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ABSTRACT 

Bismuth Telluride (Bi2Te3) dendritic nanostructures were prepared on stainless steel substrate 

by electrochemical deposition from an aqueous solution of bismuth nitrate and tellurium dioxide in 

the presence of nitric acid. The structural and morphological properties of the deposited films were 

investigated as a function of applied deposition voltage. X-ray diffractometric studies confirmed the 

rhombohedral phase of Bi2Te3 crystals in the deposited films. The deposition potential apparently 

was found to be playing a significant role in controlling the reaction rate resulting in the evolution of 

dendritic Bi2Te3 crystals with preferred orientation along (0 0 15) hkl plane. These Bi2Te3 

nanocrystals can be used effectively in variety of applications such as thermoelectric refrigeration, 

thermoelectric generator (TEG), thermoelectric cooling (TEC), thermal sensor etc. 
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INTRODUCTION 

Of-late, synthesis of semiconductor chalcogenides with different noble nanostructures have 

been attracting great attention over past few years because of their peerless electrical, morphological 

and thermal properties 
1-3

. These inherent properties the metal chalcogenides offer due to their shape, 

morphology and crystallinity, which make them potential candidates suitable  for many applications 

such as energy harvesting thermoelectric and storage devices 
4-10

 and sensors 
11

. Thus, in recent 

years, there has been a large interest in the research of synthesis of noble nanostructures with defined 

shapes and preferred crystallinity 
12-15

. Out of the numerous morphological nanostructures, the 

dendritic nanostructures open up new possibilities for their applications 
16-18

. This may be due to 

their large surface area composed of trunks and branches, resulting in good electrical and thermal 

conductivity 
19

. 

Recently various experimental studies have been carried out to obtain Bi2Te3 dendritic 

nanostructures through different methods 
8, 20-24

. However, many reports on the synthesis of Bi2Te3 

reveal that, the morphologies obtained are rough and porous, which results in a lower power factor 

25
. Therefore, the synthesis of symmetrical and well defined dendritic shaped Bi2Te3 nanostructures 

is still a challenging field of research. 

Among all these techniques, electrodeposition is one of the simplest and facile ways for the 

controlled synthesis of dendritic structures. This is because; the applied potential plays the role of a 

driving force, which guides the ions in the electrolyte. This in turn decides the growth rate of 

nanostructures on the substrates during the electrodeposition 
26

.  

In the present work, Bi2Te3 dendritic nanostructures consisting of lily flowers having 

preferred orientation along (0 0 15) were synthesized via a simple electrodeposition technique. The 

growth mechanism of the dendritic nanostructure was analyzed on the basis of the orientated 

attachment model.  

EXPERIMENTAL DETAILS 

Electrodeposition of Bi2Te3 films 

In the present synthesis, solutions of bismuth nitrate (Bi2(NO3)3.5H2O) and tellurium dioxide 

(TeO2) were prepared in nitric acid (HNO3), respectively in two different beakers, wherein Bi2(NO3)3 

.5H2O acts as a precursor of Bi
3+

 and TeO2, that of Te
2-

explained in the following steps.  

First, the bath of 7.5 mM Bi
3+ 

was prepared by adding 0.90 gm of bismuth nitrate in 250 ml 

of 1M nitric acid and kept for 15 min until a uniform mixture was formed. Second, 0.1 M Ethylene 

Diamine tetra acetic acid (EDTA), a complexing agent was then prepared in 100 ml double distilled 
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water. Third, 3ml of 0.1M EDTA then added to the first bath containing bismuth source to obtain 

Bi
3+

- EDTA complex. Fourth, 10 mM solution was prepared in         ml  of nitric acid under 

constant stirring at 8    temperature for    min  Fifth, 13.5 ml of Te
2-

 precursor solution was slowly 

introduced into the 16.5ml that of Bi
3+

-EDTA complex precursor solution under constant stirring. 

The reaction is considered to be based on slow release of Bi
3+

 and Te
2-

 ions in the presence of 

EDTA, which, helps for obtaining the soluble species of the Bi
3+

 in acidic medium during the 

synthesis process 
27

. The electrodeposition was carried out for various applied potentials viz. -350, -

400, -450, -500, -550 and -600 mV w.r.t. Standard Calomel Electrode (SCE) at room temperature for 

the deposition time of 40 min and named as a-f respectively. 

Structural analysis and phase detection of the Bi2Te3 crystals in the electrodeposited films 

were carried out with the help of Panalytical Xpert PRO X-Ray Diffractometer with  u Kα radiation 

 λ =    4   A˚   Surface morphology and compositional analysis were carried out using a scanning 

electron microscope (SEM) and an energy dispersive X-ray analysis setup (EDXS) attached with 

SEM (model: JEOL-JSM 6360) and respectively.   

RESULTS AND DISCUSSIONS  

X-ray diffraction studies of Bi2Te3 thin films 

Fig.1 shows XRD patterns for samples a–f. It can be seen from fig. 1 (A) that diffractograms 

for samples a-d have a defined peaks around  θ ~  7 66˚,  8 8 ˚, 4   4˚, 44  7˚, and      ˚ 

corresponding to the hkl planes (0 1 5), (1 0 10), (1 1 0), (0 0 15) and (2 0 5), respectively. The 

observed peaks were compared with standard diffraction values of JCPDS card No: 15-0863, which 

confirms the rhombohedral phase of Bi2Te3 crystals in the deposited films. However, fig. 2 (B) 

shows that samples a-d have the polycrystalline nature with maximum intensity signature peak along 

(0 1 5) around  θ ~  7 66˚. Interestingly, at deposition potential of -550 mV the sample “e” showed 

preferred orientation along (0 0 15) around  θ ~ 44  7˚. The dominant peak along (0 1 5) around  θ 

~  7 66˚ observed, gets broader as you go from the sample “a to e”  However, in case of sample „f‟, 

the obtained XRD pattern has the signatures same as samples a-d. 
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Fig1. (A) X-ray diffraction patterns of sample (a-f) (B) Crystallographic plans observed for samples (a-f). 

Such obtained X-ray diffraction patterns can be discussed on the basis of the regular growth 

and kinetics of crystals in electrodeposition technique, presented in fig. 2 (A-C). Generally, in case 

of electrochemical deposition the nucleation and growth is guided by the various parameters viz. 

temperature, pH, concentration and potential gradient created by the electrodes.  

 

Fig2. (A) Schematic showing probable mechanism of formation of observed crystalline phases for samples (a-f), 

(B) X-ray diffractograms for samples (a-d), (C) X-ray diffractograms for of sample (e). 

It appears that in samples a-d, the nucleation and growth of nanocrystals are purely driven by 

the thermodynamic potential
28

. The mechanism of crystal growth in electrodeposition is a well 

understood phenomenon 
29-30

. Generally, in deposition, the ions or molecules in the reaction bath 

collide with each other and form embryos. These embryos are a result of precipitation and 

coagulation of ions in the solution for which the equilibrium state is decided by the thermodynamic 

potentials. The embryos have a critical size below which they re-dissolve into the solution and are 
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thus, thermodynamically unstable. However, in heterogeneous nucleation like the present case, the 

deposition potential along with thermodynamic potential may have electrically guided the embryos 

towards the substrate during the deposition. This lowers the energy required for the formation of 

interface between the embryo and the solid substrate, which, initiate the nucleation over the surface 

of electrode. Further, the cationic and anionic species in the solution to be deposited get electrically 

guided and deposited over the embryo and start growing into a crystal. In general, during deposition 

where thermal treatment is not involved, the crystals start growing along the geometric orientations 

as a function of deposition potential, which minimize the energy configuration of the system  
31

. This 

is presented using schematic in fig. 2 (A) and XRD for samples a-d in fig. 2 (B).   

Thus, as discussed above, in case of sample “e”, the process of nucleation and growth 

dynamics is observed to be driven by both the electrical potential and thermodynamic potential. This 

may be a because of the redistribution of charge densities in the crystal lattice at particular potential 

of -550 mV. This results in the growth of Bi2Te3 crystals having a preferred orientation along (0 0 

15) as shown in schematic fig. 2 (A) and XRD for sample „e‟ in fig  2 (C).  

At the same time, in case of sample „e‟, as discussed above, the nucleation and growth may 

have been driven by the combination of the deposition potential and thermodynamic potential. This 

might have resulted in crystal strain due to which the broadening of the peak (0 1 5) around  θ ~ 

 7 66˚is observed in XRD for sample „e‟ in fig  2 (C). 

Further, in case of sample „f‟ the nucleation and growth may have been dominated by the 

deposition potential over thermodynamic potential. This might have resulted development of defects 

due to the rapid but haphazard growth unlike sample „e‟, forced by the electro-deposition potential. 

Thus, in case of sample „f‟ XRD pattern indicates the presence of individual unit cells and no 

preferred direction of growth, which is in agreement with the morphology for sample „f‟  Further the 

(0 1 5) peak is sharp again which indicates absence of strain in the unit cell since there is no 

competition between the two growth mechanisms.  

In addition, the induced micro-strain and dislocation density measurement have been carried 

out along (015) plane for samples a-f and tabulated in Table 1. However, the variation of obtained 

values of strains versus deposition potential are plotted and presented in fig. 3 (A, B), which in 

agreement with the above discussion.  

The correction for the instrumental broadening was carried out by using the corundum 

standard sample. Further, diffraction peak broadening due the induced micro strain has also been 

removed by using standard method from literature 
32

.  
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Table 1: Induced micro strain and dislocation density measurements along (015) plane for samples (a-f): 

Deposition 

Potentials 
2θ (degrees) 

d- spacing in 

A˚ 

FWHM β     

[˚2Th.] 

Crystallite 

Size , 

D (nm) 

Micro 

strain 

ε (10
-4

 lin
-2

 

m
-4

) 

Dislocation 

Density                                                          

δ (10
16

 

line/m
2
 ) 

-350 Mv 27.7 3.220 0.962 8.88 40.75 157.18 

-400 mV 27.68 3.223 1.139 7.50 48.26 220.35 

-450 mV 27.92 3.195 1.099 7.78 46.54 204.94 

-500 mV 27.68 3.223 1.194 7.15 50.59 242.15 

-550 mV 27.72 3.218 1.342 2.69 134.59 1714 

-600 mV 27.69 3.221 1.497 5.71 63.42 380.63 

 

 

Fig3. Variation of (A) induced micro strain (B) dislocation density as a function of deposition potential along (015) 

plane for samples (a-f). 

Morphological studies of Bi2Te3 thin films: 

Fig.4 represents the typical beautiful SEM images of as prepared Bi2Te3 dendritic 

nanostructures for different deposition potentials. At the initial stage of electrodeposition some 

dendritic nuclei of bismuth telluride were found on the rough surface of the substrate along with a 

few smaller dendritic nanostructures (Sample a). Further, the electric field around the substrate led to 

the deposition of Bi2Te3 crystals on the surface of already existing particles and nanoparticles start 

reforming initially into spheres (Sample b) and then in agglomeration of the spheres (Sample c & d). 

Further diffusion of Bi2Te3 ions may lead to the nucleation of Bi2Te3 crystals on the trunk that finally 

resulted in the formation of dendrite structures (sample e). The diameter of the branches is observed 

about 37–100 nm. 
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Fig4.  Scanning Electron Micrographs of samples (a-f). 

Growth analysis of Bi2Te3 crystals in electrodeposited thin films 

The evolution of different morphologies a function of deposition potential are explained on 

the basis of thermodynamic nucleation and growth along with oriented attachment mechanism and 

presented with the help of growth schematic as shown in fig. 5(a-e). 

Initially, SE  image of sample “a” presented in fig. 4(a) show uniformly distributed Bi2Te3 

dendrites. Further, as seen from SEM image shown in fig. 4 b , sample “b” electrodeposited at -400 

mV, showed agglomerated morphology. These indicate that, during electrodeposition at room 

temperature, the thermodynamic potentials may have dominated the deposition potential and initiated 

the nucleation and growth. And thus, schematic shown in fig. 5 (b), reveals how crystals in sample 

“b” acquire spongy spherical morphology in order to minimize the surface energy 
33

.  

These agglomerates seem to be guided towards each other to have the morphology as seen in 

the SEM image presented in fig. 4(c-d). It may be argued that, as we increase the potential, 

electrodeposition potential along with the thermodynamic potential both, drive the nucleation and 

growth processes. This may have leaded the growth by oriented attachment of the spherical 

agglomerates, as shown by the growth schematic in fig. 5(c-d).  

Further, as we see that, in case of sample “e”, with enhanced deposition potential, the 

nucleation and growth observed to be completely dominated by the deposition potential over 

thermodynamic potential. This is evident from the lily flower-like dendrites formed by small spongy 
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spheres. This is because, at higher deposition potential such as -550mV, the stronger electric force on 

the embryos formed in the electrolyte is causing the coagulation before they could grow bigger and 

become unstable due to thermodynamic potentials. Thus, during the initial stage, embryos get guided 

by the electrodeposition potential and grow as spongy spheres of smaller size as shown in fig. 4(e-3).  

Since, during the study, deposition potential is the only parameter that is been varied,  it may 

be argued that, the smaller size of agglomerates and their growth by attachment to each other is 

observed to be accelerated with the electrodeposition potential from sample a-e. Thus, the time 

available for the Bi
3+

 and Te
2-

 to nucleate and grow is limited and thus, allowed the agglomerates to 

grow to smaller sizes. At the same time, it may have favored the oriented attachment of the small 

spongy spheres to have lily flower like morphology as shown in schematic in fig. 5(e). Such oriented 

attachment growth in particular direction of the crystal is evident from the change in the intensity of 

the X-ray diffraction peaks along (0 0 15) plane.  

 

Fig5.  Schematic showing probable growth mechanism of samples (a-e). 

In case of sample „f‟ the growth is fully controlled by the deposition potential and the growth 

seems to be haphazard since there may be more than one places of low electric potential for the 

nuclei to attach on the deposited mass. The deposition potential of -600mV does not allow the nuclei 

to get oriented in a particular direction as shown in fig. 4(f). 

Elemental studies of Bi2Te3 thin films 

The elemental analysis of the electrodeposited Bi2Te3 film samples (a-f) was carried out using 

an energy dispersive X-ray spectroscopy (EDXS). Fig. 6 shows that average atomic percentages of 
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Bi and Te are found to be controlled by the deposition potential. Besides that, the Bi-rich telluride 

compounds are formed from sample a-f. This may be because of enhanced reduction reaction of Bi
3+

,
 

which is controlled by deposition potential along with TeO2
2+ 

reduction to form Bi2Te3 compounds 

on stainless steel substrates with slightly different stoichiometry 
34

.  

 

Fig 6. Typical EDXS spectra for samples (a-f). 

CONCLUSIONS 

To summarize, the Bi2Te3 dendritic nanostructures have been synthesized on stainless steel 

substrate by ELECTRODEPOSITION. The advantage of this technique reported here is that, the 

morphology of dendritic nanostructure can be varied with deposition potential. Series of scanning 

electron micrograph images revealed evolution of beautiful oriented dendritic structures as a function 

of deposition potential. This is in agreement with the discussion of preferred growth of crystals in 

deposited Bi2Te3 films. The growth mechanism of synthesized dendritic nanostructures was 

explained by the oriented attachment mechanism. This nanostructure may have important 

applications in thermoelectric refrigeration, thermoelectric generator (TEG), thermoelectric cooling 

(TEC), thermal sensor etc. 
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