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The electrochemical behaviour of pure iron in alkaline sulphate solutions was studied using cyclic volt-
ammetry at T = 298 K. It has been found that the results depend on the polarization pre-treatment of
the electrode and the activation state of its surface. At starting potentials in the range of hydrogen
evolution and at maximum activation conditions, the voltammograms show three anodic current
maxima and two cathodic ones. A correlation between these different maxima is given. The electrode
processes, which may take place at these maxima, are discussed in terms of possible iron dissolution

mechanisms.

1. Introduction

The investigations carried out on the electro-
chemical behaviour of iron in alkaline solutions
are relatively few compared to those done in acid
solutions. This type of investigation is, however,
important from the technical point of view, e.g.

(a) Technology of alkaline Fe—Ni accumulator
[1] as well as Fe—air battery [2].

(b) electrochemical manufacture of oxide films,
which find an important application in
electronics [3] and

(c) corrosion of iron and steels and their pro-
tection as in the case of nuclear reactor
technology [4].

Kabanov ef al. [5] studied the kinetics of iron in
sodium hydroxide solution using the galvanostatic
method. They suggested the formation of

Fe(OH), and Fe(OH); and presented a mechanism.

Further, Weil [ 6] and Hurlen [7] investigated the
same system using different electrochemical
techniques. Physical methods, namely X-ray and
electron diffraction, were used by Salkind et al.

[8] and Foley et al [9] in order to determine the
type of iron oxides formed in these alkaline media.
Schephard and Schuldiner [10] have shown that
steady state measurements on iron in alkaline

media are relatively difficult. Therefore, some
other authors [11—15] used non-steady state
techniques, e.g. cyclic voltammetry and galvan-
ostatic and potentiostatic pulse measurements.
Asakura and Nobe [11] for example, investigated
the behaviour of iron in potassium hydroxide
solution using the potentiostatic single sweep
technique. They studied the processes occurring
at the electrode surface and their dependence on
the starting potential.

Cyclic voltammetry is more suitable than the
single sweep method for studying the electro-
chemical behaviour of iron in alkaline solutions
over a wide potential range. This method was
used recently for investigating the electrochem-
istry of iron in hydroxide solutions [14].

The kinetics of iron dissolution in weak acid
sulphate solutions in the potential range between
the active and the passive state was investigated
by Lorenz et al. [16] using cyclic voltammetry.

Some of the data obtained in the earlier in-
vestigations on the electrochemical behaviour of
iron electrodes in alkaline solutions were not
completely reproducible and there were also some
contradictions due to different interpretations of
the measured results [5—15] .

Consequently a uniform dissolution mechanism
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could not be deduced. However, the authors agree
that OH ions stimulate the active dissolution
process and participate in the formation of
different hydroxides as well as oxides on the elec-
trode surface. The composition of the formed
oxide layers could be detected experimentally in
an independent way by using physical methods.
Thus, the existence of y—Fe, 03 and Fe30,4 at
relatively high anodic potentials was confirmed
[8, 9] It was not possible to present a definite
mechanism of iron dissolution and oxide layer
formation on the electrode surface in alkaline
media, due to the following difficulties:

(1) In the potential range of the active iron
dissolution the degree of coverage of the electrode
surface with the intermediate (FeOH), 4 is large.
Therefore consecutive reactions leading to
hydroxides and oxides can take place preferen-
tially.

(2) The kinetics of electrode processes with
parallel and consecutive steps including the
specific adsorption of different intermediates as
well as the formation of surface oxides is rela-
tively complicated. In such a case, it is hardly
possible to deduce a specific mechanism from
experimental data. _

(3) The formed hydroxides as well as porous
oxide layers on the electrode surface act as mem-
brane inhibitors for different possible charge-
transfer steps. In this case, transport processes
may play an important role in the kinetics. Con-
sequently the relatively unexplored subject of
membrane inhibition complicates the electro-
chemical kinetics. :

(4) Under these circumstances electrochemical
measurements under steady state conditions do
not lead to definite kinetic information [10].
Therefore, only non-steady state techniques are
applicable. In such cases the most popular method
is cyclic voltammetry. However, thermodynamic
and kinetic data obtained by this method are
known to be of a more qualitative than quantita-
tive nature. Therefore, a correlation between the
experimental results and proposed mechanisms
can only be offered with certain reservations.

The aim of this work is to investigate the iron
dissolution in an alkaline sulphate medium using
cyclic voltammetry. Taking into account the
influence of different parameters, which affect
the reproducibility of the results, a comprehen-

sive discussion'is offered in order to clear up the
divergencies of earlier results and to formulate the
most suitable mechanisms.

2. Experimental

The cell was made of pyrex glass, was double-wall-
ed and contained electrolyte of volume about
300 cm®. The counter and reference electrode
compartments were separated from the rest of the
cell by means of G4 sintered glass frits. The end of
the reference electrode compartment was elong-
ated in the form of a Luggin:capilliary, which was
placed at a distance of about 0-1 cm from the
surface of the working electrode.

The electrolyte consisted of 0-4 M Na,SO4
plus 0-1 M NaOH. The chemicals were p.a. grade
(Merck) and the solutions were prepared from
conductivity water.

The reference electrode was a saturated calo-
mel electrode. The counter electrode was a
platinum sheet having an area of about 10 cm?.
The working electrode was in the form of a wire
(d = 0-2cm) made from recrystallized Ommet
iron*. This wire was mounted in a glass tube,
whose end was sealed with high pressure
polyethylene. The area of the working electrode
exposed to the electrolyte was always 1 cm?. The
pre-treatment of the iron electrode started with a
degreasing with acetone and washing with bi-
distilled water. Then the working electrode was
anodically polished in a bath made from concen-
trated H,SOg4, concentrated H3;PO, and water
(1 : 3 : 1 parts by volume), at a current density
of 08 A cm? and a temperature of T = 80 *
5°C for about 10 min. After washing with bi-
distilled water and then with sulphate solution,
the electrode was introduced into the cell contain-
ing the oxygen free solution.

The potential of the working electrode was
controlled by a Jaissle potentiostat, type 1000 T,
A function generator, developed at the Bonn
University, provided the triangular potential sig-
nals. The current density-potential curves were
recorded on an x—y recorder (Hewlett-Packard,
type 135 M).

All experiments were carried out under an
atmosphere of purified hydrogenf and at 25 £

* Total impurities < 300 p.p.m.
tH, > 99998 vol%, 0, < 2 v.p.m.
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0-1°C. All given potentials are transformed to the
normal hydrogen scale.

3. Results

3.1. Influences of the starting potential and
electrode activation by cyclic prepolarization
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Fig. 1. Cyclic voltammetry curves starting from a poten-
tial of e = —460 mV. System: Fe/0-1 M NaOH + 0-4 M
Na,SO,,v =|def/d?|=40mV s!, T=298K

1, first sweep; 2, second sweep

Fig. 1 shows two different cyclic voltammetric
current density-potential curves (voltammograms)
starting from a quasi-steady-state corrosion poten-
tial of e = —460 mV. Curve 1 represents the first
sweep and curve 2 the second one. It can be seen
that both sweeps are different and obviously the
forward and backward sweeps indicate irreversible
processes. The influence of the sweep number can
be attributed to different initial states of the
electrode surface.

In Fig. 2 the electrode was pre-polarized poten-
tiostatically at a potential of € = —760 mV for 10
min before starting the voltammetric sweeps. In
this case the shape of the voltammogram is quite

different from that in Fig. 1 and the influence of
the sweep number is not so pronounced. This re-
sult indicates that the activity of the electrode
surface depends also on the starting potential.

At more negative starting potentials the volt-
ammograms are changed again. It was found that
starting at a potential of e = —1160 mV, at which
hydrogen is evolved, always led to the same shape
of voltammogram as shown in Fig. 3. In this case
only an influence of the sweep number on the
different current maxima can be observed. This
change can be attributed again to an activation
process of the electrode by the cyclic polarization.
During this activation process the current-density

400

i [uA-cm-2}

200

-2004

200 400 600 800 1000 1200
- E, [mV]

400 ey R
-1000-800 -600 -400 -200 0

Fig. 2. Cyclic voltammetry curves starting from a poten-
tial of ¢ = ~760 mV. System: Fe/0-1 M NaOH + 04 M
Na,80,, v=ide/dt|=40mVs* T= 298K

1, first sweep; 2, second sweep; 3, third sweep.

maxima 3 and 3’ are mainly influenced and in-
crease with increasing sweep numbers from 1 to n.
The other maxima 1, 2 and 2’ respectively are
influenced only very little by the sweep number
and are changed in the opposite direction, i.e.
they decrease from 1 ton.

The sweep number n, after which no remarkable
change in the voltammogram can be observed,
depends on the scanning rate and corresponds to a
maximum activity of the electrode surface.

On interrupting the cyclic voltammetry and
keeping the electrode potentials at values between
€=-969 and e = —1160 mV for a relatively long
time (1—2 h), no change in the activity of the



340 D. GEANA, A. A. EL MILIGY AND W. J. LORENZ

i (mA - cm-2]

_8 T T ¥
J1200  -800 400 0 400 800 1200
—— €y ImVI]

Fig. 3. Cyclic voltammetry curves starting from a potential of € = ~1160 mV showing the dependence of activation
process on sweep number. System: Fe/0-1 M NaOH + 0-4 M Ng, SO, , v =|de/df| =40 mV s! T=298K

Small numbers. 1, first sweep; 2, second sweep; 3, eighth sweep. The large numbers (1, 2, 3, 3/, and 2') correspond to
-current maxima.

electrode surface was recognized, i.e. the sweep reaction. The correlation between the anodic and

after the interruption corresponds exactly to the ~ cathodic maxima has been carried out either by

sweep before. The following experiments were starting at different potentials, as illustrated in

carried out at constant maximum activity of the Figs. 5 and 6, or by restricting the anodic sweep

electrode surface. to a different potential range as shown in Figs. 7
and 8.

3.2. Correlation between anodic and cathodic
current maxima

In Fig. 4 a cyclic voltammogram at maximum %
activity of the electrode surface is shown. It can é .
be seen that the anodic sweep includes three -
maxima 1, 2 and 3. l o
As mentioned above, the maximum 1, dis- A
appears after the first sweep. The electrode po-
tentials of the anodic maxima 1, 2 and 3 are “
€max, 1 = 810 MV, €,y 2 = —660 mV and ]
€max, 3 = —440 mV respectively. The current #
after passing maximum 3 decreases to a relat- Moo 000 % S % 000
ively small value (~ 150 uA cm ?) and remains ——= & [mV]

constant over a potential of almost 1 ¥ before

it increases abruptly. This last increase corresponds  Fig- 4. Cyclic voltammetry curve at the maximum activ-
ation, starting from a potential of ¢ = —1200 mV. System:

to the oxygen evolution reaction. Fe/0-1 M NaOH + 0-4 M N2, SO, » = | de/df | = 40 mV
The cathodic sweep shows two maxima 3" and §,7=1298K

2', which appear at potentials of €p,y 3* = —820

mV and €,y o' = —1040 mV respectively. By comparing the different curves, it is clear
After maximum 2’ there is a cathodic current that a correlation exists between the maxima 2
increase corresponding to the hydrogen evolution and 2', and 3 and 3', respectively.
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Fig. 5. Cyclic voltammetry curves at the maximum acti-
vation, starting from a potential of e = —1050 mV.
System: Fe/0-1 M NaOH + 0-4 M Na,SO,,v = | de/dt | =
40mVs!, T=298K
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Fig. 6. Cyclic voltammetry curves at the maximum acti-
vation, starting from a potential of e =—950 mV.
System: Fe/0-1 M NaOH + 0-4 M Na, SO,, v = de/dt | =
40mVs!', T=298K

3.3. Influence of sweep rate

The influence of the sweep rate v on the peak
current densities i, of the maxima 2, 2 and 3, 3' is
illustrated in Fig. 9, whereby log |4, | versus log
(Ide/dr1)is plotted. A linear relationship is
obtained for all maxima with the slope
dlogli
(%“Ll) = 085 + 0-05.
dlogvy o T
The variation of the peak potentials with the sweep
rate is about 40—50 mV per decade. With increas-

ing sweep rate, the anodic maxima 2 and 3 are
shifted to more positive potentials, whereas the
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Fig. 7. Cyclic voltammetry curve at the maximum acti-
vation, reversed at the potential e = —-540 mV.

System: Fe/0-1 M NaOH + 0-4 M Na,SO,, v = {de/df | =
40mVs?, T=298K
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Fig. 8. Cyclic voltammetry curves at the maximum acti-
vation, reversed at the potential e = —440 mV (curve g)
and e = —309 mV (curve b). System: Fe/0-1 M NaOH +
04 M Na,SO,, v =1de/dt | =40mV s*', T=298K

cathodic ones 2’ and 3’ are shifted in the negative
direction.

3.4. Oxygen evolution and reduction

If oxygen evolution takes place to some extent
during the anodic sweep, then in the following
cathodic sweep an additional maximum can be
observed, as is demonstrated in Fig. 10. The po-
tential corresponding to this maximum is more
positive than that of maximum 3': €0y =
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Fig. 9. The influence of the sweep rate, v = |de/dt], on
the current maxima. System: Fe/0-1 M NaOH + 0-4 M
Na,80,, T=298K
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Fig. 10. Cyclic voltammetry curves showing the oxygen
reduction maximum. System: Fe/0-1 M NaOH + 0-4 M
N2, SO,, v=40mVs', T=298K

—460 mV. Its magnitude is dependent both on the
extent of oxygen evolution and the degree of stir-
ring of the electrolyte solution. These two para-
meters influence the magnitude of this maximum
in opposite ways i.e. it increases with the extent
of oxygen evolution and decreases if the stirring of
the solution is increased.

4. Discussion

The initial state of the electrode surface seems to

be an important factor influencing the form of the
current density-potential curves. If the experiments
are started at electrode potentials between € =
—460 mV and € =—1060 mV, then the electrode
surface is covered with an oxide film. This film
can arise either by oxidation of the electrode
surface in the atmosphere before dipping it in the
electrolyte or from the corrosion processes taking
place at the open circuit potentials. Consequently
in such cases the obtained voltammograms will be
a function of this indefinite starting condition
[11]. Figs. 1 and 2 illustrate this behaviour.

At a starting potential of ¢ <—1160 mV,
hydrogen evolution occurs. In this case the oxide
film on the electrode surface can be totally reduc-
ed and a reproducible initial state of the electrode
surface is achieved. This starting condition is a
necessary requirement for the comparison of
different results [12, 14, 15]. Under this condition
the voltammograms are characterized as follows.

(1) The number of anodic and cathodic maxima
is constant and the corresponding peak potentials
are very reproducible. In Fig. 4 it is shown that
there exist three anodic and two cathodic maxima.
This is in accordance with the recent results of
McDonald and Owen [14]. However, Cnobloch
et al. [15] obtained an additional peak in the
anodic as well as in the cathodic sweep.

(2) The peak currents depend on the sweep
number in a different way, as can be seen from
Fig. 3. This can be attributed to a change in the
activation state of the electrode surface.

(3) The charge amount g,, integrated for the
anodic sweep under maximum activation condi-
tions for the total investigated potential range, is
nearly equal to g, obtained for the cathodic
sweep. Also these charge amounts are independent
of the scanning rate. The calculated g-values are
of the magnitude of about 40 mC cm™ and con-
sequently indicate the formation of multi-atomic
oxide layers on the electrode surface.

The correlation between the experimentally
observed maxima and the electrode processes
taking place is relatively difficult, because for this
system sufficient electrochemical kinetic infor-
mation cannot be obtained. However, the follow-
ing correlations will be assumed:

(1) The maximum 1 can be attributed to the
oxidation of hydrogen, which is adsorbed on the
electrode surface as well as absorbed in the metal
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lattice. This conclusion results from the following
observations:

The maximum 1 appears only if hydrogen
evolution on the electrode surface takes place pre-
viously. This can be seen by comparing Figs. 4—7.
Moreover, this maximum 1 decreases with increas-
ing sweep number, which is demonstrated in Fig.
3.

This correlation is in agreement with the inter-
pretation of Cnobloch et al. [15]. On the other
hand, McDonald and Owen [14] attributed this
maximum to the oxidation of iron to Fe(OH),.

(2) The maxima 2, 2’ are certainly due to iron
electrode processes. Taking into account the
thermodynamic stability ranges, then the react-
ions, which can take place in the potential range
of maxima 2 and 2’ respectively may be repre-
sented as follows: '

Fe+2 OH &= [Fe (OH);1,qc+2¢ (1)

This overall reaction will occur in different steps.
According to Kabanov et al. [5] the following
mechanism can be assumed:

Fe + OH™ ==(FeOH),q4, + ¢ )
(FeOH),gs + OH == (FeO), 4 + H;0 + &~ (3)
(Fe0),q, + OH ==HFe0; @)
HFeO; + H;0 == Fe(OH), + OH" (5)

whereby step 3 is rate determining. The following
electrochemical data under steady state conditions
can be derived from this mechanism for the anodic
process: a Tafel slope of b, = +40 mV (T = 298
K, a = 0-5) and an electrochemical reaction order,
related to the pH, of ny ;i = + 2. From the
measurements of Kabanov er al. {5] only the Tafel
slope was confirmed. Therefore other possibilities
may be considered taking into account the iron
dissolution mechanisms in acid media [17]:

Fe + OH™ &==(FeOH),qs + € )]
(FeOH),q ==FeOH" + ¢~ (6)
FeOH” + 2 OH™ e HFe0; + H,0 )

HFe0j + H,0 ==2[Fe (OH);],4< + OH™ (8)

In this case the anodic electrochemical reaction
order decreases to n, ,i =+ 1. The steps 7 and
8 can be replaced by a single equilibrium:

FeOH' + OH™ ==[Fe (OH)3]aqs  (9)

In both mechanisms the adsorbed species
Fe[(OH), ] .4 is formed via the soluble bihypofer-
rite-ion HFeO3 . However, the direct formation of
the adsorbed species [Fe{OH); ] .45 by 2 topo-
chemical reaction cannot be excluded:

Fe + OH" = (FeOH),4s +t¢ (2)

(FeOH),q4s + OH™ =={Fe(OH), ] ags + e_(lO)
This mechanism is very similar to the steps 2 and
3 of the mechanism postulated by Kabanov. Also
the anodic kinetic data are the same. A following
chemical dissolution of the intermediate
{Fe(OH), ] .45 can take place in concentrated
alkaline solutions accordingly to step 4:

[Fe (OH),] nqs + OH = HFe0; + H,0 (i1)

Another possibility is that step (10) is in electro-
chemical equilibrium and occurs in parallel with
one of the other postulated mechanisms. This
would agree with the results of theoretical con-
siderations of the iron dissolution mechanism in
weak acid solutions in the potential range between
the active and passive state [18]. Moreover, the
measured g, and g, values in the potential range
of the maxima 2 and 2’ indicate the formation
and reduction respectively of multilayer oxide
films. Therefore the end product of oxidation in
this step will not be [Fe {OH); ] 145, but a three-
dimensional oxide film:

[Fe (OH); ] 3as == Fe (OH),-oxide phase
(12a)

or rewritten

Fes[Fe(OH); ] 44 + 20H™ = 2Fe(OH),-oxide
phase + 2 ¢~
(12b)

whereby Fe; is a substrate atom. This formulation
is used in order to explain the three-dimensional
film formation.

A distinction between the different mechanisms
is not yet possible due to insufficient kinetic data
for iron dissolution in alkaline media.

The given interpretation of maxima 2 and 2’
is in accordance with that of Cnobloch ez al. [15],
but is in contradiction to that of McDonald and
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Owen [14], who correlate this maxima with the
formation and reduction respectively of Fe; O,.

(3) The maxima 3 and 3' represent the further
oxidation of iron species to a higher valency state.
Different possibilities exist. According to Kabanov
et al. [5]

(FeOH), g, + OH™ == (Fe0, OH), 4 + H* + 2 ¢
(13)

This reaction step is a topochemical one. Cnobloch
et al. [15] include two different ways. A topo-
chemical step as follows

3[Fe (OH), ] ags + 2 OH == Fe,0, + 4 H;0 +

2e
(14)
as well as a route via the solution phase
HFeO; ==Fe0; + H + ¢~ (15)
followed by
HFeO; + 2 FeO; + H,O e=Fe;0,+ 3 OH
(16)

The authors assume that the second way is
energetically favoured compared to the first one.
This conclusion arises on the basis of the two
different current peaks formed anodically as well
as cathodically in this potential range. The appear-
ance of two different maxima can be attributed to
‘the highly active electrode material which was used
as well as to the relatively highly concentrated
alkaline media.

However, McDonald and Owen [14] have
already correlated maxima 2 and 2' with the
formation of Fe3 0,4 according to step 14. There-
fore they assume the formation of y-Fe, O3 in
the potential range of maxima 3 and 3’ by the
parallel reactions:

2Fe +6 OH == y—Fe,0;+3H,0+6¢
amn
This reaction can take place in two steps:
Fe + 2 OH ==[Fe (OH)3] .4+ 3¢ (18)
2[Fe (OH)3} == 7 — Fe,0;+ 3 H,0 (19)

The present investigation shows (see Fig. 3)
that the maxima 3 and 3 increase with increasing
sweep number, whereas maxima 2 and 2' decrease.
Therefore the reactions taking place at maxima

3 and 3’ are parallel to those occurring at maxima
2 and 2'. This is in agreement with the statement
of McDonald and Owen [14]. The formation of
multilayers of iron oxides in a higher valency
state can be formulated as follows:

Fe, + 2Fe (OH),-oxide phase + 4 OH™ =

Fes0,+4 H0+ 4 ¢ (20)

followed by the transformation reaction
Fe, + Fe304 + 4 OH &= 2y — Fe,0; + 2 H,0 +
4de @n

Both reactions are topochemical. In the present
experiments no splitting of the maxima 3 and 3’
respectively was observed. This is in agreement
with the results of McDonald and Owen [14].
Probably the reason for this behaviour is due to
the smooth electrodes and relatively low concen-
tration of OH™ ions which were used, compared
to the conditions of Cnobloch ef al. [15]. There-
fore the formulation of iron surface oxides via
the solution phase according to steps (15) and (16)
diminishes. This is in agreement with the results
of Armstrong et al. [12], who did not observe
the participation of soluble species in the electrode
reaction under such conditions.

The above-mentioned dependence of the
activation state of the electrode on the sweep
nrumber can be explained by the three-dimension-
al growth processes, a change of the roughness
factor and a hindrance of diffusion steps in the
solid oxide film. The last phenomenon could
explain the so-called maximum activity state of
the electrode in terms of limiting diffusion con-
ditions.

The obtained result for the relationship be-
tween the peak current densities and the scanning
rate is in satisfactory agreement with the theoret-
ical value of (3 log#,/3 log V),,7 = + 1 derived
by Srinivasan and Gileadi [19] for electrode re-
actions involving adsorbed species.
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