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Introduction 

The novel properties of nanostructured materials have 

received much attention in the scientific community. Due 

to their large surface area, unusual adsorptive properties, 

surface defects, and high diffusivity, there has been a 

growing interest in the synthesis of multifunctional metal 

oxides in recent decades [1-10]. The magnetic ferrite 

nanoparticles are used for hyperthermia for cancer 

treatment, ferrofluid, magnetic drug delivery [11-14]. The 

physical properties of ferrites are tuned by the chemical 

composition and method of processing. Spinel ferrites are a 

class of metal oxides generally conveyed by the 

stoichiometric formula AFe2O4, where A is the divalent 

metal cations such as Co, Mg, Ni, and Zn. Nickel ferrite 

(NiFe2O4) nanoparticle found very much interest among the  

spinel ferrites due to their multifunctional properties and 

are widely used for applications like magnetic drug 

delivery, microwave devices, and magnetic resonance 

imaging [15-19]. Nickel ferrite nanoparticles have an 

inverse spinel structure with a face-centered cubic crystal 

structure. Production of ferrite nanoparticles has increased 

in recent years due to their broad range of application in 

technical and biomedical fields; thus, many nanoparticles 

may reach the environments internally or externally, where 

their purpose and behaviour are largely unknown [20,21]. 

Nanoparticles show a different toxicity profile than their 

bulk counterparts due to their potential to interact more 

effectively with biological systems due to their nano size 

and massive surface area [22-27]. In recent years, algae 

have been widely used in ecological risk assessments to 

evaluate the impacts of metal, herbicide, and other 

xenobiotic contamination and bioavailability in aquatic 

systems. The main reason for their use is their sensitivity to 

many contaminants at environmentally relevant 

concentrations [28]. The soft magnetic and n-type 

semiconducting nickel ferrite can be synthesized by various 

physical and chemical methods like mechanical mixing, 

sol-gel, coprecipitation, ceramic method, hydrothermal etc. 

[29-34]. The ferrites' properties are influenced by 

microstructure and composition, which are very sensitive to 

the processing techniques. Reasonable stoichiometric 

control and synthesize of ultrafine particles with a narrow 

size distribution with less processing time are the advantage 

of the sol-gel method [35]. The present research work aims 

to employ a conventional sol-gel auto combustion method 

to synthesize the NiFe2O4 nanoparticles and to check their 

anti-algal effect. The role of particle size is also 

investigated by calcining the nanoparticle at different 

temperature. The antimicrobial property is specifically 

dependent to the nanoparticles size. This is because they 

possess greater capability to reach into the cell membrane 

and they have large surface area particularly in suspension. 

Nickel ferrite (NiFe₂O₄) nanoparticles were synthesized using the sol-gel auto combustion method, 

and the powdered samples were calcined at two temperatures, 100°C and 200°C. The structure of 

nickel ferrite nanoparticles was determined using X-ray diffraction (XRD) patterns. The nickel 

ferrite nanoparticle size was calculated using the Debye-Scherrer formula and was found to be 

15.53 nm and 17.14 nm for 100 °C and 200 °C. Field Emission Scanning Electron Microscopic 

(FESEM) analysis reveals that the samples exhibits spherical morphology with crystalline in nature 

and also shows some agglomeration. The phase formation of nickel ferrite nanoparticles was 

further confirmed from the energy dispersive x-ray (EDAX) spectra which shows strong peaks for 

the existence of all the elements in it. The work investigates the magnetic properties of the 

samples and both the samples exhibits ferromagnetic behavior. The optical band gap obtained for 

the samples are 2.5 and 2.6 eV for N1 and N2 samples. The antimicrobial activity especially the anti-

algal effect of NiFe₂O₄ nanoparticles on freshwater microalgae Chlorella pyrenoidosa in a dose-

dependent manner is also reported.  

 



 

 

So that the NiFe2O4 nanoparticles were calcined  

at two temperatures, 100οC and 200οC, respectively. 

Characterized the samples using powder X-ray diffraction 

and FESEM-EDAX, magnetic and optical properties of the 

samples were investigated. We explore the effect of the 

nanoparticles for microalgae Chlorella pyrenoidosa. And 

also investigated the influence of particle size of nickel 

ferrite nanoparticle on the antialgal efficiency.   

Experimental details 

Synthesis of NiFe2O4 nanoparticle  

For the preparation of nanoparticles, stoichiometric ratios 

of AR grade Ferric nitrate (Fe(NO3)₃.9H₂O) and Nickel 

nitrate (Ni(NO₃)₂.6H₂O) were dissolved in a minimum 

amount of ethylene glycol at room temperature. After that, 

the solution is heated to 60°C to form a wet gel. The gel 

was then dried at 120°C for 2 hours, after which it self-

ignited to form NiFe2O4 powder. The combustion of the gel 

can be thought of as a thermally induced redox reaction in 

which ethylene glycol acts as a reducing agent and the 

nitrate ion acts as an oxidant. The nitrate ion provides an in 

situ oxidizing atmosphere for the decomposition of the 

organic component. The obtained product was then finely 

ground. The powder was separated into two parts and 

calcined at two different temperatures 100 °C and 200 °C, 

for 2 hours in a muffle furnace. 

Culturing of the algae 

Experiments were carried out at the Marine Botany 

Laboratory, School of Marine Sciences, CUSAT, with 

freshwater green algae belonging to the division 

Chlorophyta, Chlorella pyrenoidosa. The exponentially 

growing Chlorella pyrenoidosa with a cell density of  

6 x 104 cells/ml was taken 15 ml, and it was inoculated into 

a 150ml Walnes medium contained in a 250ml Erlenmeyer 

flasks in the absence and presence of the test substance. The 

culture without the content of nickel ferrite was taken as the 

control. NiFe₂O₄ calcined at different temperatures were 

added to the test culture. The cultures were incubated at the 

optimum conditions of growth for eight days. The incubation 

of the culture was done using two cold white fluorescent light 

of 1250 lux each for a light/dark period of 12:12 hours. 

Cultures were maintained at room temperature (30 ± 2°C). 

Algal growth inhibition study   

The algal growth inhibition analysis was carried out by 

measuring algal chlorophyll content and cell count every 48 

hours. Algal cell density was measured using a Neubauer 

Hemocytometer in cell numbers (algal cell/ml). Cell count 

investigated the effect of nickel ferrite annealing 

temperature on Chlorophyll for 8 days with a regular 

interval of 48hrs. The specific growth rate was calculated 

using the below equation (1) [36]. 

µ =
𝐿𝑛 𝑁𝑡 − 𝐿𝑛𝑁0

𝑡𝑛

                                 (1) 

 Nt is the measured final cell density, N0 the initial cell 

density (6 x 104 cells/ml), tn is the incubation period (in 

days). 

Characterization of NiFe2O4 nanoparticles. 

The phase composition and crystal structure NiFe₂O₄ 

nanoparticles were identified using the XRD (X-Ray 

Diffraction) analysis at room temperature for a range of 2 

theta values 20° to 80°on using Rigaku Mini Flex 600 

equipped with Cu Kα radiation (λ = 1.5406 Å). The 

prepared nanoparticles' structural morphology was studied 

using the FESEM (Field Emission Scanning Electron 

Microscopy) analysis. FESEM analysis for the NiFe₂O₄ 

was recorded using a ZEISS sigma microscope attached 

with EDAX set up. The presence of various elements in the 

samples was investigated from the EDAX spectrum. The 

optical properties exhibited by the NiFe₂O₄ nanoparticles 

was analyzed from UV-Vis (Diffusion Reflectance 

Spectrum) spectrum. The prepared nanoparticles' magnetic 

properties were studied from the VSM (Vibrating Sample 

Magnetometer) analysis result. The powder samples were 

used for the analysis. 

 
Fig. 1. XRD diffractogram for NiFe₂O₄ at 100°C (N1) and NiFe₂O₄ at 

200°C (N2). 

Results and discussion 

X-Ray diffraction analysis 

The diffraction pattern reveals the cubic spinel structure of 

the prepared nickel ferrite nanoparticles. The obtained 

XRD diffractogram for the nickel ferrite nanoparticles 

calcined at two temperature (100°C and 200°C) is shown in 

Fig. 1. Sharp well defined and intense peaks were observed 

for the synthesized samples. No impurity peaks confirm a 

single-phase nickel ferrite nanoparticles formation, thereby 

ensuring the synthesized samples' phase purity. The 

diffraction peak pattern was indexed using the standard 

JCPDS card no-074-2081. The mean crystallite sizes for the 

samples were calculated from the X-ray line broadening 

using the Debye–Scherer equation given in equation (2). 

D = (0.9*λ) / (βcosθ)                                 (2) 



 

 

where λ represents the X-ray wavelength's wavelength, β is 

the full-width half maximum (FWHM) of the diffraction 

pattern, and θ is Bragg's angle. The average particle size 

obtained for the two prepared nickel ferrite nanoparticles is 

tabulated in Table 1. The average nanoparticle size is 15.53 

nm and 17.14 nm for 100°C and 200°C calcined nickel 

ferrite. To compare the value of the lattice parameters 

obtained for the nickel ferrite sample calcined at two 

different temperature, the lattice parameter a was also 

calculated using the relation (3).  

a = d (hkl) / (h2+k2+l2)1/2                                           (3) 

 The lattice constant is almost constant and shows only 

minor variations with sintering temperature, as shown in the 

table. However, the size of the nanoparticles increases with 

calcination temperature. The prepared nickel ferrite 

samples with a cubic structure have Fd-3m space group. 
 
Table 1. List of particle size and constant lattice values obtained for 

NiFe₂O₄ at 100°C (N1) and NiFe₂O₄ at 200°C (N2). 

 

Field emission scanning electron microscopy analysis 

The morphology of the prepared NiFe2O4 nanoparticles was 

analyzed from the FESEM micrographs, shown in Fig. 2. 

and Fig. 4. FESEM micrograph illustrates the 

micrometrical aggregation of tiny spherical nanoparticles. 

The presence of high-density agglomeration suggests the 

presence of pore-free crystallites on the surface. The 

nanoparticles agglomerate and expand into larger 

assemblies due to their high surface energies. 

 

Fig. 2. (a) and (b) represents the FESEM micrograph and histogram of 

particle distribution (c) and (d) corresponds to the EDAX image mapping 

for NiFe2O4 at 100 °C (N1). 

 

Spectrum 1 

Element At.  

No. 

Netto Mass 

[%] 

Mass 

Norm. 

[%] 

Atom 

[%] 

abs. error 

[%] 

(1sigma) 

rel. error 

[%]  

(1 sigma) 

Carbon 6 3355 7.78 7.01 16.78 1.34 17.23 

Oxygen 8 29553 31.07 27.98 50.31 3.85 12.41 

Iron 26 4471 46.06 41.47 21.37 2.25  4.89 

Nickel 28 15375 26.15 23.54 11.54 3.48 13.32 

  Sum 111.06 100.00 100.00   

Fig. 3. (a) The EDAX spectrum and (b) is the table showing the atomic 

weight percentage of each element in the NiFe2O4 at 100 °C (N1) sample. 

 

Fig. 4. (a) and (b) represents the FESEM micrograph and histogram of 

particle distribution c) and d) corresponds to the EDAX image mapping 

for NiFe2O4 at 200 °C (N2). 

 

 EDAX analysis was used to look at the various 

elements present in the prepared samples. In both the 

samples, the spectrum displays strong peaks corresponding 

to O, Fe, and Ni, which implies the samples' phase purity. 

The atomic weight percentage of each element in the nickel 

ferrite sample calcined at 100 °C is given in Fig. 3. and Fig. 

5. The homogenous distribution of iron, nickel and oxygen 

in the ferrite nanoparticles is confirmed from EDAX 

mapping, and it is shown in Fig. 2(d) and Fig. 4(d). The 

stoichiometric formula of nickel ferrite requires Ni, Fe, and 

O's ratio as 1:2:4. The presence of carbon in the spectrum 

is due to the carbon coating over the grid to place the sample  

for the measurements. We could see that prepared samples 

meet the requirements or the expected composition and 

2θ  

(N1) 

Particle 

size 

D(nm) 

Lattice 

Parameter 

a (Å) 

2θ 

(N2) 

Particle 

size 

D(nm) 

Lattice 

Parameter 

a (Å) 

30.25 16.8077 8.3565  30.22 19.1516 8.3383 

35.64 14.1544 8.3547 35.69 16.0621 8.3411 

43.38 16.4544 8.4342 43.36 18.2036 8.3434 

(a) 

(b) 



 

 

elements from the results. Hence, the chemical composition 

requirement of the NiFe2O4 is in good agreement with the 

results obtained by our study. 

 

Spectrum 1 

Element At.  

No. 

Netto Mass 

[%] 

Mass 

Norm. 

[%] 

Atom 

[%] 

abs. error 

[%] 

(1sigma) 

rel. error 

[%]  

(1 sigma) 

Carbon 6 1619 3.66 4.66 12.21 0.76 20.62 

Oxygen 8 19653 19.30 24.54 48.32 2.51 12.98 

Iron 26 4286 42.32 53.81 30.35 2.08   4.91 

Nickel 28 7537 13.36 16.99 9.12 1.98 14.79 

  Sum 78.66 100.00 100.00   

Fig. 5. (a) The EDAX spectrum and (b) is the table showing the atomic 

weight percentage of each element in the NiFe2O4 at 200 °C (N2) sample. 

The magnetic properties analysis 

The synthesized nickel ferrite nanoparticles' magnetic 

characteristics are studied using the VSM measurements 

with an external applied magnetic field ranging from - 25 

kOe to +25 kOe. The room temperature magnetic hysteresis 

loop is shown in Fig. 6. The values of magnetic parameters 

remanence, coercivity, saturation magnetization and 

magnetic squareness ratio were noted and listed in Table 2. 

It could be noted that a soft ferromagnetic nature of nickel 

ferrite was observed from the M-H loop. The magnetic 

parameters show a decreasing value with an increase in 

calcination temperature and connected to the increasing 

grain size. The decrease in the value of coercivity for the 

prepared nickel ferrite nanoparticles compared bulk can be 

interpreted by considering the reduced porosity and 

increased crystallite size. The nanoparticle's saturation 

magnetization value is in the range of 41-45 emu/g, which 

is small compared to bulk nickel ferrite (55 emu/g) [37-39]. 

The magnetic squareness ratio value at and above 0.5 

corresponds to materials having single magnetic domain 

size and the value below 0.5 implies to materials  

with the multi domain structure. So according to that the 

prepared nickel ferrite nanoparticles exhibits multi domain 

structure with orientation changes with the applied 

magnetic field facilitated by the movement of domain  

walls [40-43]. 

Table 2. The variation of magnetic order parameters for the nickel ferrite 

nanoparticles. 

 

Fig. 6. The M-H hysteresis loop showing the variation of magnetization 

value with applied magnetic field for the synthesized NiFe₂O₄ at 100°C 

(N1) and NiFe₂O₄ at 200°C (N2). 
 

 

 

Fig. 7. UV- Vis DRS spectra of a) NiFe₂O₄ at 100°C (N1) and NiFe₂O₄ at 

200°C (N2). b) and c) Tau’c Plot for N1 and N2. 

Linear optical property analysis 

 The optical properties of the prepared nanoparticles were 

explored using UV-vis diffuse reflectance spectroscopy. 

Fig. 7(a) displays the obtained reflectance spectra of 

Kebelka Munk function vs photon energy (hν). To 

determine the optical band gap, the Tauc plot is used and is 

shown in Fig. 7(b) and Fig. 7(c). The Kebelka Munk 

function using the reflectance data was used for the 

calculation of bandgap energy.  

F (R) = 
(1−𝑅)2

2𝑅
                                      (4) 

where F(R) is the Kubelka – Munk function and R is the 

reflectance value. (F(R)hν)2 versus hv is plotted by 

Calcination 
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(οC) 
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nickel 

ferrite 

nanoparti

cle (nm) 
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(emu/g) 
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Magnetiza

tion 

Ms 

(emu/g) 

Coercivity 
Hc  

(Oe) 

Square
ness 

Ratio 

(Mr/Ms) 

100 15.53 6.39 41.8 101 0.152 

200 17.14 8.6 44.7 151 0.192 

(a) 

(b) 



 

 

considering the direct transition model for the nickel ferrite 

nanoparticles. The nickel ferrite sample's calculated band 

gap energy value is 2.5 and 2.6 eV for N1 and N2 samples, 

respectively. The nanoparticles' bandgap energy can be 

affected by the calcination temperature and crystallite size 

[44-48]. So that a slight variation is observed in the bandgap 

energy value is observed. 

Photosynthesis pigment analysis 

The effect of nickel ferrite nanoparticles on pigment 

content as a measure of algal growth was investigated. The 

Fig. 8(a) and Fig. 8(b) shows the variation of growth of 

Chlorophyll-a for a time gap of 48 hrs for the control 

(without nanoparticles) and different calcination 

temperature of NiFe₂O₄. 

 

 
Fig. 8. (a) and (b) represents the variation of Chlorophyll-a growth for a 

time gap of 48hrs for the control (without nanoparticles) and NiFe₂O₄ 

calcined at two temperatures. 

Table 3. The growth rate observed for control and the nickel ferrite 

nanoparticles. 

 

 Chlorophyll a content shown a significant reduction in 

growth with exposure to NiFe2O4 nanoparticles in contrast 

to the control (untreated) value, which is given in Table 3. 

The increase in the calcination temperature of nanoparticles 

shows an impact on the growth rate of the algae 

Chlorophyll-a, and it gets decreased. The cell density 

decreases as the calcination temperature rises, indicating 

that the calcination temperature of nickel ferrite has an 

inhibitory effect. The abnormal behaviour of nickel ferrite 

on Chlorella pyrenoidosa may be due to the fact that, while 

nickel and iron are important micronutrients for algal 

metabolism, they can also be toxic and inhibit metabolic 

processes when used in amounts higher than the optimal 

level [49-53]. This observed variability in algal toxicity 

may be due to a variety of factors.  Abiotic factors such as 

the composition of culture and test medium may have a 

major effect on the organism's tolerance level [54]. 

Conclusion 

This study focused on the dielectric properties and antialgal 

efficiency of the prepared nickel ferrite nanoparticles 

towards the green algae Chlorella pyrenoidosa for the first 

time. Nickel ferrite (NiFe2O4) nanoparticles with two 

different particle size were synthesized by the sol-gel auto 

combustion method. The phase purity and cubic spinel 

structure of nickel ferrite were established from the XRD 

pattern. The FESEM analysis of the nanoparticles reveals 

spherical-shaped particle with some agglomerations. The 

elemental composition of the samples was verified from 

EDAX analysis. The optical band gap of 2.5 and 2.6 eV for 

N1 and N2 samples was calculated from UV measurement. 

The nanoparticles behave like soft ferrites with saturation 

magnetization in the range of 41-45 emu/g. Our results 

indicate that NiFe2O4 calcined at 200°C shows a 

stimulatory effect on Chlorella pyrenoidosa, but the sample 

calcined at 100°C inhibits the growth. This dual influence 

of calcination temperature of nickel ferrite on the algal 

growth can be interpreted as when the usage of nickel 

ferrite nanoparticles in amounts higher than the optimal 

level can be toxic and inhibit metabolic processes. 
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