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Abstract A two-step Zn2? ion reduction was estimated at

the dropping mercury electrode in 2, 3, and 4 mol dm-3

NaClO4 with the addition of tetramethylthiourea using an

impedance method at wide potential and frequency ranges.

With increasing tetramethylthiourea and NaClO4 concen-

trations the kt
s1

and kt
s2

values increased, achieving their

maximum values at the highest concentrations of tetra-

methylthiourea in 3 and 4 mol dm-3 NaClO4 solutions.

The catalytic effect of tetramethylthiourea at its lowest

employed concentration increased with increasing NaClO4

concentration.
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Introduction

It is well known that adsorption at the electrode/electrolyte

solution interface plays an important role in the study of

electrode kinetics. The presence of adsorbed nonelectro-

active species can have a drastic influence on the electrode

reaction rate, in either the accelerating or inhibiting

sense. Studies devoted to these reactions can be helpful in

developing practical applications, such as corrosion- and

photocorrosion-resistant metals and semiconductors as well

as metal electrodeposition regulation. From the literature it

is known that thiourea and its alkyl derivatives catalyze

electroreduction of several cations: In3? [1], H3O? [2],

Bi3? [3], Cd2? [4], and Zn2? [3, 5–8]. According to Ikeda

and coworkers [7], the standard rate constant for Zn2?

reduction is controlled by the inner-layer permittivity. This

effect has been explained in terms of the solvent reorga-

nization energy. Unstable Zn2?–adsorbate complexes,

mediating the electron exchange, are localized inside the

adsorption layer.

The Zn2? ion electroreduction at a mercury electrode in

NaClO4 as the base electrolyte is an example of an elec-

trode reaction which is catalyzed by tetramethylthiourea

(TMTU) [9]. The base electrolyte concentration influences

the degree of Zn2? ion aquacomplexes and electrode

surface hydration and hence the depolarizer electroreduc-

tion kinetics. Sluyters and coworkers [10] indicated

that increasing the NaClO4 concentration from 0.2 to

7 mol dm-3 causes an increase of the true standard rate

constant for Zn2? ion reduction, but for NaClO4 concen-

trations C1 mol dm-3 the effect on the two-step Zn2? ion

electroreduction in the presence of TMTU has already been

reported [9]. The authors showed that the catalytic activity

of TMTU is related to both electron-transfer steps and

decreases in the order: 1 [ 0.5 [ 0.1 mol dm-3 NaClO4.

Because the relation between the Zn2? ion electroreduction

rate and the base electrolyte concentration is different in

the presence and absence of TMTU, a test on the influence

of concentrated NaClO4 solutions on the acceleration of

Zn2? electroreduction by TMTU was conducted. The

choice of NaClO4 solution resulted from the fact that ClO4
-

ions cause the strongest disruption in water structure [11].

Moreover, the perchlorate anion is not specifically adsor-

bed in the potential region where Zn2? ions are reduced

[12]. Additionally, the perchlorate ion has low tendency to

form complexes, and its double-layer data are available in

the literature [12–15].
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Results and discussion

Polarographic measurements

The present study shows that Zn2? ion electroreduction at a

mercury electrode in NaClO4 solutions in the presence of

tetramethylthiourea results in a single, well-defined direct-

current (DC) polarographic wave. A change in the basic

electrolyte concentration affects the limited diffusion cur-

rent insignificantly. The approximate diffusion coefficients

for Zn2? ions in the examined solutions were calculated

using the Ilkovič equation for diffusion-controlled limiting

current.

The polarographic wave of Zn2? in 0.1 mol dm-3

KNO3 with a Zn2? diffusion coefficient Dox = 6.9 9

10-6 cm2 s-1 at 298 K was used as a standard [16]. The

analogous value for Zn in mercury, Dred = 1.67 9

10-5 cm2 s-1, was also selected from the literature [17].

The obtained Dox values increase with increasing TMTU

concentration, in 2 mol dm-3 NaClO4 ranging from

6.06 9 10-6 to 7.00 9 10-6 cm2 s-1, in 3 mol dm-3

NaClO4 from 5.72 9 10-6 to 6.95 9 10-6 cm2 s-1, and in

4 mol dm-3 NaClO4 from 4.68 9 10-6 to 5.65 9 10-6

cm2 s-1. The decrease of Dox with increasing NaClO4

concentration in the absence of TMTU can result from

the viscosity increase of the solutions. The zinc-aquo

complex hydration number in the studied range of NaClO4

concentrations is 19.6 [10]. The Dox increase in the pres-

ence of TMTU may be linked to the hydration number

decrease.

The reversible potential of the half-wave (Er
1=2) of Zn2?

ion reduction was determined by cyclic voltammetry

method using Eq. 1 [18]

Er
1=2 ¼

Epc þ Epa

2
; ð1Þ

where Epc and Epa are potentials of the cathode or anode

peak, respectively.

Figure 1 shows voltammetric curves of the Zn2? elec-

troreduction in 2 mol dm-3 NaClO4 with and without

addition of TMTU.

The decreased difference in the cathodic and anodic

peak potentials (DE) of Zn2? electroreduction with

increasing TMTU concentration reveals the catalytic effect

of TMTU on the studied process. This effect is strongest

for the highest concentration of NaClO4, and the values of

DE decrease in the order: 2 \ 3 \ 4 mol dm-3 NaClO4.

With increasing TMTU concentration the Er
1=2 values

remain approximately constant. This led to the conclusion

that the Zn2?–TMTU complexes formed in the solution

are very unstable. It is worth noting that, with increasing

NaClO4 concentration, the Er
1=2 values decrease to a similar

degree in the presence or absence of TMTU. From the

reversible half-wave potential values the standard formal

potential E0
f was calculated using the following equation:

E0
f ¼ Er

1=2 þ
RT

nF
ln

Dox

Dr

� �1=2

: ð2Þ

Double-layer analysis

The calculations of the double-layer parameters for the

adsorption are based on the data from the differential

capacity–potential curves obtained experimentally for all

studied concentrations of TMTU [19]. The potentials of the

outer Helmholtz plane (OHP), U2, were derived assuming

the validity of the Gouy–Chapman–Stern theory [20]

U2 ¼ 0:0514 sinh�1 rm þ ri

11:73c1=2

� �
; ð3Þ

where c is the bulk concentration of NaClO4, rm is the

charge density on the electrode, and ri is the charge density

of specifically adsorbed ClO4
- ions (taken from [13]).

Table 1 presents rm electrode charge density values,

outer Helmholtz plane (OHP) potentials, U2, and respective

Ur values for used TMTU and NaClO4 concentrations.

The U2 values are practically independent of NaClO4

concentration, but the Ur values become less negative with

increasing concentration of the base electrolyte.

The potential in the reaction plane, Ur, can be calculated

by subtracting the diffuse-layer potential:

Ur ¼ UOHP ¼ E � U2: ð4Þ

Aramata and Delahay [21] proved that the hydrated

Zn2? ion is larger than the Na? ion, and therefore the plane

of closest approach for Zn2? is farther from the electrode

Fig. 1 Cyclic voltammetric curves for the Zn2?/Zn (Hg) system in

2 mol dm-3 NaClO4 at scan rate of 0.1 V s-1 in the presence of

tetramethylthiourea: solid line 0 mol dm-3, dashed line 5 9 10-4

mol dm-3, and dotted line 4 9 10-2 mol dm-3
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than the OHP, resulting in overestimation of the Frumkin

effect.

Andreu et al. [10] proved that the reaction plane is

0.28 nm farther from the electrode, which corresponds to

the diameter of one H2O molecule, dH2O. The potential at

the reaction location can be determined [22] from:

Ur ¼ UOHPþ0:28 nm

¼ E þ 4RT

F
tanh�1 tanh

FU2

4RT

����
���� exp �jdH2Oð Þ

� �
ð5Þ

at 298 K:

j ¼ 3:29� 107
� �

zc1=2; ð6Þ

where c is the bulk z:z electrolyte concentration in

mol dm-3, and j is given in cm-1 [23].

The relative surface excess of TMTU presented in

Fig. 2a-c was obtained according to the Gibbs adsorption

isotherm:

C0 ¼ 1

RT

oU
o ln c

� �
r

; ð7Þ

where c is the bulk concentration of TMTU, U is the surface

pressure, U = Dn, n = c ? rE is the Parsons auxiliary

function [24], c is the surface tension, r is the electrode

charge, E is the electrode potential, and Dn = n0 - n
(where n0 and n are the values of the Parsons auxiliary

function for the base electrolyte and for the solution con-

taining TMTU, respectively).

By using Eq. 7 it should be assumed that the mean

TMTU and NaClO4 activity coefficients do not vary with

the change in TMTU concentration. The presented rela-

tionships in Fig. 2a-c are linear and depend insignificantly

on the potential. For higher concentrations of TMTU (from

3 9 10-3 to 1 9 10-2 mol dm-3) the values of C0 increase

with increasing NaClO4 concentration. This effect is sim-

ilar to those observed for the following concentrations: 0.1,

0.5, and 1 mol dm-3 NaClO4 [19], and confirms that,

under less hydrated electrode surface conditions, due to a

larger ClO4
- ion concentration, it is easier to adsorb TMTU

molecules onto the electrode surface.

The rate of electroreduction

Complex impedance data were collected at 36 frequen-

cies ranging from 15 to 100,000 Hz within the Faradaic

potential region at 10-mV intervals. Figure 3a-c pre-

sents the dependencies between the real Z0 and the

imaginary Z00 part of the cell impedance [Z00 = f(Z0)]
for Zn2? ion electroreduction in 2, 3, and 4 mol dm-3

NaClO4 in the absence of TMTU and with the addition

of TMTU.

The decreased values of the charge-transfer resistance

Rct in the presence of TMTU show the catalytic effect

of TMTU on Zn2? electroreduction. Even the lowest

TMTU concentration causes a distinct decrease of

charge-transfer resistance, the most distinct one in

4 mol dm-3 NaClO4. With decreasing NaClO4 concen-

tration the changes also decrease. The impedance data

were analyzed by fitting using Randles’ equivalent circuit

[25, 26], described in terms of ohmic resistance (RX),

double-layer capacitance (Cd), charge-transfer resistance

(Rct), and Warburg coefficient (r). In agreement with the

well-known irreversibility of Zn2? reduction it was

generally found that Rct � rx-1/2. Consequently, the

charge-transfer resistance was obtained with greater

accuracy than the Warburg coefficient. The kf values

were computed from Rct values as a function of DC

potential [10]

Rct ¼
RT

n2F2c0kf

a0=kf þ 1þ rs expðbÞ
aa0=kf þ rs expðbÞ ; ð8Þ

where

a0 ¼ D
1=2
0 ð3pt=7Þ�1=2 þ D0r�1

0 ; ð9Þ

Table 1 Charge densities (102 rm/C m-2), potentials of the outer Helmholtz plane (U2/V), and potentials in the reaction plane (Ur/V) as a

function of TMTU and NaClO4 concentration at formal potentials of the Zn2? ion reduction

cTMTU (mol dm-3) 2 mol dm-3 NaClO4 3 mol dm-3 NaClO4 4 mol dm-3 NaClO4

-rm -U2 -Ur -rm -U2 -Ur -rm -U2 -Ur

0 9.77 0.038 0.950 9.50 0.038 0.943 8.21 0.039 0.924

3 9 10-4 8.61 0.038 0.940 9.00 0.038 0.933 7.92 0.039 0.914

5 9 10-4 8.50 0.038 0.940 8.60 0.038 0.933 7.34 0.039 0.914

1 9 10-3 8.25 0.039 0.940 8.27 0.038 0.933 6.89 0.040 0.914

3 9 10-3 7.94 0.039 0.940 7.61 0.039 0.933 5.11 0.041 0.914

5 9 10-3 7.43 0.039 0.940 5.32 0.040 0.932 4.51 0.041 0.914

1 9 10-2 4.99 0.039 0.940 4.85 0.040 0.932 4.03 0.042 0.914
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rs ¼
r0 þ 3ptD0=7ð Þ1=2

r0 � 3pDR=7ð Þ1=2
; ð10Þ

b ¼ ðnF=RTÞðE � Er
1=2Þ; ð11Þ

a ¼ � RT=nFð Þ d ln kf=dEð Þ: ð12Þ

In these equations t is the drop lifetime, r0 is the drop

radius at that time, and c0 is the bulk concentration of

reactant while cR = 0 in the experiments.

The rate constants for the forward reaction, kf, obtained

in the solutions of constant NaClO4 concentration and

various TMTU concentrations at the standard potential,

confirm the catalytic activity of TMTU with increasing

concentration. The accelerating activity of TMTU is

observed in the whole range of potentials. This effect is

larger in the more negative potential region.

The true rate constants, kt
f , can be obtained from Eq. 13

[22]

kf Urð Þ ¼ kt
f Urð Þ exp � E � Urð Þ nF

RT

� �
: ð13Þ

Figure 4a–c shows the potential dependence of the

true rate constants kt
f of Zn2? ion electroreduction

calculated at OHP ? 0.28 nm, obtained at various TMTU

concentrations.

The kt
f values increase with increasing TMTU concen-

tration, achieving their highest values in 4 mol dm-3

NaClO4. The accelerating effect due to TMTU concentra-

tion is stronger at the highest negative potentials. Similar

behavior is observed in more dilute NaClO4 solutions: 0.1,

0.5, and 1 mol dm-3 [9]. Simultaneously the obtained

values of kt
f for Zn2? ion electroreduction in 2, 3, and

Fig. 2 a Relative surface excess C0 of TMTU versus E in 2 mol dm-3

NaClO4 at varied concentrations of TMTU: (a) 3 9 10-4 mol dm-3,

(b) 5 9 10-4 mol dm-3, (c) 1 9 10-3 mol dm-3, (d) 3 9 10-3

mol dm-3, (e) 5 9 10-3 mol dm-3, and (f) 1 9 10-2 mol dm-3.

b Relative surface excess C0 of TMTU versus E in 3 mol dm-3 NaClO4

at varied concentrations of TMTU as indicated in a. c Relative surface

excess C0 of TMTU versus E in 4 mol dm-3 NaClO4 at varied

concentrations of TMTU as indicated in a

Fig. 3 a Impedance diagrams measured at E0
f for the electroreduction

of Zn2? ions in 2 mol dm-3 NaClO4 at varied concentrations of

TMTU. b Impedance diagrams measured at E0
f for the electroreduc-

tion of Zn2? ions in 3 mol dm-3 NaClO4 at varied concentrations of

TMTU. c Impedance diagrams measured at E0
f for the electroreduc-

tion of Zn2? ions in 4 mol dm-3 NaClO4 at varied concentrations of

TMTU
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4 mol dm-3 NaClO4 are distinctly higher than in dilute

solutions. With increasing concentration of the base elec-

trolyte the kt
f values increases in the order: 0.1 \ 0.5 \

1 \ 2 \ 3 \ 4 mol dm-3 NaClO4.

It has recently been shown [9] that a linear relationship

exists between the rate constant of Zn2? electroreduction

and the relative surface excess of TMTU. This indicates

active complex formation between Zn2? and TMTU, which

facilitates electroreduction transfer across the inner layer.

In contrast to earlier studied systems [9], in 2, 3, and

4 mol dm-3 NaClO4 a linear relationship between the rate

constant of Zn2? electroreduction and the relative surface

excess of TMTU does not exist, which indicates that active

complexes between Zn2? and TMTU are not present in the

systems described herein.

The relations kt
f = f(Ur) are not rectilinear, and the slope

of the curves changes with the potential and the concen-

trations of TMTU. This nonlinear dependence indicates the

two-stage character of the mechanism of the electrore-

duction of Zn2? ions in the studied solutions.

By analyzing the dependencies kt
f = f(Ur) and C0 = f(E)

we may assume that, with increasing TMTU concentration

in 2 mol dm-3 NaClO4, the kt
f value remains in the same

qualitative relationship with the C0 value. The C0 and kt
f

values rise distinctly in 3 9 10-3 mol dm-3 TMTU con-

centration. In 3 mol dm-3 NaClO4, this tendency is not so

distinct. The weakest relationship between the kt
f and C0

values was observed in 4 mol dm-3 NaClO4.

Assuming that charge transfer proceeds via two con-

secutive one-electron transfer steps [10, 22], the first

electron transfer is rate determining (kt
1 = kt

f ) at the most

negative potentials. At more positive potentials, the overall

rate is determined by both steps simultaneously:

1

kt
f

¼ 1

kt
1

þ K1

kt
2

; ð14Þ

where K1 is the formal equilibrium constant of the first

stage.

By using the above relationship and adopting the

experimental data ln kt
f ¼ f ðUrÞ, the values of the true

standard rate constants kt
s1

corresponding to the values

Ef
0 and the constants kt

s1
and kt

s2
were determined. The

constants kt
s1

and kt
s2

characterize the first electron-

transfer stage and the second electron-exchange stage,

respectively.

Table 2 shows the values of the corrected individual rate

constants of Zn2? electroreduction at various NaClO4 and

TMTU concentrations. The obtained kt
s1

and kt
s2

values for

Zn2? ion reduction in the absence of TMTU are in agree-

ment with the literature data [10, 22]. With increasing

TMTU and NaClO4 concentrations the kt
s1

and kt
s2

values

increase, achieving their maximum values at the highest

concentrations of TMTU in 3 and 4 mol dm-3 NaClO4

solutions. In each of the studied systems a much larger

increase in kt
s1

values compared with kt
s2

values was

observed with TMTU concentration increase. This effect is

different from the results obtained for 0.1, 0.5, and

1 mol dm-3 NaClO4 [9] concentrations. Also the kt
s1

and

kt
s2

values in the presence of TMTU obtained for 2, 3,

and 4 mol dm-3 NaClO4 are unquestionably higher than in

more dilute NaClO4 solutions.

The effectiveness of the acceleration of the Zn2? ion

electroreduction process in the studied systems can be

expressed by the ratio between a1, for the first electron-

transfer stage, and a2, for the second electron-exchange

stage:

Fig. 4 a Potential dependence of the true rate constants of the Zn2?

ion reduction in 2 mol dm-3 NaClO4 at various TMTU concentra-

tions: 0 mol dm-3 (filled circles), 3 9 10-4 mol dm-3 (pluses),

5 9 10-4 mol dm-3 (filled triangles), 1 9 10-3 mol dm-3 (open
diamonds), 3 9 10-3 mol dm-3 (times), 5 9 10-3 mol dm-3 (filled
squares), and 1 9 10-2 mol dm-3 (open circles). b The potential

dependence of the true rate constants of the Zn2? ion reduction in

3 mol dm-3 NaClO4 at varied concentrations of TMTU as indicated

in a. c The potential dependence of the true rate constants of the Zn2?

ion reduction in 4 mol dm-3 NaClO4 at varied concentrations of

TMTU as indicated in a
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a1 ¼
k

tðcmaxÞ
s1

k
tðc0Þ
s1

; ð15Þ

a2 ¼
k

tðcmaxÞ
s2

k
tðc0Þ
s2

; ð16Þ

where the true standard rate constants k
tðc0Þ
s1

and k
tðc0Þ
s2

characterize the first electron-transfer stage and the second

electron-exchange stage, respectively, obtained in the

absence of TMTU, and the true standard rate constants

k
tðcmaxÞ
s1

and k
tðcmaxÞ
s2

characterize the first electron-transfer

stage and the second electron-exchange stage, respectively,

obtained for maximum 1 9 10-2 mol dm-3 TMTU con-

centration. The values of a1 and a2 parameters obtained for

2, 3, and 4 mol dm-3 NaClO4 are presented in Table 3.

The presented a1 and a2 value parameters in Table 3

point out the fact that the maximum catalytic effect

depends in a different degree on NaClO4 concentration. In

the case of the first electron transfer the catalytic effect

decreases with increasing NaClO4 concentration. This is

undoubtedly related to a different degree of Zn2? ion

hydration. This may be confirmed by the fact that the C0

values for TMTU increase with increasing NaClO4

concentration, so the electrode surface state does not

seem to be responsible in a dominant way for the accel-

eration effect. In the case of the second electron transfer,

the catalytic effect only increases slightly with increasing

NaClO4 concentration. This suggests that Zn1? aqua ions

composition practically does not depend on NaClO4

concentration.

Conclusions

1. A two-step Zn2? ion reduction process is clearly seen

in concentrated NaClO4 solutions, in the presence and

absence of TMTU.

2. Maximum increases in kt
s1

and kt
s2

were clearly higher

in concentrated NaClO4 solutions in comparison with

more dilute NaClO4 solutions [9].

3. Analysis of kt
s1

values as a function of TMTU

concentration showed a distinct influence of NaClO4

concentration. Maximum increases of kt
s1

obtained for

2 and 3 mol dm-3 NaClO4 were comparable, whereas

in 4 mol dm-3 NaClO4 they were distinctly lower.

4. While in dilute NaClO4 solutions there was a distinct

increase in the acceleration effect of kt
s1

and kt
s2

values

[9], in the currently studied systems the maximum

increase of the kt
s2

value practically did not depend on

the concentration of the base electrolyte. This may be

the result of a similar Zn1? aquaion composition.

5. There is no quantitative relationship between the

increasing C0 values for TMTU with increasing

NaClO4 concentration and the changes in the kt
s1

and

kt
s2

values. This may suggest that, in the Zn2? ion

electroreduction acceleration mechanism triggered by

TMTU, the electrode surface state plays a less

important role in comparison with the Zn2? aquaion

composition.

Experimental

Solutions were prepared from freshly double-distilled water

and Fluka analytical-grade chemicals. The adsorption and

catalytic activity studies were carried out in the TMTU

concentration range from 3 9 10-4 to 0.05 mol dm-3 in

NaClO4 solutions of the following concentrations: 2, 3, and

4 mol dm-3.

Zinc perchlorate was prepared by dissolving ZnO in

small excess of perchloric acid. Optimal accuracy was

Table 2 Corrected individual rate constants of Zn2? ion electroreduction extrapolated to E0
f for various concentrations of NaClO4 and TMTU;

kt
s1

, kt
s2

(cm s-1)

cTMTU (mol dm-3) 2 mol dm-3 NaClO4 3 mol dm-3 NaClO4 4 mol dm-3 NaClO4

102kt
s1

101kt
s2

102kt
s1

101kt
s2

102kt
s1

101kt
s2

0 0.151 0.740 0.198 0.764 0.267 0.765

3 9 10-4 0.165 0.891 0.205 1.380 1.050 2.650

5 9 10-4 0.210 1.450 0.265 2.310 2.840 6.440

1 9 10-3 0.432 3.120 3.610 9.660 10.60 14.50

3 9 10-3 4.500 7.340 13.70 17.40 13.80 17.70

5 9 10-3 10.20 12.70 15.10 19.20 15.40 20.00

1 9 10-2 13.00 19.8 16.50 23.00 16.70 23.70

Table 3 Values of the parameters a1 and a2 for various NaClO4

concentrations

cNaClO4
(mol dm-3) a1 a2

2 86.09 26.76

3 83.33 30.10

4 62.55 30.98
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achieved by maintaining the Zn2? concentration around

0.005 mol dm-3. In order to avoid hydrolysis of Zn2?, this

excess of perchloric acid was chosen to make the final

solution 0.001 mol dm-3 with respect to H? concentration.

Solutions were deaerated using nitrogen, which was also

passed over the solution during measurements.

All measurements were carried out at 298 ± 0.1 K.

Polarographic, voltammetric, and differential capacity

measurements were performed by employing an Autolab

frequency-response analyzer (Eco Chemie, The Nether-

lands). Impedance measurements were carried out by using

a 9121FR analyzer and 9131 electrochemical interface

(Atlas-Sollich, Gdańsk, Poland). Experiments were per-

formed in a three-electrode cell with a dropping mercury

electrode as a working electrode (MTM, Poland), Ag/AgCl

as a reference electrode, and a platinum spiral as an aux-

iliary electrode.
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