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INTRODUCTION

The process of manganese dioxide production is of
great interest to the researchers, because it is widely
used in the power sources and other fields of engineer-
ing. The study of kinetics of electrochemical produc-
tion of manganese dioxide provides new information
on its peculiarities and enables one to fabricate this
valuable product with prescribed properties.

Various mechanisms of cathodic reduction of MnO

 

2

 

depending both on the electrolyte composition and on
the rate of variation of polarizing voltage were pro-
posed [1–10]. However, the literature data both on the
anodic formation of MnO

 

2

 

 and on its cathodic reduction
are contradictory.

In [1–6], the reduction of 

 

γ

 

-

 

MnO

 

2

 

 powder in the
acidic solutions (pH 1–4) was studied using the method
of linear potential scan. In the acidic solutions, the two-
stage reduction with the consumption of one electron at
each stage was observed in the voltammograms. At the
first stage, manganite forms. In [7], another mechanism
of electrochemical reduction of MnO

 

2

 

 in the 2 M 

 

ç

 

2

 

SO

 

4

 

solution was studied and proposed. According to [7],
after the manganite formation, the chemical reactions
proceed at the first stage: (1) the dissolution of manga-

nite with the formation of Mn

 

3+

 

 and (2) the dispropor-
tionation of Mn

 

3+

 

 with the formation of Mn

 

2+

 

 and MnO

 

2

 

.
The second stage corresponds to the reduction of man-
ganese dioxide, which has deposited by the dispropor-
tionation reaction; as a result, manganite forms again.
However, why deposited MnO

 

2

 

 is reduced at more neg-
ative potential than the main material is not clear from
this mechanism. The electrochemical reduction of
MnO

 

2

 

 in the acidic solutions was studied in more detail
in [8–10]. Three peaks were observed in the voltammo-
grams of cathodic process (the potential scan rate was
0.001–1 V/min). In 0.0125–1.25 M sulfuric acid, two
peaks were observed; the third peak between them
emerged in the concentrated (3.75–7.5 M) 

 

ç

 

2

 

SO

 

4

 

 solu-
tion. The rise of this peak was related to the reduction
of Mn

 

3+

 

, which had formed at the potential of the first
peak. The character of the second peak strongly
depends on the substrate nature. As is seen from the
brief literature review, rather contradictory versions of
the mechanism of MnO

 

2

 

 cathodic reduction were pro-
posed depending both on the electrolyte composition
and on the polarizing voltage scan rate.

The anodic deposition of MnO

 

2

 

 is a complex pro-
cess involving several chemical and electrochemical
stages. The net reaction of MnO

 

2

 

 formation from the
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Abstract

 

—The anodic formation of manganese dioxide is studied voltammetrically in a wide range of potential
scan rate (

 

V

 

 = 0.001–8 V/s). Using the diagnostic criteria of cronovoltammetric method, based on the original
experimental data, the mechanism of electrooxidation of manganese ions in the acidic medium with subsequent
reaction of disproportionation of the product of irreversible electrode reaction and hydrolysis yielding manga-
nese dioxide is proposed. The kinetics of cathodic reduction of electrolytic manganese dioxide in the 0.5 M
Na

 

2

 

SO

 

4

 

 solution is studied under the steady-state and non-steady-state potentiodynamic polarization condi-
tions. From the experimental data, it is found that, in the acidic medium (pH 1–3), the mechanism of the elec-
trode process changes depending on the cathodic potential scan rate: at the scan rate 

 

V

 

 < 0.5 V/s, MnOOH forms
via one-electron transition leading, in its turn, to the partial deactivation of electrode surface with subsequent
disproportionation of manganite. At the relatively high potential scan rates, manganite has no time to form, and
the two-stage reduction via one-electron transitions at each stage is well pronounced. The parameters of the
electrode processes are calculated.
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sulfuric acid solutions proceeds according to the fol-
lowing equation:

Mn

 

2+

 

 + 2

 

H

 

2

 

O

 

 – 2

 

e

 

  

 

MnO

 

2

 

 + 4

 

H

 

+

 

. (1)

 

Different, often contradictory views on the mecha-
nism of this reaction are available from the literature
[11]. In [12], the mechanism of anodic formation of
MnO

 

2

 

 as a result of Mn

 

2+

 

 oxidation to Mn

 

4+

 

 ions, which,
then, are hydrolyzed to H

 

2

 

MnO

 

3

 

, was proposed. The
authors of [13] do not agree with this viewpoint. Based
on the data on the variations in the platinum anode
potentials with time at the constant current density for
the solutions containing Mn

 

2+

 

 or Mn

 

3+

 

 ions, and also on
the data on the absorption spectra of solutions in the
anodic area, they concluded that not permanganic acid,
but Mn

 

3+

 

 ions are the primary product of oxidation. At
the second stage, Mn

 

3+

 

 ions are electrochemically oxi-
dized to Mn

 

4+

 

 in the concentrated acid and dispropor-
tionate to Mn

 

2+

 

 and Mn

 

4+

 

 in the dilute acid. Then, the
hydrolysis of Mn

 

4+

 

 with the formation of MnO

 

2

 

 takes
place. This mechanism of electrodeposition was stud-
ied in more detail in [14, 15]. A series of studies con-
cerning this problem was performed by Japanese
researchers [6, 16–19] using a rotating disk electrode. It
was indicated [16] that the mechanism of anodic depo-
sition of MnO

 

2

 

 changes depending on the anodic poten-
tial scan rate. At low potential scan rates, the two-stage
voltammetric characteristic of anodic process was
recorded, whereas at high scan rates (

 

V

 

 = 12 V/s), a sin-
gle wave was observed, which, in the authors' opinion,
corresponded to the one-electron electrode reaction.

In [20], it was proposed that only one-electron reac-
tion is realized on the anode and, then, instantaneous
disproportionation of Mn

 

3+

 

 with the formation of Mn

 

4+

 

takes place. In the weakly acidic medium, Mn

 

4+

 

 is
hydrolyzed yielding MnO

 

2

 

. Mn

 

3+

 

 is hydrolyzed to a
smaller extent. The rate of hydrolytic reaction depends
on the temperature of solution. These processes affect the
physical and chemical properties of MnO

 

2

 

. In [21, 22], it
was reported that the anodic limiting current is indepen-
dent of the microelectrode rotation rate and, consequently,
is not diffusion. The work of Latvian researchers [23]
should be mentioned. The scheme of anodic production of
MnO

 

2

 

, which was proposed in [23], involves the oxidation
of Mn

 

2+

 

 to Mn

 

4+

 

 in one stage, slow hydrolysis of Mn

 

4+

 

 to
MnO

 

2

 

, and the formation of Mn

 

3+

 

 as a result of reaction of
two- and four-valent manganese ions in the diffusion
layer.

In [24], the mechanism of Mn

 

2+

 

 electrooxidation on
a platinum electrode was studied using the chronopo-
tentiometric method. Based on the experimental data,
the authors concluded that the preceding chemical reac-
tion and the adsorption processes were absent. The pro-
cess rate was controlled by the rate of mass-transfer,
which was followed by the two-electron transfer. In
[25], the mechanism of dioxide formation was pro-
posed, according to which manganese and oxygen ions
cross the interface in parallel. In [26], it was shown that
manganese dioxide electrodeposition proceeds through

 

the stage of Mn

 

3+

 

 formation, which is electrochemical
on platinum and proceeds via the chemisorption of
Mn

 

2+

 

 ions with the formation of Mn

 

3+

 

 on manganese
dioxide surface. The Mn

 

3+

 

 ions convert into MnO

 

2

 

 by
the reaction of disproportionation. In [27], based on the
analysis of cyclic voltammograms of rotating manga-
nese dioxide disk electrode with platinum ring, it was
supposed that the reduction of MnO

 

2

 

 by Mn

 

2+

 

 ions
yielding manganite occurs in the heterogeneous che-
mical reaction in parallel with the synthesis of MnO

 

2

 

proceeding via the stages of Mn

 

3+

 

 ions formation and
their disproportionation.

As is seen from the above review, different view-
points on the mechanism and kinetics of electrochemi-
cal deposition of manganese dioxide were advanced.
The majority of authors consider that three-valent man-
ganese forms at the first stage and, then, it chemically
or electrochemically converts into MnO

 

2

 

. Some
researchers believe that concurrent transfer of two elec-
trons with the formation of four-valent manganese
takes place and, then, the latter is subjected to the
hydrolysis yielding Mn

 

2+

 

, which is the end product. In
some works, the indirect oxidation of Mn

 

2+

 

 ions was
proposed. This discrepancy in views calls for further
thorough investigation of manganese dioxide elec-
trodeposition.

Based on the analysis of literature data, we decided
to increase the electrode potential scan rate, to use com-
pletely the diagnostic potentialities of chronovoltam-
metric method, to increase the body of experimental
data on the mechanism and kinetics of anodic forma-
tion and cathodic reduction of manganese dioxide in
the acidic sulfate electrolyte solutions in order to pro-
pose more substantiated mechanisms of electrode pro-
cesses and calculate the kinetic parameters.

      EXPERIMENTAL PROCEDURE 
ON THE ANODIC FORMATION OF MnO

 

2

 

To prepare the working solutions, twice-recrystal-
lized manganese sulfate and sulfuric acid and sodium
sulfate of reagent grade were used. The source reagents
were dissolved in twice-distilled water. Prior to the
electrochemical measurements, the solution was deaer-
ated for an hour with purified argon. The experiments
were performed in the thermostated cell with separated
cathodic and anodic compartments. A spiral thin plati-
num band was used as the auxiliary electrode. A satu-
rated silver–chloride electrode served as the reference
electrode; it was separated from the working electrode
with an intermediate vessel to prevent the entry of chlo-
ride ions into the working solution. All potentials are
referred to the standard hydrogen electrode.

The anodic deposition and cathodic reduction of
manganese dioxide were performed in 0.5 M Na

 

2

 

SO

 

4

 

 +
0.1 M H

 

2

 

SO

 

4

 

 solution, which had been deaerated with
argon at a temperature of 298 K. To obtain the repro-
ducible data, platinum surface, on which manganese
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dioxide was deposited, had been pretreated. The plati-
num wire (

 

σ

 

 = 0.018 cm

 

2

 

) was cathodically polarized at

 

E

 

 = 0.5 V for 10 min with stirring of solution. When the
polarization was switched off and the steady-state
potential (

 

E

 

st

 

 = 0.02 V) was reached, the electrode was
anodically polarized at the potential of manganese
dioxide deposition (

 

E

 

a 

 

= 1.2 V) for 15 min. Then, the
electrode was washed with distilled water and placed
into the electrochemical cell with the test solution.
After measuring each voltammogram, the working
electrode was treated with hydrochloric acid in order to
remove manganese dioxide from the surface and, then,
the pretreatment was repeated, and manganese dioxide
was deposited. The voltammograms of anodic process
were measured in a wide range of potential scan rates
(0.001–8 V/s). For this purpose, a PI-50-1.1 poten-
tiostat with a PR-8 programmer and a PO-5122 mod 03
oscillographic polarograph were used.

      EXPERIMENTAL RESULTS ON MnO

 

2

 

 
ANODIC FORMATION AND DISCUSSION

In the voltammograms of MnO

 

2

 

 electrodeposition on
platinum and manganese dioxide electrodes, which were
measured under the potentiodynamic polarization condi-
tions, a single peak is observed (Figs. 1 and 2), which has
all specific features of irreversible non-steady-state
electrochemical processes [28–30]:

(1) With increasing voltage scan rate, the potential
of peak 

 

Ö

 



 

 shifts in the anodic direction, the peak half-
width 

 

Ö

 



 

–

 

Ö

 

1/2

 

 increases and becomes much larger than

 

0.059/

 

β

 

n

 

 (Table 1).
(2) The potential difference between the anodic and

cathodic peaks is much larger than the potential differ-
ence, which is typical for reversible electrochemical
reactions (

 

0.058/

 

n

 

).
(3) The ratio between the anodic and cathodic peaks is

unity only at the potential scan rates 

 

V

 

 > 0.5 V/s (Fig. 3).
The primary experimental data were analyzed using

the known diagnostic criteria of chronovoltammetric
method [29, 30]:

the transfer coefficient 

 

β

 

n

 

 was determined from the
Matsuda and Ayabe dependence:

 

E

 

p

 

 – 

 

E1/2 = 1.857RT/βnF = 0.048/βn; (2)

the diffusion coefficient was calculated using the
Delahay equation for the peak current of non-steady-
state irreversible processes:

ip = 2.99 × 105(βn)1/2D1/2cv1/2; (3)

the heterogeneous constant of charge transfer rate ks
was determined from the dependence:

(Ep/2 – E0)βn + RT/Fln = 0.04236. (4)

To determine the free activation energy of charge
transfer, the following equation was used:

∆G = F[βn(Ea – Ep) – 0.059 /nc + 0.54 + 0.059 ×
108ρ] where Ea is the potential of reference electrode
and ρ is the distance, to which the depolarizer approach
the electrode (~4 × 10–8 cm).

The diffusion constant χ and, correspondingly, the
diffusion layer thickness δ were determined from the
current densities, which were measured under the

πDb
k2

---------------

iplog
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Fig. 1. Cyclic voltammograms of Mn2+ electrooxidation on
platinum electrode in 0.5 M Na2SO4 + 0.005 M Mn2+ solu-
tion (pH 1; 298 K).
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Fig. 2. Cyclic voltammograms of Mn2+ electrooxidation on
MnO2 electrode in 0.5 M Na2SO4 + 0.005 M Mn2+ solution
(pH 1; 298 K).

Table 1.  The kinetic transfer coefficients βn for various anode
potential scan rates; pH 1,  = 1 × 10–5 mol cm–3, 298 K

V, V/s
Pt MnO2

Ep – E1/2, V βn Ep – E1/2, V βn

0.16 0.104 0.45 0.122 0.38

0.25 0.108 0.44 0.138 0.35

0.5 0.110 0.43 0.144 0.33

1.0 0.115 0.42 0.148 0.32

2.0 0.144 0.33 0.133 0.35

4.0 0.136 0.35 0.135 0.35

8.0 0.134 0.39 0.140 0.34

c
Mn2+
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steady-state potentiodynamic conditions, by the depen-
dence:

χ = D/δ = ip/nFc. (5)

The experimental data are presented on the Ep vs.
 ip vs. V1/2, ip/V1/2 vs. V1/2 and ip/V1/2 vs. 

coordinates (Figs. 4–7). The shapes of the plots are sim-
ilar for platinum and manganese dioxide electrodes
indicating that the mechanisms of the processes are
identical on both electrodes. The plots differ only in the
current densities and in the potential scan rate, at which
the process mechanism changes (Figs. 4 and 5). The
peak height is by 1.7 times higher on the manganese
dioxide electrode than on platinum electrode through-
out the range of potential scan rates (Fig. 8). This can
be explained by the difference in the working area due
to the porosity of manganese dioxide electrode. It
should be also noted that the process rate on the man-

V ,log Vlog

ganese dioxide electrode only slightly changes with the
variation of the concentration of Mn2+ ions. According
to [26], this can be explained by the adsorption of man-
ganese ions on the manganese dioxide electrode. This is
supported to some extent by the difference in the free
activation energy of potential-determining stage.

A decrease in the ip/V1/2 ratio with increasing V1/2 is
the evidence for the presence of conjugations of chem-
ical reaction. The diffusion coefficients, which are cal-
culated using the Delahay equation by the

 values, are clearly overestimated (2 ×
10−4 cm2 s–1) as compared with the literature data (D = 6 ×
10–6 cm2 s–1) [24]. The value of D, which is calculated

by the  value, when it becomes constant
(in the diffusion mode), is 3 × 10–6 cm2 s–1 approaching
the literature data. This confirms the presence of subse-

ip/V1/2( )V 0→

ip/V1/2( )V ∞→ ,

iap / i
c
p

V1/2, (V/s)1/2
0.50 1.0 1.5 2.0 2.5 3.0

2

4

6

8

10

12

Fig. 3. Plot of  vs. V1/2 for the Mn2+ electrooxidation

on platinum electrode in 0.5 M Na2SO4 solution (pH 1,

 = 1 ×10–5 mol/cm3).
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Fig. 4. Plots of  vs.  for the Mn2+ electrooxidation

on (1) platinum and (2) manganese dioxide electrodes in 0.5
M Na2SO4 solution (pH 1;  =  1 × 10–5 mol/cm3;

298 K).
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Fig. 5. Plots of  vs. V1/2 for the Mn2+ electrooxidation on

(1) platinum and (2) manganese dioxide electrodes in 0.5 M
Na2SO4 solution (pH 1;  = 1 × 10–5 mol/cm3; 298 K).
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quent chemical reaction of disproportionation of the
product of electrode stage, when the near-electrode
layer is partially supplied with Mn2+ ions. Obviously,
this explains also the overestimated diffusion constant
χ and, correspondingly, the diffusion layer thickness δ
at low anodic potential scan rates (Table 2). From the

plot of /V1/2 vs.  (Fig. 7), the half-decay time of
intermediate (three-valent manganese) and V1/2 (the
potential scan rate corresponding to the half-decay
time) can be determined [31]. Taking into account that
the disproportionation reaction is the second-order
reaction, we can determine the disproportionation rate
constant KDPP by the equation KDPP = 1/τ1/2c. At high
potential scan rates, the product of electrode reaction
has no time to disproportionate, and the peak height is
determined only by the diffusion delivery of source
species to the electrode surface. Therefore, the diffu-
sion coefficient, which is calculated from this portion

, taking into account the initial concentra-
tion of depolarizer, approaches the literature data.

Thus, extending the range of potential scan rates and
making the best use of experimental potentialities of
chronovoltammetric method, based on the results of
analysis of original data, we can accept more substanti-
ated scheme of the mechanism of Mn2+ ions electroox-

ip
a Vlog

ip' /V1/2( )V ∞→

idation in the acidic medium with subsequent dispro-
portionation of the product of irreversible electrode
reaction and hydrolysis. As a result, MnO2 forms:

It should be supposed that, in the acidic medium, the
last stage, namely, the formation of manganese dioxide,
is the slowest stage. Table 2 lists the calculated param-
eters of electrode process. Most of them are estimated
quantitatively for the first time.

      EXPERIMENTAL RESULTS 
ON THE CATHODIC REDUCTION OF MnO2 

AND DISCUSSION

      The cathodic reduction of manganese dioxide is
studied also in 0.5 M Na2SO4 + 0.1 M ç2SO4 solution
deaerated with argon at a temperature of 298 K. Only
one pronounced peak (I) is observed in the voltammo-
grams of MnO2 electroreduction at relatively low
potential scan rates (V < 0.05 V/s). At V > 0.05 V/s, the

2Mn2+ 2e 2Mn3+,–

2Mn3+ Mn2+ Mn4+,+

Mn4+ 2H2O MnO2 4H+,+ +

Mn2+ 2H2O 2e MnO2– 4H+.+ +
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iap × 102 / V1/2, (A s1/2) / (Òm2 V1/2)

Fig. 7. Plots of  vs.  for the Mn2+ electrooxi-

dation on (1) platinum and (2) manganese dioxide elec-
trodes in 0.5 M Na2SO4 solution (pH 1;  = 1 ×

10−5 mol/cm3; 298 K).

ip
a
/V

1/2
Vlog

c
Mn2+

iap(MnO2) /iap(Pt)

V1/2, (V/s)1/2
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Fig. 8. Plot of (MnO2)/ (Pt) ratio vs. V1/2 for the Mn2+

electrooxidation on platinum and manganese dioxide elec-
trodes in 0.5 M Na2SO4 solution (pH 1;  = 1 ×

10−5 mol/cm3; 298 K).

ip
a

ip
a

c
Mn2+

Table 2.  Parameters of anodic oxidation of Mn2+ on platinum and manganese dioxide electrodes in 0.5 M Na2SO4 solution,
pH 1, c = 1 × 10–5 mol cm–3

Electrode χ, cm s–1 δ, cm D, cm2 s–1 ks, cm s–1 , cm s–1 ∆G, 
kJ mol–1

 
s–1mol–1 l

Pt 0.5 × 10–2 0.5 × 10–2 3 × 10–6 9.9 × 10–4 1.8 × 10–3 –44.68 3.32 × 102

MnO2 2.7 × 10–6 1.54 × 10–3 4.17 × 10–3 –17.27

Notes: * Heterogeneous rate constant of charge transfer at the potential of peak.
** Disproportionation constant of the product of stage: 2Mn3+  Mn2+ + Mn4+.

kbh*
KDPP** ,
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second peak arises; its height increases with increasing
potential scan rate (Fig. 9), whereas the ratio i'/i''
remains almost constant and approximately equal to 3
at V ≥ 0.2 V/s (Fig. 10). The latter can be due to the
capacitance component of polarizing current. With
increasing scan rate, the potential of the first peak shifts
in the cathodic direction, and the peak width increases.

The  ratio, first, decreases and, at V ≥1 V/s,
becomes almost constant (Fig. 11). A similar plot with

slight decreasing  ratio is observed also at pH 3,
but at smaller scan rates than at pH 1. For the systems

with pH 5 and 7,  = const throughout the range
of potential scan rates. At the scan rates V ≥1 V/s, after
several pulses (at 5–6 s intervals), the peaks are sup-
pressed, the first peak decreases by 2–3 times as com-
pared with a similar peak, which was obtained in the
previous pulse. The polarization curve stabilizes after
several pulses (Fig. 12).

      The fact that, under the steady-state polarization
conditions, the peaks are observed in the voltammo-
grams, and they become less pronounced with increas-

ip' /V1/2

ip' /V1/2,

ip' /V1/2

ing V, can be, probably, explained by the coating of the
electrode surface with the product of cathodic process.
According to the literature data [10], the scheme of
electrode reaction can be presented as follows:

(6)

Formed MnOOH, being weakly conducting, partially
blocks the electrode surface at small potential scan
rates leading to the peak rise. The suppression of the
peak after several pulses under high scan rates, proba-
bly, can be explained by the formation of MnOOH
(Fig. 12). At relatively high cathodic potential scan
rates, the chemical reaction of MnOOH formation has
no time to realize, and the second wave arises as a result
of the second electron transfer to the product of the first
stage. Thus, at high potential scan rates, the two-stage
electron transfer can be supposed:

(7)

(8)

MnO2 e H+ MnOOH.+ +

MnO2 e MnO2
–,+

MnO2
– e 4H+ Mn2+ 2H2O.+ + +
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Fig. 9. Voltammograms of MnO2 electroreduction in 0.5 M
Na2SO4 solution (pH 1; 298 K).

Fig. 10. Plot /  vs. V1/2 for MnO2 electroreduction in

0.5 M Na2SO4 solution (pH 1; 298 K).

ip' ip"

Fig. 11. Plots /V1/2 vs. V1/2 for MnO2 electroreduction in

0.5 M Na2SO4 solution (pH1, 298 K).
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Fig. 12. Voltammograms of MnO2 electroreduction in
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(3) after the third pulse with a delay of 3–4 s, (4) after the
4th pulse with a delay of 3–4 s, (5) after the 5th pulse with
a delay of 3–4 s.
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The shape of  vs. V1/2 dependence for pH 1–3
points to the presence of conjugate reaction [29]. We
may suppose that, in the acidic medium, the product of
electrode process is subjected to the disproportionation
reaction at the potentials of the first peak, thus support-
ing the opinion on the presence of catalytic effect [10].

      As a result of disproportionation reaction of
three-valent manganese compound, MnO2 deposits on
the electrode:

(9)

(10)

(11)

Assuming that the electrode process rate is limited by
the rate of diffusion delivery of hydrogen ions to the
electrode and substituting their concentration (pH 1,

= 1 ×10–4 mol cm–3) into the equation for the peak

current for the non-steady-state processes [29], one can
calculate the diffusion coefficient  The calculation

by the relation  yields a value of 1.7 ×
10−4 cm2 s–1, which is much higher than the literature

ip' /V1/2

2MnO2 2H+ 2e MnOOH,+ +

2MnOOH 2H+ MnO2 Mn2+ 2H2O,+ + +

MnO2 4H+ 2e Mn2+ 2H2O.+ + +

c
H+

D
H+.

ip' /V1/2( )V 0→

data [32, 33]. The calculation of  

(when the process rate is controlled only by the trans-
port limitations) yields a value of the same order (3 ×
10–5 cm2 s–1) as in the above-cited works.

Table 3 lists the kinetic parameters that were calcu-
lated by the known criterional dependences of chrono-
voltammetric method [29]. The activation energy of
electroreduction is determined from the data of steady-
state measurements using the Arrhenius equation in the

temperature range of 298 to 343 K (  = 3.35 ×

10−5 A cm–2,  = 7.2 × 10–3 A cm–2).

The shape of Ep vs.  curves for various pH val-
ues (Fig. 13) indicates that the mechanism of electrore-
duction for pH 1 changes at a scan rate V = 0.5 V/s,
which is in agreement with the data presented on Fig. 11.
At V ≥ 0.5 V/s, the conjugate reactions play no impor-
tant role in the electrode process. The shape of  vs.
V1/2 curves (Fig. 14) indicates that the degree of revers-
ibility of cathodic process changes in the test range of
potential scan rates.

The fact that the rate of electroreduction is virtually
independent of pH value for various potential scan rates

D
H+ ip' /V1/2( )V ∞→

ip
298

ip
343

Vlog

ip
a

Table 3.  Parameters of MnO2 electroreduction in 0.5 M Na2SO4 solution (298 K) at various pH values

pH ks, cm s–1 kbh, cm s–1 i0, A cm–2 ∆G, kJ mol–1 Ea, kJ mol–1 , cm2 s–1

1 1.02 × 10–8 7.15 × 10–6 9.23 × 10–7 19.5 16.57 3 × 10–5

3 2.5 × 10–8 3.5 × 10–6 2.4 × 10–8 17.1

5 8.5 × 10–9 3.3 × 10–6 2.0 × 10–10 3.59

7 5.5 × 10–10 1.58 × 10–6 5.3 × 10–13 4.15

Notes: ks is the standard rate constant of charge transfer; kbh is the rate constant of charge transfer at the peak potential; i0 is the standard exchange

current density; ∆G is the free activation energy of potential-determining stage;  is the diffusion coefficient of H+ ions.
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Fig. 13. Plots of Ep vs.  for MnO2 electroreduction in
0.5 M Na2SO4 solution (298 K) at pH values: (1) 1, (2) 3,
(3) 7, and (4) 5.
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Fig. 14. Plots of iap  vs. V1/2 for MnO2 electroreduction in
0.5 M Na2SO4 solution (298 K) at pH values: (1) 1, (2) 3,
(3) 5, and (4) 7.
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is the evidence for the complexity of solid-phase reac-
tion mechanism.

The analysis of the voltammograms of solid-phase
cathodic process, possibly, is conventional to some
extent; however, it enables us to offer a substantiated
explanation of peculiarities of the process in agreement
with the opinions of other authors on this mechanism.

      CONCLUSIONS

The above experimental data and the values of
parameters of Mn2+ electrooxidation in the acidic
medium suggest that the most acceptable scheme is the
scheme of anodic formation of manganese dioxide with
conjugate chemical reaction: (a) the anodic oxidation of
Mn2+ with one-electron irreversible transition; (b) the dis-
proportionation of the product of electrode reaction; and
(c) the hydrolysis of the product of disproportionation
(four-valent manganese) with the formation of MnO2.

Based on the analysis of experimental data on the
MnO2 electroreduction under the steady-state and non-
steady-state potentiodynamic polarization conditions,
it is shown that, in the acidic medium (pH 1–3),
depending on cathodic potential scan rate, the mecha-
nism of the electrode process changes: at V < 0.5 V/s,
MnOOH forms as a result of one-electron transition
leading to partial deactivation of electrode surface with
subsequent disproportionation of MnOOH. At V > 0.5 V/s,
manganite has no time to form, and two-stage reduc-
tion, by an electron at each stage, is well defined.
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