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Summary

Cyclic voltammetric and controlled-potential electrolysis studies of
Fe(Ill)/Fe(Il) complexes with diethylenetriaminepentaacetic, nitrilotriacetic
and ethylenediaminetetraacetic acids show that the formal potential of the
iron redox couple shifts markedly to negative values. The stability and
heterogeneous rate constants appear to favour the application of such
systems as the negative half-cell on an all-iron flow cell.

Introduction

For the past few years, considerable effort has been devoted to the
search for stable redox systems for use in flow cells {1]. A typical flow cell
employs two, fully soluble, redox couples; the storage capacity is determined
by the solution concentration and the cell size.

Various redox couples (e.g., Fe(III)/Fe(1I) [2, 3], Cr(I1I)/Cr(1I) [2 - 4],
Ti(IV)/Ti(IIT) [5]) have been proposed for use as positive and negative half-
cells in redox batteries. These couples, suffer, however, from serious effi-
ciency losses. The latter can be minimized by employing the same element,
in different oxidation states, in both half-cells [4, 6,7]. This approach
requires the use of different complexing agents to provide a workable differ-
ence in redox potential. Bard and co-workers [8, 9] have examined such a
possibility in a study of Fe(IlI)/Fe(11) and Co(I11)/Co(II) couples complexed
with o-phenanthroline and bipyridine ligands. In the case of the Fe(IIl)/
Fe(Il) system, for example, it was found that the redox potential was
shifted to more positive values on complexation and thus provided a positive
half-cell.

The work reported here examines further the Fe(III)/Fe(II) couple and
aims to identify potential ligands that are capable of shifting the redox
potential to more negative values, thereby making a negative half-cell pos-
sible. An all-iron redox cell may then become a distinct possibility. Since it
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is qualitatively known that chelating agents such as diethylenetriaminepenta-
acetic acid nitrilotriacetic acid and ethylenediaminetetraacetic acid cause
negative shifts in the potential of the Fe(III)/Fe(Il) couple, these ligands
have been examined in more detail. In particular, an attempt has been made
to optimize the conditions necessary for their use in an all-iron, redox flow-
cell.

Experimental

Diethylenetriaminepentaacetic acid (DTPA) obtained from Fluka
(Switzerland), nitrilotriacetic acid (NTA) from BDH (England), ethylene-
diaminetetraacetic acid (EDTA) from Glaxo Laboratories (Bombay, India),
and ferrous ammonium sulphate from Sarabhai Merck Ltd. (India) were used
without further purification. Electrochemical investigations were carried out
with a Model 173 potentiostat in combination with a Model 179 digital
coulometer and a Model 175 universal programmer (all from PAR, Princeton,
NJ). Current-voltage and current-time curves were recorded on a Model
2100 A3 recorder (Anika, India). For coulometric studies, a Model 377A
coulometric cell system (PAR, Princeton, NJ) was employed.

The supporting electrolyte consisted of an aqueous sulphuric acid solu-
tion containing potassium sulphate. The sulphuric acid was prepared by
suitable dilution of concentrated stock reagent with double-distilled water.
All solutions were purged with nitrogen prior to experiment. The complexes
were prepared directly by mixing given concentrations of ferrous ammonium
sulphate and the ligands in a ligand/Fe(II) mole ratio >5.

Platinum foil was used for both the working and counter electrodes.
Controlled-potential electrolysis studies were conducted on a mercury-pool
electrode. All potentials are reported with regard to a saturated calomel
reference electrode (SCE), and all measurements were carried out at a con-
stant temperature of 25 + 2 °C.

Results and discussion

Typical cyclic voltammograms for the Fe(III)/Fe(I1)-DTPA system at
pH 6.5 are shown in Fig. 1. It can be seen that the potential shifts to lower
values relative to an uncomplexed Fe(IIl)/Fe(Il) system. The system is
reversible, as indicated by i, ,/i, .= 1.0, where i, , and i, . are the anodic
and cathodic peak currents, respectively. Similar cyclic voltammograms were
obtained with NTA and EDTA. The formal potentials (E') with the three
different ligands under study are given in Table 1.

The effect of pH on the cyclic voltammogram (CV) is demonstrated in
Fig. 2. With increase in pH over the range 1 - 6, the general appearance of
the CV curve improves and indicates a greater reversibility, as well as stabil-
ization, of Fe(II) complexed species; also, the formal potentials shift to more
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Fig. 1. Cyclic voltammograms for 1 mM Fe(III)/Fe(Il) with 0.05 M DTPA. (Inset) peak
current vs. square-root of sweep rate. Curves 1 - 6 for sweep rates of 50, 100, 200, 300,
400 and 500 mV 571, respectively.

TABLE 1

Kinetic and electrochemical constants for an Fe(IlI)/Fe(II) couple with different
chelating agents?®

System pH E' D ko

V) (x1078 em s™1) (1073 em s71)
Fe(III)/Fe(III)P 2.0 +0.45 3.24 3.25
Fe(III)/Fe(II)-NTA 2.8 —0.093 0.33 12.4
Fe(I11)/Fe(II)-DTPA 2.5 —0.070 0.20 15.6
Fe(III)/Fe(I1)-EDTA 2.8 —0.114 1.50 34.9

aK,80,4 (0.5 M) medium, pH adjusted with H,SO, for all the systems except Fe(III)/
Fe(1II) system.
bIn 0.1 M H,S804 medium without addition of any ligand.

negative values (Fig. 3). A similar observation was made by Kolthoff and
co-workers [10] for the iron—-EDTA system. The negative shift of the
Fe(III)/Fe(II) formal potential may be explained in terms of the formation
of more stable Fe(III) complexes. This behaviour is opposite to that of
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Fig. 2. Cyclic voltammogram for 1 mM Fe(111)/Fe(II) with 0.05 M DTPA at pH: (a) 1.08;
(b) 1.75; (c) 2.5; (d) 4.05.

Fig. 3. Variation of formal potential of Fe(III)-DTPA complex with pH.

phenanthroline and bipyridyl ligands which cause a positive shift in the
formal potential and form more stable Fe(II) complexes [8].

The heterogeneous electron-transfer rate constant (k°¢) was obtained by
the method described by Nicholson [11], according to which it is possible
to determine the rate constant at high scan rates because the kinetics of
electron transfer become competitive with the rate of potential change. In
our system, it was found that a scan rate of 100 mV s™! corresponds to this
situation. The working curve (ref. 11, Fig. 3) was then employed to obtain
the redox kinetic potential values ({/) where:

_— 1
(ﬂ.aDo)l/Z ( )

Here, a = nF/RT and D, is the diffusion coefficient of Fe(II) or Fe(Ill)
(assumed to be the same) determined from the peak currents i, , or i
using the equation [12]:

i, = (2.69 X 10%)n%24D, /2 C°p!/2 (2)

where: i, is the peak current; n is the number of electrons transferred; A is
the electrode area (cm?); D, is the diffusion coefficient of the species being
oxidized/reduced (cm? s™1); C°is the concentration of the same species in the
bulk solution (mol ml!); » is the scan rate (V s™!). From a plot of i, versus
v? (eqn. (2)) a straight line was obtained with slope proportional to D,"?
(inset, Fig. 1). The diffusion coefficients for the aquo Fe(III)/Fe(II) species
in 0.1 M H,S0, and those for the complexed Fe(Ill) species are listed in
Table 1. The heterogeneous rate constants (k°) were now obtained using
eqn. (1). For the Fe(Ill)~complex species, the ko values vary over the range
0.012-0.035 cm s™1.
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The heterogeneous rate constant for the uncomplexed Fe(III)/Fe(II)
couple in 0.1 M H,S0, is 3.25 X103 cm s™! and this is in fair agreement
with the value 1.6 X 1073 cm s™! previously reported [13, 14]. In general,
the complexed species have larger k° values than the uncomplexed species.
Bard and coworkers [8] also found similar trends in their investigations with
phenanthroline and bipyridine ligands.

The stability of the complexes was investigated by controlled-potential
coulometric (CPC) studies. In controlled potential electrolysis, the current
decreases exponentially (Fig. 4(a)) according to the equation [13]:

i(t) = i° exp(—i°A/nFC°V)t (3)

where: Vis the volume of the solution; A is the area of the electrode; i° is
the initial current density. The parameter n can be obtained from the slope
of the plot of log i versus t (Fig. 4(b)). The product i°A is simply the total
initial current.

Reduction of complexed Fe3* species (forward electrolysis, Fig. 4, I)
was carried out at a potential of —0.7 V. Covering all cases, electrolysis
consumed 0.93 - 1.06 F mole !. A similar result has been found by other
workers [8]. Reverse electrolysis (backward electrolysis, Fig. 4, II) was
carried out at a potential of +0.05 V. The number of coulombs (&) con-
sumed was approximately the same as for forward electrolysis (Fig. 4). The
relevant data are shown in Table 2. To examine the life-time of the com-
plexed-Fe(Il) species, CV experiments were undertaken on the solution
following CPC reduction. The voltammogram after electrolysis for 20 - 40
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Fig. 4. Current—time curve during exhaustive electrolysis in 1 mM Fe(III)/Fe(1I1)-DTPA at
a mercury-pool electrode.



124

TABLE 2

Controlled-potential electrolysis data

Moles taken? Qs Mole reduced Qp Moles Fe3*-complex

(x107%) (C) (x107%) C) oxidized (recovered)
(x107%)

Fe3*-(DTPA)

1.49 1.531 1.587 1.5621 1.576

1.49 1.5620 1.575 1.508 1.563

1.49 1.521 1.5676 1.5611 1.566

Fe3*—(NTA)

1.5 1.360 1.409 1.346 1.395

1.5 1.355 1.404 1.352 1.401

Fe3*—(EDTA)

1.5 1.383 1.433 1.473 1.526

1.5 1.470 1.523 1.464 1.517

2Number of moles present in the total volume of solution electrolysed.

min had a well-defined peak consistent with the presence of an Fe(Il)-
ligand. After storing the solution for 24 h in air, however, the curve showed
a faintly developed peak corresponding to free Fe?* (Fig. 5). This indicates
a very slow decomposition of Fe3*-ligand species with time and suggests that
the complexes are reasonably stable.
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Fig. 5. Stability of Fe(IIl)/Fe(I1)-DTPA in K;S0,: , immediately after controlled
potential electrolysis at —0.7 V; — — — after standing in air for 24 h.
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Conclusion

The electrochemical studies of the Fe(IlI)/Fe(II) couple in presence
of EDTA, DTPA and NTA demonstrate that stable Fe(III) complexes
are formed. The electron-transfer kinetics and the shift of the formal
potential in the negative direction both appear to satisfy the requirements
of a redox-flow cell. An all-iron redox-flow cell therefore appears feasible
in which the above ligands would be used in the negative half-cell and
phenanthroline and bipyridyl ligands in the positive half-cell. The medium
employed has a suitable pH. Controlled-potential coulometric studies show
that forward and backward electrolyses consume equal amounts of electrical
charge.
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List of symbols

Anodic peak current

Cathodic peak current

Formal potential

Redox kinetic potential
Heterogeneous rate constant

Diffusion coefficient

Tafel parameter

Number of electrons involved in a redox process
Area of the electrode

Concentration of redox species in bulk
Scan rate

Transfer coefficient

Charge

Initial current density
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