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Abstract   

In this study report, Cu-doped ferrite nanoparticles (CuxNi1-xFe2O4), which are normally 

the size of less than 100 nanometers were achieved using the sol-gel method. This method 

consists of using citric acid as fuel, which leads to auto combustion. In this report, the 

samples mentioned above will be analyzed using the following techniques (XRD, FESEM, 

EDX), where X-ray diffraction indicated that the specimens consist of spinel phase with face-

centered cubic (FCC) structure. The results showed the lattice constant of the material 

increased from (8.320) Å to (8.323) Å, which indicated fact that the ionic radius of copper 

(72) Å has a bigger size than the ionic radius of nickel (69) Å which led to an increase in the 

lattice constant, the crystal size was measured using Scherrer method with the three 

Williamson Hall models. First, the Williamson Hall Uniform Deformation Model (UDM), 

second Williamson Hall Uniform Stress Model (USDM), and third Williamson Hall Uniform 

Deformation Energy Density Model (UDEDM). All these models adapted to define the 

characteristics related to stress (σ), internal tendance (ε), and deformation energy density (U). 

The calculated size was compared by the two methods where the crystal size ranged from (19 

- 55) nm, and the phenomenon of crystal expansion due to positive stress was observed 

through the positive slop that appeared in the Williamson Hall models The sample taken was 

examined further with it morphology character using the method known field emission 

scanning electron microscopy This has confirmed that the particle shape to be of spherical or 

sub-spherical, and the size of particle to be within the nano range. The energy-dispersive X-

ray spectroscopy indicated that no other new elements resulted from this compound. 

Keywords: CuxNi1-xFe2O4, ferrite nanoparticles, X-ray diffraction, Williamson-Hall, Sol-gel  
 

1.Introduction  

Scientists have focused a lot of interest on nanoparticles; this interest was mainly linked 

with their size and dimension, for example, nanoparticles size approximately 1-100 nm. 

Nanoparticles often possess unique size-dependent characteristics, mostly because of their 

comparatively huge surface area (1-3). This unique identity of the properties of physical and 

chemical of over bulk materials, interest in nanomaterials, and (particularly nanoparticles) 

has increased the demand for its usage rapidly in recent decades for different purposes. For 

example, numerous cutting-edge applications in the domains of electronics, the food industry, 
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chemical catalysis, medicine and pharmaceuticals, and agriculture have been made available 

by these exceptional qualities (4). Nanoparticles are generated and synthesized by several 

procedures, such as the sol-gel method, plasma methodology, vapor phase deposition 

technique, and electrochemical methods. In spite of these methods of mechanical alloying 

generating larger amounts of nanoparticles but the sol-gel method has proven to be used on a 

larger scale in industrial applications. The sol-gel method can generate nanoparticles with 

extremely high quality and identical size, as well as has more economic advantages; on the 

other hand, it requires pure raw materials and requires long drying and calcination time to 

produce the final product (5). 

 This procedure has several advantages over other synthesis methods, such as being simple to 

use, inexpensive, producing a larger quantity, and producing large surface area materials. 

Additionally, it allows for manipulation of the materials' surface characteristics, size, and 

texture. Because of its ease of usage and versatility, it is frequently utilized in the production 

of nanoscale powders (6, 7).  

Nickel spinel ferrites were not particularly popular with scientists and researchers until 

Hastings and Corliss published the first reliable study on them. However, because of their 

new use within different sectors such as sensors of the gas industry, wastewater treatment, 

radio frequency engineering devices, magnetic separation, biomedical applications, as well as 

other fields, researchers' interest in nickel spinel ferrites has grown significantly (8, 9). Nickel 

ferrite (NiFe2O4) is one of its most prevalent spinel ferrites. Researchers are drawn to its 

features, which include strong magneto-crystalline anisotropy, unusual magnetic layout, high 

electrical resistivity, and high Curie temperature (10, 11). NiFe2O4 is a soft ferrimagnetic and 

n-type semiconducting material (12, 13).  

Nickel ferrite belongs to the inverse spinel class represented in the generic context [Fe
3+

] 

A[Ni
2+

Fe
3+

]BO4; furthermore, Fe
3+

 can be found on the A-site and B-site, while the B-site is 

represented by Ni
2+  

(14).  

In contrast to the size of grains or particles, each isolated particle or grain is composed of 

many crystal aggregates. The crystallite size can be measured by the Scherrer method, which 

represents the size of one single crystal within the grains or particles. Crystal imperfections 

like dislocations and point defects have an impact on lattice strain (15). This can be seen from 

the Bragg peaks, where the width and intensity have been increased by crystallite size and 

lattice strain, which leads to a corresponding change within the 2θ peak position.  

 The strain changes as tan θ from the width of the peak, while the crystallite size varies as 

1/cos θ.  

The 2θ difference indicates the influence of size and strain on peak broadening. The W-H 

analysis is the integral breadth method.  

Taking into consideration the peak width, which indicates the function of 2θ, size-induced 

and strain-induced broadening are deconvolved (16). 

It is well recognized that several factors, such as ion substitution and preparation conditions, 

affect the characteristics of ferrites. In addition to these factors, the intrinsic strain that these 

parameters cause on the lattice determines the material's properties. The crystal lattice can 

experience two different kinds of strain. Crystal lattice under compressive and tensile tension 

(17).  

The X-ray diffraction (XRD) pattern shed light on the lattice strain study, which is considered 

a crucial structural parameter that may affect the physical properties (18).  Doping nickel 

ferrite with copper ions is an effective way to tune the material's physical and magnetic 

properties to suit desired applications. Introducing Cu²⁺  instead of Ni²⁺  changes the unit cell 
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volume and lattice constant due to different ionic radii, which affects the crystal structure and 

cation distribution between tetrahydric and octahydric sites. This modification affects 

magnetic properties such as magnetic saturation and magnetic moments, in addition to 

improving electrical properties such as conductivity. It can also enhance catalytic properties 

and thermal stability, making the material more suitable for multiple applications in sensors, 

catalysts, and solar cells (19) 

In this work, the preparation of nickel ferrite nanoparticles by the auto combustion method, 

the samples was examined by three techniques (XRD, FESEM, EDX); the importance of 

Scherrer and Williamson-Hall equations in determining the crystal size was revealed through 

spectra (XRD); important parameters were obtained, namely stress, lattice strain, and energy 

density, through Williamson-Hall models. 

 

2. Materials and Methods 

The usage of the Sol-Gel route to prepare nano nickel ferrite doped with copper, like 

(CuxNi1-xFe2O4), where (x=0.05, 0.1). High-purity raw materials ranging between (98 - 99) % 

were used. These materials include iron nitrate, nickel nitrate, copper nitrate, and citric acid. 

The citric acid was added to the metal nitrate at a molar ratio of 1:1. The masses of the raw 

materials were measured using a sensitive balance, as shown in Table 1. The dilute raw 

materials in (40 mL) of deionized which later placed in a glass heat-resistant beaker, and in 

another beaker, citric acid was mixed with (40 mL) of deionized water. With the magnetic 

stirrer device, the solutions were mixed without heating until the two solutions became 

homogeneous. The pH was maintained at 7 by gradually adding drops of ammonia (20). The 

newly formed solution was heated to 90 °C, resulting in a thick gel. As the heating process 

continues, the solution begins to dry until auto combustion occurs and a thin black powder 

resembling ash is obtained. After the solution cools, it is ground in a mortar. The ferrite 

powder was burned for approximately 120 min at a temperature of (600
º
 C). It was examined 

using the following techniques (XRD, FE-SEM, EDX) for further observation of the 

structural properties of the sample. 

Table 1. The masses of pure raw materials of CuxNi1-xFe2O4 ferrite. 

Sample C6H8O7 Fe (NO3)3.9H2O Cu (NO3)2.3H2O Ni (NO3)2.6H2O 

 n m(g) n m(g) nx m(g) n1-x m(g) 

F1 (x=0.0) 3 23.0556 2 32.32 0.0 0 1 11.628 

F2  (x=0.1) 3 23.0556 2 32.32 0.1 0.9767 0.9 10.465 

 

3.Results  

3.1. X-Ray Diffraction Patterns  

In order to test the phase purity and crystalline properties of the Cu-doped nickel 

nanoparticles (CuxNi1-xFe2O4), we will use XRD. The particles prepared by sol-gel method 

were recorded and shown in Fig. (1), where seven peaks appeared at angles within the range 

(10°-90°) indicating the planes (220), (311), (222), (422), (511), (440), (533), as part of the 

space group (Fd-3m) No. (227) of the spinel phase with face-centered cubic (FCC) structure. 

The diffraction peaks of the prepared sample were found to be consistent with the results of 

JCPDS data No. (19-0629) (21), and no new peaks were observed, indicating the absence of 

impurities and that the sample had good purity, and the main trends were the planes (222), 

(422). The lattice constant was determined using the (Match!4) program as shown in Table 2, 

and the ferrite theory density was estimated by X-ray diffraction using the Equation 1 (22). 

𝜌 = 
    

      
                                           (1)
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V denotes unit cell volume, N signifies the number within the unit cell, and Mw represents 

the molar mass. The results are presented in Table 2.  

When studying the density changes in CuxNi1-xFe2O4 samples, it can be noted that the density 

decreases slightly when a portion of the nickel ions is replaced by copper ions. Sample F1, 

which contains no copper (x = 0.0), has a density of 5.34 g/cm³, while the density in sample 

F2 (x = 0.1) decreases to 5.33 g/cm³. This decreases, albeit slight, reflects compositional and 

structural effects within the crystal lattice (Figure 1). 

Theoretically, the introduction of a heavier element, such as copper, which has a higher 

atomic mass than nickel, would be expected to result in an increase in density. However, the 

opposite is observed here. The reason for this discrepancy is the change in the lattice 

constant, which increases from 8.320 to 8.323 Å upon the introduction of copper. This 

increase in unit cell volume indicates an expansion of the crystal lattice, leading to a 

reduction in the number of atoms per unit volume and, consequently, a decrease in density. In 

addition, the solubility of copper within the lattice and its effect on the redistribution of 

cations between tetrahedral and octahedral sites may play a role in this change. Copper ions 

tend to be localized at different sites than nickel ions, contributing to the modification of the 

microstructure of the composite and affecting the final density of the sample. Therefore, the 

slight decrease in density reflects a balance between the effect of the atomic mass of the 

copper ions on the one hand, and the increase in the crystal lattice size and the redistribution 

of cations on the other (23). 

 
Figure 1. X-ray diffraction of CuxNi1-xFe2O4 samples for x=0.0 (F1) and x=0.1 (F2). 

 

3.1.1. The Hopping Length 

The spaces between magnetic ions (hopping length) at site A and site B are measured by 

using the subsequent equations (24). 

   
 √ 

 
                                                                                                                                   (2) 

   
 √ 

 
                                                                                                                                                                                                    (3)  

The (LA) and (LB) values calculated above indicate the increase in escalating proportion of 

copper impurities, and the jump length is associated with the value differences of the lattice 

constant. This has proved that the value of the jump length (LA) is greater than the value of 

the jump length for (LB), see Table 2. 

Table 2. Lattice constant, density, and hopping length to CuxNi1-xFe2O4 

Sample a(Å) Density (g/cm
3
) LA (Å) LB (Å) 

F1 (x=0.0) 8.320 5.34 3.59 2.941 

F2  (x=0.1) 8.323 5.33 3.60 2.942 
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3.1.2. Texture coefficients (TCs) 

The primary purpose of texture coefficients (TCs) is to identify the preferred growth 

orientation along the (hkl) direction. The samples' advantageous crystallite orientation can 

be determined in the relationship described below (25, 26). 

TChkl = 
            

∑            
                                                                                                                  (4) 

N represents the reflection number, hkl denotes the Miller indices, Io(hkl) indicates the 

intensity of (hkl) sourced via JCPDS data No. (19-0629), and I(hkl) indicate the relative 

intensity recorded for the (hkl) plane. Table 3 indicates that an increase in copper content 

affects the texture parameter (TC). A preference for crystal growth was noted at the (222) and 

(422) lattice planes, whereas a reduction was detected at the (511) and (311) lattice planes, 

despite some growth occurring at the (311) plane, which, along with the (511) plane, 

experienced inhibited growth. The decrease in the crystal coordination coefficient of the 

(511) plane from 0.993 in sample F1 to 0.859 in sample F2 indicates that the introduction of 

copper ions reduced the preference for crystal growth in this direction. That is due to the 

difference in ionic properties between Cu²⁺  and Ni²⁺ , which leads to a redistribution of 

crystallization directions within the crystal lattice (27).  

Table 3. The sample's texture coefficient (Tc) Results 

Sample TC (311) TC (222) TC (422) TC (511) 

       F1 (x=0.0) 0.975 3.294 1.735 0.993 

       F2  (x=0.1) 0.975 1.177 1.260 0.859 

 

3.2. Determination of Crystallite size & strain  

3.2.1. Method of Scherrer 

The simplest and efficient technique for assessing peak broadening with crystallite size and 

strain brought by the dislocation of the peak of XRD profile analysis. The peak broadening is 

caused by both sample and instrument influences. The instrumental broadening must be 

completed to determine the magnitude of strain and size effects (28). The instrumental of 

correction aimed to broaden βhkl, corresponding can be determined by the following (29). 

β
2 
=]( β

2 
measured ) – (

 
β

2
instrumental )

2/1
[                                                                                        (5) 

However, (D) referred to the crystallite size calculated via Scherrer's formula below, as 

presented below (30, 31) 

  = 
  

     
                                                                                                                                (6)    

In this paper, λ indicates the wavelength of X-ray (1.54056 Å), θ, which is the angle of 

Bragg, β signifies the half maximum of the peak width (in radians), D indicates the crystallite 

size (nm), while k is the factor (k = 0.94). Table 4 illustrates the nanoparticles' dimensions.  

3.2.2. Method of Williamson–Hall  

3.2.2.1. Uniform deformation model (UDM) 

Generally, lattice strain and lattice defects may also have an impact on X-ray diffraction 

patterns in addition to crystallite size. This analysis can be defined breadth method of 

Integration, which considers the broadening of the peak width as a function of 2θ and clearly 

distinguishes between the deformation peak caused by crystallite size and strain. The 

expansion of the Bragg reflection line can be calculated (32). 

                                                                                                                                     (7)  

where        and      Stand for the width caused by size-strain and, correspondingly, the full 

width at half maximum (FWHM) of a peak. The strain remains uniform along the 

crystallographic direction in the W–H relationship, which is defined by βhkl and the 

subsequent relation (33, 34).  
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βo =  
  

      
+4ε sinθ                                                                                                                 (8) 

Or equivalently, 

βcosθ = 
  

 
  +4ε sinθ                                                                                                                (9)            

Williamson-Hall (W–H) equations are illustrated above, see (8) and (9), which are known as 

the (UDM). According to the above, crystals should be isotropic since the strain should be 

constant in all crystallographic orientations. The value of the 4sinθ diagram, which represents 

the x-axis and (β cosθ) values along with the y-axis, together is an indication of the detected 

diffraction peaks. As can be seen below, the black slop line represents the lattice strain (ε), 

while the y axes (35)
 the 

crystallite size (D), as shown in Figure 2. The nanoparticles' size and 

strain are shown in Table 4. 

  
Figure 2. UDM analysis of (CuxNi1-xFe2O4) nanoparticles ferrite 

 

3.2.2.2. Uniform stress deformation model (USDM) 

The internal strain explained within Hooke's law in the USDM, this means the linear relations 

between the stress and strain as provided by ϭ = Yε, where the modulus of elasticity and ϭ is 

the crystal's stress. This equation only applies to a very modest strain and is only an 

approximation. Using Hooke’s law approximation of the equation, it can obtain the equation 

below (36). 

βcosθ = 
  

 
+  

      

    
                                                                                                                (10) 

To calculate the Stress from the slope line drawn between (4sinθ/Yhkl) and (βcosθ). Young’s 

modules can be calculated through the following relation. 

 

   
 = S11 - (2S11 – 2S12 – S44)  

               

           
                                                          (11) 

The elastic compatibilities for Fe3O4 are S11, S12, and S44, which are represented by S11 = 

          

                      
  ,     

       

                   
 and     

 

   
 . Where c11, c12, and c44 are elastic 

constant values given by (242.3 GPa), (159.9 GPa), and (55.0 GPa), respectively. USDM 

plots are displayed in Figure 3. The results are shown in Table 4. 
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Figure 3. The nanoparticles of ferrite through USDM analysis  (CuxNi1-xFe2O4). 

 

3.2.2.3. Uniform Deformation energy density model (UDEDM) 

Another variant of the W-H model employed to analyze lattice energy density of crystals is 

UDEDM, applicable under conditions of continuous proportionality in homogeneity.  

For the calculation of strain, Hooke's law system can be applied (37, 38): 

U = 
    

 
                                                                                                                                   (12) 

From the substitution eq. (12) within eq. (9) resulted in eq. (13) 

βhkl cos =
  

 
 +(4 sinθ  

  

 
 
 

                                                                                                      (13) 

The relationship (12) enables lattice stress, strain, and energy density via the graph of 4sinθ 

(2/Y)1/2 against  cosθ, as illustrated in Figure 4. The findings are presented in Table 4. 

  
Figure 4. The UDEDM analysis of (CuxNi1-xFe2O4) nanoparticles ferrite. 

 

Table 4. The result of structure parameters measured by Scherrer and Williamson-Hall methods 

Sample 
Scherrer 

method 

Williamson–Hall method 

UDM USDM UDEDM 

D(nm) ε*10
-3 

D(nm) ε*10
-3

 
Ϭ*10

-2 
 

(Pa) 
D(nm) ε*10

-4 Ϭ*10
-2 

(Pa) 

U*10
-6 

(J.m
-3

) 

F1 20.36 55.46 3 25.68 1.2 10.63 30.81 18.4 1.63 151 

F2 19.73 20.69 10.1 19.81 0.11 1.05 19.80 0.16 0.161 0.018 

 

3.3. FESEM analysis 

Ferrite nanoparticles (CuxNi1-xFe2O4) are further analyzed via field-emission scanning 

electron microscopy (FE-SEM) at a scale of 000 nm to determine the nature of the surface 

and shape of the particles and calculate the average particle size. Figure 5 shows that the 
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material falls within the nano range, as its particle size ranges from 56 to 76 nm. The shapes 

of the particles are organized into crystals formed by distinct grains. These grains are 

surrounded by grain boundaries that surround each grain. Therefore, the resulting shape is a 

well-defined grain. It also contains regular, uniform gaps in size and shape, and a few clusters 

representing unreacted materials. Also, the figure shows the presence of some voids that 

represent the porous nature, as these pores result from the emission of a quantity of gases 

during the combustion process (39).  In addition to the presence of holes resulting from the 

inclusion of impurities. Some agglomerations were observed, which are attributed to the fact 

that the particles have high surface energy and thus tend to agglomerate and grow in larger 

groups (40). 

  

Figure 5. FE-SEM image of (CuxNi1-xFe2O4) nanoparticles ferrite. 

 

4.Discussion  

The obtained chemical composition sample can be used to confirm the atomic composition 

of the element using spectroscopy (EDX), which later confirmed all elements of the prepared 

compound solution and confirmed that the samples are pure and free of impurities. The data 

confirmed the success of the auto combustion process due to the absence of elemental loss 

during the auto combustion process. The presence of copper (Cu) in the F1 sample assay is 

likely due to copper contamination of the sample during preparation, processing, previous use 

of the equipment, a software error, or other reasons. The peaks of the elements (Fe, O, Ni, 

Cu) appeared clearly, where the peaks of the nickel element appeared at energies (Kα = 7.480 

KeV(,)Lα =0.849 KeV), the peaks of the oxygen element appeared at energy (Lα =0.525 

keV), the peaks of the iron element appeared at energies (Kα =6.931KeV ,(  )Lα =0.775KeV), 

and the peaks of the copper element appeared at energies  )Lα =8.046 keV), (Kα = 0.928 

keV), as shown in Figure 6 and Table 5 shows the weight and atomic composition 

percentage of the elements. 

Table 5. The weight and atomic composition percentage of the elements. 

Sample Element Line Type Atomic% Wt% 

F1 

O Kα 67.87 37.37 

Fe Kα & Lα 23.09 44.38 

Ni Kα & Lα 0.04 18.25 

Cu Kα & Lα 0.00 0.00 

F2 

O Kα 62.65 32.21 

Fe Kα & Lα 30.31 54.40 

Ni Kα & Lα 0.66 1.36 

Cu Kα & Lα 6.38 12.03 

F1 F2 
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Figure 6. EDX analysis of (CuxNi1-xFe2O4) nanoparticles ferrite. 

 

5.Conclusions 

CuxNi1–xFe2O4 nanoparticles were prepared using a simple and low-cost auto combustion 

process. Analyses (FE-SEM, XRD, EDX) revealed that all samples consisted of spinel ferrite 

nanoparticles with a single-phase cubic (FCC) structure, exhibiting no new peaks. The shapes 

of the particles are organized into crystals formed by distinct grains. This work revealed that 

the classical X-ray diffraction (XRD) analysis method (Scherrer method) gives inaccurate 

estimates of crystal size and does not give strain values. Therefore, the Williamson-Hall 

method has three models. The three Williamson-Hall models are compared here, and they are 

found to provide different aspects of stress and strain of nanocrystals. The UDM (Uniform 

Deformation Model) assumes that strain is uniform in all crystallographic directions, making 

it the simplest model, but overlooking elastic properties. USDM (Uniform Stress 

Deformation Model) is based on Hooke's law, in which stress and strain are linearly related 

by Young's modulus. This provides a more accurate value for internal stress. The UDEDM 

(Uniform Deformation Energy Density Model) considers deformation energy density and so 

provides the most comprehensive model for analyzing energy stored in a crystal lattice 

because of deformation. Experiments on the studied sample CuxNi1–xFe2O4 showed stress and 

strain values to differ between models. Here, UDM measured the highest strain value 

(10.1x10
–3

) in comparison with USDM (0.11x10
–3

) and UDEDM (0.16x10
–4

), confirming 

that one should select the model according to the nature of the sample and analysis target. 
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