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ABSTRACT

Electrodeposition method was used to synthesise n-type bismuth telluride (Bi2Te3)

films on recycled carbon fibre under different deposition conditions. D-optimal

model under response surface methodologywas used to design the experiment and

optimise the following deposition parameters: deposition potential (V), deposition

time (h), deposition temperature (�C) and electrolyte composition (molar concentra-

tion). The effects of electrodeposition parameters were evaluated within the limits of

deposition potential (-0.10 to -0.60 V), deposition time (0.5–3 h), deposition tem-

perature (25–60 �C) and electrolyte composition (0.2, 0.4 and0.6 of Bi/(Bi ? Te)). The

optimum conditions for the electrodeposition parameters with the least amount of

chemicals, time and energy consumption were -0.10 V, 0.5 h, 25 �C and 0.240 Bi/

(Bi ? Te), respectively, for deposition potential, deposition time, deposition tem-

perature and electrolyte composition. Moreover, the validation of predicted values

shows good agreement with experimental results with 1.45% deviation.

Introduction

Thermoelectric modules are defined as devices that

generate an electric potential gradient from a thermal

gradient, or vice versa,without any actuatingparts. The

conventional and commercial thermoelectric power

generators consist of a rigid ceramic substrate that acts

as the sink plate and absorber plate with thermoelectric

elements stacked in themiddle [1].However, the lack of

flexibility and the sheer size of these conventional

devices have proven to be the Achilles Heel, thus lim-

iting its potential applications. Hence, in order to

enhance thermal contact with heat sources of different

geometry and prevent large thermal energy losses [2],
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there is a need for a thermoelectric generator (TEG) that

easily conforms to any surface [3].

Flexible TEGs have been fabricated in the past

using inorganic materials such as Bi2Te3 and Sb2Te3
on flexible substrates [2–4] or by using flexible poly-

meric materials such as poly(3,4-ethylenedioxythio-

phene) (PEDOT) [5, 6] and polydimethyl siloxane

(PDMS) [7]. However, polymeric-based thermoelec-

tric materials have relatively lower ZT values

(0.3–0.4) approximately three orders lower than that

of inorganic materials. On the other hand, Bi2Te3 has

the highest reported value of ZT & 1.4 at a room

temperature range of 200–400 K which is suitable for

portable power generators [3, 8, 9]. The cost of a TEG

can be reduced by employing recycled materials as

flexible substrate; one such suitable candidate is

recycled carbon fibre (RCF).

RCF has been primarily explored for its mechanical

properties in structural applications [10–12]; however,

recycling leads to a slight decrease in tensile strength

properties which makes it challenging to be used for

structural purposes currently. Though recycling leads

to reduction of mechanical properties, the electrically

conductive nature of carbon fibres is preserveddespite

recycling [13]. The high electrical conductivity of car-

bon fibre sheets (104–10-5 Sm-1), has enabled it to be

integrated into polymer matrix composites and also

cement composites for thermoelectric and heating

applications as fillers [14–16]. Thus, due to its inherent

electrical conductive nature RCFhas the potential to be

used as a thermoelectric substrate.

Thus, in this study RCF is chosen as a viable sub-

strate to replace the conventional ceramics due to its

flexible, lightweight nature and as a means to close

the recycling loop for RCF.

The primary parameter that determines the opti-

mal performance of a thermoelectric module is the

figure of merit (ZT) given by Eq. (1).

ZT ¼ Ta2

qj
ð1Þ

where a is the Seebeck coefficient (lV/K); T is the tem-

perature (K); q is the electrical resistivity (X m); and j is

the thermal conductivity (W/mK). Seebeck coefficient is

given the primary attention in this study due to its sig-

nificant contribution to the ZT value as shown in Eq. (1).

In this study, the thermoelectric element chosen to

be deposited on RCF is n-type bismuth telluride

(Bi2Te3) as it has the highest reported value of

ZT & 1.4 at a room temperature range of 200–400 K

which is suitable for portable power generators

[3, 8, 9]. Electrodeposition was chosen to deposit

Bi2Te3 on RCF as it is a cost-effective, room temper-

ature operation and provides a large area for depo-

sition which is suitable for industrial application, and

the composition of the films can be easily monitored

by altering the electrodeposition parameters [17].

Though electrodeposition of Bi2Te3 using nitric acid

electrolytes has been widely studied from the year

1993 [18], a majority of work focused on varying

deposition potentials with different substrates

[17, 19–22]. There was also some work done by

varying the amount of bismuth and tellurium pre-

cursors to observe its effects on thermoelectric prop-

erties [23–25]. Both parameters showed substantial

effects on thermoelectric properties; however, those

are not the only parameters that affect electrodepo-

sition. Faraday’s law has also identified deposition

time as a crucial parameter that affects the amount of

semiconductor deposited [26] on a substrate that

have yet to be investigated in any study pertaining

Bi2Te3. Electrolyte bath temperature is also another

vital parameter in electrodeposition which was

thought to improve electrochemical kinetics and led

to grain size increment [27, 28]. However, the effects

of parameters such as deposition time and deposition

temperature have yet to be investigated for the elec-

trodeposition of Bi2Te3.

The novelty of this study is the usage of the design

of experiments (DOE) to study the combined effect of

experimental parameters such as deposition poten-

tial, electrolyte composition, deposition time and

deposition temperature on the Seebeck coefficient of

Bi2Te3, which have yet to be reported in the literature

thus far. Most researches pertaining electrodeposition

of Bi2Te3 have been studied by varying one deposi-

tion parameter at a time while maintaining the oth-

ers. This univariate approach may not result in

optimum experimental conditions that will yield the

highest properties due to the neglected experimental

domain. However, with the multivariate approach

using DOE, this study will be able to explore a larger

experimental domain thus resulting in higher opti-

mum values.

A D-optimal model under response surface

methodology (RSM) was used to study the inter-

parameter interactions, leading to the subsequent

optimisation of parameters that yield the optimum

Seebeck coefficient of Bi2Te3. The D-optimal

approach was preferred in this case compared to
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that of central composite design (CCD), Box–Behn-

ken method and factorial method as it yielded the

least amount of experimental runs but with com-

prehensive information on each parameter and its

subsequent effect on Seebeck coefficient [29, 30].

D-optimal has a flexible design structure that allows

the researcher to vary numeric factors either in

discrete or in continuous manners, which is not

plausible with other rigid designs such as CCD,

Box–Behnken that vary parameters based on fixed

levels. This study ultimately aims to determine the

combination of experimental parameters that will

yield the optimum Seebeck coefficient with the least

amount of chemicals and energy. In addition to that,

the data obtained in this study will be compared to

that of author’s previous work [31] to highlight the

improvement brought about by DOE on the Seebeck

coefficient due to the multivariate approach

employed.

Materials and methods

The methodology discussed in this section has been

adapted from author’s previous work [31].

Carbon Fibres

The carbon fibres used in this experiment are recy-

cled Toray T600 carbon fibre recovered via fluidised

bed process by Recycled Carbon Fibre Limited (RCF)

Coseley, UK.

Preparation of Electrolyte

The Bi2Te3 films were deposited from electrolyte

solutions consisting of 1 M of 65% aqueous nitric acid

bath with three different compositions of

Bi(NO3)3.5H2O ([98%, Sigma-Aldrich) and TeO2

([98%, Sigma-Aldrich) as shown in Table 1.

Electrochemical Deposition

Electrodeposition was carried out using a poten-

tiostat (VersaStat-3, Princeton Applied Research) at

varying deposition temperature from 25 to 60 �C. The
potentiostat was used with a standard three-cell

electrode configuration whereby the working elec-

trode is the virgin/recycled carbon fibre sheet with

dimension of 8 cm 9 0.5 cm, the reference electrode

is a silver/silver chloride (Ag/AgCl) in 1 M of

potassium chloride (KCl), and the counter electrode

is a platinum rod. The schematic for the electrode-

position setup is depicted in Fig. 1. Potentiostatic

mode was used for varying deposition time from 0.5

to 3 h and varying deposition potential from -0.10 to

-0.60 V.

Measurement of Seebeck Coefficient

The Seebeck coefficient is calculated using the

formula:

a ¼ DV
DT

¼ VH � VC

TH � TC

ð2Þ

whereby a is the combined measured value of the

Seebeck coefficient of copper (aCU) and carbon fibre

(aCF); therefore, the Seebeck coefficient of carbon fibre

is given by Eq. (3). DV in millivolts is the potential

difference generated between VH, the potential at the

hot side and VC, the potential at cold side, DT in

Kelvin is the temperature induced between the TH,

temperature on the hot side and TC, temperature on

the cold side.

aCF ¼ aCu � a ð3Þ

The Seebeck coefficient was measured using an

inhouse measurement system as shown in Fig. 2. The

Seebeck coefficients of the carbon fibres were calcu-

lated using Eq. (3) by taking an average of all six

readings.

Table 1 Different

compositions of bismuth and

tellurium ions in electrolyte

Electrolyte composition in molar

concentration ratio (Bi/(Bi ? Te))

Concentration of Bi and Te ions (mM)

Bi(NO3)3�5H2O (mM) TeO2 (mM)

0.20 2.5 10

0.40 6.7 10

0.60 15 10
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Field emission scanning electron
microscope (FESEM) and energy-dispersive
X-ray (EDX) analysis

The carbon fibre sheets are cut into 1 cm 9 1 cm and

placed onto a double-sided sticky tape that was

positioned on sample pins before being placed into

the FESEM machine. The FESEM images were taken

using the FEI Quanta 400 to obtain the morphological

structure of the bismuth telluride deposition. No

further sample preparation was required at this stage

as carbon fibres are naturally conductive. The EDX

analysis was carried out to determine the percentage

distribution of bismuth and tellurium in the

deposition.

Experimental design and statistical analysis

Response surface methodology (RSM) was used to

design the sets of experiments for this study. In RSM,

the primary objective is to optimise a response that is

influenced by various experimental parameters and

also helps to quantify the relationship between a

response and the vital experimental parameters [32].

The D-optimal model under RSM was used to

investigate the effects of four different experimental

parameters in electrodeposition of Bi2Te3 on one

response output (i.e. Seebeck coefficient) based on 23

sets of experiments. The four experimental parame-

ters were deposition potential (A), deposition time

(B), deposition temperature (C) and electrolyte com-

position, Bi/(Bi ? Te) (D). Parameters A, B and C are

numeric continuous-type factors varied over two

levels (low and high), while parameter D was

numeric discrete-type factor varied over three levels

as shown in Table 2.

The experimental parameters were varied based on

previous studies. The deposition potentials were

varied from -0.60 to -0.10 V, as [19] mentioned that

all potentials more negative than 0.50 V were suit-

able for the deposition of Bi2Te3. Martin-Gonzalez

et al. [19] observed that potentials between -0.10 and

-0.20 V led to stoichiometric Bi2Te3; however, a close

to stoichiometric Bi2Te3 was also observed close to

-0.50 V. Many studies [22, 33, 34] have concluded

that -0.10 to -0.20 V is ideal for the stoichiometric

deposition of Bi2Te3. A stoichiometric Bi2Te3 is often

associated with better thermoelectric properties

[31, 35, 36]. Thus, in this study the effect of deposition

Figure 1 Schematic of a

three-cell electrode setup.

Figure 2 Schematic setup for Seebeck coefficient measurement

[31].
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potential on the Seebeck coefficient of Bi2Te3 will be

studied and verified using D-optimal model. The

effect of deposition time on Seebeck coefficient of

Bi2Te3 has not been reported in the literature thus far

as most studies were carried out for a fixed duration

of an hour, and in this study the effect of electrode-

position duration on Seebeck coefficient of Bi2Te3 will

be clearly demonstrated. In addition to time, tem-

perature is also another parameter that has not been

investigated despite bath temperature playing a vital

role in electrochemical kinetics [27]. Thus, the bath

temperature in this study will be carried out up to

60 �C, due to the limitation of the Ag/AgCl electrode

that is only able to withstand a maximum tempera-

ture of 75 �C. Electrolyte composition and its effect on

the stoichiometric compositions of Bi2Te3 were also

studied by Kim and Oh [24], and in this study the

ideal electrolyte composition that leads to the best

Seebeck coefficient will be determined.

The response output for the D-optimal RSM design

is the Seebeck coefficient measured. The four exper-

imental parameters and the response output are fit-

ted together in a reduced quadratic polynomial

model as shown in Eq. (4):

Table 2 Parameter ranges

chosen for experimental study

using D-optimal

Coded name Variable name Type Parameter range Parameter unit

A Deposition potential Continuous Level 1/low -0.6 V

Level 2/high -0.1

B Deposition time Continuous Level 1/low 0.5 Hours

Level 2/high 3

C Deposition temperature Continuous Level 1/low 25 �C
Level 2/high 60

D Electrolyte composition Discrete Level 1 0.2 mM

Level 2 0.4

Level 3 0.6

Table 3 D-optimal experimental design along with experimental and predicted Seebeck coefficient

Run A B C D Seebeck coefficient (lV/K) Percentage difference

between experimental

and predicted (%)
Deposition

potential (V)

Deposition

time (hours)

Deposition

temperature (�C)
Bi/(Bi ? Te) Experimental Predicted

1 -0.60 0.5 43.6 0.2 -10.48 -10.40 0.76

2 -0.10 2.7 25.0 0.6 -12.55 -12.65 0.79

3 -0.10 0.6 60.0 0.2 -10.32 -11.18 8.33

4 -0.60 0.5 43.6 0.2 -9.55 -10.40 8.90

5 -0.42 3.0 41.7 0.6 -14.05 -14.78 4.94

6 -0.10 0.6 60.0 0.2 -12.04 -11.18 7.14

7 -0.60 0.5 25.0 0.6 -10.79 -10.49 2.78

8 -0.35 1.6 29.0 0.6 -10.77 -10.46 2.88

9 -0.60 3.0 60.0 0.2 -11.82 -11.94 1.02

10 -0.36 1.7 51.3 0.2 -11.19 -10.72 4.20

12 -0.41 0.5 60.0 0.4 -12.22 -11.68 4.40

13 -0.60 1.7 60.0 0.6 -12.07 -11.63 3.65

14 -0.10 3.0 25.0 0.2 -10.80 -10.69 1.02

15 -0.10 0.5 25.0 0.6 -10.66 -11.05 3.66

16 -0.10 0.5 25.0 0.2 -13.52 -13.05 3.50

17 -0.60 1.7 60.0 0.6 -11.14 -11.63 4.40

18 -0.10 0.5 56.5 0.6 -10.97 -11.18 1.91

19 -0.10 1.8 43.4 0.4 -14.60 -15.08 3.29

20 -0.60 3.0 25.0 0.4 -10.66 -10.72 0.56

21 -0.43 1.8 25.0 0.2 -9.29 -9.48 2.05

22 -0.10 3.0 53.0 0.2 -16.06 -16.03 0.19
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Y ¼ B0 þ
X

BiXi þ
X

BijXiXj þ
X

BiiX
2
i ð4Þ

where Y is the response output, B0 is independent

constant effect, Bi is the linear/individual effect, Xi

are the independent experimental parameters (i = A,

B, C, D), Bij is the interaction effect (i = A, B, C, D and

j = A, B, C, D), and Bii is the squared effect.

The data collected were analysed using multiple

regressions to fit the quadratic model through anal-

ysis of variance (ANOVA) to study the significance of

each experimental parameter and their interactions

during the electrodeposition of Bi2Te3 on RCF. The

response surface models developed were then opti-

mised to determine the required conditions for

energy efficient deposition of Bi2Te3 on RCF.

Results and discussions

Model fitting and analysis of variance
(ANOVA)

The design of experiments generated by D-optimal

RSMdesignwith varying electrodeposition conditions

along with the experimental and predicted values of

Seebeck coefficient is shown in Table 3.

The experimental outcome of the D-optimal design

above is fitted to a quadratic polynomial equation as

shown in Eq. (5)

Y ¼ �13:33� 1:50A� 1:44B� 1:21C� 0:71D

� 0:72AB� 0:49AC� 2:16BC� 1:18BD

� 0:53CD� 1:05B2 þ 2:13D2 ð5Þ

where Y is the Seebeck coefficient (lV/K); A, B, C and

D are deposition potential, deposition time, deposi-

tion temperature and electrolyte composition,

respectively.

The F value and p value in the analysis of variance

(ANOVA) determine the significance of the model,

model parameters and model parameter interactions.

p values smaller than 0.05 indicate that the model

terms are significant thus greatly contributing to the

Seebeck coefficient [37]. The F and p values obtained

in this study are shown in Table 4.

Thus, from the table above all parameters A, B, C,

D, AB, BC, BD, CD, B2 and D2 have significant effect

on the Seebeck coefficient as they have a p value less

Table 4 Analysis of variance (ANOVA) for electrodeposition parameters of Bi2Te3 on RCF

Source Sum of

squares

Degree of

freedom df

Mean square F value p value Significance

Model 66.75 11 6.07 11.43 0.0003a Significant

A—deposition potential 27.86 1 27.86 52.45 \0.0001a Significant

B—deposition time 27.38 1 27.38 51.55 \0.0001a Significant

C—deposition temperature 17.66 1 17.66 33.26 0.0002a Significant

D-Bi/(Bi ? Te) 8.32 1 8.32 15.67 0.0027a Significant

AB 5.47 1 5.47 10.31 0.0093a Significant

AC 2.11 1 2.11 3.97 0.0744b Insignificant

BC 27.03 1 27.03 50.90 \0.0001a Significant

BD 14.90 1 14.90 28.05 0.0003a Significant

CD 2.80 1 2.80 5.28 0.0444a Significant

B2 4.08 1 4.08 7.68 0.0198a Significant

D2 9.55 1 9.55 17.99 0.0017a Significant

Residual 5.31 10 0.53

Lack of fit 1.70 6 0.28 0.32 0.8996b Insignificant

Pure error 3.61 4 0.90

Cor total 72.06 21

SD 0.73 R2 0.9263

Mean -11.87 Adj R2 0.8452

Coefficient of variation (CV %) 6.14 Pred R2 0.6823

Predicted residual sum of squares (PRESS) 22.89 Adeq Precision 12.155

a Significant at ‘‘p value’’ less than 0.05
b Insignificant at ‘‘p value’’ more than 0.05
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than 0.05 which indicates 95% of confidence. The

model is significant which is also complemented with

the high non-significance of the lack of fit approxi-

mately 90%. This ensures that the D-optimal quad-

ratic model fits the experimental data well, thus

giving a better robustness to the design for predicting

the response of electrodeposited samples.

The determination coefficient (R2) for Seebeck

coefficient of 92.63% implies that the variations could

be explained well by the fitted model. The adjusted

Figure 4 Plot of residuals

versus predicted.

Figure 3 Normal probability

plot of residuals.
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and predicted R2 is also in reasonable agreement with

difference less than 0.2, ensuring the model provides

good predictions for the outcomes.

The model was further confirmed with the normal

probability plot as shown in Fig. 3. The data form an

approximate straight line on a normal probability

plot that ensures no abnormality in data population.

It is observed in Fig. 4 that the practical results are

distributed randomly within the range of internally

studentized residuals of ±3.00 that confirms the 95%

confidence limit, implying that the fitted model is

appropriate and the availability of variance

assumption.

Figure 5 presents the comparison between the

predicted and experimental measured Seebeck coef-

ficient, which shows that they are in good agreement.

Screening of parameters and response
surface analysis

The interaction between electrodeposition parame-

ters and the Seebeck coefficient of Bi2Te3-coated

recycled carbon fibres was investigated by 3D

response surface plots. Based on the formulated

quadratic model (Eq. 5), the response surface plots

for the interaction effects of deposition time, deposi-

tion potential, deposition temperature, electrolyte

composition and their interactions are depicted in

Figs. 6, 7, 8, 9 and 10, respectively.

The interaction between deposition potential and

deposition time, and their combined effect on See-

beck coefficient are shown in Fig. 6. It is clear from

Fig. 6 that longer deposition time and lower deposi-

tion potential individually lead to higher Seebeck

coefficient. The highest Seebeck coefficient of

-18.03 lV/K is obtained at a deposition potential of

-0.10 V and 3-h deposition time. A similar deposi-

tion potential for the reduction in bismuth and tel-

lurium ions was observed by [17, 18] at -0.062 V

which is close to the observed potential in this study

using DOE. Martı́n-González et al. [19] also discov-

ered that stoichiometric Bi2Te was deposited at

potentials close to -0.12 V, and this could have

resulted in the high Seebeck coefficient that was

observed in this study. Magri et al. [20] discovered

that deposition time affects the Bi2Te3 film thickness,

concluding that electrical resistivity decreases and

the mobility of electrons improves with prolonging

deposition time. Thus, it is justified in this study that

the Seebeck coefficient improves linearly with depo-

sition time.

Figure 7 illustrates the combined effect of deposi-

tion temperature and deposition time on Seebeck

coefficient. It is observed that higher deposition

temperature and longer deposition time lead to a

higher Seebeck coefficient. It was observed that a

sample deposited at 60 �C and 0.6 h has 59 wt% of Te

and 39 wt% of Bi leading to stoichiometric Bi2Te3,

Figure 5 Predicted against

actual values of Seebeck

coefficient.
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Figure 6 3D response surface

plot illustrating the effect of

deposition potential and

deposition time.

Figure 7 3D response surface

plot illustrating the effect of

deposition temperature and

deposition time.
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whereas another sample deposited at 25 �C and 0.5 h

has 80 wt% of Te and 20 wt% of Bi that is far from

stoichiometric composition. The difference in the

atomic percentage could be attributed to the change

in surface adsorption temperature as the electrolyte

temperature increases, thus allowing a redistribution

of atoms attributed to the temperature rise. In

addition to that, Bi2Te3 coats RCF better at higher

temperatures than at lower temperatures owing to

the increase in grain size that results from higher

electrolyte temperature as shown in Fig. 8. A similar

relationship between electrolyte temperature and

amount of coating on substrate was observed by

[38, 39].

Figure 8 Surface morphologies of Bi2Te3-coated RCF a at 60 �C and 0.60 h, b at 25 �C and 0.50 h both carried out at -0.10 V and 0.2

Bi/(Bi ? Te).

Figure 9 3D response surface

plot illustrating the effect of

electrolyte composition and

deposition time.
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The combined effect of electrolyte composition and

deposition time on Seebeck coefficient is shown in

Fig. 9. The ideal electrolyte composition for the highest

Seebeck coefficient -16.14 lV/K is between 0.4 and

0.5 ratio of Bi/(Bi ? Te). This could essentially be

attributed because stoichiometric Bi2Te3, yields a 0.4

ratio. A longer deposition time yields a higher Seebeck

coefficient, and the observed trendmay be due to time-

dependent mass transfer between Bi3? and HTeO2?

ions with the working electrode [40].

There is also a clear correlation between deposition

temperature and electrolyte composition on Seebeck

coefficient as shown in Fig. 10. There is a linear

relationship between deposition temperature and

Seebeck coefficient, whereas Seebeck coefficient

increases with electrolyte composition until a ratio of

0.4 then it begins to deteriorate. The highest Seebeck

coefficient of -14.71 lV/K is achievable at 60 �C and

0.4 Bi/(Bi ? Te) electrolyte ratio.

Optimisation and validation of the RSM-
derived predictive model

In this study, the best Seebeck coefficient of Bi2Te3-

coated RCF obtained is -17.249 lV/K with the fol-

lowing parameters as shown in Table 5.

The Seebeck value obtained through the design of

experiments (DOE) in this study has shown a 33%

improvement as compared to our previous study

(-12.99 lV/K) of electrochemically deposited Bi2Te3
on RCF [31]. This drastic improvement in Seebeck

coefficient may have arised due to the multiparameter

interaction that was studied in this work. Conven-

tionally, most research pertaining electrodeposition of

Bi2Te3 has been studied using the univariate approach

in which most of the deposition parameters are

maintained at constant values while one parameter is

varied in the chosen pattern. However, the optimum

conditions studied previously are only determined by

varying one parameter at a time that may not accu-

rately represent the real time process as it neglects the

possibility of parameter interaction that is highly

likely. In addition to that, the univariate approachmay

result in optimum conditions that are dependent on a

particular starting condition and may not represent a

whole experimental domain leaving some parts

unanalysed due to the univariate approach.

This is clearly proven in our studies that a multi-

variate approach brings about an improvement in the

properties due to the larger domain investigated, we

are able to identify interactions between deposition

parameters thus resulting in property enhancement

Figure 10 3D response

surface plot illustrating the

effect of electrolyte

composition and deposition

temperature.
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as compared to a univariate approach. Besides that,

by using a multivariate approach with DOE, we are

able to investigate a large pool of experimental

parameters based on only 23 experimental runs,

whereas the same in univariate approach may have

resulted in a large number of experimental runs.

The results discussed above suggest that a higher

Seebeck coefficient is attainable at longer deposition

time, higher deposition temperature and moderate

amount of Bi and Te precursors. However, the

increase in value of these parameters results in a

longer and more expensive deposition system that

may not be economically feasible for industrial pur-

poses. Thus, this study attempts to find the optimum

Seebeck coefficient by minimising deposition time,

temperature and the amount of precursor chemicals

used in the electrolyte. This was aided by the desir-

ability function in Design Expert 9 software so that

the optimum Seebeck coefficient at low deposition

temperature, short deposition time and least expen-

sive electrolyte composition could be determined.

The analysis suggested that a combination of 0.5 h of

deposition time, 25 �C deposition temperature, 0.240

Bi/(Bi ? Te) electrolyte composition and -0.10 V of

deposition potential had a high desirability of 0.871.

This combination of parameters was expected to

yield a -13.62 lV/K Seebeck coefficient of Bi2-
Te3-coated RCF.

An experiment to replicate the obtained optimum

conditions was carried out to validate the predicted

response. The experimental result obtained was

-13.42 lV/K, which is in close agreement with the

predicted value above with only 1.45% difference.

Performance of Bi2Te3-coated RCF
under optimum conditions

In this section, the performance of Bi2Te3-coated RCF

(using DOE) obtained in this study was compared to

the author’s previous work [31] on Bi2Te3-coated RCF

(without using DOE). The Seebeck coefficient of Bi2-
Te3-coated RCF (with DOE) was 3.3% higher than the

Seebeck coefficient reported without DOE by Jagad-

ish et al. [31] (Table 6).

Figure 11 SEM images of a Bi2Te3-coated RCF (without DOE) [31]. b Bi2Te3-coated RCF (with DOE).

Table 6 Comparison of Seebeck coefficient and experimental

conditions between work done with DOE and without DOE

Bi2Te3-

coated RCF

(without DOE)

[31]

Bi2Te3-

coated RCF

(with DOE)

Seebeck coefficient (lV/K) -12.99 -13.42

Deposition potential (V) -0.50 -0.10

Deposition time (h) 1 0.50

Deposition temperature (�C) 25 25

Electrolyte composition

(Bi/(Bi ? Te))

0.444 0.240

Table 5 Parameters yielding the highest Seebeck coefficient for

Bi2Te3-coated RCF

Deposition potential (V) -0.175

Deposition time (h) 2.22

Deposition temperature (�C) 57.54

Electrolyte composition (Bi/(Bi ? Te)) 0.395
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Moreover, a higher Seebeck coefficient was

attained in this study despite using lower electrolyte

concentration of 0.240 which is approximately 45%

lesser than the electrolyte concentration used by

Jagadish et al. [31]. In addition to that, this Seebeck

coefficient was also attained at 50% less deposition

time (0.5 h) than the 1-h deposition time. The high

Seebeck coefficient is also complimented by the better

Bi2Te3 coverage on RCF as shown in Fig. 11. It can be

clearly observed from the SEM images that the RCF

in Fig. 11b has a more uniform and widespread

deposition of Bi2Te3 on its strands as compared to

that of Fig. 11a that have site-specific Bi2Te3 depos-

ited on certain areas of the fibre. Though the coverage

of Bi2Te3 on RCF has improved, the coating was still

not uniform throughout the strands of RCF to mea-

sure the coating thickness.

The increase in Seebeck coefficient in this study can

be attributed to the contribution of the simultaneous

interaction effects between deposition parameters

that improved the overall deposition of Bi2Te3 on

RCF. The previous study conducted by [31] only

focused on single parameter variation at a time,

namely the electrolyte concentration; however, this

univariate approach as done by Jagadish et al. may

not be able to predict the real process and interplay

between the various parameters and thus unable to

produce the global optimum response. A univariate

approach does not take into consideration the indi-

vidual effect of each deposition parameter and their

combined interaction effects on the investigated

response, hence missing an experimental domain that

may have potentially resulted in higher optimum

values.

Conclusion

The present work is one among the first to report the

statistical evaluation of important deposition

parameters for the electrodeposition of Bi2Te3 on RCF

using design of experiments (DOE). Deposition

potential, deposition time, deposition temperature

and electrolyte composition were identified as vital

process parameters that affect the Seebeck coefficient

of Bi2Te3. The optimum parameters obtained are

deposition potential: -0.10 V, deposition time: 0.5 h,

deposition temperature: 25 �C and electrolyte com-

position: 0.240 that yielded a decent Seebeck coeffi-

cient of -13.42 lV/K. The predicted and

experimental results were in close agreement with

only 1.45% of difference, which indicates the

robustness of the experimental design by DOE.

Overall, it can be concluded that a multiparameter

interaction yields a higher optimum response value

than univariate experimental design due to the

simultaneous effects of more than one deposition

parameter as proven in this study.
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electrodeposition concentrations for hydroxyapatite coatings

on CoCrMo biomedical alloys by computational techniques.

Electrochim Acta 150:46–54. doi:10.1016/j.electacta.2014.

10.120

[38] Gautier P, Vallee A, Sinito C et al (2016) Diamond and

related materials effect of growth temperature on the elec-

trodeposition of zinc oxide layers on diamond surfaces.

Diam Relat Mater 62:1–6. doi:10.1016/j.diamond.2015.12.

005

[39] Sanchez S, Levy-Clement C, Ivanova V (2012) Electro-

chemical deposition of ZnO thin films and nanowires for

photovoltaic applications. J Electrochem Soc 159:D705–

D712. doi:10.1149/2.024212jes

[40] Zhu T, Chong MN, Phuan YW et al (2016) Effects of

electrodeposition synthesis parameters on the photoactivity

of nanostructured tungsten trioxide thin films: optimisation

study using response surface methodology. J Taiwan Inst

Chem Eng 61:196–204. doi:10.1016/j.jtice.2015.12.010

J Mater Sci (2017) 52:11467–11481 11481

http://dx.doi.org/10.1016/j.mseb.2006.03.034
http://dx.doi.org/10.1016/j.mseb.2006.03.034
http://dx.doi.org/10.1016/j.electacta.2014.10.120
http://dx.doi.org/10.1016/j.electacta.2014.10.120
http://dx.doi.org/10.1016/j.diamond.2015.12.005
http://dx.doi.org/10.1016/j.diamond.2015.12.005
http://dx.doi.org/10.1149/2.024212jes
http://dx.doi.org/10.1016/j.jtice.2015.12.010

	Process optimisation for n-type Bi2Te3 films electrodeposited on flexible recycled carbon fibre using response surface methodology
	Abstract
	Introduction
	Materials and methods
	Carbon Fibres
	Preparation of Electrolyte
	Electrochemical Deposition
	Measurement of Seebeck Coefficient
	Field emission scanning electron microscope (FESEM) and energy-dispersive X-ray (EDX) analysis
	Experimental design and statistical analysis

	Results and discussions
	Model fitting and analysis of variance (ANOVA)
	Screening of parameters and response surface analysis
	Optimisation and validation of the RSM-derived predictive model
	Performance of Bi2Te3-coated RCF under optimum conditions

	Conclusion
	Acknowledgements
	References




