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Wastewater generated by the textile industry contains substantial amounts of organic pollutants, particularly synthetic dyes, which pose 

serious risks to human health and aquatic ecosystems. The removal of these contaminants from water bodies is essential, necessitating the 

development of cost-effective and efficient treatment strategies. The present study focuses on the development of cost-effective nanostructured 

materials for dye removal from wastewater and antibacterial activity against both Gram-positive and Gram-negative bacteria. A 

NiFe2O4/rGO heterojunction was synthesized via a one-pot hydrothermal method and characterized to assess its structure, morphology 

and optical properties. The synthesized material was evaluated for its catalytic removal of methylene blue (MB) and malachite green 

(MG) dyes and NiFe2O4/rGO (10%) showed 98.01% and 98.53% removal of MB and MG dyes, respectively, in 120 min. The catalytic 

removal rate of NiFe2O4/rGO (10%) heterojunction was much faster (98.01%; 98.53%) than the pure NiFe2O4 (73.43%; 73.16%) under 

visible light illumination. The substantial stability and reusability of the heterojunction were assessed through repeated photocatalytic 

degradation cycles. Its antibacterial activity was evaluated against the selected multidrug-resistant microorganisms, with NiFe2O4/rGO 

exhibiting significant zones of inhibition against both bacterial strains. These findings support the potential application of NiFe2O4/rGO 

in wastewater treatment, particularly for the removal of organic dyes and bacterial contaminants. 
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INTRODUCTION 

 Over the past few decades, rapid industrialization has both 

benefited and plagued humanity. Organic pollutants, heavy 

metals and antibiotics released from textile, dyeing, pharma-

ceutical industries contaminate water resources and pose serious 

threats to aquatic life and ecological balance. The growing env-

ironmental concerns associated with rapid industrialization 

have increased the need for effective strategies to protect and 

restore water quality [1-4]. Therefore, today, water purifica-

tion has become a crucial responsibility to combat the uncon-

trollable and irreversible damage caused by the pollutants 

[5,6]. Dyes are used as a raw material, particularly in the food, 

printing, paper, paint, cosmetic and textile industries. Many 
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synthetic dyes are toxic, carcinogenic and resistant to biodegra-

dation. Their presence in contaminated water can pose both 

immediate and long-term health risks to humans and other 

living organisms [7-10]. Cationic dyes such as methylene blue 

(MB) and malachite green (MG) cause mutagenic malignan-

cies and reproductive disorders in living organisms [11-14]. 

Therefore, treating industrial effluents before releasing them 

into water streams is a prime concern today. 

 Photocatalysis based on semiconductor materials is a pro-

mising approach for treating contaminated water and reducing 

environmental pollution. Magnetic spinel ferrites (MFe2O4; 

M = Ni, Co, Mn, Zn, Cu, Ca, etc.) possess semiconductor 

properties and have been investigated for applications such 

as gas sensing [15], photocatalysis [16,17], CO2 reduction 
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[18,19] and hydrogen production [20]. Their chemical and 

mechanical stability, high electrical resistivity and magnetic 

separability make them attractive for environmental applica-

tions [21,22]. Despite these advantages, pristine spinel ferrites 

generally exhibit limited photocatalytic activity. NiFe2O4, with 

a narrow band gap of approximately 1.7 eV, can suffer from 

rapid recombination of photogenerated electron-hole pairs, 

which limits its photocatalytic efficiency. Coupling NiFe2O4 

with another semiconductor to form a magnetically recover-

able heterojunction can improve charge separation and enhance 

photocatalytic performance, making this approach suitable for 

wastewater treatment. 

 Reduced graphene oxide (rGO) is a 2D sp2-hybridized 

carbon material with high surface area, electrical conductivity 

and electron mobility, making it useful for photocatalytic appli-

cations. Its conductive network facilitates the separation and 

transport of photoexcited charge carriers, while its abundant 

surface sites promote dye adsorption through - interactions, 

hydrogen bonding and electrostatic interactions [23-28]. Incor-

poration of rGO with spinel ferrites such as NiFe2O4 can 

suppress electron-hole recombination at the heterojunction 

interface and provide additional active sites, thereby improving 

photocatalytic activity [29,30]. Previous studies have reported 

the use of ferrite/rGO composites for the degradation of organic 

pollutants [31,32]. Based on these properties, rGO was integ-

rated with NiFe2O4 in the present study to serve as an electron 

mediator, facilitate charge transfer and enhance the photo-

catalytic degradation of dye pollutants [33-35]. 

 Several challenges remain in improving the photocatalytic 

activity and efficiency of these materials. In this study, the 

NiFe2O4/rGO heterojunction was prepared by a simple hydro-

thermal method. The optical, textural, structural and surface 

properties of pristine NiFe2O4 and the NiFe2O4/rGO hetero-

junction were studied using different characterization techni-

ques. The photocatalytic activity was evaluated using methylene 

blue (MB) and malachite green (MG) as model dye pollutants.  

EXPERIMENTAL 

 All reagents were of analytical grade and used without 

further purification. Ferrous ammonium sulphate hexahydrate 

((NH4)2Fe(SO4)2·6H2O, 99%), nickel chloride hexahydrate 

(NiCl2·6H2O, 98%), polyethylene glycol (PEG-600), sodium 

hydroxide (97%), hydrazine hydrate, disodium salt of ethylene-

diamine-tetraacetic acid (EDTA-2Na, 99.5%), benzoquinone 

(BQ, 98%), isopropyl alcohol (IPA, 98%), methylene blue 

(MB) and malachite green (MG) were procured from Merck 

and Loba Chemie Pvt. Ltd. India. Reduced graphene oxide 

(rGO) was obtained from Techinstro Industries, India. The 

deionized (DI) water was employed for all experiments.  

 One-pot hydrothermal synthesis of NiFe2O4/rGO hetero-

junction: For the synthesis of the NiFe2O4/rGO hetero-junction, 

(NH4)2Fe(SO4)2·6H2O (3.33 g) and NiCl2·6H2O (1.01 g) were 

dissolved in 50 mL of deionized water and stirred until a 

homogeneous solution was obtained. Subsequently, 40 mL of 

PEG-600 was added dropwise to the solution at 45 ºC under 

continuous stirring to obtain a clear solution (solution I). 

Separately, 1 mL of hydrazine hydrate and 4 g of NaOH were 

dissolved in 10 mL of deionized water and stirred for 1 h 

(solution II). Solution II was added dropwise to solution I, 

followed by ultrasonication for 30 min. The required amount 

of rGO (0.0935 g for 10 wt.%) was then added to the mixture 

and stirred at room temperature for 1 h. The resulting suspen-

sion was transferred to a Teflon-lined autoclave and heated 

at 180 ºC for 8 h. The resulting precipitate was washed repea-

tedly with deionized water (1.5 L) and ethanol (500 mL), 

followed by drying at 80 ºC overnight. The dried material was 

designated as NiFe2O4/rGO (10%). NiFe2O4/rGO heterojun-

ctions containing 5 and 15 wt.% rGO were prepared under the 

same conditions by varying the amount of rGO accordingly 

[36].  

 Characterization: In order to ascertain the crystallinity 

and phases present in the synthesized samples, a compre-

hensive X-ray diffraction analysis was conducted utilizing a 

Bruker AXS D8 Focus X-ray diffractometer equipped with a 

CuK radiation source ( = 1.540 Å). An energy dispersive 

spectrometer (EDS) (Ametek, Octane Plus model) was utilized 

alongside a field emission scanning electron microscope (FE-

SEM) known as Nova NanoSEM 450 FEI and a high-resol-

ution transmission electron microscope (HR-TEM) model 

JEM-F200 (URP) operating at 10 kV. This combination was 

employed to analyze the elemental composition, structural and 

textural properties of the heterojunction. In order to conduct 

a thorough analysis of the oxidation states and elemental com-

positions of the NiFe2O4/rGO heterojunction, X-ray photo-

electron spectroscopy was employed. Spectroscopic investi-

gations were conducted utilizing the Physical Electronics, 

PHI 5000 Versa Probe III instrument. The UV-visible spectro-

photometer (UV-Vis 2600) was utilized to acquire UV-visible 

DRS spectra. Through a detailed analysis of the nitrogen 

adsorption-desorption curve obtained from the nitrogen adsor-

ption analyzer (Quantachrome NovaWin), the surface areas 

of the samples were systematically evaluated. The electro-

chemical impedance spectroscopy (EIS) was carried out using 

an electrochemical workstation Metrohm model (Netherland). 

For photoluminescence (PL) analysis was carried out using 

Jasco spectrofluorometer Model FP-8300 WRE using 350 nm 

as the excitation wavelength. Total organic carbon (TOC) was 

measured using an Enviro TOC analyzer (Elementar, Germany). 

UV-Visible absorption spectra were recorded using a Shimadzu 

UV-1800 UV-Visible spectrophotometer, with deionized water 

used as the reference. 

 Photocatalytic degradation study: The photocatalytic 

degradation performance of pristine NiFe2O4 and NiFe2O4/ 

rGO heterojunction was evaluated according to a previously 

reported method [37]. Briefly, 30 mg of photocatalyst was 

dispersed in 10 mg/L dye solution and stirred continuously in 

the dark for 30 min to establish adsorption-desorption equili-

brium. The suspension was then irradiated with a 300 W 

xenon lamp to initiate the photocatalytic reaction. At 10 min 

intervals, 5 mL of the reaction mixture was withdrawn, centri-

fuged and analyzed by UV-Visible spectrophotometry at 617 

nm. The dye concentration at time ‘t’ and the photocatalytic 

degradation efficiency were calculated using the following 

equations: 

  t
o

o

Concentration
A

C 100
A

=     (1) 
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o

Degradation efficien
C C

cy 100
C

 (%)
−

=    (2) 

where At, Ao, are the absorbance at time t and at time zero 

and Co and Ct are the concentrations at time zero and at time 

t, respectively.  

 Antimicrobial activity: The antibacterial activity of syn-

thesized NiFe2O4 NPs and NiFe2O4/rGO NCs was evaluated 

using the well diffusion method with multiple drug-resistant 

bacteria, namely Gram-positive S. aureus (NCIM 2654) and 

Gram-negative E. coli (NCIM 2256), at a concentration of 2 

mg/mL. The resulting suspensions of bacteria were diluted to 

a final absorbance of 0.02 at 600 nm using a UV-visible spectro-

photometer (Shimadzu-1900i), i.e. 2 × 107 CFU. All prepara-

tion and operations were performed under aseptic conditions; 

wells were shaped on the sterile nutrient agar plate and 50 L 

sample was added into each well. The antibacterial activity was 

assessed by calculating the diameter of zones of inhibition 

after incubation at 37 ºC for 24 h [38-40]. 

 Determination of minimum inhibitory concentration 

(MIC): The MIC of NiFe2O4 NPs and NiFe2O4/rGO hetero-

junction was determined using a modified broth microdilu-

tion method [39,41]. Two-fold serial dilutions of NiFe2O4 and 

NiFe2O4/rGO, ranging from 12.5 to 400 mg/mL, were prep-

ared in Mueller-Hinton broth using 96-well microtiter plates. 

Equal volumes (100 L) of each nanoparticle dilution and 

bacterial suspension adjusted to 0.5 McFarland standard (app-

roximately 1 × 108 CFU/mL) were added to the respective 

wells. The plates were incubated at 37 ºC for 24 h. A negative 

control containing the nanoparticle suspension and culture 

medium and a positive control containing the bacterial suspen-

sion and culture medium, were maintained under the same 

conditions. After incubation, 100 L from each well was trans-

ferred onto Mueller-Hinton agar plates and incubated at 37 ºC 

for 24 h. 

RESULTS AND DISCUSSION 

 Powder XRD studies: X-ray diffraction (XRD) analysis 

was performed to identify the crystalline phases of the syn-

thesized materials and the corresponding patterns are shown 

in Fig. 1. The diffraction peaks at 2θ = 30.01º, 35.36º, 36.99º, 

42.99º, 44.14º, 53.35º, 56.87º, 62.45º, 70.86º, 73.90º, 74.91º 

and 78.87º correspond to the crystallographic planes (2 2 0), 

(3 1 1), (2 2 2), (4 0 0), (3 3 1), (4 2 2), (5 1 1), (4 4 0), (6 2 0), 

(5 3 3), (6 2 2) and (4 4 4), respectively. These reflections are 

consistent with the cubic nickel ferrite phase (JCPDS No. 10-

0325) [36,42]. The characteristic peak at 26.5º is attributed to 

the (002) plane of rGO [23,43]. The incorporation of rGO 

results in a decrease in the intensity of the NiFe2O4 diffraction 

peaks, indicating a reduction in the apparent crystallinity of 

the NiFe2O4 phase within the NiFe2O4/rGO heterojunction.  

 The crystalline size of NiFe2O4 and NiFe2O4/rGO hetero-

junction was calculated from the Debye-Scherrer equation:  

  
0.9

cos


 =

 
 

 The calculated crystallite sizes of NiFe2O4 and NiFe2O4/ 

rGO (10%) were found to be 73.34 nm and 56.13 nm for pure 

NiFe2O4 and NiFe2O4/rGO (10%) heterojunction, respectively. 

 
Fig. 1. XRD spectra of rGO, pure NiFe2O4, NiFe2O4/rGO (5%), NiFe2O4/ 

rGO (10%) and NiFe2O4/rGO (15%) heterojunctions 

 

 Morphological studies: FESEM analysis was carried 

out to examine the surface morphology of pristine NiFe2O4 and 

the NiFe2O4/rGO (10%) heterojunction. The corresponding 

micrographs are shown in Fig. 2. The FESEM images of 

NiFe2O4 (Fig. 2a-c) show octahedral- and hexagonal-like 

particles with some degree of agglomeration. Such agglomer-

ation may arise from magnetic and van der Waals interactions 

between the nanoparticles [44,45]. Small, irregularly shaped 

nickel ferrite nanospheres are visible in the micrographs. In 

the NiFe2O4/rGO (10%) heterojunction (Fig. 2d-f), NiFe2O4 

NPs are distributed over the rGO surface. The aggregation of 

NiFe2O4 NPs is reduced in the NiFe2O4/rGO heterojunction, 

indicating that rGO provides a supporting surface that limits 

nanoparticle agglomeration. 

 EDX spectroscopy was used to determine the elemental 

composition of the prepared materials and the results are 

shown in Fig. 3. The EDX spectra of the NiFe2O4/rGO (10%) 

heterojunction (Fig. 3a-b) contain signals corresponding to Ni, 

Fe, C and O. No additional elemental signals were detected, 

supporting the purity of the prepared material. Elemental 

mapping of NiFe2O4 (Fig. 3c-e) and NiFe2O4/rGO (10%) 

(Fig. 3f-i) further confirms the distribution of the constituent 

elements. The mapping images of the heterojunction indicate 

a uniform distribution of NiFe2O4 nanoparticles over the rGO 

surface. 

 TEM, HRTEM and SAED analyses were performed to 

further examine the morphology and crystalline structure of 

the samples (Fig. 4). The TEM images of pristine NiFe2O4 

(Fig. 4a-b) reveal aggregated nanoparticles. The lattice spacing 

of 0.247 nm observed in the HRTEM image (Fig. 4c) corres-

ponds to the (311) plane of NiFe2O4. The TEM images of 

NiFe2O4/rGO (10%) (Fig. 4d-f) show NiFe2O4 nanoparticles 

distributed across the relatively transparent rGO sheets. A 

lattice spacing of 0.206 nm, observed in Fig. 4g, can be assigned 

to the (400) plane of NiFe2O4. The incorporation of NiFe2O4 

onto rGO improves nanoparticle dispersion and limits particle 

aggregation, while providing additional interfacial sites [46]. 

The SAED pattern of pristine NiFe2O4 (Fig. 4h) shows dist-

inct diffraction rings corresponding to the (220), (311), (400), 
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(533), (620) and (444) planes, confirming its crystalline struc-

ture [47,48]. The NiFe2O4/rGO (10%) heterojunction (Fig. 

4i) exhibits characteristic diffraction rings, confirming its poly-

crystalline nature. 

 XPS studies: The XPS study was performed to explore 

the chemical composition and element valence states of the 

synthesized samples. The survey scan (Fig. 5a) of NiFe2O4/ 

rGO (10%) heterojunction exhibits the characteristic peaks of 

nickel (2p), iron (2 p), carbon (1s) and oxygen (1s) species. 

Four peaks can be seen in the Ni 2p deconvolution spectrum, 

as shown in Fig. 5b. Two shake-up satellite peaks are present 

at binding energies 861.84 eV and 872.44 eV. The satellite 

peak of Ni 2p at 861.84 eV confirmed the +2 oxidation state 

of nickel in the NiFe2O4/rGO (10%). The peaks at 855.79 eV 

and 873.89 eV are assigned to Ni 2p3/2 and Ni 2p1/2, respec-

tively. These results align well with the literature findings [49]. 

The deconvoluted spectrum of Fe 2p (Fig. 5c) exhibited two 

prominent peaks at 713.98 eV and 724.78 eV that correspond 

to Fe 2p3/2 and Fe 2p1/2, respectively. A satellite peak for Fe 

2p3/2 at 718.98 eV further validated the presence of the +3 

oxidation state of iron in NiFe2O4/rGO (10%) [1]. Two peaks 

at 283.34 eV and 285.74 eV, which correspond to the C=C 

 

Fig. 2. FE-SEM micrographs of NiFe2O4 (a-c) and NiFe2O4/rGO (10%) heterojunction (d-f) 
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bond of alkene and C=O bonds of aromatic rings in the rGO 

(Fig. 5d) [50,51]. In the 1s spectrum of oxygen, a peak at 

531.24 eV is attributed to the lattice oxygen in the Ni/Fe-O 

framework (Fig. 5e) [52]. All of these findings confirmed that 

the NiFe2O4/rGO (10%) heterojunction was successfully synth-

esized. 

 UV-Visible DRS and PL studies: UV-Visible diffuse 

reflectance spectroscopy (DRS) was used to study the optical 

properties of the synthesized materials and the corresponding 

spectra are shown in Fig. 6. Pristine NiFe2O4 shows relatively 

weak absorption in the visible region, whereas the NiFe2O4/ 

rGO (10%) heterojunction exhibits stronger visible-light absor-

ption. Increasing the rGO content enhances light absorption 

and shifts the absorption edge toward longer wavelengths 

[23,53]. This improved optical response can be attributed to 

the interaction between NiFe2O4 and rGO. The optical band 

gap energy (Eg) was estimated using the Tauc equation [23]. 

The inset plots in Fig. 6a-b give band gap values of 1.49 eV 

for NiFe2O4 and 1.34 eV for NiFe2O4/rGO (10%), based on a 

direct allowed transition. 

 Photoluminescence (PL) spectroscopy was used to assess 

the recombination of photogenerated charge carriers (Fig. 6c). 

The NiFe2O4/rGO (10%) heterojunction exhibits lower PL 

intensity than pristine NiFe2O4, which reflects suppressed 

electron-hole recombination and longer-lived photogenerated 

charge carriers [54]. The improved charge separation contri-

 

Fig. 3. EDX spectra of NiFe2O4 (a) and NiFe2O4/rGO (10%) (b) and elemental mapping spectra of NiFe2O4 (c-e) and NiFe2O4/rGO (f-i) 
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butes to the higher photocatalytic activity of the NiFe2O4/ 

rGO (10%) heterojunction. 

 Electrochemical impedance analysis: Electrochemical 

impedance spectroscopy (EIS) was performed to study charge 

transfer and separation in the synthesized materials [55]. A 

larger impedance arc generally reflects greater resistance to 

charge transfer [56]. As shown in Fig. 7a, the NiFe2O4/rGO 

(10%) heterojunction exhibits a smaller impedance arc than 

pristine NiFe2O4, corresponding to lower charge-transfer resis-

tance and more efficient charge transport. The improved 

charge-transfer behaviour can be attributed to the interaction 

between the conductive rGO sheets and NiFe2O4, which facili-

tates the movement of photogenerated charge carriers and 

improves photocatalytic performance. 

 Nitrogen adsorption/desorption isotherm: The N2 

adsorption/desorption isotherm measurement was employed 

to determine the BET surface area of the pure nickel ferrite 

and NiFe2O4/rGO (10%) heterojunction. The N2 adsorption/ 

desorption isotherm shows a type IV hysteresis loop, which 

confirmed the mesoporous characteristics of the nanocompo-

sites. The measured BET surface areas for pure NiFe2O4 and 

NiFe2O4/rGO (10%) heterojunction are 21.184 m2 g-1 and 

31.003 m2 g-1, respectively. The NiFe2O4/rGO (10%) hetero-

junction has a higher BET surface area than pristine NiFe2O4, 

providing more sites for dye adsorption. The larger surface 

area facilitates contact between the photocatalyst and MB or 

MG molecules, which can improve their photocatalytic degra-

dation [2]. The pore size distribution curves calculated by the 

Barrett-Joyner-Halenda (BJH) method are shown in Fig. 7c. 

Compared with pristine NiFe2O4, the NiFe2O4/rGO (10%) 

heterojunction has a higher surface area and pore volume, 

along with a smaller pore size (Table-1). These textural prop- 

 

Fig. 4. TEM micrographs (a-b), HR-TEM (c) of NiFe2O4 and TEM micrographs (d-f) and HR-TEM (g) of NiFe2O4/rGO (10%) 

heterojunction and SAED pattern of NiFe2O4 (h) and NiFe2O4/rGO (10%), (i) heterojunction 
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TABLE-1 

SURFACE AREA, PORE VOLUME AND AVERAGE  

PORE SIZE OF PURE NiFe2O4 AND NiFe2O4/rGO (10%) 

Sample 
SBET  

(m2/g) 

Pore  

volume (cc/g) 

Average pore 

size (nm) 

NiFe2O4 21.184 0.024 3.09 

NiFe2O4/rGO (10%) 31.003 0.039 2.73 

 

erties provide more accessible surface sites for dye molecules 

and can improve the photocatalytic degradation of MB and 

MG dyes. 

 Photocatalytic degradation: The catalytic efficacy of 

the synthesized photocatalyst was examined using MB and 

MG dyes as test pollutants and the results are displayed in Fig. 

8a-b. Pure nickel ferrite had a restricted ability to degrade MB 

(73.43%) and MG (73.16%). However, the degradation of MB 

(98.01%) and MG (98.53%) was significantly improved by the 

NiFe2O4/rGO (10%) heterojunction. Increasing the rGO con-

tent led to a gradual improvement in the degradation capacity 

of the heterojunction. Within 120 min, the 10% NiFe2O4/rGO 

photocatalyst had an excellent degrading efficacy for MB 

(98.01%) and MG (98.53%). The increased photocatalytic 

efficacy of the NiFe2O4/rGO (10%) photocatalyst could be due 

to the utilization of complete solar light of the electromagnetic 

spectrum and the enhanced the separation photoexcited e–/h+ 

pairs during the photocatalysis reaction. This could be due to 

the united effect of rGO and nickel ferrite nanoparticles [57, 

58]. 

 Furthermore, the photodegradation of MB and MG dyes 

followed pseudo first-order kinetics, depicted in Fig. 9a-b. 

After exposure of MB containing samples to light in the absence 

of a catalyst (photolysis), rGO, NiFe2O4/rGO (5%), NiFe2O4/ 

rGO (10%) and NiFe2O4/rGO (15%) as catalysts exhibit rate 

constants of 0.0009 min–1, 0.0019 min–1, 0.0093 min–1, 0.0245 

min–1 and 0.0168 min–1 respectively. Similarly, for MG, the 

rate constants were computed as 0.0040 min–1, 0.0103 min–1, 

0.0123 min–1, 0.0219 min–1, 0.0144 min–1, respectively. It 

was observed that the rate constant (k) of the NiFe2O4/rGO 

(10%) heterojunction (0.0245 min–1) is approximately 2.63 

higher than pure NiFe2O4 (0.0093 min–1) towards MB. 

Similarly, the rate constant (k) of the NiFe2O4/rGO (10%) 

heterojunction (0.0219 min–1) is approximately 2.13 higher 

than pure NiFe2O4 (0.0103 min–1) towards the MG dye. 

 Effect of catalyst concentration: Fig. 8c-d illustrate the 

effect of the NiFe2O4/rGO (10%) catalyst dose on the photo-

degradation of MB and MG dyes. As the concentration of the 

photocatalyst rose, the photocatalytic efficacy also increased, 

as observed in Fig. 9c-d. When the catalyst dose was incre-

ased from 15 mg to 30 mg, the photocatalytic degradation  

 

Fig. 5. XPS spectra of NiFe2O4/rGO (10%) heterojunction; survey scan (a), Ni 2p (b), Fe 2p (c), C 1s (d) and O 1s (e) 
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Fig. 6. UV-visible DRS spectra and their Tauc plots (insets) of pure NiFe2O4 

(a), NiFe2O4/rGO (10%) heterojunction (b) and PL analysis (c) of 

NiFe2O4 and NiFe2O4/rGO (10%) 

 
Fig. 7. Nyquist plot (EIS) of the prepared photocatalysts (a), the isothermal 

adsorption/desorption curves of N2 (b) and the pore size distribution 

curves (c) of NiFe2O4 and NiFe2O4/rGO (10%) heterojunction 
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Fig. 8. Photocatalytic degradation of MB and MG dyes: (a,b) using as-prepared photocatalysts, (c,d) using different concentrations of 

NiFe2O4/rGO (10%) heterojunction and (e,f) at different pH conditions using NiFe2O4/rGO (10%) heterojunction 
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Fig. 9. Photocatalytic degradation of MB using different concentrations and pH using the NiFe2O4/rGO (10%) catalyst (a and d) and pseudo-

first-order kinetic plots of ln (Co/C) vs. time (c and f) 
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ability rose from 58.27% to 97.61% and from 67.90% to 

98.33% for MB and MG dyes, respectively. This significant 

improvement might be the result of enhanced catalyst surface 

active sites, which directly raised the catalytic degradation 

of MB and MG dyes. Furthermore, Fig. 10a-b show a marked 

decrease in photodegradation efficiency when the catalyst 

dosage was increased to 45 mg, with MB degradation decrea-

sing from 97.61% to 78.10% and MG degradation from 

98.33% to 89.98%. The lower efficiency at higher catalyst 

loading can be attributed to increased turbidity of the reaction 

suspension, which limits the penetration of incident light. 

Excess catalyst may further promote nanoparticle agglomera-

tion, reducing the available surface area and active sites for 

dye degradation [59-61]. 

 Furthermore, for 15, 30 and 45 mg of NiFe2O4/rGO (10%) 

catalyst, the computed rate constants for MB dye were 0.0061 

min–1, 0.0240 min–1 and 0.0106 min–1, respectively and the 

computed rate constants for the MG dye were 0.0065 min–1, 

0.0232 min–1 and 0.0117 min–1, respectively (Fig. 9c-d). These 

findings indicate that 30 mg of catalyst is the optimum dose 

to achieve the maximum degradation of MB and MG dye. 

 Effect of pH: The photocatalytic degradation ability of 

the NiFe2O4/rGO (10%) catalyst towards MB and MG dyes 

was further studied under different pH conditions (for MB, 

pH = 3 7 and 11 and for MG, pH = 3 7 and 8.3). The results 

are shown in Figs. 10e-f. For MB dye, the NiFe2O4/rGO (10%) 

photocatalyst achieved its highest degradation efficiency of 

91.25% at pH 11. But with MG dye, pH 8.3 achieved the 
 

 

Fig. 10.  Degradation efficiency of NiFe2O4/rGO (10%) catalyst at different dosages (a,b); degradation efficiency of NiFe2O4/rGO (10%) 

catalyst at different pH levels (c,d); and degradation efficiency of NiFe2O4 and NiFe2O4/rGO (5%, 10%, 15%) catalysts (e,f) 
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highest degradation efficiency (97.91%) (Fig. 10e-f). There-

fore, the optimum pH conditions for the highest degradation 

of MB and MG dyes, were pH 11 and pH 8.3. This indicates 

that the adsorption of dye molecules onto the negatively 

charged surface of the photocatalyst is highly enhanced by 

the alkaline pH state. The changes in the pH of the solution, 

thereby, affect the bonding between the photocatalyst and 

dye molecules as well as the photocatalytic degradation of 

dye [62,63].  

 Based on Fig. 9e-f, the observed rate constants for MG 

dye at pH values (3, 7 and 8.3) are 0.0033 min–1, 0.0172 min–1 

and 0.0234 min–1, respectively and the computed kinetic rate 

constants for MB dye at pH values (3, 7 and 11) are 0.0052 

min–1, 0.0059 min–1 and 0.0164 min–1. At pH 11 and pH 8.3, 

the highest rate constants of 0.0164 min–1 (MB) and 0.0234 

min-1 (MG) were attained. These findings imply that alkaline 

conditions promote MB and MG photocatalytic breakdown. 

 Time-dependent UV-visible spectra for MB and MG 

dyes: Fig. 11 shows the time-dependent UV-visible absorp-

tion spectra of the MB and MG dye solutions at different 

catalyst dosages and pH. It is evident that the longer the irra-

diation period, the less dye was absorbed. Furthermore, the 

colour change of the dye solution shows that, within 120 min 

of irradiation, the dyes were substantially broken down in the 

presence of the NiFe2O4/rGO (10%) catalyst. 

 Table-2 illustrates the catalytic efficiencies of MB and 

MG with previously reported photocatalysts. In this investi-

gation, using a 30 mg dosage of the catalyst for 120 min, the 

NiFe2O4/rGO (10%) photocatalyst demonstrated an except-

ional degradation efficiency (MB-98.01% and MG-98.53%) 

under visible light irradiation. This is significantly higher than 

the degradation efficiency of the other reported photocatalysts. 

Therefore, NiFe2O4/rGO (10%) photocatalyst would be a better 

material for environmental remediation.  

 Recycling studies: A recycling experiment was perfor-

med to evaluate the reusability and photostability of the 

NiFe2O4/rGO (10%) heterojunction as a photocatalyst [71]. 

As shown in Fig. 12, the heterojunction retained a high photo-

catalytic degradation efficiency of 92.70% for MB after five 

consecutive cycles. The XRD patterns recorded before and 

after the recycling experiment (Fig. 12b) exhibited compar-

able diffraction features, with no appreciable changes in the 

crystalline structure of the reused NiFe2O4/rGO (10%) comp-

ared with the fresh material. The retention of its structural 

characteristics after repeated use indicates good photostability 

and durability of the heterojunction. These results support the 

potential of NiFe2O4/rGO (10%) for repeated application in 

photocatalytic dye degradation. 

 Total organic carbon (TOC) analysis: The total mineral-

ization of MB and MG dyes during photocatalytic degrad-

ation by NiFe2O4/rGO (10%) was evaluated using TOC anal-

ysis. TOC measurements provide an estimate of the extent to 

which organic dye molecules are converted into inorganic 

carbon species during photocatalytic treatment [72]. Water 

samples containing MB and MG dyes were analyzed before 

and after photodegradation in the presence of NiFe2O4/rGO 

(10%) and the corresponding TOC results are shown in Fig. 13.  

 The % TOC removal was calculated using eqn. 3 [73].  

  before after

before

TOC TOC
100

TO
TOC removal

C

−
=    (3) 

herein, TOCbefore is the TOC before photodegradation and 

TOCafter is the TOC after photodegradation of MB and MG 

using NiFe2O4/rGO (10%). The obtained results revealed that 

in presence of light, NiFe2O4/rGO (10%) causes 77.9% and 

80.4% mineralization of MB and MG within 120 min. The 

high TOC removal % after treatment suggests substantial 

mineralization efficiency of the synthesized catalyst against 

MG dye [74]. 

 Radical scavenging experiment: Identifying the main 

active species involved in the degradation process is also 

crucial to comprehend the photocatalytic mechanism. The 

reactive species involved in the photocatalytic degradation 

process were investigated through radical-scavenging experi-

ments using isopropanol (IPA) as a hydroxyl radical (•OH) 

scavenger, disodium ethylenediaminetetraacetate (2Na-EDTA) 

as a hole (h+) scavenger and benzoquinone (BQ) as a super-

oxide radical (O2
•–) scavenger [57,75,76]. The corresponding 

results are shown in Fig. 14. The degradation efficiencies in 

the presence of IPA, BQ and 2Na-EDTA were 58.60%, 

42.85% and 34.61%, respectively. The pronounced decrease 

in degradation efficiency upon addition of IPA and BQ sugg-

ests that •OH and O2
•– radicals are the principal reactive species 

involved in the MB degradation. The comparatively smaller 

effect observed with 2Na-EDTA indicates a less prominent 

contribution of photogenerated holes (h+) to the degradation 

process. 

 Plausible photodegradation mechanism: Fig. 15 

proposed the photocatalytic degradation mechanism of the 

NiFe2O4/rGO (10%) heterojunction based on the experimental  

 

TABLE-2 

COMPARISON OF REPORTED PHOTOCATALYSTS FOR THE DEGRADATION OF 

MB AND MG UNDER VARIOUS EXPERIMENTAL CONDITIONS 

Photocatalyst 
Organic 

pollutant 
Light source 

Concentration 

(mg L–1) of MB 

Catalyst dose 

(mg) 

Degradation 

time (min) 

Degradation 

efficiency (%) 
Ref. 

NiFe2O4/rGO (10%) MB/MG UV-visible light 10 30 120 98.01/98.53 Present work 

Cds-NiFe2O4/rGO MB visible light 5-20 5 120 91.40 [64] 

Sm-TiO2/g-C3N4 MB visible light 1 40 120 91.80 [65] 

CD @OHCu MB UV light – – 180 88.20 [66] 

CoFe2O4/g-C3N4 MB visible light 2 200 180 88.00 [67] 

TiO2 MB visible light 20 30 120 65.00 [68] 

ZnVFe2O MG visible light 25 – 180 98.00 [69] 

TiAgZnO MG visible light 5 10 120 70.96 [70] 
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Fig. 11.  UV-visible spectra of the NiFe2O4/rGO (10%) catalyst (a,b), UV-visible spectra of the concentration of the NiFe2O4/rGO (10%) 

catalyst (c,d) and UV-visible spectra of the pH of NiFe2O4/rGO (10%) catalyst (e,f) for MB and MG degradation 
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Fig. 12. Recycling performance of NiFe2O4/rGO (10%) for MB degradation (a) and XRD patterns of the reused catalyst (b) 

 

 

Fig. 13. Total organic carbon removal before and after photocatalytic degradation of (a) MB and (b) MG 

 

 

Fig. 14.  Photodegradation efficiency of NiFe2O4/rGO (10%) using IPA, 2-Na EDTA, and BQ scavengers; (b) MB degradation using 

optimized NiFe2O4 (10%) catalyst  

Photodegradation efficacy of the NiFe2O4/rGO (10%) catalyst using IPA, 2-Na EDTA and BQ scavengers (a) and the percent degradation of 

MB with the optimized NiFe2O4/rGO (10%) catalyst (b) 
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results. Upon irradiation, the photocatalyst absorbs light 

energy, promoting electrons (e–) from the valence band (VB) 

to the conduction band (CB) and generating corresponding 

holes (h+) in the VB. The photoexcited electrons react with 

dissolved oxygen to form superoxide anion radicals (O2
•–), 

while the photogenerated holes interact with surface hydroxyl 

groups or water molecules to generate hydroxyl radicals (•OH). 

These reactive oxygen species attack the dye molecules 

through successive oxidation reactions, leading to the break-

down of the chromophoric structure and progressive conver-

sion of the organic intermediates into less harmful products, 

ultimately including CO2 and H2O. The proposed pathway in 

Fig. 15 presents the probable sequence of reactions involved 

in the photodegradation of the investigated dyes over the 

NiFe2O4/rGO (10%) photocatalyst: 

NiFe2O4/rGO + hν ⎯→  NiFe2O4/rGO [e–(CB) + h+(VB)] 

  NiFe2O4/rGO (e– in CB) + Dissolved O2  ⎯→  

 NiFe2O4/rGO + O2
•− (superoxide radical) [Oxidation] 

  NiFe2O4/rGO (h+ in VB) + Adsorbed H2O ⎯→ 

 NiFe2O4/rGO + •OH (hydroxyl radical) [Reduction] 

 Dye molecules + O2
•−/•OH/h+ ⎯→  

Photodegradation products 

 Antibacterial activity: Multidrug-resistant S. aureus and 

E. coli are important food- and water-borne pathogens, and the 

antibacterial activity of the synthesized NiFe2O4/rGO hetero-

junction is shown in Table-3 [77,78]. NiFe2O4/rGO exhibited 

the inhibition zones of 13.03 ± 0.25 mm against Gram-positive 

S. aureus (NCIM 2654) and 11.10 ± 0.26 mm against Gram-

negative E. coli (NCIM 2256), compared with the control. 

The MIC values were 100 and 200 mg/mL, respectively. The 

antibacterial response of NiFe2O4/rGO differed from that of 

NiFe2O4, which may be related to differences in particle size, 

surface morphology and composition [33]. The stronger resp-

onse observed against S. aureus than E. coli can be related to 

differences in their cell-wall structures, which influence the 

interaction of nanoparticles with the bacterial surface [79]. 

 The antibacterial effect of NiFe2O4/rGO is likely associ-

ated with more than one mechanism. Contact between the 

material and bacterial cells can promote the formation of 

ROS, which can damage cellular components. The release of 

 

Fig. 15. Plausible photodegradation of MB and MG dye using NiFe2O4/rGO (10%) catalyst 
 

 

TABLE-3 

ZONES OF INHIBITION AND MINIMUM INHIBITORY CONCENTRATION (MIC) OF NiFe2O4 and 

NiFe2O4/rGO AGAINST MULTIDRUG-RESISTANT S. aureus (NCIM 2654) AND E. coli (NCIM 2256) 

Samples 
Zones of inhibition (mm) MIC (mg/mL) 

S. aureus (NCIM 2654) E. coli (NCIM 2256) S. aureus (NCIM 2654) E. coli (NCIM 2256) 

NiFe2O4 17.00 ± 0.20 8.13 ± 0.15 > 400 > 400 

NiFe2O4/rGO 13.03 ± 0.25 11.10 ± 0.26 100 200 
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Ni2+ ions may further affect the negatively charged bacterial 

membrane and disturb membrane-associated proteins [80]. 

Direct contact of the nanoparticles with the cell surface may 

cause additional membrane damage through electrostatic inter-

actions and surface-mediated effects. Small particles may 

interact closely with or penetrate into, the bacterial memb-

rane, leading to leakage of intracellular contents and loss of 

cell integrity [81,82]. The proposed mechanism for the anti-

bacterial action of the NiFe2O4/rGO heterojunction is illust-

rated in Fig. 16.  

Conclusion  

 The synthesis of the NiFe2O4/rGO heterojunctions was 

successfully accomplished through a one-pot hydrothermal 

method. NiFe2O4/rGO exhibited an octahedron-and hexagon-

like morphology with some agglomerated regions. Further-

more, the nickel and iron elements in NiFe2O4/rGO hetero-

junction showed +2 and +3 oxidation states. Moreover, the 

synthesized catalyst exhibited a reduced band gap energy (Eg 

= 1.34 eV) compared to pure NiFe2O4. NiFe2O4/rGO (10%) 

showed an excellent photocatalytic degradation efficacy for 

methylene blue (MB) and malachite green (MG) dyes. The 

optimal conditions for MB removal included a pH of 11 and 

a catalyst concentration of 30 mg with an illumination time 

of 120 min. Similarly, for MG removal, optimal conditions 

were achieved at a pH of 8.3, a catalyst concentration of 30 

mg and an illumination time of 120 min. The photocatalytic 

degradation efficiency was decreased with increasing initial 

dye concentrations. The pseudo-first-order kinetic model 

validated the kinetics of MB and MG dyes degradation by 

NiFe2O4/rGO (10%), with the rate constant for MB dye 

degradation being higher than that for MG dye. Furthermore, 

NiFe2O4/rGO (10%) heterojunction maintained stable photo-

catalytic activity even after five reuse cycles. The NiFe2O4/ 

rGO (10%) heterojunction exhibited considerable antibacterial 

efficacy against both S. aureus and E. coli bacterial cells. 

Depending on the bacterial strain, the antibacterial efficacy 

got altered, for pristine NiFe2O4 a larger inhibition zone was 

observed against S. aureus, whereas for the NiFe2O4/rGO 

(10%) composite better antibacterial efficacy was displayed 

against the E. coli strain and lower MIC values.  
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