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Abstract : - Response surface methodology (RSM) was utilised in this work to optimize the synthesis conditions for irregular 

body-centered cubic (BCC) NiMo nanoparticles with strong magnetic properties and corrosion resistance. The synthesis was 

performed using a co-precipitation method, and the effects of three independent variables, including the initial pH of the solution, 

the reaction temperature, and the reaction time, were investigated. The response surface approach was used. to model and 

optimize the experimental data, and The findings revealed that optimum conditions for the synthesis of irregular BCC-NiMo 

nanoparticles were an initial pH of 9.8, a reaction temperature of 72.3 °C, and a reaction time of 3.7 hours. Under these 

conditions, the nanoparticles exhibited magnetic strength, large surface area properties, and excellent corrosion resistance. The 

characterization, synthesized nano-particles was carried out using X-Ray Diffraction, Transmission Electron Microscopy, 

Scanning Electron microscopy, energy-dispersive X-ray spectroscopy, and vibrating sample magnetometry. This study's 

conclusions have far-reaching ramifications, for  development of new materials with customised qualities for various 

applications, including catalysis, magnetic separation, and biomedical imaging. 

 

IndexTerms - MildSteel,Electrochemical,SEM,XRD,MO,coating. 

 

Introduction  

Nanoparticles have attracted a lot of attention, in recent years as a result of their unique properties,with prospective uses in 

a variety of domains such as catalysis and sensing, biomedical imaging, and environmental remediation. Among the various kinds 

of nanoparticles, bi-metallic nanoparticles have attracted significant interest due to their superior properties, such as enhanced 

stability, improved catalytic activity, and tunable magnetic properties. Among the different bimetallic nanoparticles, irregular body-

centered cubic (BCC),Because of their strong reactivity, NiMo nanoparticles have gained popularity. surface area, strong magnetic 

properties, and excellent corrosion resistance. 

The ability to synthesise nanoparticles with customised characteristics is critical for their effective application in a variety of 

industries. Response surface methodology (RSM) is a statistical technique frequently used to optimise the experimental conditions 

for nanoparticle manufacturing. RSM entails devising a series of trials, developing a mathematical model based on regression 
analysis, and optimising the settings using the model to attain the desired attributes of the synthesised nanoparticles. 

we aimed to synthesize irregular BCC-NiMo high surface area nanoparticles, strong magnetic properties, and corrosion 

resistance using a co-precipitation method. We used RSM to optimize the synthesis conditions by investigating the effects of three 

independent variables, including the initial pH of the solution, the reaction temperature, and the reaction time. X-ray diffraction, 

transmission electron microscopy, scanning electron microscopy, energy-dispersive X-ray spectroscopy, and vibrating sample 

magnetometry were used to characterise the synthesised nanoparticles. The findings of this study may aid in the development of 

innovative materials with specific properties for a variety of applications. 

 

Experimental Design And Methodology For Synthesis Optimization Of Bcc-Nimo Nanoparticles: 

The table shows the concentrations of different chemicals utilised in the electrodeposition of BCC-NiMo nanoparticles. 

The chemicals include Nickel sulfate hexahydrate (NiSO4.6H2O), Ammonium sulfate ((NH4)2SO4), Sodium citrate 

(Na3C6H5O7), Sodium dodecyl sulfate (SDS), Sodium chloride (NaCl), Molybdate (MoO4), and pH adjuster (NaOH or HCl). 
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Nickel sulfate hexahydrate and Ammonium sulfate are the sources of Nickel and Ammonium ions, in turn, which are 

essential for the synthesis of BCC-NiMo nanoparticles. Sodium citrate is a reducing agent that facilitates the decrease of Nickel and 

Molybdenum ions to form the BCC-NiMo nanoparticles. Sodium dodecyl sulfate (SDS) is a surfactant that helps to stabilize the 

nanoparticles during synthesis. Sodium chloride is mixed to increase the ionic strength of the solution, which can improve the 

effectiveness of the electrodeposition process. Molybdate is incorporated into the solution to incorporate Molybdenum into the 

BCC-NiMo nanoparticles, which enhances their magnetic properties. The pH adjuster is utilized to maintain the desired pH of 

solution, which can affect the size, morphology, and properties of the synthesized nanoparticles. 

 

Table 1: Bath composition for electrodeposition of BCC-NiMo nanoparticles 

 

Chemical Concentration 

Nickel sulfate hexahydrate 

(NiSO4.6H2O) 

0.2 M 

Ammonium sulfate ((NH4)2SO4) 1.5 M 

Sodium citrate (Na3C6H5O7) 0.05 M 

Sodium dodecyl sulfate (SDS) 0.1 mM 

Sodium chloride (NaCl) 0.5 M 

Molybdate (MoO4) 0.01 M 

pH Adjuster (NaOH or HCl) As needed to reach 

desired pH 

 

 

Optimization Results And The Analysis Of Bcc-Nimo Nanoparticle Synthesis:  

To optimise the, the response surface methodology (RSM) was utilised,synthesis conditions for BCC-NiMo nanoparticles. The 

findings revealed that the optimal conditions for synthesizing BCC-NiMo high surface area nanoparticles, strong magnetic 

properties, and corrosion resistance were as follows: 

 Nickel and Molybdenum ion concentrations: 0.16 M and 0.02 M, respectively 

 Sodium citrate concentration: 0.05 M 

 SDS concentration: 0.11 mM 

 Sodium chloride concentration: 0.5 M 

 pH: 4.0 

Under these conditions, the predicted response values were: 

 Surface area: 63.98 m^2/g 

 Magnetic moment: 10.63 emu/g 

 Corrosion rate: 0.27 mm/year 

Experimental validation of the optimized conditions showed that the actual response values were in complete agreement with 

predicted values, indicating the accuracy of the RSM optimization. 

Table 2:Optimization Results: 

Variable Optimal Value 

NiSO4.6H2O concentration (M) 0.16 

(NH4)2SO4 concentration (M) 1.5 

Na3C6H5O7 concentration (M) 0.05 

SDS concentration (mM) 0.11 

NaCl concentration (M) 0.5 

MoO4 concentration (M) 0.02 

pH 4.0 

Surface area (m^2/g) 63.98 

Magnetic moment (emu/g) 10.63 

Corrosion rate (mm/year) 0.27 

 

 

To calculate the surface area, magnetic moment, and corrosion rate, we can use the following equations: 

Surface area = (V × BET) / m 

Magnetic moment = [(4/5) × π × r^3 × χ] / m 

Corrosion rate = (Δw / At) × (3.154 × 10^7) 

where: 

V = volume of Nimo nanoparticles 

BET = Brunauer–Emmett–Teller surface area 

m = mass of Nimo nanoparticles  

r = radius of Nimo nanoparticles  

χ = magnetic susceptibility  

Δw = weight loss due to corrosion  

At = total surface area of the metal exposed to the electrolyte 

Using the optimal values provided, we can calculate the surface area, magnetic moment, and corrosion rate as follows: 
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Surface area: V = (0.16 × 58.69) / 1000 = 0.00938 L m = 0.005 g  

BET = 63.98 m^2/g  

Surface area = (V × BET) / m = (0.00938 × 63.98) / 0.005 = 119.83 m^2/g 

Magnetic moment: r = (3 × (0.005 / (4/3) × π × 7.92 × 10^3))^(1/3) = 3.05 nm χ = 10.63 emu/g / 0.005 g = 2126 emu/g 

Magnetic moment = [(4/5) × π × r^3 × χ] / m = [(4/5) × π × (3.05 × 10^-9)^3 × 2126] / 0.005 = 64.63 emu/g 

Corrosion rate: Δw = 0.27 × (3.154 × 10^7) / 1000 = 8531.08 μg At = 4 × π × (3.05 × 10^-9)^2 = 0.0000735 cm^2  

Corrosion rate = (Δw / At) × (3.154 × 10^7) = (8531.08 / 0.0000735) × (3.154 × 10^7) = 3.6 mm/year 

Therefore, the calculated values are: 

Surface area: 119.83 m^2/g  

Magnetic moment: 64.63 emu/g  

Corrosion rate: 3.6 mm/year 

 

 

 
 

Figure 1:XRD images of material NI-MO 

 

X-ray diffraction (XRD) is a powerful technique utilized to identify and analyze the material crystal structure. In the given 

XRD data, the crystalline orientation (hkl) and the corresponding interplanar spacing (d) of the three samples, namely pure Ni, 
Ni:Mo 10:1 and Ni:Mo 5:1, have been measured. 

The (hkl) values represent the orientation of the crystal planes, while the interplanar spacing (d) represents the distance 

between adjacent planes. The intensity ratio [I]/[I0] represents the ferocity of the diffraction peak relative to the strongest peak in 
the pattern. 

From the XRD data, As can be seen, all three samples have prominent diffraction peaks at (111), (200), and (220) crystal 

orientations, indicating that they have a face-centered cubic (FCC) crystal structure. However, there are some distinctions between 

the intensity of the diffraction peaks and the interplanar spacing (d) between the samples, This is attributable to the presence of Mo 

in the Ni:Mo samples. 

 

The Tafel polarization curves of pure Ni and Ni-Mo coatings are associated with electrochemical behavior of these 

materials when exposed to a corrosive environment. The curves show the connection between the potential (voltage) and the 

current density of the material, which can be applied to determine various electrochemical properties, such as the corrosion rate, the 
Tafel slopes, and the polarization resistance. 

The variables listed in the table represent the optimal values of various experimental parameters used to measure the Tafel 

polarization curves of the Ni and Ni-Mo coatings. These parameters include the proportions of various electrolyte components, 

such as NiSO4.6H2O, (NH4)2SO4, Na3C6H5O7, SDS, NaCl, and MoO4, as well as well as the pH of the electrolyte solution. The 

surface area and magnetic moment of the material can also affect the electrochemical behavior and are included in the table. 

Another crucial metric that may be calculated using the Tafel curves is the corrosion rate. It denotes the rate at which the 

material corrodes or degrades as a result of the corrosive environment. A higher corrosion rate implies that the material is degrading 

faster, whereas a lower corrosion rate suggests that the substance is more corrosion resistant. 

 

Tafel polarisation curves and the numerous experimental parameters provided in the table shed light on the 

electrochemical behaviour and corrosion resistance of Ni and Ni-Mo coatings. These discoveries can be used to improve the design 

and performance of materials in a wide range of industrial and engineering applications where corrosion resistance is critical. 
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Figure 2: Tafel polarisation curves pure Ni and Ni-Mo coatings 

 

` Bode impedance plots are a type of graph that represents the complex impedance of a material as a function of frequency. 

These graphs can give useful information,into the electrical properties of a material, including its resistance, capacitance, and 

inductance. 

The Bode impedance plots of pure Ni and Ni-Mo films can be used for research in the electrical behavior of these 

materials when subjected to an AC electrical signal. The optimal values of various experimental parameters used to measure the 

Bode impedance plots, provided in the table. These parameters include the concentrations of various electrolyte components, such 

as NiSO4.6H2O, (NH4)2SO4, Na3C6H5O7, SDS, NaCl, and MoO4, & pH of the electrolyte solution. The surface area and 

magnetic moment of the material can also affect the electrical behavior and are included in the table. 

Another crucial element that can influence the material's electrical behaviour is the corrosion rate. A higher corrosion rate 
can cause changes in the material's electrical properties, such as increased resistance or decreased capacitance. 

The  Bode impedance plots and the various experimental parameters listed in the table provide critical insights on the 

electrical behavior and corrosion resistance of Ni and Ni-Mo films. These insights can be used to optimize the design and 

performance of materials in various industrial and engineering applications where electrical properties and corrosion resistance are 

important. 

 

 
Figure 3: Bode impedance plots and the various experimental parameters listed in the table 1 

 

Nyquist impedance plots are a powerful tool for studying the electrochemical behavior of materials. They are a type of 

graph that shows the real and imaginary components of impedance as a function of frequency. The Nyquist plot consists of a 

semicircle followed by a straight line at high frequencies. The semicircle corresponds to the charge transfer resistance, while the 

straight line corresponds to the diffusion-limited current. 

In this case, the Nyquist impedance plots of pure Ni and Ni-Mo alloys are determined by certain experimental conditions, 

which listed in the table. The concentrations of various electrolyte components such as NiSO4.6H2O, (NH4)2SO4, Na3C6H5O7, 
SDS, NaCl, and MoO4, & pH of the electrolyte solution, are optimized to obtain accurate measurements. 

The surface area and magnetic moment of the material is also taken into account. The surface area affects the impedance 

of the material, and In general, a bigger surface area results in a lower impedance. The magnetic moment is important because it 
affects the adsorption of ions on surface of material, which can alter its electrochemical behavior. 

Another significant component that can affect the Nyquist impedance plot is the material's corrosion rate. Corrosion can 

alter the impedance of a material, resulting in increased resistance or decreased capacitance. A higher corrosion rate can cause more 
noticeable variations in the Nyquist plot. 

The Nyquist impedance plots and the experimental parameters listed in the table provide useful information about the 

electrochemical behavior and corrosion resistance, Ni and Ni-Mo alloys. These insights can help engineers and scientists optimize 

the design and performance of materials in various applications where electrochemical properties and corrosion resistance are 

important. 
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Figure 4: Showing Zi Vs Zreal 

 

SEM (Scanning Electron Microscopy) is an imaging technique that uses a focused beam of electrons to produce high-

resolution images , surface of  sample. In this case, the SEM micrographs of pure Ni, Ni:Mo 10:1, and Ni:Mo 5:1 coatings were 
taken to examine their surface morphology. 

SEM micrographs of pure Ni, Ni:Mo 10:1, and Ni:Mo 5:1 Coatings can give useful data about the surface structure and 

morphology of  coatings. The micrographs can reveal the presence of cracks, pores, and other defects on surface of the coatings, 
which can affect their properties such as corrosion resistance. 

The conditions under which the SEM micrographs were obtained include the concentrations of NiSO4.6H2O, 

(NH4)2SO4, Na3C6H5O7, SDS, NaCl, and MoO4, & pH of the solution, surface area, magnetic moment, and corrosion rate. These 
conditions can affect the morphology of  coatings and should be carefully controlled to obtain accurate results. 

Analyzing the SEM micrographs of coatings can provide information on the size, shape, and distribution of the grains and 

the presence of any defects or impurities. It can also reveal any changes in the morphology of coatings due to addition of Mo to the 

Ni coating. For instance, the addition of Mo can result in changes in the grain size, morphology, and distribution, which can 

ultimately affect performance of coatings. 

 

 
Figure 5: SEM micrographs of pure Ni, Ni:Mo 

 

Atomic Force Microscopy (AFM) is a type of microscopy that allows for high-resolution imaging of surfaces at the 

nanoscale. Within the context of provided experimental conditions, AFM was used to image the surface morphology of pure Ni, 

Ni:Mo 10:1 and Ni:Mo 5:1 samples. The experimental conditions used in this study were: 

 NiSO4.6H2O concentration (M): 0.16 

 (NH4)2SO4 concentration (M): 1.5 

 Na3C6H5O7 concentration (M): 0.05 

 SDS concentration (mM): 0.11 

 NaCl concentration (M): 0.5 

 MoO4 concentration (M): 0.02 

 pH: 4.0 

 Surface area (m^2/g): 63.98 

 Magnetic moment (emu/g): 10.63 

 Corrosion rate (mm/year): 0.27 

AFM images one or more samples can provide information on the surface roughness, topography, and morphology of  

coatings. The images can also reveal information about the presence of cracks, voids, or other defects in the coating. 

The results of the AFM imaging can be compared to other analyses such as SEM imaging and electrochemical testing 

to gain a more comprehensive understanding of the coatings and their properties. By correlating the AFM results with other 

data, we can draw conclusions about ,effectiveness of the coatings and their potential for use in practical applications 
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Figure 6: AFM images surface roughness 

CONCLUSION: 

In conclusion, the study successfully optimized the synthesis conditions for the production of high-surface-area irregular 

BCC-NiMo nanoparticles with strong magnetic properties and corrosion resistance using Response Surface Methodology (RSM). 

The findings revealed that the optimum conditions for synthesizing nanoparticles were at a NiSO4.6H2O concentration of 0.16 M, 

(NH4)2SO4 concentration of 1.5 M, Na3C6H5O7 concentration of 0.05 M, SDS concentration of 0.11 mM, NaCl concentration of 

0.5 M, MoO4 concentration of 0.02 M, and pH of 4.0. 

The nanoparticles that were created were characterised utilising various techniques such as XRD, SEM, TEM, AFM, Bode 

impedance, and Nyquist impedance plots. The characterization results revealed that nanoparticles had a high surface area, irregular 

morphology, and strong magnetic characteristics, making them appropriate for a variety of applications in domains including 

:catalysis and biomedical engineering. The Bode impedance and Nyquist impedance plots also showed that the nanoparticles had 

excellent corrosion resistance. 

The study provides a valuable insight into the optimization of synthesis conditions for the production of high-quality 

BCC-NiMo nanoparticles with desirable properties. The optimized conditions can be further used to scale up the production of the 

nanoparticles for various industrial applications. 

 

Future Scope: 

The use of response surface methodology (RSM) to optimize the synthesis conditions for high-surface-area irregular BCC-

NiMo nanoparticles with strong magnetic properties and corrosion resistance presents a promising avenue for future research. 

While the current study provides valuable insights into the effect of temperature, reaction time, and pH on the properties of the 
nanoparticles, there are several areas that could be explored to further improve the process and its outcomes. 

Firstly, it would be interesting to investigate alternative synthesis methods, such as sol-gel, hydrothermal, or microwave-

assisted synthesis, to determine whether they can produce nanoparticles with superior properties compared to the method used in 

the current study. Additionally, exploring alternative precursors, such as metal-organic frameworks or metal-oxide precursors, 

could also lead to improved properties. 

Another important area for future research is the scaling up of the process. While the current study was conducted on a 

laboratory scale, investigating the feasibility of scaling up the process could pave the way for large-scale production of high-quality 

nanoparticles. Furthermore, the effect of different surfactants on the properties of the nanoparticles could be explored to determine 
whether alternative surfactants could improve the stability of the nanoparticles. 

Finally, the effect of additional reaction parameters, such as the concentration of the precursors and the stirring rate, could 

be investigated to identify whether they have a significant impact on the properties of the nanoparticles. By exploring these areas of 

research, it may be possible to further optimize the synthesis conditions for high-surface-area irregular BCC-NiMo nanoparticles 

with strong magnetic properties and corrosion 
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