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Electrochemical characteristics of the Mn(1r)/Mn(1r)
and Co(1im1)/Co(11) systems at platinum in anhydrous
acetic acid solutions
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The electrochemical oxidation of Mn(mr) and Co(ir) and reduction of Mn(11) and Co(1mr) at Pt in
glacial acetic acid has been investigated by the rotating disc electrode technique. The diffusion
coeflicients of Mn(111), Mn(11), Co(1r) and Co(11) ions, formal potentials and kinetic parameters of the
Mn(11)/Mn(11) and Co(1r)/Co(m) electrode reactions were evaluated. It was shown that the anodic
oxidation of Mn(1r) and Co(11) occurs at the surface blocked by a layer of adsorbed acetate ions.
In addition, some experiments with an electrochemical quartz crystal microbalance (EQCM)
were performed to explain the acetate adsorption on the surface of the polycrystalline platinum

electrode.
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electrode area (cm?)
diffusion coefficient (cm? s™")
electrode potential (V)
formal potential (V)
frequency (Hz)

Ip disc current (A)
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1. Introduction

Manganese(111) and cobalt(ir) are powerful oxidizing
agents, as indicated by their high standard redox
potentials [1]. These species are often used in organic
synthesis [2-5] and as oxidants for analytical pur-
poses [6—10]. Another application is the destruction
of organic wastes based on mediated electrochemical
oxidation [11, 12]. Since the above mentioned species
can be electrogenerated, the electrochemistry of the
Mn(1)/Mn(1) and Co(iir)/Co(11) redox couples has
been investigated for several decades. Most electro-
chemical data reported concern aqueous solutions,
whereas nonaqueous media are less frequently con-
sidered. However, the species are rather unstable in
aqueous solutions. For instance, Co(1r) reacts with
water to evolve oxygen. The stability of Mn(1ir) and
Co(mmr) can be enhanced when water is replaced by
acetic acid.

The electrogeneration of Mn(1) ions in acetic acid
and their chemical properties in this medium has been
the subject of a number of studies [13-16]. This re-
agent was employed in some indirect organic syn-
theses such as formation of sorbic acid precursors
[14] and addition of active methylene compounds to
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ka anodic rate constant (potential dependent)
ke cathodic rate constant (potential dependent)
k° standard (formal) rate constant (cms™")

Greek symbols

o, anodic transfer coefficient (dimensionless)
e cathodic transfer coefficient (dimensionless)
W circular frequency (rads™")

alkenes [16]. Likewise, the generation and practical
use of Co(1m) in this medium have been investigated.
Some authors [17-19] have described the conditions
for electrolytical preparation of Co(1) acetate. Pas-
tor and coworkers [20-22] reported the anodic gen-
eration of Co(1m) as a titrant for coulometric titration
in acetic acid. They also described the use of Co(ir)
for the determination of some organic compounds
(e.g. ascorbic acid, hydroquinone and its derivatives).

Despite the practical use of the Mn(1r)/Mn(ir)
and Co(m)/Co(11) systems, their electrochemical
characteristics in acetic acid have not been pub-
lished so far. The aim of the present work was to
give some detailed characteristics of the electrode
reactions

Mn(n) = Mn(m) + e~ (1)
and

Co(n1) = Co(m) +e~ (2)
on platinum in this medium. The main experimental
technique was rotating disc electrode voltammetry
(RDE). This paper is a continuation of our studies on

the electrochemical properties of strong oxidants in
acetic acid medium [23, 24].
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Acetic acid is the most common acidic solvent used
in practice. In contrast with water, it exhibits a low
dielectric constant, ¢ = 6.2, and a very low basicity.
These factors cause a slight dissociation of all elec-
trolytes in this medium. Since free and triple ions
contribute to the transport of electricity, a low elec-
trical conductivity is expected [25]. According to
Gordon [26], the 1 : 1 salts are associated to a high
degree in acetic acid (about 90%). Therefore, we have
used relatively concentrated potassium acetate, 1M,
as the background electrolyte. It should be stressed
that the acetate ion is the strongest base that can exist
in acetic acid medium.

2. Experimental details

Acetic acid puriss. p.a. ACS, indifferent against
chromic acid and acetic anhydride p.a. (both Fluka)
were used as obtained. Potassium acetate p.a.
(P.O.Ch.) was purified by crystallization and then
dried at 120°C before use. Manganese(11) acectate
tetrahydrate purum p.a., manganese(ill) acetate
dihydrate and cobalt(i1) acetate tetrahydrate purum
p.a. (all chemicals Fluka) were used without fur-
ther purification. The content of Mn(u1) in
Mn(CH;COOQO)5.2H,0 was determined iodometrical-
ly. Ferricinium picrate was prepared according to
Kolthoff and Thomas [27].

All solutions were purged with argon for 30 min
prior to electrochemical experiments. After deaera-
tion, a blanket of argon was kept over the solution.

The working electrode was a home-made rotating
ring-disc electrode (RRDE) of polycrystalline plati-
num (r; = 0.250cm, r», = 0.274cm, r3 = 0.374cm,
Ny = 0.42). The geometric area of the disc was
0.196 cm”. The disc was used in some experiments as
a stationary electrode. The electrode was mechani-
cally polished with alumina powders of different
grain sizes down to 0.05 um, using water as lubricant,
and was then repeatedly rinsed with water. Prior to
experiments, the working electrode was kept at
—0.5V in the test solution. Such pretreatment of the
electrode was repeated after each voltammetric
measurement. Another Pt rotating disc electrode with
a geometric area of 0.785cm? was employed as the
generating electrode in coulometric measurements.

All voltammetric experiments were carried out in a
three-compartment glass cell. Electrode potentials
were measured and reported against an external
saturated calomel electrode with NaCl solution,
SCE(NaCl), connected via a double-junction bridge.
A platinum wire was used as the auxiliary electrode.
Reference and auxiliary electrodes were individually
isolated from the test solution by glass frits.

The electronic setup for voltammetric experiments
consisted of a model EP 20A potentiostat (with /R
compensation) and a model EG 20 function genera-
tor (ELPAN). Responses were recorded using a
model 4103 X-Y recorder (Laboratorni Pristroje). In
experiments with the rotating ring-disc electrode, the
potential control was accomplished by means of a

model 10/0.2 bipotentiostat (University of Lodz).
A Radelkis OH-404A potentiostat/galvanostat with
an OH-404B current integrator was used in the

coulometric measurements. Electrode potentials
were measured using a V-540 digital voltmeter
(Meratronik).

The EQCM apparatus was constructed in the In-
stitute of Physical Chemistry (Warsaw) to a published
design [28]. Planar AT-cut quartz crystals (Omig,
Warsaw) 1.4 cm in diameter were operated at the fun-
damental frequency of 5MHz. Platinum film elec-
trodes (0.323cm? area) were evaporated on to the
crystals (ITME, Warsaw). The roughness factor of the
electrode surface was determined from measurement
of the quantity of charge required to form a layer of
adsorbed oxygen [29], and was found to be 1.49. The
mass sensitivity, kg, of the EQCM was determined
experimentally from df/dQ for lead electrodeposition/
dissolution [30] to be 5.65x 10’Hzem?g™'. The
changes in resonant frequency of the quartz oscillator
due to mass change were measured on a Philips PM
6685 frequency counter and recorded on a model
4103 X-Y recorder. The frequency resolution of the
measurement was approximately 0.1 Hz.

All electrochemical measurements were carried out
at 25 + 0.2°C.

The viscosity of the solutions was determined at
25 + 0.05°C wusing a BH2 Hoppler viscometer
(Priifgerdte-Werk Medingen).

3. Results and discussion
3.1. Rotating disc electrode experiments

The electrochemical investigations were carried out at
Pt in glacial acetic acid using 1.0 M CH;COOK as the
background electrolyte. All the solutions contained
2vol % acetic anhydride to remove the residual wa-
ter. The oxidation and reduction reactions were in-
vestigated separately. RDE voltammetric curves were
recorded over a range of rotation frequency from 8 to
30Hz (50.3 to 188.5rads™") at a potential sweep rate
of 5mVs™!. The current—potential curves, both an-
odic and cathodic were obtained by scanning the
working electrode from the potential =500 mV in the
anodic direction.

Figure 1 shows a series of RDE voltammograms
(solid lines) for oxidation of Mn(i) as recorded at
three different rotation frequencies. The lowest volt-
ammogram (dashed curve) was obtained for the
background electrolyte alone (namely, the residual
current against potential) at the lowest rotation rate.
The dotted curves were obtained upon subtracting
the residual current from the corresponding current
in the presence of Mn(1).

Analogous curves are depicted in Fig. 2 for the
cathodic reduction of Mn(i1) at a Pt RDE. As fol-
lows from Figs 1 and 2, the Mn(1r)/Mn(i1) system
behaves irreversibly at Pt. There is a gap of about
0.3V between the onset of Mn(i) reduction and
Mn(1r) oxidation.
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Fig. 1. Voltammetric curves for the anodic oxidation of 4.0 x
107*M Mn(i) on a Pt RDE in acetic acid solution containing
1.0m CH;COOK as the background electrolyte recorded at
rotation frequencies: (a) 8, (b) 16 and (c) 30Hz. The volta-
mmogram (d) is the residual current obtained in the absence of
Mn(11) at a rotation frequency of 8 Hz. The curves (a’), (b") and
(¢’) were obtained upon subtracting the residual current from the
corresponding anodic currents in the presence of Mn(i). Scan
rate SmVs'.

Further voltammetric experiments were performed
with the Co(ir)/Co(11) system. Figure 3 shows a
family of voltammetric curves for the anodic oxida-
tion of Co(1r) at a Pt RDE. The curves recorded were
then corrected for the contribution from the residual
current similarly to those in Fig. 1.

Additional experiments were performed using the
rotating ring-disc electrode technique (RRDE). In
this set of experiments, cobalt(i1) was generated at
the disc electrode from a solution containing
4.0 x 107*m Co(ir), and monitored at the ring. The
ring current behaviour confirmed that the anodic
reaction (2) occurs with a current efficiency of 100%.
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Fig. 2. Voltammetric curves for the cathodic reduction of
2.94 x 107>M Mn(i) on a Pt RDE at rotation frequencies: (a) 8,
(b) 16 and (c) 30 Hz. Curve (d) is the residual current. The other
experimental conditions as in Fig. 1.
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Fig. 3. Voltammetric curves for the anodic oxidation of
4.0 x 10 M Co(ir) on a Pt RDE at rotation frequencies: (a) 8,
(b) 16 and (c) 30 Hz. Curve (d) is the residual current. The curves
(@), (b) and (¢’) were obtained upon subtracting the residual cur-
rent from the corresponding anodic currents in the presence of
Mn(11). The other experimental conditions as in Fig. 1.

Co(1r) solutions were then prepared by anodic oxi-
dation of Co(i1) under constant current from a solu-
tion containing 4.0 x 107> M Co(). The increase in
concentration of Co(ii1) was followed by coulometry.
The final solution containing 1.46 x 10~ M was used
to record voltammetric curves for the cathodic re-
duction of Co(1m) (not shown).

3.2. Limiting currents
The nature of the limiting currents was verified using

the Levich equation. Figure 4 shows the limiting
current against the square root of the circular rota-
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Fig. 4. Dependence of the limiting disc current for the anodic
oxidation of (a) 4.0 x 1073m Mn(1), (b) 4.0 x 107> M Co(i) and
cathodic reduction of (c) 2.94 x 107> M Mn(u), (d) 1.46 x 107> m
Co(1n) on the square root of the circular frequency.
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tion frequency, w'/?, for all the reactants studied. In
the case of Mn(111) and Co(1m1) reduction, the plots are
linear and pass through the origin, in agreement with
the Levich equation for a diffusion-controlled limit-
ing current. Otherwise, the dependencies of the lim-
iting current on ®'? for the anodic oxidation of
Mn(m1) and Co(m) are linear only within a limited
range of rotation frequency, at w — 0. At higher
rotation frequencies, deviation from linearity is seen.
From these data, the diffusion coefficients of
Mn(1m1) and Co(1mr) ions were calculated via the Le-
vich equation. The viscosity and density of 1.0m
CH;COOK solution, needed for the calculations,
were determined to be 3.81 x 102gem™'s™! and
1.100 gecm ™, respectively. The values of diffusion
coefficients are given in Table 1. Based on the diffu-
sion coefficients determined, we calculated the effec-
tive radii of these species using the Einstein—Stokes
equation. Thus, values of 0.51 and 0.66 nm were ob-
tained for Mn(111) and Co(1n1) ions, respectively.

3.3. Adsorption of acetate ions

The electrochemical oxidation of Mn(ir) and Co(ir)
species seems to be linked to other processes occur-
ring at the electrode. According to the theory devel-
oped by Scheller et al. [31, 32] and Delamar et al.
[33, 34], such behaviour may result from the partial
blocking of the electrode surface.

To confirm the above hypothesis, we recorded
cyclic voltammetric curves using an RDE. In this
experiment the scan was reversed in the cathodic di-
rection at various potentials of the anodic wave of
Co(mn) oxidation (Fig. 5). The backward voltammo-
grams obtained are markedly shifted in the positive
direction with respect to the forward ones. The
magnitude of this hysteresis increases progressively
with increase in switch potential.

The above results indicate that Reactions 1 and 2
occur in the anodic direction on a partially blocked
electrode surface. Similar results were obtained for
the electrochemical oxidation of TI(1) to TI(1m1) in the
same medium [23].

Adsorption of acetate ions from aqueous solutions
is well known [35-42]. However, there were no data
concerning the adsorption of acetate anions from
acetic acid solutions.

Further experiments were carried out using volt-
ammetric and EQCM techniques. The basic feature
of this method is the linear relationship between the
accumulation of mass Am per cm” on the working
electrode and the resulting change —Af in the reso-
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Fig. 5. Consecutive cyclic voltammetric curves obtained at a Pt
RDE in solution containing 4.0 x 10M Co(r) and 1.0m
CH;COOK. All potential scans were initiated at 400 mV and re-
versed at (a) 1400, (b) 1560, (c) 1800 and (d) 1900 mV, respectively.
Rotation frequency 8 Hz; potential scan rate 5mVs™'. Arrows
indicate direction of potential scanning.

nance frequency, given by Sauerbrey [43]. This rela-
tionship may be described in the following form:

Af = —kAm/A (3)

where k¢ is the mass sensitivity and A is the geometric
surface area of the deposits.

In this series of experiments, the initial potential was
scanned at SmVs™' from 0 to 1.7V and back to 0V.
Figure 6 shows frequency-potential curves obtained
for 0.2m NaClOy electrolyte in the absence (curve a)
and presence (curve b) of 0.02Mm CH3COONa. The
AfJE curve recorded in the absence of acetate anions
is essentially featureless. Only a small increase in
mass is observed at potentials above 1.3V. The
present result points to the weakness of the adsorp-
tion of perchlorate anions on platinum and is not
unexpected on electrostatic grounds.

The influence of CH3;COO™ ions on the frequency
response is significant. The large decrease in fre-
quency (about 5.6 Hz) between 0.75 and 1.75V in the
positive-going scan is attributed to the adsorption of
acetate anions. During the reverse scan, the frequency
remains constant in the potential range 1.75 to 1.0'V.
A gradual frequency increase (i.e. mass decrease)
occurs in the potential range up to 0.2V. The fre-
quency at 0V after the potential scan returns to the
initial value within experimental error. This mass loss
can be ascribed to the reverse process (i.e. desorption
of acetate ions). The results are in good agreement

Table 1. Formal electrode potentials and kinetic parameters of the Mn(111)] Mn(11) and Co(1i1)/Co(ir) systems

Redox system E°" vs SCE(NaCl) E° vs Fic" |Foc IOSDM()(,,,) k° O o Oy
/mV /mV Jem?s™! Jems™! Jems™!

Mn(1r)/Mn(i) 746 390 1.12 23%x107° 0.28 7.0 % 107° 0.31

Co(1r)/Co(1r) 926 570 0.87 3.0x 107¢ 0.33 50x 1077 0.34
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Fig. 6. Frequency-potential response curves for a single cyclic scans
originating at 0V in (a) 0.2M NaClO,4 and (b) 0.2m NaClO4 +
0.02M CH;COONa. Scan rate 5mVs~'. Arrows indicate direction
of potential scanning.

with those obtained by cyclic voltammetry. The ob-
served frequency change of 5.6 Hz corresponds to a
net mass increase, Am, of 31.8ng, and a surface
concentration of acetate anions equal to
1.12 x 107" molem ™, assuming a roughness factor of
1.49. In the potential dependence of the mass chan-
ges, the ionic character of the -COO™ group plays a
dominant role. Thus, it is reasonable to assume that
acetate ions are adsorbed vertically through the car-
bonyl group. Moreover, it seems that under the
present experimental conditions no decomposition of
acetates occurs.

From the above experiments, it is evident that
strong adsorption of acetate anions on the Pt surface
takes place in the same potential range in which
Reactions 1 and 2 proceed in the anodic direction. In
contrast, the cathodic reduction of Mn(111) and Co(1ir)
ions occurs on the bare Pt surface if the electrode
potential is scanned in the positive direction begin-
ning from the onset of hydrogen evolution. The
electrode surface can be cleaned by mild cathodiza-
tion in the HER region.

3.4. Formal potentials

The formal potentials of the Co(i)/Co(11) and
Mn(11)/Mn(11) redox pairs needed for the calculation
of the standard (formal) rate constants were esti-
mated by carrying out controlled-current macroelec-
trolysis. During the conversion of Me(11) into Me(11),
where Me = Mn or Co, the increase in concentration
of Me(1r) was followed by coulometry. The electrol-
ysis was repeatedly interrupted to permit the mea-
surement of the equilibrium potential. In the case of
the Mn(1)/Mn(11) system, the generation of Mn(r)
from Mn(m1) was also performed. Figure 7 shows
these potentials as a function of the cymeqm/emen
ratio, in semilogarithmic coordinates. The plots ob-
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Fig. 7. Equilibrium potentials of the redox couples: (a) Co(i)/
Co(m) and (b) Mn(i1)/Mn(11) as a function of the concentration
ratio cmeqm/CMmeary Where Me = Co, Mn. Data points (O) were
obtained during the cathodic reduction of Mn(i).

tained are linear with a reciprocal slope of 60 and
63 mV decade™" for Mn(1)/Mn(i1) and Co(1ir)/Co(ir)
system, respectively. These values are in reasonable
agreement with theoretical predictions for a reversible
one-electron reaction. The formal potentials were
determined by extrapolation of these plots to cyierm)/
CMc(II) = 1

The values of E°” were also expressed against the
potential of the ferricinium ion/ferrocene (Fic*/Foc)
redox pair, which is recommended by Gritzner and
Kuta [44] as a solvent independent system. The for-
mal potentials of Fic " /Foc electrode were evaluated
from RDE voltammetric measurements performed
under experimental conditions identical to those used
in the study. All the E°” values obtained are listed in
Table 1.

3.5. Electrode reaction kinetics

The kinetics of the electrode reactions Mn(i1) + e~
— Mn(11) and Co(iir) + e- — Co(1r) were investi-
gated on bare Pt, within the potential limits of 0.25 to
0.6V, by means of the RDE technique in a manner
similar to that used in polarography for quasi-
reversible waves. In order to evaluate the potential
dependent rate constants, k., the voltammograms
were analysed using relations derived earlier [45]. As
shown in Fig. 8, the logarithms of the cathodic rate
constants for the systems investigated are linear
functions of the electrode potential. From the plots of
k. against F, the standard (formal) rate constants, k°,
were found, and the cathodic transfer coefficients, o,
were evaluated from the slopes. The kinetic parame-
ters determined are given in Table 1.

The transfer coefficients for the reduction of
Mn(11) and Co(ir) were found to be 0.28 and 0.33,
respectively. These data point to asymmetrical energy
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Fig. 8. Potential dependencies of the rate constant for the cathodic
reduction of (a) Mn(i1) and (b) Co(ir), as well as for the anodic
oxidation of (a”) Mn(11) and (b”) Co(11) at Pt. Vertical dashed lines
correspond to the formal potentials of Mn(111)/Mn(i1) and Co(1r)/
Co (11) couples.

barriers of both electron transfer reactions. It should
be noted that the same value of o, was reported by
Vetter and Manecke [46] for the Mn(11)/Mn(11) sys-
tem in 7.5M aqueous solution of H,SO,4. An analo-
gous comparison with the Co(mr)/Co(11) system in
aqueous noncomplexing solutions is impossible for
lack of data. However, the kinetic parameters of this
system are known for aqueous solutions containing
several diamines as the ligands. In this case, Bartelt
et al. [47-50] reported values of o, varying between
0.24 and 0.40.

The potential dependent rate constants, k,, for
Reactions 1 and 2 in the anodic direction were eval-
uated using a modified method of Jahn and Vielstich
[51, 52]. For this purpose, the disc current was mea-
sured point-by-point at a fixed potential and various
rotation frequencies. The results were plotted as 1//p
against 1/w'?, to determine the activation currents
by extrapolation to @ "2 — 0, that is, to infinite
rotation frequency. The procedure is exemplified in
Fig. 9.

The variation of k, with the electrode potential is
presented in Fig. 8. From these plots, values of the
apparent standard rate constants, kg, were evaluated
by extrapolation to the formal potentials. From the
slopes of these dependencies, the effective anodic
transfer coefficients, o,, were calculated.

As seen in Fig. 8, the values of the apparent
standard rate constants, kZy, obtained from the ki-
netic data for anodic oxidation of Mn(11) and Co(ir)
are considerably lower than those evaluated from the
Tafel curves for the cathodic reactions.

If both reactions were simple electron transfers,
coefficients o, and o, would sum to one and the
standard rate constants would be identical. In the
case of the Co(11)/Co(11) and Mn(11)/Mn(11) systems,
the sum of the two charge transfer coefficients is not
equal to one because of the surface phenomena. The
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Fig. 9. Plots of the reciprocal disc current against the reciprocal
square root of the circular frequency for the anodic oxidation of
4.0 x 107>M Mn(). Composition of the solution as in Fig. 1.
Electrode potential: (a) 1060, (b) 1080, (c) 1120, (d) 1160, (e) 1200
and (f) 1240mV.

different rates for the anodic and cathodic reactions
confirm that the anodic oxidation processes of Mn(1r)
and Co(11) are not simple electron transfer reactions.
This, together with the decrease in standard rate
constant indicates that the surface coverage of the
electrode by chemisorbed acetate anions constitutes
the main factor determining the kinetics of anodic
oxidation of the ions studied. The interaction of the
methyl group with the electrode surface in the con-
sidered potential range may be excluded. Hence, the
acetate complexes of Mn(11) or Co(1r) cations cannot
approach the surface to enable the charge transfer
which is achieved in the absence of the adsorbed
layer.

The degree of coverage by adsorbed anions may be
calculated by using the simple equation [53, 54]

ot = K°(1 = 0) (4)
where 0 denotes the degree of coverage of the elec-
trode surface. The 6 values thus obtained at the for-
mal potentials are 0.70 and 0.83, respectively, for the
Mn(m1)/Mn(11) and Co(i)/Co(11) redox systems.
From the position of the considered formal poten-
tials, it is clear that the value of 0 in the case of anodic

oxidation of Co(1) is greater than that for the oxi-
dation of Mn(ir).

4. Conclusions

It has been shown that the cathodic reduction of
Mn(1r) and Co(mr) ions occurs on a bare Pt surface.
In contrast, the adsorption of acetate anions at the
electrode has a strong inhibiting effect on the kinetics
of the Mn(11) and Co(11) anodic oxidation. The degree
of coverage of the electrode surface by acetate ions
has been estimated to be 0.70 and 0.83 at the formal
potentials of Mn(1r)/Mn(11) and Co(1r)/Co(11) sys-
tems, respectively.
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Future studies will seek to obtain kinetic infor-
mation for the mediated oxidation of some organic
compounds by electrogenerated Mn(111) and Co(1r)
ions in glacial acetic acid.
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