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Abstract Electrochemical characterizations of the under-

potential deposition of tellurium on Au substrate were

investigated by cyclic voltammetry (CV) in this paper. The

results showed that the irreversible underpotential deposi-

tion of Te could take place once the Au electrode was

immersed into the HTeO2
? solution. The redox behaviors

of adsorbed HTeO2
? were also studied and the results

revealed that HTeO2
? could only adsorb on Au electrode

surface. The kinetics relating to the reduction of adsorbed

HTeO2
? could be affected by HTeO2

? concentration but

the charge consumed by the reduction of adsorbed HTeO2
?

was concentration-independent. Electrochemical imped-

ance spectroscopy (EIS) analyses about the bulk formation

process of Te0 indicated that during the bulk reduction of

HTeO2
? to Te0, four electrons were not obtained simul-

taneously in only one electrochemical step, some inter-

mediate products, which need to be further detected and

investigated in the future researches, might emerged in the

intermediate processes.

Keywords Electrochemical � HTeO2
? �
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1 Introduction

Bismuth telluride and its derivative compounds are con-

sidered to be the best suitable thermoelectric materials used

to fabricate thermoelectric devices near room temperature.

The fabricating technologies for bismuth telluride and its

derivative compounds thin film also attract wide attentions

recently for their usage in the manufacture of micro-

thermoelectric devices, such as micro-cooler, micro-gener-

ator and so on. Those micro-thermoelectric components are

very important in the fields such as micro-electro-mechani-

cal systems (MEMS) and microelectronics. Physical meth-

ods and chemical methods are used to fabricate film

thermoelectric materials, mainly including physical vapour

deposition (PVD) [1], metal organic chemical vapor depo-

sition (MOCVD) [2], electrodepositon [3] technology and so

on. The remarkable advantages of electrodepositon [4] are

its low cost, easy operation and suitable for large scale

production. Moreover, the doping concentration and crys-

talline state of the electrodeposited thermoelectric films can

be easily controlled by adjusting the electrodepositing

parameters and the composition of the electrolyte.

Despite that there are large amount of literatures

researching the preparation of bismuth telluride based film

materials using electrochemical techniques [5–11], only a

few of literatures refer to the electrochemical reduction

process [12–17] which has great effects on the preparation

of the materials using electrodeposition techniques, and

most of them only focus on the underpotential deposition

(UPD) process [13–15]. But in fact, the adsorptive behavior

of the ions as well as the bulk formation process also plays

an important role in the electrodeposition of bismuth tel-

luride based compound. Thinking of this, some basic

researches have been done in our lab aiming at exploring

the electrochemical reduction process of HTeO2
? to Te0 on

Au electrode surface.

In this paper, the electrochemical behaviors of Te UPD,

the electrochemical behaviors of adsorbed HTeO2
? as well

as the electrochemical behaviors of Te bulk formation are

all investigated on Au electrode using cyclic voltammetry
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(CV) and electrochemical impedance spectroscopy (EIS)

measurements, and some new conclusions and useful

information concerning the reduction process of HTeO2
?

to Te0 are obtained.

2 Experimental section

2.1 Solution

All chemicals were analytical grade without special

explanation and the electrolytes were prepared with redis-

tilled water to ensure the stabilities of ions in the solutions.

The TeIV nitric acid solutions (pH & 0.66) was prepared

by dissolution of H2TeO3 (chemical pure) in concentrated

HNO3 aqueous solution, followed by diluting the HNO3 to

1 M. The existence form of TeIV in acidic solution

(pH = 0–1) was generally considered to be HTeO2
? [18].

2.2 Electrochemical measurement

All the electrochemical measurements were performed

using CHI660B electrochemical working station (manu-

factured by Shanghai Chenhua Apparatus Company) at

25 ± 1 �C. A standard three-electrode cell was used for the

electrochemical measurement, which consisted of a poly-

crystalline Au plate (1 cm2) as the working electrode, a Pt

plate as the auxiliary electrode and a saturated calomel

electrode (SCE) as the reference electrode. The working

electrode was mechanical polished, electrochemical

degreased, etched in concentrated HNO3 solution and

rinsed with redistilled water in order to ensure a clean

surface before the measurements. All the potentials were

measured and expressed related to the aqueous KCl SCE.

Solutions were not stirred during all the electrochemical

measurements. Solutions were deoxygenated by passing

dry nitrogen through the solution prior to each experiment.

The cyclic voltammograms were recorded at different

scanning rates. The EIS measurements were carried out in

the frequency range of 1 mHz to 100 kHz at different

polarizing potentials, and the applied potentials amplitude

was 5 mV.

3 Results and discussion

3.1 Electrochemical behaviors of Te UPD on Au

electrode

The electrochemical reduction of HTeO2
? to Te0 can be

described by Eq. 1 [19]. According to Nernst Equation, the

equilibrium electrode potential ue(HTeO2
?/Te0) of Eq. 1

can be written as Eq. 2 at 25 �C, where uh(HTeO2
?/Te0) is

the standard electrode potential equaling 0.551 V versus a

saturated hydrogen electrode (SHE), and a(HTeO2
?),

a(H?), a(H2O) and a(Te0) are the activities of HTeO2
?,

H?, H2O and Te0, respectively.

HTeO2
þ þ 4e� þ 3Hþ ! Te0 þ 2H2O

uh
HTeO2

þ=Te0ð Þ ¼ 0:551 V vs: SHE
ð1Þ

ueðHTeO2
þ=Te0Þ ¼uh

ðHTeO2
þ=Te0Þþ

RT

nF
ln

a HTeO2
þð Þ�a3 Hþð Þ

a Te0
� �

�a2 H2Oð Þ

¼uh
HTeO2

þ=Te0ð Þþ
0:05916

4
lg

a HTeO2
þð Þ�a3 Hþð Þ

a Te0
� �

�a2 H2Oð Þ
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þ=Te0ð Þþ0:01479 lg
a HTeO2

þð Þ
a Te0
� �

�a2 H2Oð Þ
�0:04437pH
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It is well known that ion activity is close to its molar

concentration in diluted solutions. So ue HTeO2
þ=Te0ð Þ can be

calculated to be 0.4877 versus SHE (equals to 0.2467 V vs.

SCE) according Eq. 2 by substituting a(HTeO2
?), a(H2O),

a(Te0) and pH with 0.005 M, 1, 1 and 0.66, respectively.

Figure 1 shows the cyclic voltammogram of Au electrode

in the solution containing 5 mM HTeO2
? and 1 M HNO3.

The cathodic scanning was started at 0.4 V and four

reductive peaks (labeled A–D) can be observed in the

cathodic branch of the second cycle in Fig. 1. In the positive

branch, the cyclic voltammogram shows two oxidation

peaks (labeled E, F), which should correspond to the anodic

stripping of Te0. By comparing the reduction peak potentials

of the four reduction peaks with ue HTeO2
þ=Te0ð Þ, it can be

found that only the peak potential of peak A is positive than

ue HTeO2
þ=Te0ð Þ while those of the peak B*D are all negative

than ue HTeO2
þ=Te0ð Þ. It reveals that the reductive process
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Fig. 1 Cyclic voltammogram of Au electrode in the solution

containing 5 mM HTeO2
? and 1 M HNO3. The numeral indicates

consecutive scans, scanning rate: 10 mV/s
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corresponding to peak A is the UPD of HTeO2
?. Similar

results can also be gained on Au(111) in other acid systems,

like H2SO4 and HClO4 [13, 14], which also shows that a

UPD feature can be firstly observed in the reduction process

of HTeO2
?. According to the CV images in Fig. 1, the

charge consumed by the Te UPD can be calculated to be

284.3lC/cm2 (the charge consumed by 1 M HNO3 blank

electrolyte had been subtracted from the total charge

amount), which corresponds to the coverage of 0.32 (defined

as ratio of the number of Te atoms to that of Au atoms on the

electrode surface) on the polycrystalline Au electrode sur-

face. This charge agrees well with that gained from STM

study of the UPD Te on Au(111) by Stickney and co-workers

[14]. What can also be found from Fig. 1 is that the UPD

peak A can only be observed in the second scanning cycle of

the CV, and its appearing has no effect on the shape of the

following reduction peaks.

In order to gain more information about the redox process

corresponding to peak A, multi-cycle CV measurement were

performed in the potential range of 0.25–0.7 V. It can be

seen that the cyclic voltammogram shows one redox couple

(reduction peak A and oxidation peak E) in the scanning

potential range. Since peak A has been confirmed to be the

UPD of Te0, the oxidation peak E appearing at around 0.6 V

should correspond to the anodic stripping of UPD Te0. It is

well known that the peak separation (Dup) between the

oxidation peak and reduction peak can be used as a powerful

criterion in judging the reversibility of a redox process. [20]

So Dup1 between the peak A and peak E was calculated and a

value (Dup1 = upa1 - upc1 = 179 mV) much higher than

2.3RT/nF (equals to 14.75 mV after substitute R, T, n, F with

8.314 J K-1 mol-1, 298.15 K, 4 and 96500 �C mol-1) was

gained. This result means that the Te UPD and stripping on

Au electrode surface is an irreversible process. What can

also be found in Fig. 2 is that when the potential scans back

without passing the oxidation peak E, no reduction peak can

be observed in the reverse scanning, vice versa, when the

potential scans back without passing the reduction peak A,

no oxidation peak can be observed in the reverse scanning.

The former phenomenon can be explained by the following

reason: UPD of HTeO2
? to Te0 can only occur on naked Au

electrode surface, once the UPD takes place, the naked Au

electrode surface will be covered by UPD Te0, so the UPD

can not be performed unless the Te0 covered on the naked

Au electrode surface is stripped during the oxidation pro-

cess. The latter phenomenon is due to that no Te0 is produced

if the potential scans back without passing the reduction

peak, accordingly, no oxidation peak relates to the oxidation

of Te0 to HTeO2
? will appear. Moreover, another interesting

phenomenon can also be found in Fig. 2. In the first cycle of

the cyclic voltammogram, the potential scanning was started

at open circuit potential (0.281 V vs. SCE) towards positive

direction, although no reduction process was carried out

before the anodic scanning, peak E, which corresponds to

the oxidation of UPD Te0 to HTeO2
?, can still be observed.

So it can be conjectured that Te UPD can arise once the Au

electrode is immersed into the HTeO2
? solution. In order to

verify this conjecture, the following experiment was

performed.

A clean Au electrode was firstly immersed into 5 mM

HTeO2
? nitric acid solution for 2 min, and then rinsed with

1 M HNO3 blank aqueous solution adequately to avoid

bringing dissociative HTeO2
? into the solution in the

sequential CV measurement. After that, multi-cycle CV

measurement was performed on this Au electrode in 1 M

HNO3 blank aqueous solution. Corresponding result is

shown in Fig. 3b). Comparing the cyclic voltammogram
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Fig. 2 Multi-cycle cyclic voltammogram of Te UPD on Au electrode

in the solution containing 5 mM HTeO2
? and 1 M HNO3. The

numeral indicates consecutive scans, scanning rate: 10 mV/s
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Fig. 3 Cyclic voltammograms of Au electrode covered with UPD

Te0 in 1 M HNO3 solution (solid line) and clean Au electrode in 1 M

HNO3 solution (dash line), the numeral indicates consecutive scans,

scanning rate: 10 mV/s
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measured on a clean Au electrode in 1 M HNO3 solution

(Fig. 3a with curve b), it can be found that both curves a

and b show a wide reduction peak, which may be caused by

the reduction of NO3
- in the solution, in the cathodic

branches, while an obvious oxidation peak (at around

0.6 V) with the peak potential closing to the oxidation

potential of UPD Te0 can only be observed in the anodic

branch in curve b). These results clearly reveal that UPD

Te0 is formed during the immersing of Au electrode in the

HTeO2
? nitric acid solution, which means that the UPD of

tellurium can take place under open circuit potential. And

these analyses can well explain why UPD peak A can not

be observed in the first cycle of cyclic voltammogram in

Fig. 1. Curve b also show that the intensity of the oxidation

peak decrease with the increase of the cycle number, it is

due to that the UPD Te0 is oxided to HTeO2
? and diffuses

into the solution in the anodic scanning, less UPD Te0 will

be formed in the next reverse scanning, and leads to the

intensity decrease of the oxidation peak in the following

scanning cycle.

The effect of HTeO2
? concentration on the Te UPD

process was investigated using CV measurement. Figure 4

shows the cyclic voltammograms measured on Au elec-

trode in the solutions containing 1 M HNO3 and different

concentrations of HTeO2
?. From integration of the current

densities of peak A, it can be found that the charge con-

sumed by peak A are practically coincident in spite of the

change of the ion concentration. Since UPD is a surface-

limited process, the charge consumed by the UPD is

independent of ion concentration. From Fig. 4, it can also

be noticed that decreasing of HTeO2
? concentration arises

a negative shift of the reduction peak A. It indicates that the

UPD of HTeO2
? to Te0 becomes difficult with the

decreasing of HTeO2
? concentration, which should be

attributed to the decreasing of mass transport rate of ion to

electrode surface in the solution with lower ion concen-

tration. Similar results can also be gained on Au(111) in

HClO4 systems [13].

3.2 Electrochemical behavior of adsorbed HTeO2
?

on Au electrode

Figure 1 shows that four reduction peaks (peak A–D)

corresponding to the reduction of HTeO2
? on Au electrode

can be observed in the cathodic process. Peak A, which is

attributed to the UPD of Te, has been analyzed in detail in

Sect. 3.1. In order to get more information about the

reduction process corresponding to the other three reduc-

tion peaks, the CV images of Au electrode in 0.005 mol/L

HTeO2
? acidic solution were measured under different

scanning rates (shown in Fig. 5).

It is well known that the peak current density ip in cyclic

voltammogram will change with the potential scanning rate

t. According to Langmuir [21] isothermal adsorption rule,

there is a linear relationship (shown in Eq. 3) between ip
and t if ion adsorption exists in the corresponding irre-

versible reaction:

ip ¼
aF2AtC�

2:718RT
ð3Þ

while ip will change linearly with the extracting roots of

scanning rate t1/2 (according to Eq. 4) if the current peak is

caused by ion diffusion [22] in the corresponding

irreversible reaction:

ip ¼ ð2:99� 105Þa1=2AD
1=2
0 C�0t

1=2 ð4Þ
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Fig. 4 Cyclic voltammograms of Au electrode in the solutions

containing 1 M HNO3 and different concentrations of HTeO2
?. Solid

line 1 mM HTeO2
?, dash line 5 mM HTeO2

?, dash dot line 10 mM

HTeO2
?, scanning rates: 10 mV/s
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Fig. 5 Cyclic voltammograms of Au electrode in the solution

containing 5 mM HTeO2
? and 1 M HNO3 at different scanning

rates, scanning rates are 10, 20, 30, 40 and 50 mV/s, separately. Inset
partly amplified CVs
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where n is the number of electrons transferring in the

electrochemical reaction, F is the Faraday constant, R is the

gas constant, T is the temperature, a is the transport coef-

ficient, C* is the surface excess of adsorptive particles on

the electrode surface when t = 0, A is the electrode area,

C0
* is the bulk concentration of the reactant in the solution,

D0 is the diffusion coefficient, and t is the potential scan-

ning rate.

The ip value of peak B–D under different scanning rates

can be obtained from Fig. 5. The relationships between ip
and t as well as ip and t1/2 for peaks B–D are shown in

Fig. 6 by black hollow and red solid points separately,

while the black dash and red solid lines in Fig. 6 are their

corresponding linear fitting regression lines. It can be seen

from Fig. 6 that there is a very good linear relationship

between ip and t for peak B, peak C and between ip and t1/2

for peak D. This reveals that adsorptive phenomena exist in

the cathodic reduction processes corresponding to peak B

and peak C, while peak D is caused only by the ion dif-

fusion. So peak B and peak C can be conjectured as rep-

resenting the reduction of adsorbed HTeO2
? while peak D

is the bulk deposition of dissociative HTeO2
?.

The effect of HTeO2
? concentration on the redox

behavior of adsorbed HTeO2
? was also investigated using

CV measurement and corresponding results are shown in

Fig. 7. It can be seen when the potential scans back after

passing the reduction peak B and peak C, a sharp oxidation

peak (labeled G) appears at 0.438 V in the anodic scanning

process. This suggests that peak G is the anodic stripping of

Te0 reduced by adsorbed HTeO2
?. The obvious difference

in peak potentials and peak shapes between the reduction
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peaks and oxidation peak reveals that the redox of adsorbed

HTeO2
?/Te0 is an irreversible process on the Au electrode

surface. It can also be noticed that peak G shows a con-

centration-independent feature. From integration of the

current densities of peak G, it can be found that charge

consumed by peak G is practically coincident in spite of the

change of ion concentration. This phenomenon further

confirmed that peak B and peak C are corresponding to the

reduction of adsorbed HTeO2
?, which is a surface-limited

process and thus is independent of the ion concentration. In

contrast to the concentration-independent feature of peak

G, reduction peak B and peak C show a negative shift with

the decreasing of the HTeO2
? concentration. This suggests

that the reduction of adsorbed HTeO2
? becomes sluggish

in the solution with lower HTeO2
? concentration, which is

due to the kinetic complications in solutions with lower

HTeO2
? concentration.

Another conclusion concerning the adsorptive behavior

of HTeO2
? can be gained from the cyclic voltammogram

in Fig. 3b), which has been analyzed previously from other

aspects in Sect. 3.1. It has been mentioned in Sect. 3.1 that

before this CV measurement in 1 M HNO3 blank aqueous

solution, a clean Au electrode was firstly immersed into

5 mM HTeO2
? nitric acid solution for 2 min, and then

rinsed with 1 M HNO3 blank aqueous solution adequately.

It can be obviously noticed that no redox peak corre-

sponding to the adsorbed HTeO2
?/Te0 (reduction peak B,

peak C and oxidation peak G) appears in the cyclic vol-

tammogram in Fig. 3b). This result means that the

adsorption of HTeO2
? on Au electrode surface is not very

strong and the adsorbed HTeO2
? will desorb from the Au

electrode surface during rinsing. This conclusion is con-

trary to the illustration reported by Zhu’s group, [13] which

refer that when the Au electrode is in contact with the

HTeO2
? solution, HTeO2

? will strongly adsorb on the

electrode and the interaction is so strong or irreversible that

the adsorbed Te species remains on the surfaces even

during rinsing.

Moreover, the adsorptive behavior of HTeO2
? on dif-

ferent substrate was also investigated using CV measure-

ment. Figure 8 show a multi-cycle cyclic voltammogram of

Au electrode covered with a layer of deposited Te0 in the

solution containing 5 mM HTeO2
? and 1 M HNO3. Before

the CV measurement, a static polarizing potential (-0.2 V

vs. SCE) was applied on the Au electrode for 10 s, after

that, a thin layer of Te0 with silvery luster was deposited

and covered on the Au electrode surface. From Fig. 8, it

can be seen that only the reduction peak D, which corre-

sponds to the bulk reduction of dissociative HTeO2
?, can

be observed in the cathodic branch in the first cycle of the

cyclic voltammogram, after completing the oxidation in the

reverse scanning, reduction peak B and peak C, which

correspond to the reduction of adsorbed HTeO2
?, appears

in the following cathodic scanning process (the second

cycle of cyclic voltammogram). These results indicate that

the adsorption of HTeO2
? can only take place on Au

electrode surface. In the cathodic scanning of the first

cycle, the CV measurement is conducted on the Te sub-

strate, since HTeO2
? can not be adsorbed on the Te sub-

strate, peak B and peak C can not be seen in the cyclic

voltammogram. After the reverse anodic scanning, the pre-

deposited Te layer is oxided completely and naked Au

electrode surface, as a result, comes out, which means that

the cathodic scanning in the second cycle is performed on

Au substrate. Since HTeO2
? adsorption can take place on

Au electrode surface, peak B and peak C appears in the

second cycle of the cyclic voltammogram.

3.3 Electrochemical behavior of Te bulk formation

on Au electrode

The analyses in Sect. 3.1 and 3.2 have revealed that the

reduction peak D in Fig. 1 corresponds to the bulk for-

mation of Te0 while the oxidation peak F located at

0.513 V relates to its anodic stripping. The obvious dif-

ferences in peak potentials and peak shapes between the

reduction peak D and oxidation peak F reveal that the bulk

formation of Te0 and its anodic stripping is an irreversible

process on the Au electrode surface.

In order to get more information about the bulk for-

mation process of Te0, EIS measurements were performed

at different potentials chose in the potential range of peak

D and the corresponding Nyquist and Bode plots are shown

in Fig. 9.

It can be seen that the Nyquist plots measured at

potential 10 mV is comprised of a large semi-circle in high

frequency region and a small semi-circle in low frequency
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region, which means that two electrochemical reactions

take place at this potential. As the potential moving neg-

atively, the small semi-circle in low frequency region

becomes smaller and finally disappears at -80 mV, while a

new semicircle in low frequency region appears at

-10 mV. The new semicircle becomes larger gradually as

the potential moving negatively and its shape finally close

to a line with a slope closing to 1 at -110 mV. This result

reveals that the new semicircle is caused by the finite dif-

fusion of the reactant, and the finite diffusion will slowly

change to semi-infinite diffusion with the overpotential

increasing. Comparing the diameter of the two potential-

dependent semicircles associated with the electrochemical

reaction, it could be found that the diameter of the semi-

circle in lower frequency range is much smaller than that in

higher frequency range. It indicates that the electrochemi-

cal reaction in lower frequency range is much easier than

that in higher frequency range and is the rate-controlling

step.

In order to further prove that the later-appeared semi-

circle is caused by the finite diffusion of the reactant

instead of representing a electrochemical reaction, the

Nyquist and Bode plots measured at potential -10 mV was

simulated using an equivalent circuit shown in Fig. 10,

where Rs is the uncompensated solution resistance from the

reference electrode to the working electrode, Q is the

constant phase element, Rt is the resistance of the charge

transfer at the electrode–electrolyte interface, O represents

the resistance of finite diffusion on plane electrode.

Figure 11 shows the Nyquist and Bode plots measured

at -10 mV and their simulated results using the equivalent

circuit in Fig. 10. It can be found that the simulated curve

is consistent very well with the measured data, which

indicated that the equivalent circuit shown in Fig. 10 is

suitable to describe the electrochemical reaction process.

The results also prove that the later-appearing semicircle in

the Nyquist plots is indeed caused by the finite diffusion of

the reactant ion.

The EIS analyses above indicates that the reduction of

HTeO2
? to Te0 is not completed through only one elec-

trochemical step, which means that during the reduction of

HTeO2
? to Te0, the four electrons are not obtained

simultaneously in only one electrochemical step, some
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potential -10 mV

0 50 100 150 200

0

20

40

60

80

100

 -10mV
 -10mVcal

(a)

-Z''/ohm

Z
'/o

hm

1E-3 0.01 0.1 1 10 100 1000 10000 100000

0

20

40

60

80

1

10

100

(b)

A
ngel/deg

Freqency/Hz

 -10mV cal A
 -10mV cal  A

Z
/o

hm

 -10mV cal Z
 -10mV cal Z

Fig. 11 Nyquist (a) and Bode

(b) plots measured at -10 mV

and their simulated results

according to the equivalent

circuit in Fig. 10

J Appl Electrochem (2010) 40:2005–2012 2011

123



intermediate products, which need to be further detected

and investigated in the future researches, may emerged in

the intermediate processes. This result is consistent with

the electrochemical principles [23], which mention that it is

possible to obtain one or two electrons in one electro-

chemical step, but it is almost impossible to obtain more

than three electrons only in one-step electrochemical

reaction. But in many literatures, this point is neglected

and the deposition process of HTeO2
? is considered as

completed by a four-electron reduction step [24–27]:

HTeO2
? ? 4e- ? 3H?? Te0 ? 2H2O

4 Conclusion

The Te UPD, the adsorptive behaviors of HTeO2
? as well

as the bulk formation of Te0 were investigated using CV

and EIS measurements. The results show that the UPD of

Te is an irreversible process and can take place once the Au

electrode is immersed into the HTeO2
? solution, the UPD

process kinetics is sensitive to the HTeO2
? concentration

but the charge consumed by the UPD is concentration-

independent. Researches on the adsorptive behaviors of

HTeO2
? ion reveal that HTeO2

? can only adsorb on Au

electrode surface, but the interaction between the adsorbed

HTeO2
? and Au electrode surface is not very strong since

the adsorbed HTeO2
? ion can desorb from the Au electrode

surface during rinsing. The kinetics relating to the

reduction of adsorbed HTeO2
? can be affected by

HTeO2
? concentration but the charge consumed by the

reduction of adsorbed HTeO2
? is concentration-indepen-

dent. EIS analyses about the bulk formation of Te0 indi-

cates that during the bulk reduction of HTeO2
? to Te0, the

four electrons are not obtained simultaneously in only

one electrochemical step, some intermediate products,

which need to be further detected and investigated in the

future researches, may emerged in the intermediate

processes.
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