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The electrochemical reaction of the Mn(II)/Mn(Hg) system on mercury electrode was studied
in 1 M NaClO4 and 1 M NaCl as supporting electrolytes of different complexing and adsorp-
tive properties. The impedance measurements confirmed the two-stage electroreduction of
the Mn(II) in investigated solutions. Both the apparent and the true rate constants of the
second electron transfer in both supporting electrolytes are lower by one order of magnitude
than the rate constant of the first electron transfer. Similar values of corrected rate constants
in both electrolytes suggest the similarity in mechanism of the Mn(II) electroreduction.
Keywords: Two-step electroreduction; Faradaic impedance; Manganese; Kinetics; Electro-
chemistry.

The courses of electroreduction of Mn(II) in perchlorates, chlorides, bro-
mides, iodides, thiocyanates, sulfates, formates or tartarates are similar un-
der polarographic conditions in which a single two-electron reduction wave
is observed1–8. Galvanostatic single-pulse, chronopotentiometric and equi-
librium measurements on the Mn(Hg)/Mn(II) electrode in chloride, iodide
and thiocyanate solutions5,9–11 as well as chronocoulometric and cyclic
voltammetry measurements of Mn(II)/Mn(Hg) in Ca(ClO4)2 electrolyte so-
lution of a Ca(ClO4)2 concentration lower than 5 M and temperature lower
than 85 °C 2 provided a basis for suggesting a mechanism with two consec-
utive one-electron transfers. Yet there still remained some doubts as to
whether the obtained results are not affected by the structure of electric
double layer at the electrode surface. For that reason it seemed relevant
both to employ a different measurement technique for the investigation of
this reaction and to check the influence of the double layer structure on
electrode process. Hence, an attempt was made to examine the mechanism
of the Mn(II) electroreduction on the mercury electrode employing electro-
chemical impedance spectroscopy as a measurement technique.
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In the present study values of apparent and true rate constants were used
for the determination and comparison of the mechanism of the Mn(II)
electroreduction on the mercury electrode in two different supporting elec-
trolytes: in NaClO4 solution with a low complex-forming tendency and in
NaCl regarded as a complexing electrolyte.

EXPERIMENTAL

Impedance measurements were carried out with a 9121 FR Analyser and 9131 electrochemi-
cal interface (Atlas Sollich, Gdańsk, Poland).

The working electrode was a controlled-growth mercury drop electrode (CGME, MTM
Poland), with a surface area of 0.017 cm2. As a reference electrode, Ag/AgCl with saturated
NaCl solution was used. The reference electrode was connected to the electrolytic cell via an
intermediate vessel filled with the investigated solution. The platinum wire served as a
counter electrode.

Chemicals of analytical grade from Merck were used. Water and mercury were distilled
twice. MnSO4·H2O was used without further purification. The Mn(II) concentration in solu-
tion was 10–3 M. The concentration of NaClO4 or NaCl in investigated mixtures was 1 M.
Measurements were carried out at 298 ± 0.1 K. Solutions were deaerated using nitrogen. The
gas was passed over the solution during measurements.

RESULTS

The complex cell impedance was obtained at 25 frequencies in the range
from 20 Hz to 10 kHz with logarithmic frequency sweep at potentials in the
Faradaic region at 10 mV intervals. Figures 1 and 2 present examples of im-
pedance diagrams at 5 different values of the potential for the electro-
reduction of Mn(II) in 1 M NaClO4 and 1 M NaCl.

Mathematical analysis of impedance spectra variables was carried out us-
ing mathematical models and equations describing equivalent circuits. The
analysis yielded parameters of an equivalent electrical circuit corresponding
to the phenomena taking place on the electrode surface. The method con-
sists in the minimizing of the error function. The minimization is per-
formed by the iterative method of non-linear regression using the
algorithm of Marquardt. In this case the Randles equivalent circuit12,13 was
employed, which is described in terms of ohmic resistance (RΩ), double
layer capacitance (Cd), charge transfer resistance (Rct) and Warburg coeffi-
cient (σ). In agreement with the well-known irreversibility of Zn(II) reduc-
tion, it is known that Rct >>> σω–1/2.

The results rely mainly on the analysis of the Rct values as a function of
the dc potential. The values kf

a (forward apparent rate constants) were com-
puted from Rct according to ref.14
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The values of the apparent rate constants, kf
a , of the electroreduction of

Mn(II) in the investigated solutions as a function of the potential are tabu-
lated as ln kf in Table I. Calculations employed values of Dox, Dred, Ef

0 for
NaClO4 (ref.15) and for NaCl (ref.5) solutions.
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FIG. 1
Impedance diagrams measured at different values of Mn(II) electroreduction potential in 1 M

NaClO4: ❍ 1450, ● 1440, ❑ 1430, ■ 1410, ∆ 1400 mV

FIG. 2
Impedance diagrams measured at different values of Mn(II) electroreduction potential in 1 M

NaCl: ❍ 1450, ● 1440, ❑ 1430, ■ 1420, ∆ 1410 mV
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Rate constants of Mn(II) were obtained on the assumption of Andreau et
al.14. For the two-step electron transfer mechanism at the most negative po-
tentials, the rate constant of the first-electron transfer is determined by kf =
klim = k1, and, at the most positive potentials, the overall rate is determined
by both steps simultaneously, according to the equation

1/kf = 1/k1 + K1/k2 , (1)

where k2 is the rate constant of the second electron transfer; K1 the equilib-
rium constant of the first-electron transfer reaction (at standard formal po-
tential Ef

0 , K1 =1)
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TABLE I
Natural logarithm of the apparent rate constant (in cm s–1) of the Mn(II) electroreduction,
ln kf, in 1 M NaClO4 and 1 M NaCl at varied potentials

–E, mV

–ln kf

NaClO4 NaCl

1380 9.90

1390 9.07 9.01

1400 8.40 8.57

1410 7.71 8.02

1420 6.96 7.33

1430 6.34 6.54

1440 5.66 5.81

1450 4.83 5.00

1460 4.28 4.27

1470 3.66 3.68

1480 3.56 3.16

1490 3.21 2.88

1500 3.01



The obtained values of the apparent rate constant of the first and second
electron transfer in NaClO4 and NaCl solutions are collected in Table II.

Taking into account the double layer effects and using the Frumkin cor-
rection, the true rate constants can be obtained by calculating

kf
t (E – ϕ2) = kf

a (E) exp [nF/RT]ϕ2(E) . (2)

The values of ϕ2 were taken from our previous investigations and the data
reported by Taraszewska et al.16 and ref.5. The course of the natural loga-
rithms of the true rate constants vs E – ϕ2 for the Mn(II)/Mn(Hg) system in
1 M NaClO4 and 1 M NaCl is shown in Fig. 3. The obtained values of the
true standard rate constant are collected in Table II.
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FIG. 3
The natural logarithm of the true rate constants (in cm s–1) vs E – ϕ2 for the Mn(II)/Mn(Hg)
system in 1 M NaClO4 (❍ ) and 1 M NaCl (● )
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TABLE II
Values of apparent (ka) and true (kt) rate constants of first (k1) and second (k2) electron
transfer in 1 M NaClO4 and 1 M NaCl solutions at Ef

0 potential

Solution
M

k1
a ⋅ 103

cm s–1
k2

a ⋅ 103

cm s–1
k1

t ⋅ 105

cm s–1
k2

t ⋅ 105

cm s–1

NaClO4 10.1 1.0 5.0 0.7

NaCl 12.9 0.7 6.1 0.5



DISCUSSION

Parameters of the electrode reactions of cations depend on the adsorption
of ions or molecules, which modifies the structure of the double layer at
the electrode surface and on the composition and structure of the electro-
reduced species.

It seemed that the use of two supporting electrolytes of different
complexing and adsorptive properties should result in different courses of
the electrode process in these solutions.

Experiments with the impedance technique confirm the two-stage course
of the Mn(II) electroreduction process. The plots of the ln kf vs potential ob-
tained by this method in both supporting electrolytes are not assumed to
have the straight-line shape. This kind of dependence is usually associated
with a step mechanism of the electrode reaction.

The values of the corrected rate constants of the first and second electron
transfer were very similar in both electrolytes, which excludes the effect of
potential ϕ2 on the electrode process and suggests that it is the same form
of Mn(II) that undergoes the reduction process in both solutions, which in
turn excludes the participation of chloro complexes of Mn(II) in the elec-
trode reaction in the NaCl solution. Both the apparent and the true rate
constants (Table II) in both investigated supporting electrolytes indicate
that the calculated value k2 of the second electron transfer is smaller by one
order of magnitude than that of the first electron. The obtained results sug-
gest that in both examined solutions the electroreduction mechanism is
identical and the Mn aqua-complex undergoes electroreduction.

The rate constant of the first electron transfer is higher by one order of
magnitude than that of the second electron in both supporting electrolytes.
These dependences are reverse to the electroreduction of Cd(II) or
Zn(II) 14,17 where the rate constant of the first electron transfer is lower by
one order of magnitude than that of the second electron transfer. There-
fore, the second electron transfer is the limiting step of the total rate of the
electrode reaction.

The process of Mn(II) electroreduction may be described as two reactions,
the first of which proceeds much faster than the other.

Mn(II) + e → Mn(I) fast reaction

Mn(I) + e → Mn(Hg) slow reaction
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Cation electroreduction to amalgam requires to free solvent molecules
from the cation coordination sphere. In electrochemical experiments the
presence of a transient species may be determined if the rate of its forma-
tion is sufficiently low; this is the case of Ni(II) reduction18.

The slower stage of the first electron transfer in Zn(II) or Cd(II) electro-
reduction is associated with the process of partial dehydration of these
ions. In the case of Mn(II) ions the faster process is the first electron trans-
fer. It seems likely that the first electron transfer takes place without a
change in the composition of the coordination sphere of Mn(II). However,
it cannot be excluded that Mn(II) partly exchanges water molecules in the
coordination sphere with water molecules present on the electrode surface.
The sum of water molecules remains therefore unchanged. The slower pro-
cess of the second electron transfer is accompanied by total dehydration of
Mn(II).

A probable mechanism of the process may be presented as follows:
(i) partial replacement of water molecules in the coordination sphere with
water molecules adsorbed on the mercury electrode, (ii) first electron trans-
fer, (iii) total dehydration of Mn(I), (iv) second electron transfer.
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