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Some aspects of the electrochemical response of iron
hydroxide precipitated on different conducting substrates
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The potentiodynamic behaviour of different conducting substrates (Pt, Au and vitreous carbon) covered
with iron hydroxide formed by colloidal precipitation in 0.01 M NaOH is investigated in the potential
range associated with the electrochemical stability of water at 25° C. The electrochemical characteristics
are mainly related to the Fe(OH),/FeOOH redox couple formed from both thin and thick iron
hydroxide layers. The results can be interpreted through the complex reaction pattern already discussed
for the electrochemical behaviour of Fe in alkaline solutions.

1. Introduction

The electrochemical study of interphases of the
type conducting material/nonmetal phase/electro-
lyte is of growing interest because of their signifi-
cance both in fundamental and applied electro-
chemistry [1-14]. Thus the electronic structure of
the oxide and hydroxide layers is involved in the
corrosion and passivity characteristics of the base
material and can also influence the rate and
mechanism of electrochemical reactions. On the
other hand, under other conditions the layer may
participate in relatively fast redox processes.

Previous results obtained for the Ni(OH),/
NiOOH redox couple formed on different
conducting substrates covered with nickel
hydroxide produced by colloidal precipitation
{12, 13] suggest the possibility of obtaining a
comparable electrochemical response from con-
ducting substrates covered with iron hydroxide.
The separation of the various reactions contribut-
ing to the corrosion and passivation of iron in
alkaline electrolytes can be attempted after
evaluation of the electrochemical characteristics of
iron hydroxide.

2. Experimental

The M/Fe(OH), working electrodes were prepared
on the following conducting substrates (M): a
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vitreous carbon disc (Union Carbide, low density,
0.071 cm?), pure gold wire (99.99%, 0.24 cm?)
and platinum wire (Johnson, Matthey and Co.,
spectroscopic quality, 0.27 cm?). The cleaning of
both Au and Pt consisted of 15 min immersion in a
1:1H,S0,/HNO; mixture, 5 min immersion in
water followed by abundant rinsing in triply dis-
tilled water. The vitreous carbon was first polished
with finest-grade emery paste, then cleaned by
immersion in boiling diluted HCI and finally
thoroughly rinsed in triply distilled water.

The precipitation of iron hydroxide on the dif-
ferent substrates was made at 25° C using a
standardized procedure. This consisted of 5 to 25
alternate immersions in an alkaline solution
(0.01 M NaOH + 0.66 M Na,S0,) and an Fe(II)
solution (4 x 107 M FeS0Q,). The immersion time
in each solution was fixed at Ss.

The iron hydroxide working electrode was
placed in a conventional three-compartment Pyrex
glass cell using the 0.01 M NaOH + 0.66 M Na,S0,
electrolyte solution. The counter electrode was
made from a large Pt sheet. The potential of the
working electrode was measured against a properly
shielded saturated calomel electrode (SCE). Runs
were made at 25° C under purified N, gas
saturation. The different electrochemical inter-
phases were perturbed with repetitive triangular
potential sweeps (RTPS) initiated towards the
positive potential side within preset cathodic
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Fig. 1. Potentiodynamic E—I displays (RTPS) run at
0.2Vs* from Eg ¢ = —0.94 V onwards with a
Pt/Fe(OH),/electrolyte interphase prepared by five
alternate immersions of 5 s each. The first, the second and
the E—I profiles after 5, 10, 20, 35 and 50 min cycling are
depicted.

(Es, o) and anodic (E, ») switching potentials at the
potential sweep rate (v) of 0.2 Vs

3. Results

The complexity of the potentiodynamic
potential-current (E-I) displays obtained on the
different substrates depends on E ¢, F, a, the
number of RTPS and the nature of the substrate
(Figs. 1 and 2). The anodic current peak which

appears in the —0.4 V to — 0.5V range is associa-
ted with the Fe(IT) to Fe(III) electro-oxidation
while that located in the —0.7V to —0.6 V range
is related to the reverse reaction [15, 16]. The
charge, which can be calculated from the potentio-
dynamic E-J profiles, changes during the RTPS
and depends on E ¢ and E , because of the
extent of the electro-oxidation and electro-
reduction of the gold or platinum surface. The
thickness of the iron hydroxide layer varied from
submonolayer to multilayer, as deduced by com-
paring the charge with that involved in the
O-electrosorption and O-electrodesorption of the
conducting substrates (either Pt {17, 18] or Au
{19, 20].

The potentiodynamic £/ display shown in Fig.
1 corresponds to the initial Pt/iron hydroxide/
alkaline solution interphase. The initial iron
hydroxide layer thickness is of the order of one
monolayer, calculated as 1.8 nmmC™! cm? [11].
Its potentiodynamic behaviour can be described
by comparing the E-I display with that of the
Pt/0.01 M NaOH interphase [17, 18] perturbed
under the same conditions. During the initial
anodic potential excursion between —0.95V and
0.5V the anodic current peak at —0.55V is pre-
ceded by a limiting current which extends from
—0.65V upwards. In the potential range —0.2V
to 0V, where the electro-oxidation of Fe(II)
species is feasible, a broad and poorly defined
anodic current peak is found. During the RTPS,
the E-I profile approaches a complex current
plateau from —0.4 V up to 0.4 V which is mainly
related to the O-electrosorption on Pt [17,18].

1st

Current {mA)

Fig. 2. Potentiodynamic £~ diplays
(RTPS) runat 0.2 Vs from Eg ¢ =
—1.2V onwards with an Au/Fe(OH),/
electrolyte interphase prepared by five
alternate immersions of 5 s each. The
first, the second and the E~I profiles
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OT ﬁ after 5, 10 and 20 min cycling are
shown.
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The returning potential excursion exhibits a
cathodic contribution increasing from —0.2 V up
to —0.5 V which corresponds to the
O-electrodesorption from Pt [17, 18], The latter
precedes the cathodic current peak at approxi-
mately —0.6 V, which is related to the Fe(III) to
Fe (IN) electroreduction [15, 16]. At approxi-
mately — 0.9V hydrogen discharge from water
takes place. Continued potential cycling produces
a progressive decrease in the charge related to the
Fe (IT)/Fe(IIT) redox reactions and simultaneously
an increasing contribution of both the
O-electrosorption and O-electrodesorption and the
H-electroformation and H-electro-oxidation on Pt.
The direction of these changes is indicated by the
arrows shown in Fig. 1. The appreciable initial
inhibition of both processes disappears gradually
during potential cycling. Likewise, a progressive
shift of the current peak associated with the elec-
troreduction of the Fe(IIl) species towards more
positive potentials during the RTPS is noticed.
The remarkable overlapping of the various reac-
tions makes Pt a relatively poor substrate to study
the electrochemical reactions related to the iron
hydroxide.

The complex potentiodynamic £~/ display
resulting from the initial Aufiron hydroxide inter-
phase (Fig. 2) can also be analysed by comparison
with the corresponding potentiodynamic £-/ pro-
file of the Au/0.1 M NaOH interphase [19, 20].
The RTPS E-I profiles in the —1.2V to 0.7V
range (Fig. 2) can be divided into two main
regions, namely, one from —1.0V to —0.1V,
which is principally related to the Fe(IT)/Fe (III)
redox process, and another from —0.1Vto 0.6V
which covers the O-electrosorption/O-electro-
desorption on Au. At the highest negative poten-
tials a contribution from the H, evolution current
is also observed. Similarly, at the highest positive
potentials, the O, evolution region is reached.

During the first triangular potential sweep the
E-I profile is remarkably different from later ones,
especially in the potential range where the Fe(II)/
Fe (IIT) reactions take place. Furthermore, the
anodic and cathodic current peaks related to the
overall reaction become better defined after 5 min
of RTPS when the £ . value is in the H; evolution
potential range and the E , value is in the O,
evolution potential region. On further extending

the duration of the RTPS there is a slight decrease |

in the heights of the anodic and cathodic current
peaks related to the Fe (II)/Fe(III) electrochemical
reactions together with a simultaneous increase in
the current contributions related to the
O-electrosorption/O-electrodesorption,

The negative-going E~I profiles depicted in Fig.
2 are to some extent influenced by the slight
amount of O, which is formed beyond 0.6 V. It
appears that the efficiency of the O, evolution
reaction decreases during the RTPS. This occurs
simultaneously with the increase of the
O-electrodesorption current peak and the decrease
of the O, electroreduction current which is
observed in the 0.6 V to —1.0V range. This effect
is apparently accompanied by the decrease of the
H,-evolution current during the RTPS.

The preceding analysis suggests that the iso-
lation of the overall Fe(II)/Fe(11I) redox proces-
ses from other electrochemical processes occurring
on Au can be achieved by confining the potential
sweep range between —1.0 V and 0.0 V (Fig. 3).
Thus, as the switching potential range is restricted
(Fig. 32), the anodic to cathodic charge ratio along
the potential cycling always remains practically
equal to one. However, during the initial potential
cycles two conjugated redox couples can be distin-
guished, one in the —0.8 V range which is less
clear than the one located between —0.6 V to
—0.7V. The current peaks of the latter are clearly
noticeable. During the RTPS the contribution of
the former redox system decreases while that of
the second one increases slightly and shifts
towards positive potentials. A reasonably stable
E-I profile then results after 5 min RTPS.

The composite structure of the current peaks
related to the Fe(Il)/Fe (IIT) redox system can be
depicted by perturbing the interphase with poten-
tial sweeps involving gradually changing switching
potentials (either Es , or E o) after the stabilized
RTPS E-I profile has been reached (Figs. 3b and
¢). In this way, a clear splitting of both the anodic
and cathodic current peaks is observed.

Thicker iron hydroxide layers under com-
parable perturbation conditions (Fig. 4) exhibit
similar features to those already described for thin
films, but for the latter the charge decreases during
cycling. The charge decrease can be due to: (a) the
lack of saturation of the electrolyte with the
Fe(OH), species; (b) mechanical detachment from
the substrate; and (c) a partial transformation of
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Fig. 3. Potentiodynamic F—J displays run at 0.2 V¢!
between — 1.0 V and 0V with an Au/Fe(OH),/electrolyte
interphase obtained as indicated in Fig. 2. (a) E~J pro-
files (RTPS) initiated from — 1.0 V onwards. The first,
the second and the E—J profiles after 5, 10 and 20 min
cycling are depicted. (b) Influence of changing £ , on

the E—I display resulting after 40 min RTPS. (¢) Influence
of changing Eg , on the E—J display resulting after 35 min
RTPS.

the Fe(HI) species into one which is non-electro-

reducible in the potential range of the experiments.

The behaviour of the vitreous carbon/iron
hydroxide/alkaline solution interphase isamuch
simpler than the behaviour of those previously
described (Fig. 5). Under the RTPS perturbation
the E-I display can be described in the same way
as those obtained with Au in the restricted
potential range. The experiment on vitreous
carbon definitely shows that the current contri-
butions related to the Fe(II)/Fe(IIl) system are
located in a wide potential range extending
roughly from 0.8V to — 0.2 V. The electro-

Patential (V)

Fig. 4. Potentiodynamic E—7 displays (RTPS) run at

0.2 Vs with an Au/Fe(OH),/electrolyte interphase
obtained from 25 alternate immersions of 5§ s each. The
changes in the E—T profile during the RTPS are indicated
by arrows.

chemical characteristics of the initial E-J display
exhibit a remarkable polarization which decreases
on further potential cycling. This effect is accom-
panied by appreciable current contributions, both
anodic and cathodic, at the negative potential side
of the corresponding current peaks.

4. Discussion

In the alkaline electrolyte the initial layer of iron
hydroxide is electro-oxidized to FeOOH species.
The overall reaction occurring in the —0.8 V 1o
0.2V potential range can be formally written in
one of the following ways:

FE(OH)g
Fe(OH), + OH™ =

il

FeOOH+H' +e¢  (la)
FeOOH+ H,0 +e. (1b)

The overall electrochemical reaction, which
involves a relatively fast proton transfer process,
takes place practically independently of the under-
lying conducting material, which can be either Hg
[23], Fe [16], Pt, Au or vitreous carbon. The
potentiodynamic current peaks related to Reac-
tion 1 are unambiguously established when sub-~
strates other than Pe are used.

The separation of the current peak potential
related to the Fe(OH),/FeOOH redox reactions
in vitreous carbon is far too large to be explained
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Fig. 5. Potentiodynamic £—TI display (RTPS) run at

0.2 Vs with a C(vitreous)/Fe(OH),/electrolyte inter-
phase obtained from 5 alternate immersions of 5 s each.
(a) The first, the second and the E—T profiles after 5, 10
and 20 min RTPS are shown. (b) Blank.

through a single reversible electrochemical process
in a reacting film. The broad current peaks
involved in the redox processes suggest an interpre-
tation of the electrochemical reaction in terms of a
complex reaction pattern involving structural
changes occurring simultaneously with the electro-
chemical reactions, as has been advanced for both
Ni and Fe electrodes in alkaline solutions [24-26].
In this sense, the electrochemical behaviour of the
vitreous carbon/iron hydroxide interphase is com-
parable to that of the vitreous carbon/nickel
hydroxide interphase [13].

Both on Pt and Au the O-electrosorption/
O-electrodesorption processes are observed at
potentials more positive than the potential range
of Reaction 1 so that at potentials reaching the
potential range of the Fe(OH),/FeOOH electro-
chemical reaction the structures of the correspond-
ing interphases should be represented by a scheme
such as M/M(O)/iron hydroxide where M stands
for the base metal and (O) corresponds to the
O-electrosorbed layer without stoichiometry com-
promise. In this case, the electrochemical reactions
related to the two layers behave as separate layers
so that probably no mixed oxide species are
formed.

Comparison of the electrochemical behaviour
of the M/iron hydroxide and M/nickel hydroxide
interphases under the same type of potential per-
turbation and at the same temperature shows
remarkable differences between Pt and Au sub-
strates. For both metals, the Fe (OH),/FeOOH
redox process occurs at potentials lower than

those of the O-electrosorption/O-electrodesorption
reactions, in contrast with the results already re-
ported for the Ni(OH),/NiOOH redox process
[12, 13]. Hence, in principle, it is reasonable to
expect that the degree of interaction between the
reactions occurring at the two layers becomes
greater in the M/iron hydroxide interphase than in
the M/nickel hydroxide interphase. On the other
hand, the changes of the potentiodynamic F-/
display obtained with both the Pt/iron hydroxide
and Aufiron hydroxide interphases show a gradual
replacement of the iron hydroxide layer by either
Pt(0) or Au(O) layers respectively during cycling.
This indicates that the O-layers both in Pt and

Au are more tightly bound to the surface than
the iron hydroxide layer. The interaction between
the electrochemical reactions at the two layers is
more remarkable for Pt than for Au because the
potential range of the overall processes for the
former is smaller than for the latter. This inter-
action becomes more evident when the charges
playing part in the sandwich-type electrode are of
the order of one monolayer thickness. For Pt the
interaction also reflects the apparent increase of
the electrocatalytic activity of the substrate for the
hydrogen electrode reaction. Simultaneously, the
contribution of the O-electrosorption/O-electro-
desorption process progressively increases.

The current peak multiplicity of the potentio-
dynamic response of the Fe(OH),/FeOOH redox
couple may be accounted for in terms of time
effects related to the molecular structure of iron
hydroxide [27-29]. The ageing of the latter
implies either an increase of the molecular weight
of the basic polymeric unit or a decrease of the
Fe(IIT) fraction available for electroreduction.
This supports the interpretation that various
Fe(OH), and FeOOH species may participate in
the electrochemical reactions, as was suggested
earlier for the Ni(OH),/NiOOH redox system [24,
25]. The ageing effect may be caused mainly by a
slow transformation of hydroxo-type into oxo-
type bridges in the polymer.
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