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Abstract The electrocatalysis of the Fe3+/2+ redox re-
action at various electrode/electrolyte solution interfaces
in the presence/absence of underpotential deposits of
various metals has been investigated by the AC imped-
ance method. Exchange current densities and double
layer capacity data were obtained. On this basis, changes
in the active surface area of the electrode and catalytic
e�ects of the investigated metals were identi®ed.
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Introduction

Redox reactions like Fe2� ! Fe3� � eÿ proceeding at
metal electrodes or at carbon-based electrode materials
in contact with electrolyte solutions have attracted the
interest of electrochemists for various reasons. Two
particular aspects have stimulated the research reported
in this communication:

1. For a few redox reactions an outer-sphere mechanism
without any close electrode-redox ion interaction has
been claimed. Nevertheless, most reactions seem to
involve a close approach of the reacting species in-
volving electronic interactions between the reacting
ion and the electrode. Thus, the kinetic data obtained
for a given electrode reaction can be related to elec-
tronic and other surface properties of the electrode
material under investigation.

2. Fast redox reactions can be utilised in electrochemical
energy storage devices (redox batteries) wherein two

redox reactions proceeding at two electrodes are used
to store and retrieve electrical energy (see review in
[1]).

The schematic ¯ow diagram of this storage device is
depicted in Fig. 1 [2, 3].

The work reported here starts with some experi-
mental observations reported for a system wherein the
reaction Fe3� � Cr2� $ Fe2� � Cr3� proceeds at gra-
phitic electrodes. The rather sluggish reactions (expres-
sed as a small exchange current density j0) can be
accelerated considerably by adding small amounts of
soluble metal salts containing ions of lead, gold or some
other elements. Considering the electrode potentials
established at both electrodes under conditions of
charge and discharge, the metal ions are deposited at
electrode potentials positive to the respective Nernstian
electrode potential. These layers are called underpo-
tential deposits (upd). Foreign metals present in an
amount of up to two monolayers exert a strong in¯u-
ence upon the electrode reaction with respect to both
the electrode reaction mechanism and the electrode ki-
netics [4±27]. Various modes of catalytic action have
been considered:

1. Modi®cation of the electronic structure of the surface
resulting in an increased reaction rate

2. Adsorption of oxygen or hydroxide ions involved in
the main oxidation reaction of the organic substrate
at lower electrode potentials

3. A ``third body e�ect'' which eliminates the reaction
between the primary intermediates and/or adsorbed
hydrogen atoms, which otherwise results in the ®rmly
bound adsorbate blocking the electrode surface

4. Inhibition of undesired side reactions
5. Changes in the electrochemical double layer resulting

in an increased reactant concentration.

Whereas most of the above e�ects are operative for
electrode reactions involving the oxidation of organic
fuels at electrodes for sensors or fuel cells, the ®rst
may be e�ective also for redox reactions. Reports in
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the literature have only claimed accelerating or inhib-
iting e�ects based on the shifts in current density vs
electrode potential curves. Kinetic data, in particular
exchange current densities, have not been reported so
far. An optimisation of the ionic concentration of the
foreign metal ion used for the upd modi®cation has
been attempted to a very small extent [24]. In order to
quantify the catalytic e�ects and to get a better un-
derstanding of their mechanism on an atomic level,
electrode impedance measurements [25], various spec-
troelectrochemical methods and surface analytical
tools were employed. In the present report, results
obtained with classical electrochemical methods are
described.

Experimental

Carbon disc electrodes embedded in epoxy resin (Araldit D/HY
956, Ciba-Geigy) and polished to a mirror ®nish with Al2O3 (down
to 0.3 lm) were manufactured from electrode graphite EH (Sigri),
Diabon N (Sigri), ordinary pyrolytic graphite (Ringsdor�) and
glassy carbon (Metrohm and Ringsdor�). The working electrode
active surface area was 0.282 cm2 for all graphitic materials and
0.196 cm2 for glassy carbon.

Electrolyte solutions were prepared from ultrapure water (Seral
seralpur pro 90c), 10±2 M (NH4)2Fe(SO4)2 and 10±2 M (NH4)Fe
(SO4)2 in 1 M HClO4. For upd modi®cation of platinum electrodes
10±3 M Ni(NO3)2, Pb(CH3COO)2 and Cu(CH3COO)2 were added
to a solution of 1 M HClO4 only in a separate cell; with carbon
electrodes the foreign metal salts were added to the solution con-
taining the redox couple also.

Platinum working electrodes were metal beads (99.99%). A
platinum wire served as a counter electrode, and another platinum
wire was used as a reference electrode. All measurements (except
cyclic voltammograms) were done at the spontaneously estab-
lished redox potential. Solutions were purged with nitrogen and
kept at room temperature (18 °C) during measurements. For cy-
clic voltammetry and electrode impedance measurements a setup
comprising a potentiostat (Solartron 1287), a frequency response
analyser (Solartron 1255HF) and an electrochemical cell designed
for a.c. measurements. The instruments were interfaced to a PC
via an IEEE bus (see Fig. 2). An a.c. amplitude of 10 mVpp was
used.

Results and discussion

As a benchmark, the electrode impedance of a platinum
electrode in the electrolyte solution was measured. The
result is displayed in the complex plane plot in Fig. 3;
Fig. 4 shows the corresponding Bode plot. The evalua-
tion is based on a simple equivalent circuit as proposed
by Randles [26] and shown in Fig. 5. The parameters of
the elements in the equivalent circuit were obtained by a
least square ®t as described in detail elsewhere [27]. Since
the di�usion impedance was not evaluated further, the
Nernst impedance (with ®nite di�usion layer thickness)
was used in most cases in a simpli®ed form (Warburg
impedance, parameter W ). Results are listed in Table 1.
The displayed set of results was obtained in independent
experiments more than a day apart. They demonstrate
convincingly the reproducibility of the method. Under-
potential deposit (upd) modi®cation of the platinum
electrode was performed in a separate cell by slow cyclic
voltammetry. A typical result for modi®cation with lead
is shown in Fig. 6.

The charge consumed by the upd amounts to 94 lC
cm)2. Assuming a ratio of surface platinum atoms to

Fig. 1 Schematic ¯ow diagram of a redox battery

Fig. 2 Schematic diagram of the experimental setup

Fig. 3 Electrode impedance of a platinum bead electrode, 10)2M
(NH4)2Fe(SO4)2 and 10

)2 M (NH4)Fe(SO4)2 in 1 M HClO4 (complex
plane plot)
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lead atoms of 1:1 with an atom density for polycrystal-
line platinum of 1.31 ´ 1015 cm)2 [28], the charge for a
monolayer of fully discharged lead atoms would be
419 lC cm)2. The striking discrepancy indicative of a
less than full coverage in the present case can be resolved
in part based on the observation that no hydrogen ad-
sorption peak was found. This implies a complete
blocking of the surface. A similar claim based on a
charge of only 86 lC cm±2 has been proposed by
Pletcher and Solis [6]. Underpotential deposition with
nickel results in a less pronounced diagram as displayed
in Fig. 7.

Again, the full coverage can only be deduced from the
absence of the hydrogen adsorption peaks, whereas the
charge consumed amounts to 173 lC cm)2, which is
considerably less than the amount corresponding to a
monolayer. With copper, the charge increased to 270 lC
cm)2. Determination of the reported charges is made
di�cult by the poorly de®ned peaks. Electrode imped-
ances measured with upd-modi®ed platinum bead elec-
trodes are displayed in Fig. 8; the corresponding kinetic
data are collected in Table 2.

In the discussion of catalytic e�ects, any change of
the active surface area has to be taken into account. In
the present case, this area is not a�ected by the upd
modi®cation, since the values of CDL are constant.

Fig. 4 Electrode impedance of a platinum bead electrode, 10±2 M
(NH4)2Fe(SO4)2 and 10±2 M (NH4)Fe(SO4)2 in 1 M HClO4 (Bode
plot)

Fig. 5 Equivalent circuit for a platinum bead electrode, 10)2 M
(NH4)2Fe(SO4)2 and 10)2 M (NH4)Fe(SO4)2 in 1 M HClO4

Fig. 6 Cyclic voltammogram (CV) of a platinum bead electrode in a
solution of 1 M HClO4 + 1 mM Pb(CH3COO)2, dE/dt = 10 mV/s

Table 1 Kinetic data for a platinum electrode

Pt (1) Pt (2)

Rsol (W) 1.84 1.85
CDL (lF) 5.32 5.32
RCT (W) 23.3 23.3
W (mOhm)1) 8.18 8.18
j00 (A cm)2) 0.56 0.56

Fig. 7 CV of a platinum bead electrode in a solution of 1 M HClO4

+ 1 mM Ni(NO3)2, dE/dt = 10 mV/s

75



Thus, with lead an acceleration is observed, whereas
nickel and copper seem to have an inhibiting e�ect.

Corresponding investigations with carbon electrodes
turned out to be considerably more di�cult. Cyclic
voltammograms of graphite EH and glassy carbon be-
fore and after extended electrode potential cycling are
displayed in Fig. 9.

Impedance data were initially plausible (see Fig. 10),
but they turned out to be very irreproducible for all
graphitic materials mentioned above. With glassy car-
bon, the data were fairly reproducible, at least with
respect to relative changes of CDL and RCT. A typical set
of results is displayed in Fig. 11. Nevertheless, the mis®t

between the shape of the calculated curve and the
measured curve indicates a signi®cant weakness of the
applied model. Further investigations currently being
pursued will reveal whether the corrugated electrode
surface or further e�ects are the cause of this mis®t.
Because of the still limited reproducibility, only relative
changes of RCT could be deduced, as displayed in
Fig. 12.

The decrease of RCT corresponding to an increase of
j00 is indicative of an accelerating e�ect of the lead ad-
layer. Since the electrode potential (ERHE = 0.722 V) is
considerably positive to the Nernst potential of lead
bulk deposition, a upd-modi®ed carbon surface is cer-
tainly operative. The increase in CDL nevertheless casts
some doubt on the conclusion that only upd catalysis is
e�ective. An increase in the electrode area re¯ected in an
increase in CDL can also cause an increase in the ap-
parent value of j00. Without a precise knowledge of the
electrode surface morphology, any conclusion regarding
a necessary correction of j00 with respect to the true

Fig. 8 Electrode impedance plots for an upd-modi®ed platinum bead
electrode, 10)2 M (NH4)2Fe(SO4)2 and 10)2 M (NH4)Fe(SO4)2 in
1 M HClO4. Symbols: measured values. Lines: ®tted values, same
sequence as measured values (from left to right: Pt/Pb; Pt; Pt/Ni, Pt/
Cu)

Table 2 Impedance parameter of unmodi®ed and upd-modi®ed
platinum electrodes

Pt Cu-upd Ni-upd Pb-upd

Rsol (W) 1.85 1.84 1.84 1.78
CDL (lF cm)2) 27.1 25.2 28.2 28.4
RCT (W cm2) 4.57 7.35 5.72 3.18

W (mOhm)1) 8.18 7.99 8.16 8.36
j00 (A cm±2) 0.56 0.35 0.45 0.81

Fig. 9 CVs of graphite EH (left) and glassy carbon (right) before (-á-á-á) and after (ÐÐ potential cycling in 10)2 M (NH4)2Fe(SO4)2 and 10
)2 M

(NH4)Fe(SO4)2 in 1 M HClO4, dE/dt = 100 mV/s

Fig. 10 Electrode impedance plots of graphite EH before and after
(inset) potential cycling in 10)2 M (NH4)2Fe(SO4)2 and 10)2 M
(NH4)Fe(SO4)2 in 1 M HClO4, dE/dt = 100 mV/s
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surface area is impossible. A microroughness with typi-
cal dimensions in the range of the di�usion layer
thickness is known to be of no measurable signi®cance
for the obtained value of j0 [29].
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Fig. 11 Electrode impedance plots of glassy carbon before and after
(inset) potential cycling in 10)2 M (NH4)2Fe(SO4)2 and 10)2 M
(NH4)Fe(SO4)2 in 1 M HClO4, dE/dt = 100 mV/s

Fig. 12 Relative change of RCT and CDL as a function of the
concentration of lead ions
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