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ABSTRACT 
 

The crystalline, spherical and monodisperse nickel nanoparticles have been synthesized through a hydrazine 
chemical reduction method at different initial nickel concentration, time and temperature. By implementing 
ANOVA design, the nickel concentration and time consumed are significant model terms with respect to nickel 
percent yield. The nickel nanospheres exhibit a ferromagnetic characteristics. The saturation magnetization, 
remnant magnetization and coercivity for the nickel nanospheres have been measured. The advantages of this 
work for preparing the nickel nanospheres lie in its production with the desired percent yield to fabricate nickel 
magnetic modified electrode. Hence; economical scale production of nickel nanoparticles and its 
electrochemical application can be expected. 
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Introduction 

 
In the past two decades, there have been extensive studies on the synthesis of fine nickel powders due to 

their novel chemical and physical properties, which are strongly dependent on their size and shape. In the area 
of preparing nickel nanoparticles, there have been developed various kinds of synthetic methods (Korneva et al., 
2005; Xue and Wang, 2006), such as ball milling, electrodeposition (Hang et al., 2008), chemical vapor 
deposition, sonochemical decomposition, thermal plasma, hydrothermal methods (Zhuanget al., 2006; Liu and 
Fu, 2007), polyol process, and controlled chemical reduction in the aqueous solution for the preparation of 
nickel fine powders. Chemical reduction of nickel ions (Kim et al., 2004; Li and Han, 2006; Bai et al., 2008; 
Srinivas et al., 2008) using strong reducing agents may be the best way to prepare nickel nanostructure materials 
due to the economical and the manipulation aspects of the reduction process. It offers good solubility of metal 
salts in the aqueous solution, inexpensive cost, low reaction temperature, high mass-production, better structural 
control on the microscopic level, and simple procedure (Li et al.,1999; Park et al., 2006). 

Nickel nanoparticles have diverse technological applications in optical, electronic, catalytic, magnetic 
materials, and so on (Tseng et al., 2002; Choi et al., 2005; Li et al., 2005).They have been widely used in 
electrochemical studies and one recent development in this area is magnetic carbon-coated metal nanoparticles 
(Xu et al., 2008). Carbon-coated metal has attracted remarkable interests in many fields since they were 
synthesized in 1993 (Ruoff et al., 1993). Carbon-coated nickel nanoparticles are promising magnetic material 
among these magnetic nanoparticles. The nano-materials modified electrodes can reduce the potential, improve 
the electrochemical reaction rate and increase the selectivity of the modified electrodes (Wu et al.,2010).  
Thereby it can be quite useful to investigate the optimum conditions for producing nano-nickel in the highest 
percent yield to industrial-scale fabrication of carbon-coated nickel nanoparticles modified electrode. However, 
to the best of our knowledge, so far, the statistical analysis of the main effects on synthesis of nickel nanosphere 
by Analysis of Variance (ANOVA) to detect the highest percent yield was not previously reported therein. 
ANOVA is a powerful and popular tool in statistical inference for the comparison of products. Its popularity, 
among other reasons, is due to the well-established fact that it is quite robust to non-normality of the data. In 
general, ANOVA tends to be less affected by violations of the model assumptions than other methods (Liu et 
al., 2008; Liu et al., 2009). 

In this work, the chemical reduction method was applied to prepare the nickel nanospheres powders from 
the solution of nickel salt in the aqueous solution. The effect of the reaction temperature, the nickel salt 
concentration, and the reaction time on the morphology of the resulting powders were investigated. The as-
synthesized nickel nanoparticles were characterized by scanning electron microscopy (SEM), transmission 
electron microscopy (TEM) and X-ray powder diffraction (XRD). The synthetic parameters of nickel 
nanosphere with regard to its percent yield response were also estimated and modeled by ANOVA. Depending 
on the highest nickel percent yield predicted from ANOVA design, carbon-coated nickel nanoparticles modified 
electrode was fabricated. 
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2. Experimental: 
 
2.1. Chemicals: 

 
Nickel chloride (97%), hydrazine monohydrate (80%), sodium hydroxide (98%), and other chemicals used 

in this work were purchased from Adwic. Graphite (99.99%) and Nafion solution (5Wt. %) were purchased 
from Aldrich. They were used as received without further purification. De-ionized water was used in this work. 

 
2.2. Synthesis and characterization of nickel nanospheres: 

 
A well dispersed nickel nanoparticles with uniform size were synthesized via a modified hydrazine 

reduction route. Typically, an appropriate amount of hydrazine monohydrate (25ml) was slowly added drop 
wise over 30 mins to an appropriate amount of nickel chloride hexahydrate (10ml) of different concentrations 
(0.05-0.15M) dissolved in deionized water. During the addition, blue, blue-violet, or pink precipitates depending 
on the reaction molar ratio of N2H4 / Ni2+ were formed. The resulting mixtures were water bathed at 70 to 
100°Cunder shaking condition. After 30 min san appropriate amount of NaOH (1M) was added slowly at 
corresponding reaction temperature and shaking condition to adjust the pH to 10-12. As the reduction reaction 
proceeded, the blue, blue-violet, or pink solution turned to black within 15 mins, indicating a formation of 
metallic nickel. The resulting black slurry was carefully decanted and washed repeatedly with deionized water 
to remove any by-product such as NaCl and unreacted hydrazine or NaOH (the pH becomes 7), then washed 
twice by ethanol and dried at 70 °C for 1 hr and   packed for further physicochemical investigations. The factors 
affecting the particle size such as; time, temperature, and initial nickel concentration were studied in order to 
establish the optimum operating conditions. The crystal structure and crystallite size of the Ni particles was 
characterized by X-ray diffraction (XRD) on a Bruker AXS D8, Germany, with Cu-kα radiation. Transmission 
electron microscopy (TEM) observations of the Ni particles were recorded on a JEOL JEM-1230 transmission 
electron microscope operated at120 kV. Scanning electron microscopy (SEM) observations were carried out on 
a Philips XL30 scanning electron microscope working with a voltage of30 kV.  

 
2.2. Data analysis:   

 
 A statistical 3-level factorial design (Skidmore and Thompson, 2010; Daniel, 2011) was used to optimize 

the most significant factors that affect the deposition process. According to such design, the effect of three 
independent parameters, initial nickel concentration, time consumed, and temperature, on one dependent 
variable, percent yield was studied. Statistical software package Design-Expert 8, Stat-Ease, Inc., Minneapolis, 
USA was used for regression analysis of experimental data and to plot contour graphs.  

 
2.3. Fabrication of nickel magnetic nanoparticles modified electrode: 

 
The as-prepared nanonickel dried at 100°C was mixed with graphite at 50:50 weight ratio to be used as 

electrode.1µl 5% nafion solution was added to the desired amount of the resulting mixture and sonicated to 
prevent the agglomeration at room temperature for 1 min then the mixture was pressed into a small disk and 
packed for further investigation.The magnetic properties of the Ni nanopowders were measured by a Lake Shore 
7400 vibrating sample magnetometer (VSM) at room temperature. 

 
Results and Discussion 
 
Effect of different reaction parameters on the preparation of nickel nanospheres: 
 
Effect of reaction temperature and time: 

 
To find the effect of reaction temperature for the preparation of nickel nanparticles, the chemical reduction 

was performed at various reaction temperatures in aqueous media at pH 10-12 and selected [Ni+2] = 0.08Mfor 
30 mins. The XRD patterns of the samples prepared at different temperatures (70, 80, 90, and 100°C) were given 
in Fig.1. The characteristic peaks at 44.50˚, 51.80˚ and 76.40˚ correspond to Miller indices (111), (200), (222), 
indicating the formation of pure nickel particles with face-centered-cubic (fcc) structure. Scherer formula (Xuet 
al., 2008) was used to calculate the average crystallite size from the full width at half maxima each peak. The 
average size was found to be11, 26, 32, and 45 nm at 70, 80, 90 and 100°C, respectively and was further 
confirmed by TEM analysis. 
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Fig. 1: XRD patterns of the as-prepared nanonickel at (a) 70, (b) 80, (c) 90 and (d) 100°C. 

 
The morphologies and structures of the as-prepared samples were further examined by TEM and SEM. 

Fig.2 shows TEM images of nickel nanosphere samples at 70, 80, 90, and 100°C with the approximate average 
particle size of 16, 32, 34, and 51nm, respectively. Comparison between the average size obtained by XRD and 
TEM analysis was shown in Fig.3. The results obtained from TEM are slightly higher than that XRD analysis 
but still in a good agreement with each other. Also, the particle size increased slightly with increasing 
temperature which may be related to the increase of dissolution rate and reduction rate in the solution with 
increasing reaction temperature. The reason is that the larger particles may be formed by two processes: the 
growth of primary particles and the coalescence of primary particles. Finally, the larger particles may be formed 
by the coalescence of primary particles due to the decrease of solubility in the solution with increasing reaction 
temperature (Tseng et al., 2002). 

 

 
 
(a)                                                                               (b) 
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(c)                                                                                (d) 

 
Fig.2: TEM images of the as-prepared nanonickelat (a) 70(b) 80(c) 90and (d) 100°C. 

 

 
Fig. 3: Comparison between the average particle size obtained by XRD and TEM analysis at different  
             temperatures. 

 
Fig.4. Shows SEM images of the as-prepared nanonickel at 70, 80, 90, and 100°C. It shows that the particles 

are homogeneous and well dispersed in spherical shape at all these different temperatures. On other hand, it was 
found that the weight of nanonickel produced reached its maximum value at 30 mins and remain constant at 
these different temperatures 70, 80, 90, and 100°C, Fig.5. 

The calculated nickel nanospheres percent yield was 80.1,92.3, 95.7, and 90.2% at 70, 80, 90, and 100°C, 
respectively; hence to study the effect of initial nickel concentration of the as-prepared nanonickel, all the 
experiments described below were carried out at 90°C as it produced highest  percent yield of Ni nanoparticles. 

 
Effect of initial nickel concentration: 

 
Typical XRD patterns of nanonickel powders at different Ni+2 concentrations (0.05, 0.08, 0.1, and 0.15 M), 

were also investigated. Three characteristic peaks (2  = 44.5˚, 51.8˚ and 76.4˚)marked by their indices (111), 
(200) and (220) were observed (JCPDS, No. 04-0850) implying the formation of pure nickel particles with face-
centered-cubic (fcc) structure (results not shown). 

Fig.6 represents the TEM images of the as-prepared nickel nanosphere at different Ni+2 concentrations, 
0.05, 0.08, 0.1, and 0.15 M.The Ni nanoparticles, with a mean diameter of 13, 32, 76, and 132 nm at 0.05, 0.08, 
0.1, and 0.15 M Ni+2 concentrations which agrees well with the XRD results, have a good circularity and 
monodispersability. It is also noted that particle’s surface agglomerationoccurs at a higher concentration of Ni+2, 
0.15M, which can be explained by the formation of too many nuclei at the same time. While the formation of 
smaller number of nuclei in the lower concentration would suppress the growth of particles in the course of 
nucleation (Kim et al., 2004). 
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(a)                                                                              (b) 
 

 
(c)                                                                               (d) 
 

Fig. 4: SEM micrographs of the as-prepared nanonickel at (a) 70 (b) 80 (c) 90 and (d) 100°C. 
 

 
 
Fig. 5: Kinetic behavior for the as-prepared nanonickelat different temperatures. 

 
 



16 
Middle East j. Appl. Sci., 1(1): 11-23, 2011 

 

 
(a)                                                                                 (b) 
 

 
(c)                                                                                 (d) 

 
Fig. 6: TEM micrographs of the as-prepared nanonickel at (a) 0.05, (b) 0.08, (c) 0.1 and (d) 0.15 M 

Ni+2concentration. 
 
Depending on the calculated average percent yield of nickel nanosphere which is 82.8, 95.8, 89.3, and 

88.2% at 0.05, 0.08, 0.1, and 0.15 M[Ni+2], respectively,0.08 M Ni+2 concentration produces the highest % yield 
of the well-dispersed nickel powder without particle agglomeration. 

 
Statistical analysis of the data (ANOVA): 

 
Table 1 represents the design matrix of the full factorial 3-levels for each independent factor, initial nickel 

concentration (A), time consumed (B), and reaction temperature (C), as a response of the dependent variable, 
nickel nanoparticles percent yield. The lowest particle size is 13 nm (run 3) while the highest particle size is 151 
nm (run 15). In terms of Yield %, it was noticed that the highest yield is 96% (run 11) and the lowest is 45 % 
(run 4). Each numeric factor is varied over three levels in terms of nickel percent yield as a response to calculate 
the statistical effect of interaction within 95% confidence interval. The three levels of A, B, and C are 0.05,0.08, 
and 0.15 M, 10, 20, and 30 mins, and 70, 90, and 100°C, respectively. 
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Table 1: Parameters level of 3-level factorial design 

Run A 
[Ni2+] 
(M) 

B 
Time 
(min) 

C 
Temperature (°C) 

Yield 
(%) 

1 0.05 10 70 47 
2 0.05 20 70 63 
3 0.05 30 90 83 
4 0.05 10 90 45 
5 0.05 20 100 73 
6 0.08 30 100 90 
7 0.08 10 70 67 
8 0.08 20 70 77 
9 0.08 30 70 80 
10 0.08 30 90 96 
11 0.08 10 90 72 
12 0.15 20 100 87 
13 0.15 30 100 94 
14 0.15 10 70 70 
15 0.15 20 70 77 
16 0.15 30 90 88 

 
Table 2 explores the analysis of variance, ANOVA, for response surface (Goia and Matijević, 1998) of each 

two-factor interaction of these independent variables as a function of % yield. The Model F-value of 9.71 
implies that the model is significant.  There is only a 0.17% chance that a "Model F-Value", this large could 
occur due to noise. Values of "Prob > F" less than 0.0500 (95% confidence interval) indicate model terms are 
significant. In this case the variables, A, and C, are significant model terms with respect to percent yield. On the 
other hand, the time is the most significant factor followed by nickel concentration. The obtained standard 
deviation is 7.07 and the correlation coefficient (R-squared) is 0.9706 indicate the good fit of the model to the 
experimental data.  

To find a method by which data is fitted to a mathematical model, the following regression equation can be 
obtained from ANOVA calculations and can be used to estimate the percent yield under the studied conditions. 
 
The final equation in terms of actual factors: 

 
% Yield = +24.71703 + 1.74985 A - 0.096022 B + 190.59243  C + 0.006.61873 AB - 13.18695 AC + 

2.48140 BC  
 

Table 2: Analysis of variance table for response surface 2FI model  
Source Sum of Squares df Mean Square F value P-value 

Prob>F 
Model 2912.09 6 485.35 9.71 0.0017 
A (Time) 677.98 1 677.98 13.56 0.0051 
B (Temperature) 148.88 1 148.88 2.98 0.1185 
C (Nickel Conc.) 456.79 1 456.79 9.14 0.0144 
AB 4.90 1 4.90 0.098 0.7612 
AC 172.90 1 172.90 3.46 0.0958 
BC 18.20 1 18.20 0.36 0.5611 
Residual 449.85 9 49.98   
Cor Total 3361.94 15    

 
To display the full range of each two independent factors, AB, AC, and BC, at a time, the contour plots are 

used as a two-dimensional representation of the percent yield across the select independent factors. The 
statistical analysis results, shown in Fig.7, represent the contour plots for the effects of time and temperature on 
the nickel % yield at different nickel concentrations. Fig.7-a, at low [Ni+2] = 0.05 M, shows that the percent 
yield increases with increasing the time while the temperature has a little effect. The main feature of the contour 
is its parallel lines. The time is varied from 0to 40minswhereas the temperature is varied from 60 to 110°C. The 
100% yield is reached at 76.6°C for 40 mins. The lowest percent yield is 40% at 60°C for 2.5mins. 

By increasing nickel concentration to 0.15 M, Fig.7-c, there is a larger effect of temperature on the percent 
yield with increasing the time. At 60°C, the lowest percent yield increases to 50 and 70% in less than 4 mins for 
[Ni+2] 0.08 and 0.15 M, respectively. However in 40 mins, the 100% yield reached at 87.6 and 103°C for [Ni+2] 
0.08 and 0.15 M, respectively. 
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(a)                                                               (b)       

 
       (c) 

Fig. 7: The contour plots for the effect of time and temperature on the %yield at [Ni+2]= (a) 0.05M,(b) 0.08M, 
(c) 0.1M. 

 
Fig.8 shows the contour plots for the effect of time and nickel concentration on the percent yield at different 

temperatures. Since the contour plots have almost the same trend across the response area at these different 
temperatures, 70, 90 and 100°C; hence increasing the temperature has a slightly little effect on the percent 
yield.The percent yield increases by increasing the concentration and time consuming until reaches area that 
both have less effect on the yield. According to the contour plots, this area presents above 0.15 M [Ni+2] and 28 
mins which confirms the experimental results. The 100% yield is reached at 0.037 M for 37 mins while the 
lowest percent yield is 20% at 0.01 M for 1.1 mins. 
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(a)                                                  (b) 

 
    (d) 

Fig. 8: The contour plots for the effects of time and [Ni+2] on the % yield at (a) 70, (b) 90, (c) 100°C. 
 
Fig.9 shows the contour plots for the effect of temperature and nickel concentration on the percent yield at 

different time intervals. The horizontal parallel contour lines again confirms the little effect for the temperature 
as independent variable, Fig.9-a. At time intervals 10 and 20 mins, the lowest percent yield overall the 
temperature range is 43% at 0.01M [Ni+2] and 64% at 0.025M [Ni+2], respectively. Increasing the time up to 30 
mins has a drastic effect on the percent yield where the minimum yield is 80% at 60°C and 0.06 M nickel 
concentration. While the 100% yield overall time intervals is reached at 110°C and 0.025M [Ni+2].  
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(a)                                                                         (b) 

 

 
(d) 

 
Fig. 9: The contour plots for the effects of temperature and [Ni] on the %yield at (a) 10, (b) 20, (c) 30 mins. 

 
Fig.10 represents the polynomial model of the above statistical results that have been shown in Figs.7-9 by 

3-D cubic illustration at a time. It reveals that the highest percent yield for all independent variables interaction, 
ABC, is about 93.93% whereas its minimum value is about 51.74%. 

It is worth mentioning that the % yield that obtained from our preliminary runs shown in section (3.1) is in 
a good agreement with that obtained from the statistical results. For example; a 94% yield of nickel 
nanoparticles can be obtained at 100°C, 30 mins and 0.15 M [Ni+2] (run 15) and the corresponding statistical 
calculations give 93.93% at the same conditions. 
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Fig. 10: 3-D illustration of  the lowest and  higher values of ABC. 

 
Characterization of nickel magnetic nanoparticles modified electrode: 

 
At 0.15 M [Ni+2], 30 mins, and 100°C, nickel magnetic nanoparticles were synthesized (According to the 

experimental results which have been confirmed by statistical analysis) to be used in fabrication of a modified 
electrode. The measured resistance value of the prepared nanonickel electrode is 0.2 ohms and its conductivity 
value is 0.158 S. Fig.11 represents the current-voltage curve for the prepared nano-nickel electrode at 50 Hz. It 
can be seen that as the voltage increases the corresponding current decreases for a constant electrode area. This 
causes a marked improvement in specific capacity, Fig.12, and reversibility between the oxidation and reduction 
states. 

Fig. 11: The current-voltage curve for the prepared nanonickel. 
 
The specific capacitance of the prepared nanonickel electrode as a function of voltage was plotted in Fig.12. 

The specific capacitance of the nanonickel electrode was estimated by integrating the area under the current-
time curve.The significant increase in the specific capacitance is caused by the formation of a high surface area 
nanonickel. 

In order to obtain the specific magnetization of the metallic nickel nanoparticles, the hysteresis loop was 
investigated by VSM, Fig.13.The hysteresis loop indicates that the nickel nanosphere particles have the 
symmetric hysteresis loop behavior of ferromagnetic materials with coercivity, saturation magnetization and 
remnant magnetization values of 43.3 kA/m, 53.7Am2/kg and 17.2 Am2/kg, respectively. The saturation 
magnetization value of nickel nano spheresis very close to that of bulk Ni (55 Am2/kg) (Ni et al., 
2005)indicating the metallic characteristic of the as-prepared nickel nanostructures.Generally, the saturation 
magnetization for nanoscale magnetic materials is lower than that for bulk material because the spin disorder on 
the surface and surface oxidation would significantly reduce the total magnetic moment (Wu and Chen, 2003). 
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Fig. 12:The specific capacitance of the prepared nanonickel electrode as a function of voltage. 
 
 

 
 

Fig. 13: Hysteresis loop for nickel nanospheres. 
 

Conclusion: 
 
Nickel nanospheres have been synthesized via a chemical reduction route using aqueous hydrazine as a 

reducing agent. The morphology of final products has been controlled by adjust reduction process parameters 
such as time consumed, reaction temperature and initial nickel concentration. The morphology and phase 
structure of the final products have been investigated by X-ray diffraction, scanning electron microscopy and 
transmission electron microscopy. The synthetic parameters of nickel nanosphere with regard to its percent yield 
response have been optimized and modeled through application of statistical calculations by ANOVA method. 
The optimum conditions obtained have been used to fabricate carbon-coated nickel nanoparticles modified 
electrode. Also, the electrochemical and magnetization behaviors of the prepared electrode have been 
investigated. 
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