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Abstract

The electrochemical reduction of iron (III) ions into zero-valent iron from a solution of ethylene glycol was accom-
plished. The kinetics and mechanism of the electroreduction process were investigated by cyclic and linear polarization
techniques. The influence of temperature, potential sweep rate, and concentration of iron (III) ions on the electroreduc-
tion process was also studied. The observed values of effective activation energy revealed that the investigated electrore-
duction process is accompanied by mixed kinetics control. Moreover, the results of SEM and X-ray diffraction analysis
confirmed the deposition of thin Fe films under the optimized conditions.
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1. Introduction

Currently, due to the decrease in natural energy
sources, the use of environmentally friendly solar energy is
very important.!~

Iron disulfide (FeS,) due to its non-toxicity and wide
distribution on earth, it has the probability of becoming an
inexpensive alternative material for fabricating highly efhi-
cient solar cells.>"!° Depending on its optical properties, it
can be used in solar cells as a photoactive absorbing layer
or as a frontal transparent layer in heterostructured cells.!!
The preparation of these films has been carried out by var-
ious methods. The electrochemical deposition method has
been used in this work, due to its simplicity to be opti-
mized, and non-cost. For the co-electrodeposition of two
or more components simultaneously, firstly the electro-
chemical reduction of each component should be studied
individually. Therefore, this work aims to study the elec-
trochemical reduction of iron ions, the kinetics, and the
mechanism of the process in a non-aqueous solution of
ethylene glycol.

The electroreduction and electrodeposition of iron
ions have been reported.'?-!® The results presented in the

previously published work!? showed that the electrodepo-
sition of iron in an acidic sulfate medium occurred, at
least, through three adsorbed intermediates. It was ob-
served that on the nonlinear part of the polarization
curves, the electrodeposition of iron occurred, but with
very low efficiency. In this area, the main cathodic reaction
is the reduction of hydrogen, and low-efficient electrode-
position of iron was obtained through two intermediates.
One of these adsorbed intermediates catalyzed the reduc-
tion of hydrogen, while the other blocked the process. The
third intermediate appeared only at the potential region
corresponding to the linear part of the polarization curves.
It was also noted that the concentration of the adsorbed
species at the surface strongly depends on the electrode
potential.

The metallic Fe films onto a copper substrate from a
mixture of ChCl, urea, and FeCl; has been previously elec-
trodeposited.!® It was found that the use of direct current
coating technology gives uniform, dense, gray, dull, and
pure iron coatings. The electrodeposition at the ambient
temperature produced iron films of high corrosion resis-
tance and stable for several weeks. The surface morpholo-
gy of the obtained iron films was also studied as a function
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of the applied current density. As a result, fine-grained and
microcrystalline iron deposits without defects were ob-
tained.

The influence of ammonium ion on the electrodepo-
sition of iron from the iron sulfate bath was studied by oth-
er authors.!* During the cathodic polarization process in a
solution of 0.02 M FeSO, at pH = 3 by using the quartz
crystals microbalance technique, the presence of ammoni-
um sulfate increased the mass of the electrodeposited Fe
metal. The obtained pH (at the surface of the working elec-
trode) - potential curves showed that in the presence of
ammonium sulfate, the pH simultaneously increased to
the alkaline levels during the electrolysis process. These
results suggest that ammonium ion facilitates the forma-
tion of ammoniated ferrous iron (e.g., Fe(NH3),** and
Fe(NH;3),*"). This prevents the deposition of Fe(OH), on
the electrode, which can lead to passivation of the surface
and, therefore, to a limited deposition of Fe metal.

Nanocrystalline iron was electrodeposited from
1-butyl-1-methylpyrrolidinium bis (trifluoromethylsulfo-
nyl) amide ([Py1,4] TFSA) ionic liquid at 100 °C.!> The
electrodeposition of iron from ([Py1,4] TESA) was accom-
plished by using Fe (TfO), and FeCl, as precursors. Cyclic
voltammetry was used to investigate the electrochemical
behavior of FeCl,, Fe(TfO),, and (FeCl,+AICl;) in the
presence of ionic liquid as a supporting electrolyte. But, a
thick iron film was obtained from FeCl, / [Pyl,4] TfO at
these conditions.

Iron metal films were also electrodeposited on cop-
per substrates by the galvanostatic method at various pH,
temperature, and current density from weak acidic (pH =
5.7) solutions containing iron sulfate and sodium gluco-
nate.'® Tt was found that the optimal conditions for obtain-
ing stable Fe films are as follows; a solution consists of
0.038 mol - dm? Fe,(SO,);.7H,0 and 0.14 mol-dm? sodi-
um gluconate, at current density (j) = 0.33 A/ cm?, pH =
5.7, and temperature 25 °C. The obtained Fe films from
this electrolyte have a single-phase crystal structure.

The polarization curves for the discharge of iron and
hydrogen ions during the electrolysis of sulfate solutions
with various concentrations of amino-acetic acid showed
that the presence of glycine in the electrolyte inhibited
both the discharge of iron and hydrogen ions.!” The ob-
tained results showed that the current efficiency of the iron
electrodeposition depends linearly upon the concentra-
tion of glycine passes. The influence of pH and tempera-
ture on the quality of the coating was also investigated.
From the previous work, the optimum conditions for ob-
taining a high-quality deposit were as follows; sulfate elec-
trolyte containing 0.1-0.15 M glycine, pH = 1.9-0.1, tem-
perature 20 °C, and current density (j) = 20 mA / cm?
should be applied.

The electrodeposition of iron metal was also studied
from the ether solution.!® The electrodeposition bath con-
sisted of iron (II) chloride (FeCl,), diglyme (G2) as a com-
plexing agent, and aluminum chloride (AICl;). The effect

of hydrogen gas evolution on the morphology of iron de-
posits was investigated by using different aqueous electro-
lytes. A thin Fe film was obtained using FeCl, -G, - AICl,
in the absence of the hydrogen gas evolution, and the nu-
cleation of iron was explained by the instant nucleation
mechanism. As a result, the surface morphology of the
thin Fe film was found to be compact and smooth com-
pared to that obtained from aqueous and nonaqueous
electrolytes.

M.A. Miller et. al.!® used ethylene glycol as an elec-
trolyte but in the presence of choline chloride (ChCl) and
FeCl, that gave different behavior and results compared
with the present work. They also used different ratios from
ChCLEG: FeCl, and obtained different results at each ra-
tio. But in the present work, EG and Fe(NOj3); were used,
where nitrates salts have a considerable solubility com-
pared with chloride and other salts. Furthermore, the elec-
trodeposition process was accomplished at room tempera-
ture and not at 80 °C. S. Higashino et. al.?° used FeCl; as a
precursor in presence of acetamide as a complexing agent
that gave different results compared with our work.

According to the published literature, the kinetics
and mechanism of the electrochemical deposition of iron
from different aqueous electrolytes were studied. There-
fore, our work aims to study the kinetics and mechanism of
the electroreduction of iron ions from non-aqueous elec-
trolytes (using ethylene glycol). The current work is consid-
ered to be one from a series of our works on the electro-
chemical synthesis of chalcogenide compounds. 2!-%3

2. Experimental Part

The electrolyte for the electrochemical reduction of
iron (III) ions was prepared as follows: an appreciated
amount of Fe(NO;); - 9H,0 was dissolved in ethylene gly-
col by stirring in the temperature range of 313-323 K to
give 0.1 M. Polarization and chrono-amperometric curves
were accomplished by a potentiostat IVIUMSTAT electro-
chemical interface. An electrochemical three-electrode
cell with a capacity of 100 ml was used. A Pt sheet with an
area of 3 x 1073 dm? and a Ni sheet with an area of 2 cm?
were used as working electrodes. The silver chloride elec-
trode was used as a reference electrode and the platinum
sheet with an area of 4 cm? as an auxiliary electrode. The
UTU-4 universal ultra-thermostat was utilized to regulate
the temperature in the bath of the electrolytic cell.

The phase composition of the obtained thin films
was analyzed using a Bruker D2 Phaser X-ray diffractom-
eter (CuKy; Ni filter). The morphology and chemical ele-
mental composition of the samples were determined by
Carel Zeiss Sigma scanning electron microscopy (SEM).

At the beginning of the experiments, the surface of
Pt electrodes was cleaned in concentrated nitric acid and
then washed with bidistilled water. Furthermore, after
each experiment, the Pt electrodes were kept in boiling ni-
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tric acid for 30 minutes. This is necessary to get rid of the
adsorbed small amounts of ferric chloride on the electrode
surface. After that, they were washed thoroughly with or-
dinary water, then with distilled water, and finally rinsed
with alcohol or acetone. Ni electrode was subjected to elec-
trochemical polishing in a solution consists of H,SO,,
H;PO,, and citric acid (T = 293-303K, i = 50 A/dm?, T =
180 seconds), and was washed with bidistilled water.

3. Results and Discussion

The study of the electroreduction of iron ions (III)
from non-aqueous solutions was carried out by the poten-
tiodynamic method. As can be seen from Figure 1, the
electrochemical reduction of iron (III) ions at the cathode
occurred in two stages within the potential range of 0.8 -
(-1.2) V. The first stage (I) was observed at the potential
range of 0.8 — (-0.36) V that shows the reduction of Fe (III)
to Fe (II) as in the following reaction: Fe** + e~ = Fe?".
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Fig. 1. Cyclic voltammetric curves of the electroreduction of iron

(IIT) ions on a Pt electrode in a non-aqueous medium. The electro-

lyte composition in (M): 0.1 M Fe(NO3); - 9H,0 + CH,OH-CH,OH;

at T =293 K, and Ey=0.02 V/s.
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The second stage corresponds to the reduction of Fe
(II) to the atomic iron in the potential range of -0.36-
(-0.8) V, which agreed with previously published work. 2
After the potential value of -0.8 V, iron is deposited on the
substrate.

To study the kinetics of the electroreduction of iron
(IIT) ions, polarization curves of a linear nature were re-
corded depending on the temperature at a temperature
range of 288-348 K. As can be seen from Fig. 2, the poten-
tial of the electroreduction of iron (III) ions moves towards
a positive direction and the current increases due to the
ion mobility which increases with increasing the tempera-
ture. With the aid of these polarizing curves, the depen-
dence of Igiy on 1/T in the potential interval of 0.0 - (-0.5)
V was depicted as in Fig. 3(a), and the value of tga was
calculated from the obtained curves. The value of the effec-
tive activation energy was calculated using the equation of
A g =2.3Rtga. The values of A gshowed that the electrore-
duction of iron ions (IIT) from non-aqueous electrolytes is
accompanied by mixed kinetics. In the potential range of
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Fig. 2. The effect of temperature on the electroreduction of iron (III)
ions. The electrolyte composition in (M): 0.1 Fe(NO;); - 9H,0 +
CH,0H-CH,O0H; at different T (K): 1- 288; 2- 298; 3- 308; 4- 318;
5- 328; 6- 338; 7- 348, and scan rate Ey= 0.02 V/s
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Fig. 3. (a) Igi) - 1/T dependence, at different E(V) = 1- 0.0; 2- (-0.1); 3- (-0.2); 4- (-=0.3); 5- (-0.4); 6- (-0.5). (b) Dependence of the activation ener-

gy upon the electrode potential.
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0.0 - (-0.2) V the process proceeds under electrochemical
polarization control, and after -0.2 V under concentration
polarization control (Fig. 3 b).

Current

40 05 0.0 05
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Fig. 4. The influence of the concentration of iron (III) ions on the
electroreduction process on the Pt electrode. The electrolyte com-
position in (M): Fe(NOs); - 9H,0 + CH,0H-CH,OH; 1-0.005; 2-
0.05; 3- 0.1; 4- 0.15; 5- 0.2. At T = 293 K, and E=0.02 V/s

The effect of concentration on the electroreduction
of iron (III) ions has been also studied. Polarization
curves at different concentrations of iron (III) ions are
presented as in Fig. 4. As can be seen from the curves, the
cathodic current of iron electrodeposition increases from
-0.2 to 4.1 mA with the increase of the Fe**concentra-
tion in the electrolyte. Moreover, the reduction potential
is shifted to the positive direction up to 0.05 V. This can
be explained on the basis that, with an increase in the
concentration of iron (III) ions in the electrolyte, the mi-
gration rate of these ions to the electrode increases, and
hence electroreduction occurs faster than that of the pre-
vious concentration.
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Fig. 5. The effect of the scan rate on the electroreduction of iron
(III) ions. Electrolyte composition in (M): 0,1 Fe(NOs); - 9H,0 +

CH,OH-CH,OH. Scan rate (V/s): 1-0,005; 2- 0,02; 3- 0,04; 4- 0,06;
5-0,08;6-0,1. At T =293 K.

The influence of the scan rate on the electroreduc-
tion of iron (III) ions was also studied. Fig. 5 exhibits the
cathodic potentiodynamic polarization curves of the pro-
cess. As can be seen from Fig. 5, with an increase in the
potential scan rate, the cathodic current of the electrore-
duction of iron (III) ions increase:, the cathodic current
was - 9.11 x 10 A at 0.005 V/s and - 27.60 x 10~ A at 0.1
Vi/s.

The chronoamperometric (CA) method was used for
obtaining more precise information about the electro-
chemical deposition process, at which the potential can be
fixed at the deposition potential. Mechanisms of the nucle-
ation and growth of the electrodeposited particles can be
investigated via CA method. Current-time curves were
accomplished at different applied potentials; —0.40, —0.45,
-0.50, -0.55, and -0.60 V at room temperature as shown in
Fig. 6. It seems from the shown figure that the initial re-
gime of the current-time curve is characterized by a sud-
den decrease in the current under application of the depo-
sition potential. This can be attributed to the presence of
the double-layer between the surface of the substrate and
the ions of the solution, which lead to the formation of
immediate nucleation of iron in all cases (Fig. 6).

This sudden decrease is followed by a little increase
in the resultant current. This is due to an increase in the
electroactive surface area which correlated with the crystal
growth. It can be noted that during the electrodeposition,
in all cases, the current density increases by increasing the
deposition potential. The mechanism of crystal nucleation
and growth can be determined by the analysis of the ob-
tained current-time curves.
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Fig. 6. Current-time curves of the electrodeposition of iron on Pt in
the electrolyte of the 0.1 Fe(NO,);- 9H,0 + CH,OH-CH,0OH com-
position at room temperature and different deposition potentials:
-0.4; -0.45; -0.5; -0.55; and -0.6 V vs. Ag/AgClL

The analysis of these curves can be achieved by ap-
plying the two equations of Scharifker-Hills 2* compared

with the experimental calculated data as shown in Fig. 7

(a-e). The models of the theoretical transients for the in-
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stantaneous and the progressive 3D nucleation are given

by equations (1) and (2), respectively:

Fig. 7 (a-e) shows the nondimensional I%/I?,, vs. t/
tmax plots derived from the CA data at different conditions
as in Fig. 6. The solid lines of black and red color are the
theoretical transients of the instantaneous and the pro-

2
I(t)* 19542 t . : : .
I( ) = ¢ {1 —exp [_1'2564[t ]]} (1) gressive nucleation, and blue lines for the experimental
max - max data. The nucleation and growth processes of iron at these
conditions can be derived from Fig. 7 (a—e). At the early
16?2 12254 —_—— stage, the experimental curve fits well with the curve of the
T——= t. {1 —exp [—2.3367 [ ] ]} (2) progressive nucleation model by which the iron nucleation
max / tnax tmax occurred on many active sites of Pt substrates. Subse-
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Fig. 7. Comparison of the theoretical non-dimensional (I / I;,)? Vs (t / t,y) plots for instantaneous (red) and progressive (black) nucleation with
experimental data (blue) of potentiostatic transients in the solution of 0.1 Fe(NO;); - 9H,0 + CH,0OH-CH,OH at different constant potentials: (a)

-0.4, (b) -0.45, (c) -0.50, (d) -0.55 and (e)-0.6 V
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quently, the deposition deviates from the progressive nu-
cleation as shown in Fig. 7 (a, b, ¢, d, and e). The deviation
from the ideal assumption of the Scharifker model may be
attributed to that the nuclei grow under diffusion control
at these conditions.

Bypassing time through the nuclei growth, the elec-
trodeposition of iron will be under mixed control (diffu-
sion and charge transfer). The deviation can be also inter-
preted as due to the hydrogen evolution reaction during
the formation of nuclei which causes a morphology change
of the nucleus. Further information for the growth mecha-
nism can be obtained by calculating the density of actives
sites for nucleation (N,) by using the following equation;

Nozo.oss(8””"’)4/2 (== )2 (3)

P tmaximax

where, C is the bulk concentration in mol cm™3, zf the mo-
lar charge of electrodepositing species, M and p are the
molar mass and the density of the deposited material in g
cm3, respectively. The diffusion coeflicient D of the active
species in the electrolyte can be calculated via the chrono-
amperometric method. According to the theoretical nu-
cleation model, the D is related to the i,,,, and the t,,>>2¢
by the following equation;
: 2
_ mayx Upax (4)

"~ 0.1629(zfC)

The values of i,y tmao D> and Ny at different deposi-
tion potentials are shown in Table 1. The D values of the
electroactive species are very small at these conditions,
which is due to the high relative density of the electrolyte
and the high relative diameter of iron ions. Therefore, the
diffusion of iron ions from the bulk of the electrolyte to-
wards the polarized electrode will be very small. Accord-
ingly, the process is controlled by the diffusion step. Also,
the value of D is a function of the polarization potential as
listed in Table 1.

It is noted from the table that nuclei densities N, de-
crease significantly with the increase of the deposition po-
tential. This decrease is due to the decrease of the activa-
tion of the nucleation sites at higher potentials, which
deviates from the classical nucleation models as confirmed
by Fig. 6. This deviation can also be explained as, by in-

Table 1. Experimental data on the electrodeposition of Fe on a Pt
electrode

E, V D, cm?s! N,, cm?

-0.40 1.429 x 10717 5.00 x 101°
-0.45 6.556 x 10718 10.09 x 10>
-0.50 3.619 x 10717 1.98 x 101%
-0.55 1.468 x 10716 0.49 x 1015
-0.60 5.240 x 10716 0.14 x 1015

creasing the deposition potential the polarization of the
working electrodes increases. But the diffusion of the ac-
tive species is still slow because of the high density of sur-
rounding media which hinders the diffusion of the active
species.

The data of the XRD pattern (Fig. 8) and SEM imag-
es (Fig. 9) confirmed the obtained films of the electrode-
posited iron on the Ni electrode.

1.2

Ni(200)

Fe

Intensity (arb. units)

T T T A T T T T T
435 440 445 450 455 505 51.0 515 520 525 53.0
20 (degrees)
Fig. 8. The results of the XRD analysis of electrodeposited iron from

0.1 M Fe (NO;); x 9H,0 + CH,0H-CH,OH electrolyte on the Ni
electrode. Ey=0.02V /s, T =293 K.

S00MKM

0 2 4 6 8 10 12 14 16 18 20
keV

Fig. 9. The image of SEM (a) and EDAX analysis (b) of electrodep-
osited iron from the 0.1 M Fe (NO3); x 9H,0 + CH,0H- CH,0H
electrolyte on the Ni electrode. At Ey=0.02V /s,and T =293 K.
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The SEM image showed that the nickel substrate is
well coated. It seems to be relatively homogeneous and has
a few cracks (Fig. 9). However, judging by the obtained
X-ray pattern, these coatings are very thin (Fig. 8). It is
noted that nickel peaks are also shifted towards large dif-
fraction angles (20). This is because of a slight contraction
of the modified crystal lattice, which is due to the incorpo-
ration of iron atoms into the nickel lattice. All experimen-
tal results exhibit that, in order to achieve the process and
obtain compact, smooth deposits, an optimal electrolyte
composition of 0.1 M Fe (NO3) - 9H,0 + CH,OH-CH,OH,
at 293 K, and a potential range of 0.6 — (- 0.9) V should be
applied.

4. Conclusion

Electrochemical reduction of iron (III) ions on Pt
electrode from ethylene glycol solution was studied by the
potentiodynamic method. During the study of kinetics
and mechanism of the process by the cyclic and linear po-
larization curves, it was revealed that the nature of polar-
ization is accompanied by mixed kinetics. It is worth men-
tioning that, in the potential range of 0.0 — (-0.2) V, the
process proceeds under electrochemical polarization con-
trol, whereas after —0.2 V it is controlled by concentration
polarization. The obtained results show that the electrore-
duction of iron (IIT) ions is affected by concentration, tem-
perature, and the potential scan rate. From these results,
the optimal mode and composition of the electrolyte for
the preparation of the compact and smooth iron films have
been detected. SEM and XRD data confirm the electrode-
position of thin Fe films.
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Povzetek

Dosegli smo elektrokemijsko redukcijo zZelezovih (III) ionov v elementarno Zelezo iz raztopine etilen glikola. Kinetiko
in mehanizem procesa elektroredukcije smo raziskovali s cikli¢nimi in linearnimi polarizacijskimi tehnikami. Preuceva-
li smo tudi vpliv temperature, hitrosti spreminjanja potenciala in koncentracije ionov Zeleza (III) na postopek elekt-
roredukcije. Opazovane vrednosti efektivne aktivacijske energije so pokazale, da je preiskovani postopek elektroreduk-
cije kontroliran s procesi mesane kinetike. Poleg tega so rezultati analize SEM in rentgenske difrakcije potrdili, da lahko
pod optimalnimi pogoji dosezemo odlaganje tankih filmov Fe.
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