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ABSTRACT

Modern materials like Bi2Te3 nanostructures are one of the most promising

thermoelectric materials since they show a high value of the thermoelectric

figure of merit. This paper reports the effect of electrolyte pH (in a low pH range

starting from 0.25 to 1.50) on the structural, electrochemical, and thermoelectric

properties of the electrodeposited Bi2Te3 films. Two of the samples showed

significantly high values of Seebeck coefficient (49.28 lV/T and 45.26 lV/T,
respectively), which are comparable to the Si (42 lV/T), SiC nanowires (40 lV/
T), and Ge (47 lV/T) thermoelectric materials. Also, the observed crystallinity

and electrochemical behavior are in agreement with the thermoelectric results

for electrodeposited Bi2Te3 films. In nutshell, a lower range of pH of electrolytes

has been found to be a significant control parameter in the present study. Such

Plausible tailoring of properties would be helpful for the systematic study of

complex and multi-composite materials for various applications.

1 Introduction

There are many thermoelectric materials being stud-

ied in the form of thin films. Materials like Bismuth

Chalcogenides [1], Lead tellurides [2, 3], Inorganic

Clathrates [4, 5], Mg-BIV compounds [6, 7], Homolo-

gous oxides [8, 9], Half-Heusler alloys [10, 11] etc.

Among these materials, in the current thread of

research, Bi2Te3 has been studied extensively. This is

due to its high value of thermoelectric figure of merit

at room temperature. In addition, out of many

methods of synthesis, electrodeposition method has

been explored by the researchers. Electrodeposited

Bi2Te3 nanowire arrays (12–33 lV/K), pulse elec-

trodeposited Bi2Te3 thin films (- 65 lV/K), and n-

type Bi2Te3 films (- 51.6 lV/K) had shown Seebeck

coefficient ranging from 12 to 65 lV/K [12–14].
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Electrodeposited thin films exhibit excellent ther-

moelectric properties as a function of reaction

parameters [15–21]. In addition, the deposition rate of

various phases followed by crystallite sizes can be

controlled via electrodeposition parameters. And

hence, this method is suitable for depositing thin

films for the purpose of thermoelectric applications.

Theoretically, a material has better thermoelectric

properties if electrical conductivity of the material is

high and thermal conductivity of the material is low.

A conductor or a semiconductor material shows

thermal conductivity on account of two major phe-

nomena viz. transport of heat through charge carries

and transport of kinetic energy through particle like

behavior of lattice vibrations known as phonons.

Transport of charge carriers contributes to both

thermal and electrical conductivity. Thus, higher

electrical conductivity by virtue of charge carrier

transport also increases the thermal conductivity by

this route. However, the amount of heat transported

through phonons is decided by the crystal structure

and crystallite size in case of crystalline solids

[22, 23]. Thus, for a thermoelectric material, we need

to optimize the crystallite size for optimal electric and

thermal conductivities. Many studies have been

reported for the deposition of Bi2Te3 films. However,

the tailoring of the structural, electrochemical, and

thermoelectric properties as a function of lower range

of pH has not been explored in detail. Thus, it is

indeed necessary to investigate such dependence of

different properties over a reaction parameter(s).

And, it may be helpful, since nowadays even more

complex and multi-composite materials (like per-

ovskite) are being studied not only for thermoelectric

but also for other properties like semiconducting,

photoelectric, and supercapacitive actions.

The purpose of setting the parameters is to achieve

thermodynamically optimal conditions for electro-

chemical deposition of ions on to the substrate as well

as nucleation and growth of material in the elec-

trolyte. For this purpose, under potential deposition

method was used to ensure a uniform and thin

deposition of the material. The stainless-steel plates

were chosen to be the deposition substrate. Accord-

ing to literature review, mutually induced co-depo-

sition of Bi3? and Te2? ions happens if correct

electrochemical parameters are set [15, 18]. The ions

will be deposited together at a potential more posi-

tive than both the deposition potentials of individual

ions. It is also required that formation of the said ions

must occur when the precursors are dissolved into

the solvent. With these conditions in place, optimized

deposition potential was explored earlier and found

out to be - 400 mV/SCE at room temperature [20].

To optimize thermal and electrical properties as

function of crystallinity through exploring the lower

range of pH for electrodeposition of Bi2Te3 thin film

is the aim of present study.

In this article, we report the properties of 6 films

that were deposited at the optimum deposition

potential of - 400 mV/SCE with pH varying from

0.25 to 1.5 in the interval of 0.25 and designated as P1

to P6, respectively. The range for pH parameter is

selected as per the Pourbaix diagram for electrode-

position carried out with the route as stated below

[15]

TeO2 þHþ ! HTeOþ
2 ; ð0:37\pH\0:07Þ ð1Þ

HTeOþ
2 þHþ ! Teþ4 þH2O ð2Þ

Bi2O3 þ 4Hþ ! 2BiOHþ2 þH2O; atpH\0:047 ð3Þ

BiOHþ2 þHþ ! Biþ3 þH2O ð4Þ

3Teþ4 þ 2Biþ3 ! Bi2Te3 þ 18e� ð5Þ

For Eqs. 1–4, the rate of the reaction will be decided

by the H? ion concentration, i.e., pH of the solution.

Since pH of the electrolytes decides the deposition

rates of Bi and Te, the quality of co-deposited product

is in turn impacted. Quality parameters include

purity (relative amounts of Bi2Te3, Te, Bi, and other

compounds) and crystallinity (phases and crystallite

size). These parameters affect the electrical and

thermal properties of the deposited material which is

to be used for thermoelectric applications.

2 Experimental procedures

In the present synthesis, solutions of A.R. grade bis-

muth nitrate (Bi2(NO3)3.5H2O) and tellurium dioxide

(TeO2) were prepared in nitric acid (HNO3), respec-

tively, in two different beakers, wherein Bi2(-

NO3)3.5H2O acts as a precursor of Bi3? and TeO2, that

of Te2- explained in the following steps as shown in

Fig. 1 [15, 18, 20].

First, the bath of 7.5 mM Bi3? was prepared by

adding 0.90 gm of bismuth nitrate in 250 ml of 1 M

nitric acid and kept for 15 min until a uniform mix-

ture was formed. Second, 0.1 M ethylene diamine
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tetra acetic acid (EDTA), a complexing agent, was

then prepared in 100 ml double distilled water.

Third, 3 ml of 0.1 M EDTA then added to the first

bath containing bismuth source to obtain Bi3? EDTA

complex. Fourth, 10 mM solution was prepared in

1 M (250 ml) of nitric acid under constant stirring at

80 �C temperature for 30 min. Fifth, 13.5 ml of Te2-

precursor solution was slowly introduced into the

16.5 ml that of Bi3? EDTA complex precursor solu-

tion under constant stirring. The pH of prepared

electrolyte was varied from 0.25 to 1.5 with increase

of 0.25 using liquor ammonia. The reaction is con-

sidered to be based on slow release of Bi3? and Te2?

ions in the presence of EDTA, which helps for

obtaining the soluble species of the Bi3? in acidic

medium during the synthesis process [4]. The elec-

trodeposition was carried out for different pH [P1–

P6] of electrolyte mixture of 7.5 mM Bi3? and 10 mM

TeO2 at - 400 mV/SCE at room temperature for the

deposition time of 40 min and named as P1–P6,

respectively. The flowchart in Fig. 1 shows the step-

wise process involved in the electrodeposition of

Bi2Te3 thin films as function of pH [15, 18, 20].

3 Results and discussion

The prepared films were characterized to determine

the properties viz. elemental composition, crystal

structure, phase, crystallite size, morphology, thick-

ness, and thermoelectric properties (Seebeck Coeffi-

cient, Power Factor and Figure of merit). These

results are presented and discussed below.

Cyclic voltammetry (CV) analysis for precursors

and their mixture at various pH and concentration

was carried out using Potentiostat Interface model

1000 (IFC100004015, Garmry). Thicknesses of the all

the deposited films were measured with weighing

balance made by Shimadzu (AUX220) having least

count of 10 mg. Structural analysis and phase detec-

tion of the Bi2Te3 crystals in the electrodeposited

films were carried out with the help of Panalytical

Xpert PRO X-ray diffractometer (XRD) with Cu Ka
radiation (k = 1.5405 A�). Surface morphology and

compositional analysis were carried out using a

scanning electron microscope (JEOL-JSM 6360) (SEM)

with energy-dispersive X-ray spectroscopy (EDXS)

Hitachi High (S 4800 Type II) with acceleration volt-

age at 20 kV. Electronic properties were studied

using Hall probe method ECOPIA hall effect mea-

surement system (HMS-3000). Seebeck coefficient

measurement was carried out with the laboratory

made setup (Two K type thermocouples, Rishabh

multimeter (Multi 14S), HTC (DT302) Thermometer).

Thermal conductivity was measured with the Nano-

flash (LFA 447) Netzsch instrument. The phase

analysis of samples using XRD patterns has been

made using Xpert Highscore package with Reference

Intensity Ratio (RIR) method (more confident).

3.1 Cyclic voltammetry

Cyclic voltammetry curves were recorded during

deposition process and are shown in Fig. 2 for the

films P1–P6 (7.5 mM Bi3?, 10 mM TeO2?, and 0.1 M

EDTA). The curves show distinct oxidation and

reduction peaks within the potential range of

- 400 mV/SCE to 700 mV/SCE. For P1 film, we see

an oxidation peak at 432.0 mV and reduction peaks at

- 343.9 mV and - 250 mV. The reduction peaks

indicate the deposition of Te ions through two dif-

ferent modes [15]. Single oxidation peak for P1, P2,

and P3 CV curves indicates that deposited material

indeed is Bi2Te3. However, in case of P1 and P2, the

presence of Nucleation loop indicates irreversible Te–
Fig. 1 Stepwise process involved in the electrodeposition of

Bi2Te3 thin film of samples (P1–P6)
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Te deposition [15], while in case of P3, large reduc-

tion peak indicates dominant but reversible Te–Te

deposition. While in case of P4, P5, and P6 films,

there is additional small oxidation peak after the Bi

oxidation peak. This may correspond to decomposi-

tion of Te or Bi atoms. In case of P4 and P5, the

nucleation loop similar to that in P1 and P2 indicates

irreversible Te–Te deposition. In addition to the

major reduction and oxidation peaks, there are other

oxidation and reduction peaks present in case of

Samples P4 and P5 which again may correspond to

decomposition of the deposited Bi and Te.

Another major aspect of the CV analysis is

regarding movement of the oxidation and reduction

peaks with the pH parameter. P2 shows dominant

deposition of Bi at moderate oxidation potential of

4.302 V while P1, P3, and P4 show such deposition at

higher potential and P5 and P6 at lower potential.

In case of deposition of Te by reduction, P2 shows

lowest negative potential of (- 0.3241) for deposition

while all other samples show reduction peaks of Te at

a larger negative potential [12].

3.2 Thickness

Thicknesses of the films were measured using indi-

rect weighting difference method. The average

thicknesses of the films are plotted in Fig. 3. P2

sample shows the largest average thickness while P4

shows the smallest. This parameter indicates the rate

of deposition of the material since the films are

deposited within the same amount of time interval.

Thickness of the material was assumed to be uniform

as we are using electrochemical method for

deposition.

Any parameter that is calculated here onward is

intrinsic parameter. It is desirable to have thinner

films so that the parameters will be better since the

parameters are usually calculated per unit volume or

mass.

3.3 X-ray diffraction

X-ray diffraction patterns for all the samples are

shown in Fig. 4. The XRD patterns show the presence

of polycrystalline structure. Signature peaks of Bi2Te3
around 2h * 27.74�, 41.02�, 44.32�, and 50.44� corre-

sponding to (h k l) planes (0 1 5), (1 1 0), (0 0 15), and

(2 0 5) [24], respectively, are seen in all the samples.

Intensities of the most prominent peak (0 1 5) can be

seen to have different intensities relative to other

peaks for different samples.

Further, Table 1 shows the average crystallite sizes,

micro-strains, and dislocation densities for the films

P1 to P6 obtained using the full width at half-maxi-

mum (FWHM) from XRD patterns.

Fig. 2 Cyclic voltammograms Bi2Te3 with different pH values

from (P1–P6)

Fig. 3 Thickness variation of the samples (P1–P6) for deposition

time of 40 min

875 Page 4 of 9 J Mater Sci: Mater Electron (2023) 34:875



For the analysis, Scherer’s equation and standard

JCPDS card No: 15-0863 [24] for Bi2Te3 were used.

Scherer’s equation is given below:

s ¼ Kk
bcos hð Þ

where, s is the mean crystalline domains size, K is the

shape factor, k is the X-ray wavelength, b is the

FWHM, and h is the Bragg angle.

Samples P1, P2, and P6 show narrower and larger

(0 1 5) peak while P3, P4, and P5 show wider and

smaller (0 1 5) peaks. Widening of the peaks is due to

small crystallite size (in nanometres) as well as due to

induced microstrain in the films. Larger intensities of

the material compared to peaks of the substrate

indicate larger phase percentage. (1 0 10) and (1 1 0)

peaks are present prominently in only P1, P2, and P3

samples. (0 0 15) peak is present in all the samples but

for P6, the peak is smaller as compared to other

samples. Note that the samples P2 and P6 show all

the peaks and larger (0 1 5) peak as compared to the

substrate peak. From this analysis, we conclude that

P2 and P6 must have significant amount of Bi2Te3
crystallites. This is further confirmed by phase anal-

ysis performed using RIR method from XRD data as

indicated in Fig. 5.

The crystallite size analysis indicates that P6 fol-

lowed by P2 has the largest crystallite size and thus

the lowest microstrain.

3.4 Elemental analysis

Elemental analysis performed using EDAX is shown

in Table 2. Samples P2, P3, and P4 are relatively

closer to the actual stoichiometric ratio of 0.67 for the

compound. However, it has been proved before that

this material can exist in same phase with different

Fig. 4 X-ray diffraction patterns of samples (P1–P6)

Table 1 XRD analysis for [0 1 5] plane

# 2h a b D e d

P1 27.74 3.21 1.122 7.61 47.53 231.77

P2 27.54 3.23 1.108 7.71 46.61 171.82

P3 27.68 3.22 1.124 6.89 52.53 261.17

P4 27.72 3.21 1.565 5.46 66.30 415.94

P5 27.72 3.21 1.702 5.02 72.10 491.95

P6 27.81 3.20 0.871 9.81 36.84 128.78

# sample number, 2h Bragg’s Angle in degrees, a lattice parameter

in angstroms, b FWHM in degrees, D crystallite size in

nanometres, e microstrain in 1016 linesm-2 and d dislocation

density in 10-4line-2 m-4

Fig. 5 Bi2Te3 Phase amount for the samples (P1–P6) using XRD

data
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stoichiometric ratios [15]. Samples P1, P5, and P6 are

quite Bi rich as compared to other 3.

3.5 Scanning electron microscopy

Figure 6 shows the SEM images morphology of the

samples. All samples exhibit dendritic masses fused

together to various degrees (refer to high resolution

figures located at the insets of the SEM images). SEM

images show a fused mass of dendrites for P1 sample,

relatively separated dendritic masses in the form of

aggregated balls for P2. While P3 shows morphology

similar to P2 but for P2, the balls have more clear

boundaries than P3. The SEM image for P3 also

shows two different areas, light and dark, which may

be interpreted as follows. Dark area refers to a flatter

morphology with less dense mass, while light areas

refer to balls shaped areas. P4 shows morphology

with dendrites forming a continuous mass similar to

P1 but with larger voids which are in the case of this

particular snap is all oriented along same direction.

P5 and P6 both again show aggregated balls type

morphology. But P6 has the dendritic structures more

separated than P5.

Morphology of the structure is an important

parameter since thermal as well as electrical con-

ductivities depend on the morphology. One can

conclude that, more fused dendritic structures results

in to the good thermal conductivity. Such large val-

ues of conductivity are detrimental to the thermo-

electric effect as per the obtained figure of merit (ZT)

in the present work [25–27]. Thus, we expect P2 and

P6 to perform better as a thermoelectric material

provided they show good electrical conductivity.

3.6 Thermal conductivity

Thermal conductivities of the samples were mea-

sured and are plotted in the Fig. 7.

High thermal conductivity of P3 brings down the

performance of the film, while P2 has relatively high

but still low enough thermal conductivity in addition

to the co-deposition-favored crystal structure which

is favorable for better thermoelectric performance.

For all other samples, the thermal conductivity is

very low. If the electrical conductivities of these

samples are high enough the samples will perform

better as thermoelectric materials [22, 23].

3.7 Four probe

The electrical conductivities of the samples shown in

Fig. 8 are measured using four probe methods.

Highest conductivity was shown by the P3 sample

while others show significantly lower conductivities.

P2 exhibits second best value for conductivity.

However, as stated, earlier to large value of thermal

conductivity may become detrimental for a thermo-

electric material. We may expect P2 to be one of the

best thermoelectric materials from all the samples

since it shows the combination of favored co-depo-

sition, moderate thermal conductivity, as well as

moderate electric conductivity.

Low conductivity despite large crystallite size of

samples P1, P5, and P6 may be due to the Bi richness

which was discussed in elemental analysis section.

Which means though these samples show larger

crystallites, the crystallites may be surrounded by Be-

rich phases. Hence, such deposition shows lower

conductivity despite of larger crystallite size, whereas

samples P2 and P3 show large conductivity despite

smaller crystallite size. In short, not only the amount

of crystal boundaries but also the ease of conduction

of charge carriers across a boundary will also affect

the electrical and thermal conductivity.

3.8 Seebeck coefficient and figure of merit

The Seebeck coefficients plotted in Fig. 9 for the

samples are calculated using a laboratory made

setup. The best Seebeck coefficient as shown in Fig. 9

was exhibited by P2 sample followed by P6, P1, and

P3. As mentioned earlier, the reason for the best

performance of P2 may be the combination of mod-

erate electrical conductivity, low thermal conductiv-

ity, and co-deposition dominated phase. This agrees

with the phase analysis discussed in XRD section.

Figure of merit is a performance indicator used to

compare the performance of the materials. In this

Table 2 Elemental analysis for samples (P1–P6)

Sample Bi% Te% Bi/Te

P1 54.28 45.72 1.19

P2 49.31 50.69 0.97

P3 46.43 53.57 0.87

P4 48.94 51.06 0.96

P5 57.11 42.84 1.33

P6 57.90 42.10 1.38
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case, figure of merit to measure thermoelectric per-

formance of a material is given by [25, 26, 28]

ZT ¼ rS2

j
T

where r is electrical conductivity, S is Seebeck coef-

ficient, j is the thermal conductivity, and T is the

absolute temperature.

Hence, to achieve better thermoelectric properties,

the material must have high electrical conductivity,

Seebeck coefficient, and low thermal conductivity

[15, 25, 28, 29].

Thermoelectric figure of merits for samples (P1–P6)

are plotted in Fig. 10 and are calculated using the

electrical conductivities, thermal conductivities, and

Seebeck coefficient of the samples.

Taking into account all electrical conductivity

(large for P3 and moderate for P2), Seebeck coefficient

(large for P2 and moderate for P1, P3, and P6), and

thermal conductivity (large for P3 and moderate for

P3 while others have low thermal conductivities), P2

performs as the best thermoelectric material followed

by P6, P3, P4-P5, and P1 as per the figure of merit

(ZT).

Fig. 6 Scanning Electron Images of samples (P1–P6): 3000 9 main images and 6000 9 (higher resolution) images in inset
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4 Conclusion

The paper reports successful electrodeposition of

Bi2Te3 films for thermoelectric applications using

lower pH as a control parameter. XRD and CV

spectra revealed that pH has significant control over

the rate of all redox reactions that are possible in

given electrolyte. Hence, pH in turn controls the rate

of deposition of various phases of the substance on to

the substrate. Thus, variation of the pH causes vari-

ation of thermal and electrical conductivities that in

turn vary the thermoelectric properties of the

deposited material. This is evident from the CV and

structural results that complement the thermoelectric

observations.

Sample P2 found to yield better Bi2Te3 as a ther-

moelectric material (S = 49.28 lV/T, ZT = 0.099)

than the Si (* 42 lV/T) and Ge (* 47 lV/T) ther-
moelectric materials. This performance is exhibited

on account of moderate electrical conductivity and

low thermal conductivity due to optimal crystallite

size and phase amount. This suggests that opti-

mization of other reaction parameters in combination

with pH would open an interesting way out to study

complex or multi-composite materials for various

applications.
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