1. The morphology and elemental composition of the 

product were determined using Scanning electron 

microscopy/energy-dispersive X-ray spectroscopy 

(SEM-EDS JSM 6510). The absorbance spectrum of the 

product was observed using UV–vis diffuse reflectance 

spectroscopy (Pharmaspec UV-1700). 

The pHpzc of the product was determined in the following 

way. As much as 50 mL of a 0.01 M NaCl solution, having a 

pH adjusted to 2-12 using 0.1 M HCl or NaOH, was put into 

conical flasks containing 0.1 g of NiO and NiO-NiFe2O4 

composite. The mixture was stirred for 24 hours using a 

shaker. Both the initial and final pH levels were determined 

using a pH meter. pHpzc was obtained from the graph of 

initial pH versus ΔpH [29]. 

F. Photocatalytic Degradation of Congo Red 

The experiment at room temperature in a closed reactor 

using 5 Vis-LED irradiation lamps (15 W). Stirring was done 

using a magnetic stirrer. Observation of the effect of pH on 

the photocatalytic degradation process used Congo red 

solution with a concentration of 100 mg/L as much as 50 mL, 

a photocatalyst weight of 0.05 g, and an irradiation duration 

of 120 minutes. The pH in the range 2-9 was regulated using 

HCl or 0.1 M NaOH. The effect of the initial concentration of 

Congo red dye was observed in the range of 50-400 mg/L and 

the duration of irradiation ranging from 20-160 minutes. 

Congo red dye concentration in the solution was determined 

using a UV-Vis spectrophotometer (Genesys 10S). Removal 

Efficiency (RE) was determined based on the formula: 

 

   ( )   
      

  
       

 

in which    and     are the initial and instantaneous 

concentrations of Congo red (mg/L). 

 

III. RESULT AND DISCUSSION 

A. NiO and NiO-NiFe2O4 Composite Characterization 

Fig. 1 shows the diffraction peaks of NiO and 

NiO-NiFe2O4. NiO has a crystalline structure with a cubic 

phase where the main peaks of NiO can be identified at 2θ = 

37.37° (111), 43.6° (200), 62.6° (220), 76.1° (311) dan 79.7° 

(222), according to JCPDS N0 78- 0423. High intensity and 

broad spectra indicate the absence of impurities and high 

crystallinity. The calculation results on the crystal size of 

NiO using the Scherrer equation obtained an average crystal 

size of 7.6 nm. With the same method but at different 

calcination temperatures (700 and 750 °C), NiO was obtained 

to have about 6 nm [9], while at 400oC, it was about 8.06 nm 

[27].  

Meanwhile, NiO-NiFe2O4 composite peaks show lower 

intensity than NiO. Some 2θ angles as the main 

characteristics of NiFe2O4 appear at 35.71° (311), 43.41° 

(400), and 63.1° (440). The appearance of these peaks proved 

the success of the synthesis of the composite. The crystal size 

of the NiO-NiFe2O4 composite was 10.2 nm/23.4 nm. 
 

 
Fig. 1. XRD spectra of (a) NiO and (b) NiO-NiFe2O4 composite. 

 

The FTIR spectra of NiO and the composite NiO-NiFe2O4 

are present in Fig. 2. The spectra have similar wavenumbers 

but different peak sharpness. The broad peak in the 

wavenumber region of 3200-3500 cm-1 confirms the presence 

of O-H stretching vibration, while that at around 1624 cm-1 

indicates the H-O-H bending vibration from the absorption of 

water molecules [30]. The wavenumber region at 400-700 

cm-1 shows metal-oxygen stretching vibration, namely of 

Fe-O and Ni-O.  

The morphology of NiO and NiO-NiFe2O4 composite is 

shown in Fig. 3. The surface of NiO appears not 

homogeneous, different both shape and size, tend to 
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agglomerate, while that of the composite NiO-NiFe2O4 

appears denser. Table I shows the elements contained in NiO 

and NiO-NiFe2O4 composite based on the analysis using EDS. 

NiO is composed of Ni and O elements, while NiO-NiFe2O4 

composite has an additional of Fe (36.4 %). EDS results also 

showed that no other elements were found, either in NiO or 

NiO-NiFe2O4 composite, thus indicating the purity of the 

synthesized material.  
 

 
Fig. 2. FTIR spectra of (a) NiO and (b) NiO-NiFe2O4 composite. 

 

   
Fig. 3. SEM image of (a) NiO and (b) NiO-NiFe2O4 composite. 

 

TABLE I: THE ELEMENT COMPOSITION 

Photocatalyst Ni (%) O (%) Fe (%) 

NiO 76.4 23.6 - 

NiO-NiFe2O4 38.8 24.8 36.4 

 

Bandgap value is a significant parameter for photocatalytic 

semiconductor materials [8]. A semiconductor's bandgap 

value can affect its performance in the excitation of electrons 

from the valence band to the conduction band that then 

undergo de-excitation, depending on the width of the energy 

gap generated by the semiconductor. NiO has a band gap > 

3.0 eV. The band gap value depends on the synthesis method 

used, such as the band gap of NiO synthesized by the 

nebulizer spray pyrolysis method, namely 3.67 eV [31] and 

the bandgaps of NiO synthesized by the microwave and 

hydrothermal method of 3.2 and 3.5 eV, respectively [27].  

In this study, the band gap of NiO was found to be 3.3 eV. 

The addition of NiFe2O4 causes a decrease in the band gap 

value, which is 2.8 eV. Spinel ferrite compounds have a band 

gap of about 2 eV, the band gap of NiFe2O4 synthesized by 

the solution combustion method was obtained at 1.97 eV [18], 

[32]. The presence of NiFe2O4 can cause a significant 

absorption shift to the visible light region compared to pure 

photocatalysts. Figs. 4 and 5 show the optical absorption and 

band gap values of NiO and NiO-NiFe2O4 composite. NiO 

has the largest absorbance at a wavelength of 362 nm, while 

NiO-NiFe2O4 composite has a larger wavelength of 410 nm. 

The addition of NiFe2O4 shifts the wavelength of maximum 

absorption.  

 
Fig. 4. Spectra UV-Vis DRS of NiO and NiO-NiFe2O4 composite. 

 

 
Fig. 5. Band gaps of NiO and NiO-NiFe2O4 composite. 

 

B. Photocatalic Degradation 

In this study, the photocatalytic degradation of dye was 

carried out in various conditions, namely the pH of the 

solution, the initial concentration of the dye, and the 

irradiation duration. The pH of the solution is an important 

factor in the photocatalytic degradation process. Figs. 6 and 7 

show the pHpzc of photocatalyst and the effect of solution pH 

on removal efficiency. The optimum pH for photocatalytic 

degradation of Congo red was obtained at a pH of 6 using the 

photocatalyst NiO and the composite NiO-NiFe2O4.  

Congo red dye is anionic with two sulfonate groups; 

photocatalytic effectiveness is more effectively carried out at 

a pH below the pHpzc of the catalyst. The pHpzc values of 

NiO and NiO-NiFe2O4 composite were 6.3 and 6.6, 

respectively. At pH <pHpzc, the photocatalyst is positively 

charged, and the dye is negatively charged. The attraction of 

these different charges increases the effectiveness of 

photocatalytic degradation. The removal efficiency of 

NiO-NiFe2O4 composite is more than NiO because NiFe2O4 

itself was also photocatalytic [32].  
 

 
Fig. 6. pHpzc values of NiO and NiO-NiFe2O4 composite. 
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Fig. 7. Photocatalytic Degradation of Congo red dye by variation of pH 

solution. 

 

The degradation mechanism is that NiFe2O4 undergoes 

photoexcitation because it has a narrow bandgap, then 

electrons are photogenerated to the conduction band of NiO. 

The reaction is described as follows [7], [27]: 

 

 

 

 

 

   
 

  

 

 

 

 

  

 
 

 

The surface of Congo red dye was attacked by    
  and 

  
   +    , causing bond breaking and decolorization. The 

effect of dye concentration on the removal efficiency of the 

photocatalytic degradation of Congo red dye is present in Fig. 

8. Photocatalytic degradation was carried out at a pH of 6 

with an irradiation time of 120 minutes. The greater the 

concentration, the lower the removal efficiency. The 

photocatalytic degradation process rapidly at low 

concentrations. At high concentrations, the dye blocks 

radiation, causing only a small amount of radiation to reach 

the catalyst, thus reducing the number of radicals that play a 

role in the degradation process.  
 

 
Fig. 8. Photocatalytic degradation of Congo red dye by variation of initial 

concentration. 

Fig. 9 shows the effect of irradiation duration on the 

removal efficiency of photocatalytic degradation of Congo 

red dye using visible and non-irradiated light irradiation. The 

photocatalytic degradation process was carried out with the 

initial concentration of Congo red dye 50 mg/L at a pH 

solution of 6. There was a significant difference between 

using radiation and without it; removal efficiency without 

radiation was less than 10%. The longer the radiation process, 

the more Congo red dye degrades using both catalysts NiO 

and NiO-NiFe2O4 composite. The longer the radiation time, 

the more radicals produced react with the dye. Removal 

efficiency degradation using the catalyst of NiO was 78.5%, 

while that using NiO-NiFe2O4 composite was 98.45 %.  
 

 
Fig. 9. Photocatalytic degradation of Congo red dye by variation of 

irradiation time. 

 

C. Kinetics of Photocatalytic Degradation 

Photocatalytic degradation of Congo red dye using NiO 

and NiO-NiFe2O4 composite is presented in Fig. 10. Kinetics 

of photocatalytic degradation was investigated using the 

equation [33]: 

 

ln   /   = k t 

 

The linearity of ln   /    versus t (time) shows 

pseudo-first-order. Table 2 shows the parameter 

pseudo-first-order kinetics for photocatalytic degradation of 

Congo red. The correlation coefficient value (R2) using NiO 

and the NiO-NiFe2O4 composite is close to 1. The k value is 

calculated from the slope. The k value of the NiO-NiFe2O4 

composite (0.0225 min-1) was higher than that of NiO 

(0.0114 min-1), indicating that the addition of NiFe2O4 

increased the efficiency of photocatalytic degradation. the t1/2 

value = 0.693/k is shown in Table II. 

 

 
Fig. 10. Pseudo-first-order kinetics for photocatalytic degradation. 
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NiFe2O4 (   
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 )           (2)

NiO (   
 ) + O2    

  + NiO                      (3)

  
  + H+     

The reaction of holes    
 and H2O or OH- produces     

   
 + H2O      + H+                        (4)

   
 +                                   (5)

CR + (   
 +   

  +    )  NiO + H2O            (6)



  

TABLE II: THE PARAMETER PSEUDO-FIRST-ORDER  

Materials k (min-1) t1/2 (min) R2 

NiO 0.0114 60.789 0.9908 

NiO-NiFe2O4 0.0225 30.800 0.9975 

 

Table III shows several photocatalytic degradation 

processes for Congo red dye using several catalysts. The 

removal efficiency of photocatalytic degradation of Congo 

red dye using the composite NiO-NiFe2O4 in this study was 

greater than previously reported by other researchers. 
 

TABLE III: COMPARISON OF PHOTOCALITYC DEGRADATION WITH 

DIFFERENT MATERIALS  

Photo 

catalyst 

CR 

(mg/L) 

Time 

(h) 

Dosis 

(g/L) 

Irr. 

Source 

Rem. 

(%) 
Ref. 

NiFe2O4 100 1 0.5 Visible 96.8 [32] 

CoFe2O4 5 1.5 0.35 UV 91 [34] 

TiO2 55 8 1 UV 20 [35] 

NiFe2O4/

ZnO 
20 0.16 1 

Solar 

light 
94.55 [26] 

Mg-TiO2-

P25  
7 7 0.5 Visible 80 [36] 

NiO 50 2 1 Visible 78.5 
This 

study 

NiO-NiFe

2O4 
50 2.6 1 Visible 98.45 

This 

study 

 

D. Reusability of NiO and NiO-NiFe2O4 composite 

The stability and efficiency of the catalyst in repeated use 

determine its reusability. NiO and NiO-NiFe2O4 composites 

that have been used in the photodegradation process were 

washed with distilled water, ethanol and dried in an oven for 

1 hour at a temperature of 100 ºC [28], [37]. The reduction in 

removal efficiency of NiO-NiFe2O4 composites after 3 cycles 

was only 2.24% (as shown in Fig. 11). 
 

 
Fig. 11. The recyclability of NiO and NiO-NiFe2O4 composite (Congo red 

=50 mg/L, catalyst = 0.05 g, pH solution = 6, and irradiation time =120 min). 

 

IV. CONCLUSION 

A semiconductor NiO and a composite NiO-NiFe2O4 have 

been successfully synthesized and used for photocatalytic 

degradation of Congo red dye. The optimal photocatalytic 

degradation process was obtained at a pH of 6, the initial 

concentration of the dye congo red of 50 mg/L, and the 

irradiation duration using a visible light of 160 minutes. The 

removal efficiency of photocatalytic degradation of Congo 

red using the catalyst NiO-NiFe2O4 composite was 98.45 %, 

higher than that of 78.5% using NiO. It was proven that 

doping NiFe2O4 on NiO increased the removal efficiency of 

photocatalytic degradation. Pseudo-first-order kinetics are 

suitable to describe the photocatalytic degradation of Congo 

red dye using either the photocatalyst NiO or NiO-NiFe2O4 

composite. NiO-NiFe2O4 composite has high effectiveness of 

photodegradation. Even after 3 times reuse, it shows a large 

removal efficiency of 96.21%. The composite of 

NiO-NiFe2O4 has the potential to treat wastewater that 

contains dyes, especially Congo red.  
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