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 Nickel-doped Zinc Oxide (Zn(1-x)Ni(x)O) nanoparticles have been 
synthesized by the chemical coprecipitation method. The structure 
and characteristic of synthesized Ni doped ZnO nanoparticles ware 
analyzed by X-ray diffraction (XRD) patterns. Crystallite sizes and 
lattice strain of all samples were calculated using the Scherrer’s 
formula, Uniform Deformation Model (UDM) and Halder-Wagner 
(H-W) method. X-ray diffraction analysis confirmed hexagonal cubic 
structure of Ni-doped ZnO nanoparticles. Also, the crystallite size of 
the nanoparticles reduces as the nickel concentration increase. The 
result showed the average crystallite size calculated by Scherrer’s 
formula (25-29 nm) was smaller than crystallite size using UDM 
method (51-63) the largest average crystallite size and H-W method 
(42-47 nm). The lattice strain increases with decreasing crystallite 
sizes value. The crystal size Ni- doped ZnO nanoparticles decreased 
with increasing dopant concentration. 
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Introduction 

Semiconductor nanoparticles have unique characteristics[1]. The study of zinc oxide (ZnO), 
a multi-functional metal oxide semiconductor material with a direct wide band gap (3.37 
eV), which has a wurtzite crystal structure and has attracted interest in the last decade. The 
investigation of the change in properties arising from doping different transition metals 
such as Co, Mn, Fe, Ni, and Cr to ZnO has become a popular research subject[2][3][4]. One 
of the materials used as doping is Nickel (Ni). The used nickel in this study increases the 
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electrical conductivity of ZnO. Ni has good optical and electrical properties due to low 
oxygen reactivity[5].  

Many methods were used to synthesize ZnO nanoparticles such as the sol-gel [6], 
coprecipitation [7][8], hydrothermal, chemical bath deposition, and electrochemical 
deposition [9]. Among these various methods, the coprecipitation method has a high 
potential and is an economical, simple, and efficient deposition technique [10]. The 
coprecipitation method involves metal deposition with the assistance of an acid and base 
pair to regulate the nucleation and growth of particles. The metal precipitated is a 
hydroxide, carbonate, oxalate, or citrate. The metal precipitate formed is then calcined at a 
high temperature to obtain a mixture of oxides according to the desired target [11][12]. 
Synthesizing nickel-doped ZnO nanoparticles with the coprecipitation method which is an 
increased magnetization due to the decrease in particle size or crystallite size due to the 
nickel clustering [13]. Coprecipitation method play a major role in defining the magnetic 
ordering[14]. 

In this study, Ni-doped ZnO nanoparticles were synthesized using the coprecipitation 
method with various concentration ratios of nickel 0 to 11%. The structure and characteristics 
of the Ni-doped ZnO nanoparticles were analyzed using X-ray diffraction using Scherrer 
formula, Williamson-Hall (UDM) and Halder Wagner method. 

Experimental Method 

All precursor materials are of high purity analytical grade. Zinc acetate dihydrate 

(Zn(CH3COO)2.2H2O), nickel hexahydrate (Ni(NO3)2.6H2O), sodium hydroxide (NaOH) and 

deionized water (99,998%). Synthesis of the Ni-doped ZnO samples (Zn(1-x)Ni(x)O where x = 

0.05, 0.06, 0.07, 0.09 and 0.11) were prepared by coprecipitation method. Zinc acetate 

dihydrate (Zn(CH3COO)2.2H2O) and nickel hexahydrate (Ni(NO3)2.6H2O) were dissolved in 

150 ml deionized water and NaOH (0.5 M) solution was added to the precursor solution 

until the pH value had reached 8. The combination was magnetically stirred continuously at 

85°C for 2h. The precipitate was separated from the solution by filtration, washed several 

times with deionized water. Then calcined at 550°C for 3 hours [12][15]. 

The crystalline structure and the crystalline size of the prepare Ni- doped ZnO nanoparticles 

analyzed using X-ray diffractometer.  

Result and Discussion 

The diffraction pattern of  Zn1-xNixO (x = 0.05, 0.06, 0.07, 0.09 and 0.11) shown in Figure 1,  

using Cu Kα radiation. The diffraction peaks have cubic and hexagonal structures for 

samples with various variations corresponding to the standard peaks of ZnO (JCPDS Card 

No: 01-079-0206). With the peak value (hkl) obtained, namely (100), (002), (101), (102), (110), 

(103), (112), (200) and (201). These reflection planes of the (hkl) are correlated to the 

diffraction angle of 2θ: 31.77⁰, 34.42⁰, 36.25⁰, 47.54⁰, 56.59⁰, 62.86⁰, 66.37⁰, 67.95⁰, and 69.08⁰. 

The synthesized ZnO nanoparticle samples showed a substantial diffraction peak value at 
hkl (101), indicating the presence of a high percentage of the crystalline phase. Besides, there 
is no impurity phase in the sample [16]. The diffraction peak shift towards a lower value of 
2θ, as shown in Figure 1(b), occurs with increasing Ni doping [17]. The lower angular shift in 
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the diffraction peak of Ni-doped ZnO sample is mainly due to the doping of the substituted 
Ni ion and distortion in the ZnO lattice[11]. The difference in the radius of the Ni2+ ion can be 
substituted at the Zn2+ position in the ZnO lattice[12][18]. In addition, the peak shift that 
occurred in all doped samples was also observed. Referring to the Bragg scattering law, the 
greater the scattering angle, the smaller the distance between the fields, and vice versa. The 
addition of Ni doping causes a shift to the right, where the scattering angle is getting bigger 
so that the distance between the planes is smaller. The stress in the ZnO lattice is caused by 
the distance between the planes. Nickel doping on ZnO nanoparticles causes a shift to the 
left so that the distance between the fields widens. This is influenced by the difference in ion 
radii and coordination number between Ni and Zn ions[19][20]. 

 

 
Figure 1. (a) XRD diffraction pattern of ZnO nanoparticles with Ni ion doping variation. (b) Peak shift 
in hkl (101). 

Crystal size Ni-doped ZnO sample was analyzed using the Debye-Scherrer equation [11][21]. 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
     (1) 

The Bragg angle is expressed by 𝜃, 𝜆 is the wavelength of X-ray radiation (1,54 Å), and 𝛽 is 
the full width at half peak maximum (FWHM). The crystal sizes obtained from the addition 
Zn0.95Ni0.05O, Zn0.94Ni0.06O, Zn0.93Ni0.07O, Zn0.91Ni0.09O, and Zn0.89Ni0.11O were 28.59 nm, 27.38 
nm, 25.58 nm, 27.92 nm and 28.94 nm, and each showed a decrease in the crystal size of pure 
ZnO measuring 29.22 nm. The equation (1) shows an inverse relationship between 𝛽 and D 
which means that narrower peaks are produced due to larger particles while wider peaks are 
obtained due to smaller particles[16]. Microstrain (ε) in the sample of Ni-doped ZnO 
nanoparticles was calculated using the equation;  

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
     (2) 
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The microstrain value obtained is inversely proportional to the crystal size value. The 
smallest strain was obtained in the sample Zn0.89Ni0.11O, and the largest in the sample 
Zn0.95Ni0.05O.  

The crystal size and lattice strain of the ZnO sample with the variation of Ni doping were 
calculated using the Williamson-Hall equation representing the uniform deformation model 
(UDM). Where UDM, throughout the crystallographic direction, crystal imperfections and 
considers strain is isotropic[1]. 

 
Figure 2. Williamson-Hall (UDM) plot for ZnO sample with Ni doping variation. 

The peak broadening to strain can be expressed as[22]; 

𝜀 =
𝛽𝑠

4𝑡𝑎𝑛𝜃
     (3) 

𝛽ℎ𝑘𝑙 = 𝛽𝑠 + 𝛽𝐷     (4) 

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =
𝑘𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃   (5) 

Diffraction angle(2𝜃); (𝛽ℎ𝑘𝑙) is full width at half maximum (FWHM); (k) is the Scherrer 
constant, (λ) is the x-ray wavelength, (D) is the crystal size and (ε) is the lattice strain.  

Lattice strain induces the observed peak widening of the diffraction pattern due to the 
presence of crystal defects and distortions. UDM representation where the x-axis is 4𝑠𝑖𝑛𝜃 
and the y-axis is 𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 shown in Figure 2. The intercept on the y-axis represents the 
crystal size (D), while the slope on the x-axis represents the lattice strain (ε)[23]. This strain is 
associated with the possible lattice shrinkage in the calculation of the lattice parameters[17]. 
The plot UDM’s slope positive, which indicates the lattice expansion[24] and produces an 
intrinsic strain in the nanocrystals. Crystal size and intrinsic strain of the Ni-doped ZnO 
sample are shown in Table 1. 
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A better and more suitable widening of the isotropic line is given by the Halder-Wagner (H-
W) method. In the Halder-Wagner method, peak widening is assumed to be a symmetrical 
Voigt function which is the convolution of the Lorentzian function and the Gaussian function 
in evaluating size and strain [21]. The FWHM approach with the Halder-Wagner method is 
given in the following equation 

  𝛽ℎ𝑘𝑙
2 = 𝛽𝐿𝛽ℎ𝑘𝑙 + 𝛽𝐺

2    (6) 

where 𝛽𝐿 is Lorentzian, FWHM and 𝛽𝐺 are the Gaussian FWHM. Furthermore, the crystal 
size and lattice strain are expressed by the following equation: 

(
𝛽ℎ𝑘𝑙

∗

𝑑ℎ𝑘𝑙
∗ )

2

=
1

𝐷

𝛽ℎ𝑘𝑙
∗

𝑑ℎ𝑘𝑙
∗2 + (

𝜀

2
)

2
    (7) 

Where 𝛽ℎ𝑘𝑙
∗ = 𝛽ℎ𝑘𝑙 𝑐𝑜𝑠𝜃 𝜆⁄  dan 𝑑ℎ𝑘𝑙

∗ = 2 𝑠𝑖𝑛𝜃 𝜆⁄ . Halder-Wagner plot representation is shown 

in figure 5 where (𝛽ℎ𝑘𝑙
∗ /𝑑ℎ𝑘𝑙

∗2
) is the x-axis and (𝛽ℎ𝑘𝑙

∗ /𝑑ℎ𝑘𝑙
∗ )2 is the y-axis.  

 
Figure 3. Halder-Wagner plot for ZnO sample with Ni doping variation. 

Figure 3 shows the slope of the straight line indicates the average size of the crystal 
Zn(0.95)Ni(x)O. In contrast, the y-intercept shows the strain value. The crystallite size and the 
strain from Scherrer, UDM and H-W methods are shown in Table 1.  

Table 1. The geometry parameters of the Ni-doped ZnO nanoparticles 
used different methods. 

Sample 
FWHM 
(deg) 

Debye Scherrer 
Williamson – 
Hall (UDM) 

method 

Halder 
Wagner 
method 
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D 
(nm) 

ε *(10-3) 
D  

(nm) 
ε *(10-3) 

D  
(nm) 

ε *(10-3) 

ZnO 0.344 29.22 3.11 63.95 1.66 47.42 14.79 
Zn0.95Ni0.05O 0.351 28.59 3.18 57.38 1.57 44.50 14.54 
Zn0.94Ni0.06O 0.367 27.38 3.33 56.31 1.68 43.19 15.40 
Zn0.93Ni0.07O 0.394 25.58 3.56 59.65 2.00 43.27 17.54 
Zn0.91Ni0.09O 0.358 27.92 3.25 51.86 1.47 42.02 14.34 
Zn0.89Ni0.11O 0.345 28.94 3.14 53.71 1.42 42.69 13.55 

 

The crystal size values of these three methods are slightly different. Determination of 
average crystallite size from Scherrer formula does not take into account the contribution of 
intrinsic strain which develops in a nanocrystal due the presence of point defect, stacking 
faults, grain boundaries, and it is not expected to be valid for very small crystallite sizes (<10 
nm). Williamson–Hall (W–H) method is broadening of diffraction peaks is mainly due to 
crystallite size effects, microstrain and instrumental effects. The Halder-Wagner method is 
more accurate, with most of data points touching the fitting line compared with other 
methods. Therefore, one method is more accurate data points of (x,y) are more touching the 
fitting line [14]. 

In the UDM method, the crystal size ranges from 51-63 nm, slightly larger than the Scherrer 
and H-W method, which ranges from 25-29 nm to 42-47 nm. The crystal size of the three 
methods varied according to the doping variation. Lattice strain is inversely proportional to 
crystal size. The smaller the crystal size, the greater the strain value. The crystal size for the 
ZnO nanoparticle doped nickel samples decreased with increasing dopant concentration (0, 
5, 6, 7, 9, and 11%) as shown in Table 1. This may be due to the distortion of the ZnO lattice 
by foreign impurities, and decreases the nucleation of Ni2+ and subsequent growth rate of 
the ZnO nanoparticles[11].  

Conclusion 

Ni-doped ZnO nanoparticles have been successfully synthesized using the coprecipitation 

method. X-ray diffraction analysis confirmed the cubic hexagonal ZnO structure and phase 

purity of all samples undisturbed by Ni-doped ZnO samples. Doping nickel concentration 

shifts the XRD peak of the hkl (101) plane to the hkl (002) plane in pure ZnO. The results 

were obtained for analyzing the peak profile of X-rays using the Scherrer equation, a 

modification of the UDM method and the Halder-Wagner method of strain size plot. It was 

found that the average particle size calculated by the Debye Scherrer equation (25-29 nm) is 

smaller than the particle size value using the Williams-Hall (UDM) method (51-63 nm) with 

the largest average particle size. While the mean size and strain size of the Halder-Wagner 

method (42-47 nm) are very suitable as observed in the study. Therefore, the widening of the 

XRD peaks by different methods showed the mean size distribution was in the range of 25–

63 nm. The lattice strain is inversely proportional to the crystal size. The lattice strain 

increases with decreasing crystal size value. The crystal size for nickel samples doped with 

ZnO nanoparticles decreased with increasing dopant concentration. 
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