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Abstract
Electrochemical reduction of iron (III) ions from an ethylene glycol solution was studied. The kinetics and mechanism of the electroreduction process were investigated by cyclic and linear polarization curves. The effect of temperature, potential sweep, and the concentration of iron (III) ions on the electroreduction process was also studied. By calculating the effective activation energy, it was revealed that the investigated electroreduction process is accompanied by mixed kinetics. Furthermore, the results of SEM and X-ray diffraction analysis confirm the deposition of thin Fe films under the conditions in consideration.
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1. INTRODUCTION 
The intense use of the solar energy has increased interest in obtaining thin-film materials with high physical and optical properties in the last decade. As known, most of these materials are semiconductors with a large variety in electrical and physical properties, as well as in chemical composition.1-7 Currently, due to the decrease in natural energy sources, the use of environmentally friendly solar energies is very important.8-10 The demand for chalcogenide semiconductor films is fairly increased due to their use in solar converters. Thin chalcogenide films are used to convert energy in solar cells, both as photocathodes and photoanodes. The thickness of the active part of these films should not exceed 3 microns.
Iron disulfide (FeS2) belongs to the class of chalcogenides, which are used in high-frequency detectors, rectifiers, transistors, etc. due to their layered structure. It is a non-toxic material and, thanks to its wide distribution on Earth, has the prospect of becoming an inexpensive alternative for creating highly efficient solar cells.11-16 This is facilitated both by its environmental friendliness and optical properties close for efficient conversion of radiation energy: band gap energy of 0.95 eV and optical absorption coefficient greater than 105 cm−1 at an energy of hν > 1.4 eV. In the manufacture of iron and sulfur films, sulfides with different stoichiometric composition and structure affecting the properties of the material can form. Taking into account the complex band structure, thin FeS2 films with a wide range of intrinsic absorption (from 1 to 3.8 eV) are obtained. Depending on optical properties, they can be used in solar cells as a photoactive absorbing layer or as a frontal translucent layer in heterostructures.17 Preparation of these films is carried out in various ways. We have used a more optimal, simple and cheap method - electrochemical deposition.
As known, for the co-deposition of two or more components, firstly the electrochemical reduction of each component is studied individually. Therefore, the aim of this work is to study the electrochemical reduction of iron ions, the kinetics and mechanism of the process in a non-aqueous solution of ethylene glycol.
There are some information on the electroreduction and electrodeposition of iron ions in the literature.18-24
The experimental results presented in18 show that the electrodeposition of iron in an acidic sulfate medium occurs in at least three adsorbed intermediates. On the nonlinear part of the polarization curves, electrodeposition of iron occurs with a very low efficiency. In this area, the main cathodic reaction is the reduction of hydrogen, and a low-efficient electrodeposition of iron occurs by two intermediate compounds. One of these adsorbed species catalyzes the reduction of hydrogen, while the other blocks this process. The third intermediate form appears only in the potential region corresponding to the linear part of the polarization curves. The concentration at the surface thus strongly depends on the electrode potential.
The authors of 19 deposited metallic Fe films onto a copper substrate from the mixture of ChCl / urea / FeCl3. It was found that the use of direct current coating technology makes it possible to obtain uniform, dense, gray, dull and pure iron coatings. Exposed to the ambient atmosphere, produced iron films showed no visible corrosion products on the surface after several weeks. The surface morphology of the obtained iron films was also studied depending on the density of the applied current. As a result, fine-grained and microcrystalline iron precipitation without defects was electrodeposited.
The role of ammonium ion in the deposition of iron from the iron sulfate bath was studied by the authors.20 During cathodic polarization in a solution of 0.02 M FeSO4 at pH = 3, measurements of the quartz crystals’ microbalance showed that the presence of ammonium sulfate leads to an increase in the mass of Fe metal on the surface of the cathode. The surface pH was measured by placing a flat bottom stainless steel electrode behind the cathode grid. The pH-E curves showed that in the presence of ammonium sulfate, the pH rises to alkaline levels. These two sets of results (i.e., the rate of mass growth of metallic iron and surface pH results) suggest that ammonium ion makes possible the formation of ferrous iron (e.g., Fe(NH3)22+ and Fe(NH3)42+). 
This prevents the deposition of Fe(OH)2 on the electrode, which can lead to passivation of the surface and, therefore, to a limited deposition of Fe metal.
Nanocrystalline iron were electrodeposited from the 1-butyl-1-methylpyrrolidinium bis (trifluoromethylsulfonyl) amide ([Py1,4] TFSA) ionic liquid at 100 °C.21 For the electrodeposition of iron from ([Py1,4] TFSA), two different sources of iron (II) were used – Fe (TfO)2 and FeCl2. Cyclic voltammetry was used to evaluate the electrochemical behavior of FeCl2, Fe(TfO)2 and (FeCl2+AlCl3) in the present ionic liquid. Thick iron precipitates were obtained from FeCl2 / [Py1,4] TfO at 100 °C.
Iron films were electrodeposited on copper substrates by the galvanostatic method at various pH, temperature, and current density from weak acidic (pH = 5.7) solutions containing iron sulfate and sodium gluconate.22 The influence of various factors on the process was studied. It was found that the optimal conditions for obtaining stable Fe films are: 0.038 mol·dm3 Fe2(SO4)3 · 7H2O + 0.14 mol·dm3 sodium gluconate, current density  j = 0.33 A / dm2, pH =5.7, and temperature 25 °C. Obtained Fe films from this electrolyte have a single-phase crystal structure.
The study of partial polarization curves for the discharge of iron and hydrogen ions during the electrolysis of sulfate solutions with various concentrations of aminoacetic acid shows that the presence of glycine in the electrolyte inhibits both processes.23 Obtained results show that the dependence of the efficiency of the iron current upon the concentration of glycine passes through a maximum. The influence of other factors (pH and temperature) on the quality of the coating was also investigated. To obtain high-quality deposit, the following conditions are recommended: sulfate electrolyte containing 0.1-0.15 M glycine, pH = 1.9-0.1, temperature 20 °C, current density i = 20 mA / cm2. The addition of glycine to a sulfate electrolyte increases its buffer capacity, as well as working ability.
The electrodeposition of iron (Fe) was also studied from an ether solution.24 The electrodeposition bath consisted of iron (II) chloride (FeCl2), diglyme (G2) and aluminum chloride (AlCl3), in which iron particles exist as [Fe(G2)2]2+ complex cations. The effect of hydrogen gas evolution on the morphology of iron sediments was determined comparing conventional aqueous electrolytes. A thin Fe film was fabricated using FeCl2 –G2 – AlCl3 without the effect of hydrogen gas evolution and the nucleation of iron is explained by the instant nucleation mechanism. As a result, the surface morphology of the thin Fe film was compact and smooth compared to the cases of aqueous and other nonaqueous electrolytes.
According to the literature analysis, the kinetics and mechanism of the electrochemical reduction of iron ions are studied mainly from different aqueous electrolytes. Therefore, the aim of our work is to study the kinetics and mechanism of the electroreduction of iron ions from non-aqueous electrolytes (using ethylene glycol as an example). Current distribution is from a series of our works on the electrochemical preparation of chalcogenide compounds.4, 5, 25-33

2. EXPERIMENTAL  PART
The electrolyte for the electrochemical reduction of iron (III) ions was prepared as follows: 0.1 M Fe(NO3)3·9H2O was dissolved in ethylene glycol by stirring at 313-323 K temperature. Polarization and chrono-amperometric curves were taken in a potentiostat IVIUMSTAT Electrochemical Interface. An electrochemical three-electrode cell with a capacity of 100 ml was used. A Pt electrode with an area of 3×10-3 dm2 and a Ni electrode with an area of 2 cm2 served as a working electrode. The silver chloride electrode served as a reference electrode, and the platinum plate with an area of 4 cm2 - as an auxiliary electrode. The UTU - 4 universal ultra-thermostat was used to regulate the temperature in the electrolytic cell.
The phase composition of the obtained thin layers was studied using a Bruker D2 Phaser                X-ray diffractometer (CuKα; Ni filter). The morphology and chemical elemental composition of the samples was analyzed by Carel Zeiss Sigma scanning electron microscopy (SEM).
For experiments, platinum electrodes need periodic cleaning. At the beginning of the experiments, Pt electrodes were purified in concentrated nitric acid, and then washed with bidistilled water. Furtherly they were kept in boiling nitric acid, which contains a small amount of ferric chloride for 30 minutes. Later they were washed thoroughly with ordinary water, and then with distilled water, and finally rinsed with alcohol or acetone. And Ni electrodes were subjected to electrochemical polishing in a solution that consists of H2SO4, H3PO4 and citric acid (T = 293-303K, i = 50 A/dm2, τ = 180 seconds) and were washed with bidistilled water.

3. RESULTS AND DISCUSSION
The study of electroreduction of iron ions (III) from non-aqueous solutions was carried out by potentiodynamic method.
[image: C:\Users\User\Pictures\3333333.jpg]As can be seen from Figure 1, the electrochemical recovery of iron ions (III) at the cathode occurs in stages at 0.8 - (-1.2) V potential intervals. The first stage (I) at 0.8 - (-0.36) V potentials shows the reduction of Fe (III) to Fe (II) by the following reaction:  Fe3+ + e- = Fe2+.     


                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         






Fig. 1. Cyclic current-voltage curves of the electroreduction of iron (III) ions on a Pt electrode in a non-aqueous medium. Electrolyte (M): 0.1 М Fe(NO3)3·9H2O + CH2OH-CH2OH; Т = 293 К, ЕV=0.02 V/s. 

The second peak corresponds to the reduction of Fe (II) to atomic iron at the -0.36- (-0.8) V potential, which coincides with.34 After -0.8 V potential value, iron is deposited on the substrate.
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Fig. 2. The effect of temperature on the electroreduction of iron (III) ions. Electrolyte (M): 0.1 Fe(NO3)3·9H2O + CH2OH-CH2OH; Т (К):  1- 288; 2- 298; 3- 308; 4- 318; 5- 328; 6- 338; 7- 348. ЕV=0.02 V/s

To study the kinetics of the electroreduction of iron (III) ions, polarization curves of a linear nature were recorded depending on the temperature at the 288-348 K temperature range. As can be seen from the Fig. 2, the potential of the electroreduction of iron (III) ions moves towards positive direction, and the current increases due to ion mobility with increase in temperature. With the help of these polarizing curves, the dependence of lgik – 1 / T at the 0.0 - (-0.5) V potential interval was constructed (Fig. 3 a) and tgα was calculated from the obtained graph. The value of the effective activation energy calculated using Аeff. = 2.3Rtgα equation shows that the electroreduction of iron ions (III) from non-aqueous electrolytes is accompanied by mixed kinetics. That is, in the 0.0 - (-0.2) V potential range the process flows electrochemically, and after -0.2 V by concentration polarization (Fig. [image: C:\Users\User\Pictures\000.jpg]3 b).
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(a)                                                                                                           (b)

Fig. 3. (a) lgik – 1/T dependence 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 energy upon electrode  potential. 

The effect of certain factors on the electroreduction of iron (III) ions has also been studied. 
Polarization curves taken at various concentrations of iron (III) ions are presented in the Fig. 4. As can be seen from the curves, the rate of iron evolution at the cathode increases from  -0.2 to -4.1 mA with increase in concentration of Fe3+ in the electrolyte. And the reduction potential shifts to the positive direction up to 0.05 V. This is due to the fact that, with an increase in the concentration of iron (III) ions in the electrolyte, the rate of approach of these ions to the electrode increases and electroreduction occurs earlier than the previous concentration.
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Fig. 4. The influence of the concentration of iron (III) ions on the electroreduction on the Pt electrode. Electrolyte (M): Fe(NO3)3·9H2O + CH2OH-CH2OH; 1-0.005; 2- 0.05; 3- 0.1; 4- 0.15; 5- 0.2. Т = 293 К. ЕV=0.02 V/s 

The influence of the scanrate on the electroreduction of iron (III) ions was also studied. Fig. 5 shows the cathodic potentiodynamic polarization curves of the process. As can be seen from the Fig. 5, with an increase in the scanrate, the current spent on the electroreduction of iron (III) ions increases. Hence, the current is - 9.11210-4 А at 0.005 V / s, whereas - 2,7610-3 А at 0.1 V / s. 
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Fig. 5. The effect of the potential sweep on the electroreduction of iron (III) ions. Electrolyte (M): 0,1 Fe(NO3)3·9H2O + CH2OH-CH2OH. Scanrate (V/s): 1-0,005; 2- 0,02; 3- 0,04; 4- 0,06; 5- 0,08; 6- 0,1. Т = 293 К.

The chronoamperometric (CA) method can be easily used for more precise information about the electrochemical deposition process, at which the potential can be stopped at the deposition potential (from CV). Mechanisms of the nucleation and growth of the electrodeposited particles can be studied via CA method. Current-time curves were carried out at different applied potentials of -0.4; -0.45; –0.5; –0.55; and –0.6 V at room temperature as shown in Fig. 6. It seems from the shown figure that the initial regime of the current-time curve is characterized by a sudden decrease in the current under application of the deposition 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 an 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 associated with the crystal growth. Note that, during 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 obtained 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(NO3)3·9H2O + CH2OH-CH2OH composition at room temperature and at different deposition potentials: -0.4; -0.45; –0.5; –0.55; and –0.6 V vs. Ag/AgCl.

The analysis of these curves can be achieved by applying the two equations of Scharifker-Hills35 comparing with the experimental calculated data as shown in Fig. 7 (a-e). The models of the theoretical transients for the instantaneous and the progressive 3D nucleation are given by equations (1) and (2), respectively:





Fig. 7 (a-e) shows the nondimensional I2/I2max vs. t/tmax plots of the CA data at different conditions as in the Fig. 6. The solid lines of black and red color are the theoretical transients of the instantaneous and the progressive nucleation, and blue lines - for the experimental data. The nucleation and growth processes of iron at these conditions can be predicted from Fig. 7 (a-e). At the early stage, the experimental curve fits well with the curve of the progressive nucleation model by which the iron nucleation occurred on many active sites of Pt substrates. Subsequently, the deposition deviates from the instantaneous nucleation as shown in Fig. 7 (a, b, c, and d). The deviation from the ideal assumption of the Scharifker model may be attributed to that the nuclei grow under diffusion control at these conditions.
In fact, through time the nuclei growth and the electrodeposition of iron will be under mixed control (diffusion and charge transfer). The deviation can be also interpreted as due to the hydrogen reduction during the formation of nuclei which causes the morphology change of the nucleus. But, the experimental data for Fig. 7 e are in a good agreement with the theoretical model of the progressive nucleation and growth at -0.6 V deposition potential. Further information for the growth mechanism can be obtained by calculating the density of actives sites for nucleation (N0);

=0.065

where, C the bulk concentration in mol cm–3, zf the molar charge of electrodepositing species, M and ρ in g cm–3 are the molar mass and the density of the deposited material, respectively. The diffusion coefficient D of the active species in the electrolyte can be calculated via the chronoamperometric method. According to the theoretical nucleation model, the D is related to the imax and the tmax35, 36 by the following equation;

D=

The values of imax, tmax, D, and N0 at different deposition potentials and temperatures are shown in the Table 1. The D values at these conditions of the electroactive species are very small due to the high relative density of the electrolyte and the high relative diameter of iron ions. The value of D is affected by the polarization potential as seen in Table 1.
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Fig. 7. Comparison of the theoretical non-dimensional (I / Imax)2 vs (t / tmax) plots for instantaneous (red) and progressive (black) nucleation with experimental data (blue) of potentiostatic transients from of 0.1 Fe(NO3)3·9H2O + CH2OH-CH2OH at different constant potentials: (a) -0.4, (b) -0.45, (c) -0.50, (d) -0.55 and (e)-0.6 V

It is noted from the table that nuclei densities N0 decrease significantly with the increase of the deposition potential. This decrease with the applied deposition potential is generally understood as the decrease of the activation 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 increasing the deposition potential the polarization of the working electrodes increases but the diffusion of the active species is still slow because of the high density of surrounding media which hinder the diffusion of the active species.

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

	E, V
	D, cm2 s-1
	No, cm2 

	-0.40
	1.429×10-17
	5.00×1015

	-0.45
	6.556×10-18
	10.09×1015

	-0.50
	3.619×10-17
	1.98×1015

	-0.55
	1.468×10-16
	0.49×1015

	-0.60
	5.240×10-16
	0.14×1015



Using the data of XRD (Fig. 8) and SEM (Fig. 9) analyzes of the obtained films on the Ni electrode, the deposition of iron (III) was confirmed.
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Fig. 8. The results of XRD analysis of electrodeposited iron from the 0.1 М Fe (NO3)3 × 9H2O  + CH2OH electrolyte on the Ni electrode. EV = 0.02 V / s, T = 293 K.
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Fig. 9. The results of SEM analysis of electrodeposited iron from the 0.1 М Fe (NO3)3 × 9H2O  + CH2OH electrolyte on the Ni electrode. EV = 0.02 V / s, T = 293 K.

SEM images show that nickel substrates are coated. They are relatively homogeneous and have few cracks (Fig. 9). However, judging by the X-ray, these coatings are very thin (Fig. 8). Nickel peaks are also shifted towards large diffraction angles 2θ. This is because of a slight contraction of the crystal lattice due to the incorporation of iron atoms into the nickel lattice. All experimental results show that in order to carry out the process and obtain compact, smooth precipitation, an efficient electrolyte composition is 0.1 М Fe (NO3)3  9H2O  + CH2OH-CH2OH at 293 K and a potential range of 0.6 - (- 0.9) V. 
4. CONCLUSION
Electrochemical reduction of iron (III) ions on Pt electrodes 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 polarization curves, it was revealed that the nature of polarization is accompanied by mixed kinetics. Being that, at the 0.0 - (-0.2)V potential interval, the process proceeds electrochemically, whereas after -0.2 V  - by  concentration polarization.
Obtained experimental results show that the electroreduction of iron (III) ions is affected by the concentration of the same ions, temperature, etc. Using these results, we selected the optimal mode and composition of the electrolyte for preparation of the compact and smooth iron films since at these conditions, SEM and XRD data confirm the deposition of thin Fe films.
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