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Abstract  

Diffusion-controlled pattern formation is one of the important phenomena in nature. The dendritic crystal growth, viscous 
fingering, electrodeposition, and diffusion-limited aggregation (DLA) have received the most attention. One of the 
fundamental ways in which the dendritic pattern that is fractal is grown is electrodeposition. DLA and patterns developed as 
a result of DLA are often found in various processes in physical sciences, chemical sciences, and engineering. The dendritic 
pattern in the Electrodeposition of nickel from nickel chloride solution is presented at different cell operating temperatures. 
Dendritic patterns obtained under different cell operating conditions and their characterization are presented and analyzed. 
DLA-like conditions govern dendritic metal deposition using electrodeposition from electrolyte solutions. It was observed 
that nickel dendrites are not developed under electrodeposition using circular cell geometry because the DLA-like conditions 
required for the growth of branching patterns cannot be realized at room temperature for nickel chloride solution. Therefore, 
the study of the electrodeposition of nickel from nickel chloride solution at different temperatures is presented in this paper. 
The fractal dimension of the pattern obtained in different growth is also given. The dendritic patterns developed show self-
similarity and scale invariance, details are presented, and findings discussed. To study the nature of material deposited in 
DLA-like conditions scanning electron microscopy (SEM) images were analyzed. To study the particle size, X-ray diffraction 
(XRD) of the material deposited is also analyzed and presented in the same work. 

Keywords: Fractal; Fractal dimension; Electrodeposition; Diffusion limited aggregation. 

Received date: 26 May 2020; Accepted date: 03 May 2021. 

Article type: Research article. 

 

 

1. Introduction: 

Euclidian geometry is unable to give an analysis of irregular 

shapes. It is difficult to characterize such irregular shapes as 

conventional Euclidian geometry uses standard shapes like 

straight lines, circles triangles, and so on. Mandelbrot[1] for the 

first time published a research article in the journal Science in 

1967. He was a pioneer to introduce the concept of fractal 

dimension. Thus, irregular shapes can best be characterized 

and quantified using the concept of fractals and fractal 

dimension. [1-7] Fractal shapes possess the property of self-

similarity, scale invariance, and non-integral dimensions. A 

smaller part of big objects under suitable scale transformation 

looks like the same copy of the bigger one. This geometric 

property is known as self-similarity. It can be observed during 

the analysis of the plant asparagus  

plumosus.[8] 

It is observed that the symmetrical branching of the plant 

consists of leaves with frequent bifurcations from the stem as 

shown in Fig. 1 and Fig. 2 below.  

 
Fig. 1 The Self similarity in thin branch of plant asparagus 

plumosus. 
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Fig. 2 The Self-similarity in thick branch of plant asparagus 

plumosus. 

 

Mandelbrot[9] also measured the length of the British 

coastline with the help of the concept of self-similarity and 

scale invariance.  

The process of electrodeposition using circular cells with 

certain operating conditions results in the formation of 

dendritic patterns, which shows scaling behavior and fractal 

Characteristics. The primary process giving rise to such 

branching patterns is the diffusion-limited aggregation (DLA) 

of ions under a weak electric field. The patterns so obtained 

are also known as DLA patterns,[9,10] this phenomenon is found 

to explain the formation of many irregular shapes in nature. 

Nowadays, diffusion controlled pattern formation has been a 

topic of interest, from this pattern the electrodeposition, 

viscous fingering, dendritic crystal growth, and DLA[11-14] have 

received the major attention. The concept of fractal and non-

fractal aggregation is applicable in physics especially in 

turbulence,[15] polymerization.[16] Flocculation, coagulation, 

dendritic growth, crystallization. Gelation process also 

exhibits self-similarity and fractal character in many cases. 

The practical importance and fundamental principle of 

diffusion limited growth processes has motivated extensive 

studies in the past years. Electrodeposition processes[17] are 

well suited for experimental studies of the growth of fractals 

and dendritic patterns. The boom fractals and related studies 

began in the 1980s and Physicists took a keen interest in this 

area. Different fractal models were later proposed and were 

found to be very useful in explaining the complexity of 

irregular shapes that could not otherwise be quantified. For 

forecasting the trends of random events like prices of shares in 

the share market, the concept of the fractal model is being 

effectively used.[18] Circular cell geometry is used with circular 

outer electrode acting as anode and the middle electrode (at 

the center of the circular anode) working as the cathode. Cell 

operating conditions like applied voltage and the 

concentration of the electrolyte mainly govern the shape of 

resulting dendritic deposits. It was found that the complexity 

of the shape of the growth and the branching patterns depend 

more on the electric field conditions under a given set of 

conditions. It was also found that the concentration of the 

solution strongly influences the structure and textures of 

electrodeposition.[19] Few dendritic patterns obtained under 

different cell operating conditions and their characterization 

are presented. The study of the electrodeposition using the 

metal like lead acetate, will be presented. As a result, the 

growth is prominent on the outer side of growth i.e. around the 

tips of the branches.  

Dendritic metal deposition using electrodeposition[20-23] 

from electrolyte solutions is governed by DLA like conditions 

where two driving forces are simultaneously acting on the ions 

in the electrolyte. When a solute like copper sulfate CuSO4 is  

dissolved in water it decomposes into constituent ions: 

CuSO4 → Cu2+ + SO4
2-                             (1) 

When the electrolyte is subjected to an electric field of 

strength E, the ions experience a force in the direction of an 

electric field whose strength is qE where q is the charge on the 

ion. Under the conditions when the size of the electrodeposit 

becomes comparable with the electrode spacing, the strength 

of the electric field keeps changing from time to time as the 

growth proceeds, also depending on the shape of the 

electrodes, there are regions of different electric fields. The 

electrostatic force resulting from the electric field acting on 

the ionic charges makes the charges move towards the 

respective electrodes i.e. the positive charges tend to move 

towards the cathode and the negative charges mover towards 

the anode. In a circular cell geometry, there is a circular anode 

at the center of which a point cathode is situated and the space 

between the cathode and anode is filled with the electrolyte 

solution. The ions, Cu2+ and SO4
2- experience a force towards 

cathode and anode respectively and thus metallic copper 

deposits at the cathode and SO4 ions are liberated at the anode 

and if the anode is made of copper this results in the formation 

of CuSO4 again which is responsible for keeping the 

concentration unchanged. 

At room temperature there is a constant random motion 

associated with the particles of the electrolyte including the 

two ions. This zigzag random motion also known as Brownian 

motion is superimposed on the drifting of ions under the 

influence of the electric field and therefore such an 

Electrodeposition is limited by diffusion of the ions because 

of Brownian motion is known as DLA. In the circular cell 

geometry, at the commencement of the Electrodeposition there 

is a strong electric field at the central cathode and thus there is 

strong growth all around the point cathode giving it the 

appearance of a small lump. As the growth proceeds the point 

that is already grown tends to be nearer to the outer anode and 

stand a higher probability of sticking a metal ion as compared 

to the nearby regions.  

 

2. Experimental 

There is a lot of work-related to DLA like processes and 

electrodeposition of metal ions like like copper,[24] lead, zinc,[25] 
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and silver where the DLA like conditions can readily be 

achieved at room temperature and there is almost no work 

related to electrodeposition of nickel in dendritic form. 

Investigations during the present study revealed that at room 

temperature, it is difficult to achieve DLA like conditions for 

metal ions like nickel and cobalt and the electrodeposits of 

nickel and cobalt do not exhibit any tendency to form 

branching patterns.  

 
Fig. 3 Typical Electrodeposition cell. 

 

The dendritic electrodeposition of metals from the 

electrolyte is studied in a circular cell as shown in Fig. 3. The 

cell consists of a circular anode and at the axis of which a point 

cathode is situated. The space between cathode and anode is 

filled with a thin layer of an electrolyte like copper sulfate, 

nickel chloride, etc. The electrolyte layer is kept at its 

minimum thickness to ensure two dimensional electrodeposits. 

There are two types of forces acting on the ions in the 

electrolyte, the one due to the applied electric field and the 

other due to the presence of Brownian motion that is random 

with changing the direction at all times. This Brownian motion 

of ions of the electrolyte tends to change the path of the metal 

ions drifting towards the cathode. This results in a random 

walk kike motion of the metal ion in the electrolyte, therefore 

the probability of ions sticking at the tips of a growth becomes 

much higher than that at the branches.  

The random motion superimposed on the radial movement 

of ions results in the drifting of ions in random directions and 

thus the probability of ions sticking to an existing deposit of 

developing branch is high as compared to that at a point 

between two growing branches, this effect is called as masking 

effect. The formation of branching patterns of dendrites in 

electrodeposition is basically due to the strong random motion 

that dominates the radial movement of ions under the 

influence of the applied electric field. In the case of nickel and 

cobalt, because of the larger ionic sizes the influence of the 

zigzag random motion is much less as compared to that due to 

the applied electric field and branching patterns or dendritic 

electrodeposition is not observed at room temperature. A 

detailed investigation to this effect was undertaken conducting 

series of experiments under controlled conditions to examine 

the electrodeposition by changing the influence of Brownian 

motion by controlling the temperature as the effect of 

Brownian motion is higher at elevated temperatures. 

 

3. Results and Discussion 

For electrodeposition of nickel from nickel chloride solution 

it was observed that the electrodeposits of Nickel at room 

temperature appear to be dull blackish amorphous lumps 

around the cathode. However, as the temperature of the 

electrodeposition cell is increased, at some stage it starts 

tending to form branches. Fig. 4 shows electrodeposit of 

Nickel obtained from Nickel chloride solution with a molarity 

of 1 M in a circular electrodeposition cell operating at 6 V at a 

 
Fig. 4 Electrodeposit of Nickel obtained at a temperature of 35, 40, 50, 60, 70, 80 ℃. 
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Table 1. Results of box counting showing r, N, log(r) and log(N). 

R N log( r) log(N)  r N log( r) log(N) 

1 134349 0 5.1282  34 323 1.5315 2.5092 

2 47253 0.3010 4.6744  39 251 1.5911 2.3997 

3 22636 0.4771 4.3548  44 217 1.6435 2.3365 

4 13550 0.6021 4.1319  50 172 1.6990 2.2355 

5 9039 0.6990 3.9561  57 138 1.7559 2.1399 

6 6487 0.7782 3.8120  64 118 1.8062 2.0719 

7 4926 0.8451 3.6925  72 98 1.8573 1.9912 

8 3895 0.9031 3.5905  81 78 1.9085 1.8921 

9 3139 0.9542 3.4968  91 71 1.9590 1.8513 

11 2185 1.0414 3.3395  103 56 2.0128 1.7482 

13 1633 1.1139 3.2130  116 46 2.0645 1.6628 

15 1281 1.1761 3.1075  131 35 2.1173 1.5441 

17 1021 1.2304 3.0090  147 33 2.1673 1.5185 

20 777 1.3010 2.8904  165 29 2.2175 1.4624 

23 611 1.3617 2.7860  186 22 2.2695 1.3424 

26 499 1.4150 2.6981  209 20 2.3201 1.3010 

30 399 1.4771 2.6010  235 14 2.3711 1.1461 

different temperature from 30 ℃ to 80 ℃. The electrodeposit 

is blackish in color and has an amorphous powdery appearance 

with the limited formation of the structure of branching pattern 

at lower temperatures. The six deposits correspond to 

temperatures of 35, 40, 50, 60, 70 and 80 ℃, respectively. At 

temperatures above 40 ℃ branching patterns are well defined 

and the deposits are symmetric around the central cathode. The 

electrodeposit obtained at 60 ℃ is asymmetric as the outer 

anode ring was little shifted and the cathode was not at the 

exact centre of the circular anode present around the cathode. 

The dendritic electrodeposits obtained at lower 

temperatures (in the range of 40 to 60 ℃) have a dull 

appearance, poor mechanical strength with amorphous like 

porous structure. Electrodeposits obtained under the same 

operating conditions but temperatures in the range of 70 – 80 ℃ 

have higher mechanical strength and show metallic luster, 

however, at temperatures of 80 ℃ and above, the rate of 

evaporation becomes fast and by the time of sizable deposition 

the electrolytes dry up and the concentration becomes high and 

the solute tends to deposit at points of contact and 

discontinuities. Besides this there is an appreciable amount of 

formation of bubbles which tends to obstruct the development 

of the branches, in some cases this results in breaking of tender 

and thin branches. We observed that 70 ℃ is the optimum 

temperature where dendritic electrodeposits are formed with 

reproducible appearance. As the shapes are random, exact 

reproduction can never be achieved whereas gross appearance 

has to be compared for the similarity of profiles. The best 

approach for these types of irregular shapes is to use fractal  

characterization. 

For fractal characterization, we used the electrodeposit 

obtained at a temperature of 70 ℃ using 1 M nickel chloride 

solution in a circular cell geometry with a cell operating 

voltage of 6 V shown in Fig. 4. The image was converted to a 

two-color bitmap using suitable threshold. A computer 

program was written to analyze the image for box counting by 

selecting different sizes of boxes and counting the number of 

boxes of each size required to completely cover the entire 

image. The images of the electrodeposits are obtained in 

suitable resolution with known values of dots per inch (DPI); 

therefore, the box size in pixels (dots) can be easily converted 

to actual size. However, it is not always necessary to use the 

size of the box in terms of actual dimensions as the unit of the 

size of the box does not affect the determination of the slope 

of log(N) versus log(r) plot, here ‘r’ represents the side of the 

square box and ‘N’ is the total number of boxes required to 

completely cover the occupied cells of the image. The results 

of box-counting are presented in Table 1 giving the values of 

r, N, log (r), and log(N). Using the data from Table 1 a graph 

is plotted using log(r) on the x-axis and the values of log(N) 

on the y-axis. 

It is seen from the graph of log(N) versus log(r) shown in 

Fig. 5 that all the points plotted that represent actual data from 

box-counting shown in Table 1 lie well along a straight line. 

The points plotted are actual data from box counting and the 

straight line is the best fitting line joining these points whose 

equation is given in the inset along with the value of R2, the 

value of R is close to unity (0.9989) indicating that the linear 

relationship does exist implying that the self-similarity and 

scale invariance is associated with the shape of the 
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Fig. 5 Plot of log(N) versus log(r) for box counting of image of Nickel electrodeposit from Fig. 4. 

 

electrodeposit of nickel. Thus, the electrodeposit exhibits 

fractal properties with a fractal dimension of 1.6738 as is 

obtained from the slope of the straight line. Therefore, the 

work conducted establishes the fact that the electrodeposit in 

the form of dendritic pattern are not obtained from solutions 

of nickel chloride at room temperature because the zigzag 

Brownian motion of the ions in the electrolyte at room 

temperature is not comparable with the applied electric field. 

However, at elevated temperatures as the contribution of the 

zigzag random motion due to Brownian motion is increased, 

it tends to produce DLA like conditions. For the temperature 

around 65 – 75 ℃ where beautiful dendritic patterns are 

formed exhibiting fractal character as best DLA like the 

situation is present in this temperature range. 
 

4. Morphology 

Most of the electrodeposits obtained under DLA-like 

condition exhibit porous character because of the fact that the 

randomly wandering ions stick to the growing deposit based 

upon the favorable conditions. In addition to the 

microstructure in porous form under suitable conditions nano 

particles and nanostructures are also formed. In view of this 

we attempted investigation of surface morphology of the 

electrodeposits of nickel.  

SEM image of nickel electrodeposit obtained from 1 M 

nickel chloride solution at a cell operating voltage of 6 V and 

at a temperature of 80 is shown in Fig. 6. Fig. 6 shows a small 

portion of a fine branch of nickel obtained using 

electrodeposition at a low resolution of 150 X. At relatively 

higher resolution the fractal growth patterns of electrodeposit 

has details of structure and texture. 

As is seen from Fig. 7, at higher resolution details of the 

morphology of electrodeposit of nickel obtained using 1 M 

nickel chloride solution at a cell operating voltage of 6 V 

become clear. The structure at most of the places appears to be 

spongy and porous with a lot of leafy structures in a typical 

formation, the magnification used in Fig. 5 is 10000 X. The 

sizes of the pores and sides of the leafy walls are well below 

one micron indicating the presence of nanostructures. Typical 

pore sizes of 100 – 200 μm are visibly distributed over the 

entire field of view in Fig. 7.  

 
Fig. 6 SEM image of Nickel electrodeposits from 1 M NiCl 

solution at 6 V. 

 

Detailed investigation of the micro and nanostructures 

related to the morphology were not planned and therefore this 

investigation could not be extended further. However, as very 

interesting results were obtained in relation to the surface  

morphology and sub-micron level structures and finer textures 

with a spongy metal deposition, we carried some exploration 

using the XRD technique. 
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Fig. 7 Electrodeposit shown in Fig. 2 (70 ºC) but at a higher resolution (10,000 X). 

 

Table 2. Characteristics of the three prominent peaks from Fig. 8. 

2Theta d (A) (hkl) Height Area β FWHM Particle Size (nm) 

44.34 2.04132 111 1326.4 77883.7 0.63 134.5 

51.679 1.76735 200 694 21043.7 0.61 831.1 

76.288 1.24716 220 491.2 33193.9 0.88 143.3 

 

 
Fig. 8 XRD spectrum of electrodeposited nickel at a cell 

operating voltage of 6 V. 

 

The XRD spectrum of electrodeposited nickel from 1 M 

nickel chloride solution in a circular cell operating at 6 V is 

shown in Fig. 8. There are three prominent peaks with details 

of XRD analysis for the three prominent peaks of the spectrum 

shown in Fig. 8 are tabulated in terms of characteristics of the 

respective peaks in Table 2. 

The particle size estimated in Table 2 make use of the 

Debye Scherrer formula  

D = kλ / (β cos (θ))                                  (2) 

where k is the crystalline shape factor  0.9, θ is Brag’s angle 

and λ is the X-Ray wavelength used = 1.5406Å and β is full 

width at half maximum. The particle size estimated for the 

three peaks is 134.5, 831.1, and 143.3 nm respectively. The 

values of 2 Theta and d shown in Table 2, columns 1 and 2 

respectively are in good agreement with those corresponding 

to JCPDS No 04-850. 

5. Conclusion 

The electrodeposition of nickel from nickel chloride solution 

is studied at different cell operating temperatures. 

Electrodeposited dendritic patterns of nickel from nickel 

chloride solution has been not reported from so far. It was 

observed that nickel dendrites are not developed under 

electrodeposition using circular cell geometry because the 

DLA like conditions required for the growth of branching 

patterns cannot be realized at room temperature for nickel 

chloride solution. The study of electrodeposition of nickel 

from nickel chloride solution showed that temperature range 

of 65 – 75 ℃ are most suitable for the development of the 

dendritic patterns with self-similarity and scale invariance, 

details are presented and findings discussed. It is also observed 

that under suitable working conditions these electrodeposits 

exhibit fine structure and the deposit being under DLA like 

conditions, it is porous and spongy with sub-micron size 

structures as is seen from the SEM images. The particle size is 

also estimated using XRD techniques that shows the presence 

of particles of less than 200 nm and others with a size of about 

830 nm confirming the presence of nanoparticles and 

nanostructures in the electrodeposited nickel. 
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