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Electrochemical reduction of Fe(11) ions on different solid
electrodes in fused ZnCl,—2NaCl mixture
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The electrodeposition of Fe(ir) in ZnCl,~2NaCl melt at 450 °C was studied at molybdenum and tung-
sten electrodes and the results are compared with those obtained at glassy carbon in previous work.
The kinetics of the electrodeposition and electrocrystallization of iron were studied, showing that
the process is quasireversible, and the values of the kinetic parameters k° and o were obtained.
Mass transport towards the electrode is a simple diffusion process and the diffusion coefficient was
obtained by applying different electrochemical techniques. Potential step measurements indicate

that instantaneous nucleation and growth phenomena play a part in the overall process.

1. Introduction

This study is a part of a systematic research pro-
gramme focused on the possibility of using mixtures
of ZnCl, with alkali chlorides for the electrolytic
reduction of zinc. The effect of impurities in the
cell feed and the treatment and recovery of metals,
such as iron, contained in ores and industrial zinc
wastes can be determined. Development of these pro-
cesses requires the knowledge of the chemical and
electrochemical behaviour of the relevant ions in
chloride melts. To reach a better understanding and
control of the deposition processes accurate elucida-
tion of the electrochemical deposition mechanism is
essential.

Three major factors must be considered when
studying cathodic processes: (i) solute mass transport,
(1) electron transfer and (iii) crystal nucleation and
growth. Morphologies and structures of deposits as
a function of the kinetics and mechanisms of the
associated electrode processes offer a fruitful line of
development. It is now possible to design and opti-
mize electrolytic processes on a firm electrochemical
basis.

The influence of kinetic factors on the electrodepo-
sition processes from molten salts has been discussed
by Inman et al. [1-3] and others [4, 5]. The importance
of nucleation overvoltages/surface phenomena [4, 6,
7], the structure of the electrical double layer and spe-
cific effects [3, 8] have also been studied.

Nucleation and growth phenomena in metal depo-
sition depend to a great extent on the substrate on
which the electrochemical reduction is performed,
not only because of its chemical nature, but also its
structural state. The nucleation process is closely
related to the active sites existing on the substrate.
Thus, with the same bath and the same experimental
conditions, different deposits can be obtained using
various substrates.

0021-891X  © 1996 Chapman & Hall

The purpose of this paper is to examine the electro-
chemical reduction of iron in ZnCl,—2NaCl mixture
using various solid substrates such as tungsten and
molybdenum as cathodes. The results have been
compared with those obtained at glassy carbon elec-
trodes in a previous work [9]. All these materials
have different qualities: glassy carbon is amorphous
and presents poor interaction with metallic deposits,
whilst tungsten and molybdenum are polycrystalline
and exhibit better interaction with metallic deposits.
We have studied the kinetics of the electron and
mass transfer, obtaining the charge-transfer kinetic
parameters and the diffusion coefficient of Fe(i)
ions. Nucleation and growth phenomena were also
investigated.

2. Experimental details

The apparatus and the preparation and purification
of the melt have been described previously [9]. The
substrates were tungsten and molybdenum wires
(Imm diameter). The electrode active surface area
was determined by the depth of immersion and the
results were corrected for the height of the meniscus.
The counter electrode was a graphite rod or a tungsten
wire. The reference electrode consisted of a Pyrex
glass tube filled with liquid zinc and molten ZnCl,—
2NaCl. A tungsten wire was immersed into the liquid
zinc to ensure electrical connection. All the potentials
are referred to the Zn(m)/Zn(liq) redox couple.

The addition of Fe(m) to the purified melts was made
in situ by anodic dissolution of the metal (iron wire
Imm diameter) at constant current and produced
pale yellow solutions at low concentration and dark
red—brown solutions at higher concentrations.

Cyclic voltammetry and pulse techniques were
performed with a PAR model 273A potentiostat/
galvanostat controlled by the M270 software package.
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3. Results and discussion

3.1. Electrochemical window of the ZnCl,—2NaCl
mixture with the different cathodic materials

The electrochemical stability range of the purified
ZnCl,~2NaCl melt was examined using voltammetric
measurements and was limited cathodically by zinc
deposition and anodically by oxidation of chloride
ions (Fig. 1). Some authors for other molten chlorides
[10, 11} indicated that when using a molybdenum elec-
trode it becomes anodically passivated, a behaviour
not observed in the present ZnCl,—2NaCl melt. The
AFE value was calculated from the thermodynamic
and experimental data [12] and resulted in a value of
1.715 V. The experimental electroactivity range obtained
by extrapolating the limiting anodic polarization

curve to zero current is larger than the value calcu-
lated above, which indicates an electrochemical reac-
tion overvoltage for the chloride—chlorine system.

3.2. Electrochemical reduction of Fe (I1) ions

Figure 2 shows some voltammograms for the electro-
reduction of Fe(i1) solutions using different substrates.
In all cases, a cathodic peak I, and a sharp anodic
stripping peak I, were recorded. The shape of the
voltammograms, the break corresponding to the begin-
ning of the Fe(u) reduction (characteristic of the
formation and reoxidation of a constant activity pro-
duct) and the peak potential values, all confirm the
deposition of Fe(nr) and show no evidence for iron
solubility. The deposit obtained under potentiostatic
conditions was analysed by energy dispersive X-ray
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Fig. 1. Cyclic voltammograms obtained at tungsten and molybdenum electrodes on pure ZnCl,—2NaCl melt. Sweep rate 0.2 Vs,

Electrode areas: 0.25 and 0.16 cm?® for tungsten (

) and molybdenum (—@-@-@-@-), respectively.
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Fig. 2. Typical cyclic voltammogram for the reduction of iron chloride (0.0385molkg™!) on a tungsten {

and molybdenum (-@-@-@-@-) (0.16cm?). Sweep rate 0.2V s7I
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analysis with the scanning microscope (Fig. 3) and
by X-ray diffraction, and consisted of pure metallic
iron [9].

Cyclic voltammograms for the reduction of iron
chloride on a glassy carbon electrode [9] show catho-
dic peak potential values more negative than those
obtained at tungsten and molybdenum substrates.
This behaviour may be due to kinetic limitations
due to the nucleation phenomena which, especially
on glassy carbon substrates, dominate the deposition
process.

3.2.1. Reversibility of iron deposition. The voltammetric
curves recorded at different potential sweep rates
using tungsten and molybdenum as working electrodes
(Fig. 4(a) and (b)), show that the cathodic peak
potential shifted with increasing sweep rate for

values up to about 2.5Vs~' in the former and
0.6Vs™' in the latter (Fig. 4(c)). However, when
using glassy carbon as working electrode [9], the
cathodic peak potential shifted negatively over the
whole sweep rate range. This is probably due to the
nonreversibility of the deposition process. Assuming
this possibility, the charge-transfer coefficient, «, for
iron deposition can be determined by means of the
equation [13, 14]:
AE, 23RT .
Alogv ™ 2anF (
The results for the three electrodes are gathered in
Table 1.
Further studies of the electrochemical behaviour

of iron ion reduction were carried out using chrono-
potentiometry. Analysis of the variation of the

.

Fig. 3. Micrographs showing iron deposited under different potentiostatic conditions.
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Table 1. Values of the charge-transfer coefficient, a, for iron deposi-
tion obtained by means of the equation AE;[/Alogv=
2.3 RT/2anF at different substrates

0
10,005 1 Working electrode a
Molybdenum 0.41
-0.01 1 Tungsten 0.55
-0.015 (1) Glassy carbon* 0.43
g -0.02 - * Value calculated in a previous work [9].
5_0_025 ] (2) transition time, 7, as a function of the imposed current
g (3) indicated that the fluxes of Fe(u) species were diffu-
-0.03 4 (4) sion controlled (Sand’s law). Under these conditions
20.035 it is possible to perform logarithmic analysis of
chronopotentiograms. The electrode potential was
-0.044 (8) (@) found to vary linearly with log[l — (¢/7)"/%], but the
-0.045 — — e slopes of the linear part of the curves were different
0 005 01 015 02 025 0.3 035 to those expected for a reversible two-electron
Potential, E/V exchange process.
Convoluted voltammograms were obtained and
0 ; analysed [15-18]. The curves recorded at different
sweep rates were very similar but the direct and
’ reverse scans were not identical ( Fig. 5). This beha-
-0.005 1 viour was observed with all the substrates used.
When the convoluted curves were analysed accord-
< -0.01 ing to a reversible model
= 2. -
§-0.015- (1) E=E/;+ iﬁTlog [(m - m)} (2)
3 0,021 (2) plots of the electrod.e potentials  against
log[(m" — m)/m"] (where m is the convoluted current
(3) and m" its limiting value) were linear, but the slopes
-0.0251 obtained were different from the theoretical value cor-
(4) (b) requnding to a reversible two-electron exchange pro-
-0.03 . v ———— . cess indicating that in these conditions the electron
0 005 01 015 0.2 N0.25 0.3 0.35 transfer rate is significantly lower than that of mass
Potential, E transport.
To confirm these results a logarithmic analysis of
03 the convoluted curves was performed according to a
quasireversible model for which the expression corre-
sponding to a process with formation of an insoluble
%_ 0.254 product is [9]:
o RT
o] o B o
£ 02 E=E+ 2 Fink
g et RT
 0.151 TN onk
o (m* —m)D™V? 4 nFs exp{% (E — E°)}
5 x In (3)
£ 014 f
S
(c) where k° and « are the charge-transfer rate constant
0'0_531 5 b 05 0 05 1 and the transfer coefficient, respectively, and E° the
' " Logv ' standard potential of the Fe(u)/Fe system [9]. The

Fig. 4. (a) Voltammetric reduction of iron chioride at a tungsten
electrode. Fe(u) concentration of 0.024mol kg™!. Electrode area
0.31cm?. Sweep rates: (1) 0.2; (2) 0.5; (3) 0.7, (4) 1.0; (5)
1.5vs™ (b) Voltammetric reduction of iron chloride at a molybde-
num electrode. Fe(11) concentration 0.0385 molkg™!; electrode area
0.19 cm?; sweep rates: (1) 0.2; (2) 0.3; (3) 0.4; (4) 0.5Vs™. (¢) Var-
iation of the cathodic peak potentials with the logarithm of the
sweep rate. ([1) tungsten, and (A) molybdenum substrates.

electrode potential varies linearly with the logarithm
of the function M, being:

(m* —m)D™V* 4 nFS exp{%FT (E - E")}

M =
1

(4)

The slope of the linear part of the curve yields the
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Fig. 5. Several cyclic voltammograms and their corresponding con-
voluted curves obtained at a tungsten electrode. Sweep rates: (1)
0.5Vs!and (2) 0.7VsL,

transfer coefficient, «, and from the intercept the
charge-transfer rate constant, £°, can be calculated.
The average values obtained on each substrate are
shown in Table 2. From these values, and taking
into account the Matsuda and Ayabe criteria [13],
the quasireversibility of the iron deposition at all the
substrates is verified and it can be deduced that there
are no significant differences among the charge trans-
fer rate constant values calculated using the three
materials,

3.2.2. Nucleation studies. Voltammograms obtained
for iron deposition at glassy carbon, molybdenum
and tungsten substrates suggested the presence of
nucleation processes. In all cases, and depending on
the sweep rate, the cathodic part of the curve shows
a cross-over between the cathodic and the anodic
going scans (see Fig. 6), which indicates phase
formation and growth.

The current transients obtained were particularly
sensitive to nucleation and growth phenomena, spe-

Table 2. Values of the charge-transfer kinetic parameters of Fe(n)]
Fe(s) exchange obtained by means of the logarithmic analysis of the
convoluted voltammograms

Substrate logk®jems™ o

Molybdenum —3.9:+03 0.45+0.04
Tungsten —44+04 0.60 £ 0.05
Glassy carbon* —4.4+05 0.45+0.10

* Value calculated in a previous work [9].

cially at glassy carbon electrodes [9]; this behaviour
has also been observed by Shuzhen er al. [19] when
studying the electrochemical reduction of Fe(i1) ions
in the MgCl,~NaCl-KCl eutectic on a tungsten elec-
trode. Figure 7 shows a set of current-transients on
molybdenum. These are similar to the transients on
glassy carbon, but on molybdenum substrates the cur-
rent rapidly reaches the limiting value. This increase in
current up to a maximum is typical for the formation
of a deposit by nucleation and growth of the crys-
tallites. The current decreases while approaching the
characteristic response for linear diffusion to a planar
electrode (Cottrell condition). Since the rising part
of the transient obeyed a I/ dependence, the ini-
tial stages at the surface of the substrate of electro-
chemical deposition of iron can be explained in terms
of a model involving instantaneous nucleation.

3.2.3. Fe(m) diffusion. The Sand (Equation 5), Cottrell
(Equation 6) and Berzins-Delahay (Equation 7)
equations were obeyed. Thus mass transport towards
the electrode is a simple diffusional process.

The diffusion coefficients, D), given in Table 3
were calculated from chronopotentiometric and
chronoamperometric data as well as from the bound-
ary semiintegral values according to the following
relations:

FS. 1/2_1/2
]’7‘1/2 = n—————————cog T (5)
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Fig. 6. Cyclic voltammogram illustrating the ‘nucleation cross-over effect’ on the return sweep for deposition of iron on a tungsten
substrate (0.31 cm?), Fe(i) concentration: 0.024 molkg™'; sweep rate: 0.7Vs ™.
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Fig. 7. Potentiostatic current transients for electrochemical deposition of iron on a molybdenum electrode in ZnCl,—2NaCl at 450 °C. Fe(i)
concentration: 0.026molkg™"; electrode area: 0.22cm?. The applied potentials are indicated on the curves.

I = nFScyD"? ()71 (6)
m* = nFScyD'? (7)

where ¢ is the bulk concentration of the electroactive
species, D its diffusion coefficient and S the electrode
surface area. The differences between the calculated
values are mainly related to the difficulty in determin-
ing the exact active electrode areas.

In the case of a quasireversible process, most authors
consider that the Berzins—~Delahay equation:

1/2
IP - 0610 nFSCO <—;££T> UI/ZDI/Z (8)

for a reversible diffusion-controlled process can be
used. Taking into account the confidence levels
achieved, the diffusion coefficients calculated from
the slope of the I, against vi/? plot were of the same
order of magnitude as those obtained by other electro-
chemical techniques. This indicates that in the present
conditions it is correct to apply this equation despite
the non-reversibility of the electroreduction process.

4. Conclusions

Using voltammetric, chronopotentiometric, chrono-
amperometric and convolution techniques it was pos-
sible to determine the mass and the charge transfer
kinetics occurring in the electrochemical reduction
and oxidation of Fe(I1) ions on tungsten, molybdenum
and glassy carbon substrates.

Table 3. Iron (1) diffusion coefficients (105D/cm2 s~ obtained on
each substrate by different electrochemical technigues

Technigue Glassy carbon Mo w

Convolution 12404 1.34+0.2 1.0+£0.1
Chronopotentiometry 12+0.3 1.2+0.1 15402
Chronoamperometry 1.6+0.4 1.1+0.1 0.940.1
Voltammetry 09 +0.1 0.8+0.1 09+0.1

The Fe(u)/Fe(0) exchange was found to be quasi-
reversible at all substrates used and the cathodic
process depends strongly on the sweep rate. The
results obtained showed that the mass-transport is dif-
fusion controlled. The intrinsic rate constant k° and
the transfer coefficient o of the Fe(i)/Fe(0) system
were also obtained from logarithmic analysis of the
convoluted curves by applying the equation for a solu-
ble—-insoluble quasireversible process.

Potential step measurements indicate that instan-
taneous nucleation and growth phenomena play a
part in the overall process at all the substrates stu-
died. Thus, depending on the controlled electroche-
mical parameters, different iron deposits can be
obtained.
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