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Polarization characteristics of the electrodeposition processes of Fe powders from different citrate 

electrolytes and the morphology of the obtained powders were investigated. The effect of complexing 

agents on the cathodic polarization, the current efficiency and morphology of electrodeposited Fe 

powders were investigated. The morphology of obtained powders depends on the kind of supporting 

electrolyte, but not on the current density in investigated range. A characteristic feature of powders 

deposited from citrate-chloride supporting electrolyte is cauliflower-like compressed structure. On the 

other side, Fe powders electrodeposited from citrate-sulfate supporting electrolyte appeared in the form 

of spongy-like agglomerates. Possibility of Fe powders protection from corrosion in the process of  

production and during long-term storing has been shown. 
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1. INTRODUCTION 

By the electrochemical classification of metals, the transition metals such as Fe, Ni and Co 

belong to the "inert metal" group, with small exchange current density j0 and high overpotential of 

electrodeposition η [1,2]. A characteristic of all polarization diagrams recorded during the 

electrochemical deposition of metals and alloys powders of the Fe group is distinguished through the 

following phenomena: a) the deposition of powders (as well as compact metal) is accompanied by the 

simultaneous evolution of hydrogen from the very beginning of metal deposition. In this situation the 

plateau corresponding to the limited current density cannot be registered on the polarization diagram as 

is the case with copper [3]; b) all of the polarization diagrams corrected for the IR drop are 

characterized by the presence of two inflexion points, i.e. the first inflection corresponds to the 
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beginning of metal deposition which is then followed by the rapid rise of current density, whereas the 

second inflection characterizes the start of a linear change of current density with potential. This 

deviation from linearity demonstrates a change of metal deposition mechanism [4,5]. 

The physical and chemical characteristics of Fe determine its peculiar electrochemical 

behavior. Almost all data concerning electrodeposition of Fe powders are summarized by Calusaru [6]. 

A literature survey of Fe powders electrodeposition shows that mainly two types of electrolytes were 

investigated and these were based on sulfate [6-11] and chloride electrolytes [6,12]. In all reported 

cases the morphology of deposited powders was dendritic [8,13]. 

Fe powders have very high tendency of corrosion. The wet electrolytical product contains over 

99% Fe, while the washed and dried powders may contain several percentage of oxide [8]. Kuzmin 

and Kiseleva [8] have shown the marked influence of pH values on the content of oxide in Fe powders 

electrodeposited from sulfate electrolytes. They investigated Fe (II) based electrolytes within pH 

ranges of 1.5-4.2. The oxide content depends not only on the amount of hydroxides formed during 

deposition, but also on the amount of powder oxidized during washing and drying. It is noteworthy 

that the lower the pH, the much lower is the oxide content. 

This study presents the results of researches of the polarization characteristics of the processes 

of the electrodeposition of Fe powders from citrate-chloride and citrate-sulfate containing electrolytes, 

which have significantly higher pH value than until now investigated electrolytes and therefore lower 

possibility to dissolve Fe powder particles than in sulfate and chloride electrolytes. 

  The morphology of these powders and EDS analysis have also been investigated. 

 

 

 

2. EXPERIMENTAL 

 The polarization diagrams were recorded in a three-compartment standard electrochemical cell 

at the room temperature. The platinum foil counter electrode and the reference-saturated silver/silver 

chloride (Ag/AgCl) electrode (Eref =0.20V vs. NHE) were placed in separated compartments. The 

latter was connected to the working electrode by a Luggin capillary positioned at the distance of 0.2 

cm from working electrode surface. The working electrode was glassy carbon rod (d=0.3 cm) sealed in 

epoxy resin so that only the surface area of the disc of 0.071cm
2
 was exposed to the solution and was 

placed paralled to the counter electrode in a vertical position [14]. 

 The polarization measurements were performed by computer-controlled potentiostat (PAR 

M273A) using the corrosion software (PAR M352/252, Version 2.01) with the sweep rate of 1mVs
-1

. 

For obtaining polarization curves corrected for IR drop, current interrupt technique was used with time 

of current interruption being 0.5 s. 

All powder samples were electrodeposited at the room temperature in the cylindrical glass cell 

of the total volume of 2 dm
3
 with cone shaped bottom of the cell in order to collect powder particles in 

it. Working electrode was a glassy carbon rod with the total surface area of 1.0 cm
2
 immersed in the 

solution and placed in the middle of the cell [14-17].  

All solutions were prepared from analytical grade chemicals and distillated water by following 

procedure: Na3C6H5O7 was first dissolved; in the next step metal Fe(II) salts were dissolved, and 
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finally supporting electrolyte was added. The procedure must be followed in order to prevent oxidation 

of Fe
2+

 into Fe
3+

 ion [18,19]. 

Pure metal powders were electrodeposited from solutions containing: 0.1M FeCl2x4H2O + 

0.2M Na3C6H5O7 + 2.0M NH4Cl as well as solution containing: 0.1M FeSO4x7H20 + 0.2M 

Na3C6H5O7 + 1M (HN4)2SO4. pH of the investigeted solutions was 5.31 for citrate-chloride based 

solutions and 5.87 for citrate-sulfate based solutions respectively. Time of deposition was 5 min. 

The wet powder was washed several times with a large amount of demineralized water until the 

wet powder was free from traces of acid. The powder was under water at all times to prevent 

oxidation. To inhibit oxidation in air, sodium soap SAP G-30 was added as additive to the water used 

for washing the Fe powder. Sodium soap SAP G-30 contains 78% of total fatty acids. The powder was 

then dried in the a furnace under a controlled nitrogen atmosphere at 110ºC [14,20]. 

The morphology of the electrodeposited powders was examined using scanning electron 

microscope (SEM), Tescan VEGA TS 5130MM equipped with an energy-dispersive X-ray 

spectroscopy (EDS), INCAP enta FET – X3, Oxford Instruments. Accordingly, composition of 

powders was determined by the EDS analysis. 

 

 

 

3. RESULTS AND DISCUSSION 

Experiments were performed from citrate electrolytes with addition of two supporting 

electrolytes: 2.0M NH4Cl and 0.1M (NH4)2SO4. NH4Cl is supporting electrolyte for dissolving FeCl2 x 

4H2O in Na3C6H5O7 solution, and (NH4)2SO4 is supporting electrolyte for dissolving Fe2SO4 x 7H2O 

in Na3C6H5O7 solution [18,19]. The supporting electrolyte did not influence the shape of the 

polarization curves and powder morphology in the presence of Fe (II) salts. The only difference was 

higher current density for powders electrodeposited from the electrolyte containing 2.0M NH4Cl, and 

very small change in the position of polarization curves depending on the supporting electrolyte used. 

Conditions for Fe powder deposition are shown in Table 1. 

 

Table 1. Fe powder electrodeposition conditions 

 

Electrolyte Deposition time 

[min] 

Working electrode Current density 

[Acm
-2

] 

Dimensions of 

working electrode 

0.1M FeCl2 x 4H2O 

0.2M Na3C6H5O7 

2.0M NH4Cl 

pH=5.31 

5 Glassy carbon 0.6 h = 1.0 cm 

d = 0.3 cm 

S = 1.0 cm
2 0.8 

1.0 

0.1M Fe2SO4 x 7H2O 

0.2M Na3C6H5O7 

1.0M (NH4)2SO4 

pH=5.87 

5 Glassy carbon 0.4 h = 1.0 cm 

d = 0.3 cm 

S = 1.0 cm
2
 

0.5 

0.6 
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It is well-known that the deposition of powders (as well as compact metal) of the Fe group is 

accompanied by simultaneous evolution of hydrogen from the very beginning of metal deposition [1-

6]. This is the reason why the polarization curves in Figs. 1 (a and b) and 2 (a and b) are shown in 

following manner. 

 

 
 

Figure 1(a). Polarization curves for the electrodeposition of Fe powder from the ammonium-chloride 

supporting electrolyte (0.1M FeCl2x4H2O + 0.2M Na3C6H5O7 + 2.0M NH4Cl) measured with 

IR drop correction 

 

 
 

Figure 1(b). Polarization curves for the electrodeposition of Fe powder from the ammonium-sulfate 

supporting electrolyte (0.1M Fe2SO4 x 7H2O + 0.2M Na3C6H5O7 + 1.0M (NH4)2SO4) measured 

with IR drop correction 
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The polarization curves recorded in different electrolytes for Fe(II) salts are shown in Fig.1a 

(for ammonium-chloride supporting electrolyte) and Fig. 1b (for ammonium-sulfate supporting 

electrolyte), with correction for IR drop (Fe + H2), polarization curve for hydrogen evolution (H2) and 

polarization curve for Fe powder, after subtraction of 



jH2 (Fe). Polarization curves for Fe powder 

electrodeposition and the corresponding ηj vs. E curves are illustrated in Figs. 2a and 2b. 

 

 
 

Figure 2(a).  Polarization curve for Fe powder electrodeposition from the solution containing 0.1M 

FeCl2x4H2O + 0.2M Na3C6H5O7 + 2.0M NH4Cl and corresponding ηj (Fe) vs. E curve 

 

 

 

Figure 2(b). Polarization curve for Fe powder electrodeposition from the solution containing 0.1M 

Fe2SO4 x 7H2O + 0.2M Na3C6H5O7 + 1.0M (NH4)2SO4 and corresponding ηj (Fe) vs. E curve 
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From Fig. 1a and Fig. 1b it can be seen that the potential values at which the current density 

increases and at which the powder deposition starts are the same for both solutions and equal to -

1.25V. Characteristics of all polarization diagrams for Fe powders electrodeposition is almost identical 

difference between diagrams with and without IR drop correction. As can be seen, in Figs. 1a and 1b, 

after IR drop correction, significantly different current response is obtained than the one measured 

without IR drop correction, being characterized by a sudden increase of current density at the 

commencement of the electrodeposition process. It is also characteristic that the processes of Fe 

electrodeposition were accompanied by hydrogen evolution in the whole range of the investigated 

potentials. As a consequence, extremely high currents were recorded and accordingly correction for IR 

drop caused significant change in the shape of the polarization diagrams. Another characteristic of all 

diagrams is that after sudden increase of current (in this case at about -1.25 V) an inflection point 

appeared on the polarization curves with further change of current showing linear increase with the 

potential. 

Concerning the shape of the polarization curve for hydrogen evolution it could be concluded 

that such shape is a consequence of so called “electrode effect” [4, 21-26]. This phenomenon is 

connected with the bubble formation at high current densities, so that the evolution of the bubbles 

becomes the rate-limiting step of the electrochemical process [25,26], as explained in previous paper 

[5]. In accordance, the shape of the polarization curves for metals electrodeposition is also defined by 

the process of bubble evolution since the current for hydrogen evolution at more negative potentials 

(higher currents for metals or powders electrodeposition) in all cases amounts to 60% of the total 

current [27-33]. 

In Figs. 2a and 2b are shown polarization diagrams corrected for IR drop for the processes of 

Fe powders electrodeposition and corresponding ηj (Fe) vs. E curves. Limiting current density in the 

case of Fe powder deposition from sulfate supporting electrolyte than in chloride supporting electrolyte 

is higher for 0.05Acm
-2

. Taking into account that simultaneous hydrogen evolution occurs during the 

process of powders electrodeposition, hydrogen evolution current density was determined from the 

volume of the evolved hydrogen at chosen current densities and subtracted from the total current 

density of electrodeposition. As seen in Fig. 2a and 2b correct polarization curves for Fe powders 

electrodeposition jmet, obtained by this procedure are much smaller than the total ones. Corresponding 

current efficiencies ηj obtained are also shown in these Figures. As can be seen ηj (Fe) start from high 

values of about 40-50%, sharply drop to about 20-25% and maintain this value in the region of the 

diffusion limiting current densities.  At the same time current efficiency for metal electrodeposition 

(powder formation) obtained from chloride containing electrolyte is significantly higher than those in 

sulfate containing electrolyte.  

In Figs. 3 and 4 are shown SEMs for Fe powders electrodeposited onto glassy carbon from 

citrate-chloride supporting electrolyte and citrate-sulfate one, respectively. In the case of 

electrodeposition onto glassy carbon electrode, two types of Fe powder particles are detected: 

cauliflower-like particles (chloride supporting electrolyte) of the size of about 150-200 μm and in 

sulfate supporting electrolyte (in the range of lower acidity) the deposits become spongy and sticky 

(some kind of fragile film - in the form of agglomerates). 
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a) b) 

 
 

c) d) 

  
e) f) 

 

Figure 3. SEM micrographs of Fe powder electrodeposited onto glassy carbon electrode from the 

solution containing 0.1M FeCl2x4H2O + 0.2M Na3C6H5O7 + 2.0M NH4Cl. Morphology of the 

powder particles (a, c, e); morphology of the surface (b, d, f). j = 0.6 Acm
-2

 (a, b); j = 0.8 Acm
-2

 

(c,d) and j = 1.0 Acm
-2

 (e,f). 
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It is likely possibly that the pH value of the electrolyte, which is higher than 5.31, as well as the 

influence of the sulfate lead to this kind of morphology of Fe deposit. It is characteristic for 

cauliflower-type particles that they completely fall off from the flat glassy carbon surface. Taking into 

account that at the beginning of the deposition process, before powder formation takes over the control 

of this process, a compact deposit must be formed at the substrate surface, it seems that partially a 

compact deposit is included in the powder particle. Cauliflower-like forms were obtained by 

electrodeposition at all applied current densities (chloride supporting electrolyte). Some of them were 

developed in dendritic forms or degenerated dendrites, a channel structure around dendritic and 

cauliflower-like particles. Generally, a cauliflower-type electrodeposit is produced when a spherical 

diffusion zone forms around the whole protrusion growing inside the diffusion layer of the 

macroelectrode [34]. By further increasing current density, hydrogen evolution becomes dominant 

process which leads to formation of great number of conical vacancies on the powder surface (Fig. 3e). 

The main characteristics of open and porous structures formed in electrodeposition processes is 

that these structures are holes or pores formed by attached hydrogen bubbles which can be surrounded 

not only by agglomerates of metal grains but also by dendritic particles (Fig. 3a-f). Due to very high 

surface area of these structures, they are very suitable to be used as electrodes in many electrochemical 

devices, such as fuel cells, batteries and chemical sensors [35–37], as well as in catalysis [38]. 

Formation of so called “the honeycomb-like structures” can be briefly considered as follows: in 

the initial stage of the electrodeposition process, both nuclei of deposited metal and “nuclei” of 

hydrogen bubbles are formed at the active sites of the electrode surface [39].  

The hydrogen bubbles isolate the substrate and then the current lines are concentrated around 

them making rings consisted of agglomerates of grains of deposited metal. The current lines are also 

concentrated at the metal nuclei formed in the initial stage between the hydrogen bubbles, thus forming 

metal grains agglomerates out of them. In the growth process, due to current density distribution effect, 

both hydrogen evolution and metal nucleation primarily occur at top of these agglomerates. Some of 

new, freshly formed hydrogen bubbles will coalesce with hydrogen bubbles formed in the initial stage 

of electrodeposition process, leading to their growth with electrolysis time. When the critical size for 

detachment from electrode surface of these hydrogen bubbles is reached, they will detach from 

electrode surface forming holes of regular shapes at electrode surface. Simultaneously, holes of 

irregular shapes are formed at electrode surface of agglomerates of metal grains formed between 

hydrogen bubbles. These holes are situated between regular holes. For longer electrodeposition time, 

coalescence of closely formed hydrogen bubbles occurs, leading to the formation of large, so-called 

“coalesced holes” [39]. This process makes the wall of the hole very porous. Meanwhile, some of new 

freshly formed hydrogen bubbles will not coalesce with previously formed hydrogen bubbles because 

they are situated between freshly formed iron nucleus, and these hydrogen bubbles have not enough 

place to develop in large hydrogen bubbles. These hydrogen bubbles will detach very fast from 

electrode surface forming channel structure through the interior of the deposit [30]. 

A spongy type of Fe powder particles (Figs. 4a, c, e) is characterized by the presence of deep 

cavities.  
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a) b) 

  

c) d) 

  

e) f) 

Figure 4. SEM micrographs of Fe powder onto glassy carbon electrode from the solution containing 

0.1M Fe2SO4 x 7H2O + 0.2M Na3C6H5O7 + 1.0M (NH4)2SO4. Morphology of the powder 

particles (a, c, e); morphology of the surface (b, d, f). j = 0.4 Acm
-2

 (a, b); j = 0.5 Acm
-2

 (c,d) 

and j = 0.6 Acm
-2

 (e,f). 
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This is a consequence of intensive hydrogen evolution and its bubble formation (actually the process is 

defined by the rate of bubble formation), so that Fe deposit grows around the hydrogen bubble with the 

rate comparable to the rate of bubble growth. At the moment of powder particle detachment from the 

electrode surface bubble liberates itself and the cavity becomes characteristics of the powder particle. It 

should be noted that those two types of powder particles are almost equally distributed in the Fe powder 

for this case. At higher magnification, as shown in Figs. 4b, d and f, a cauliflower nature of the top surface 

of both types of powder particles is clearly visible (fragile film - in the form of agglomerates). In this case 

of electrodeposition of Fe powder particles a bigger size of about 250-400 μm are detected. 

 

 
 

Spectrum In stats.      O      Fe 

Spectrum 1 Yes             5.39 94.61 

Spectrum 2 Yes             4.36 95.64 

Spectrum 3 Yes             6.39 93.61 

Spectrum 4 Yes             3.95 96.05 
Spectrum 5 Yes             5.37 94.63 

Spectrum 6 Yes             6.36 93.64 

Mean                          5.30 94.70 

Std. deviation              1.00   1.00 

Max.                          6.39 96.05 

Min.                          3.95 93.61 

 

Figure 5. EDS analysis of Fe powder electrodeposited from  the solution containing 0.1M Fe2SO4 x     

               7H2O + 0.2M Na3C6H5O7 + 1.0M (NH4)2SO4;  j=0.6 A/cm
2
. Mean content of  Fe 94.70 at.% 
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Spectrum In stats.    O     Fe 

Spectrum 1 Yes            14.17 85.83 

Spectrum 2 Yes              6.46 93.54 

Spectrum 3 Yes              7.13 92.87 
Spectrum 4 Yes              3.72 96.28 

Spectrum 5 Yes              8.45 91.55 

Mean                           7.99 92.01 

Std. deviation                          3.87   3.87 

Max.                          14.17 96.28 

Min.                            3.72   85.8 

 

Figure 6. EDS analysis of Fe powder electrodeposited from  the solution containing 0.1M 

FeCl2x4H2O + 0.2M Na3C6H5O7 + 2.0M NH4Cl; j=1.0 A/cm
2
. Mean content of  Fe 92.01 at.%. 

 

 

Powders have a high chemical activity because of the large surface area and so, readily react with 

oxygen in air to form surface oxides [4,14,20].   It is known that corrosion processes occur at the boundary 

surface of a powder particles and the liquid phase. In this way, it is possible to imagine that moisture 

adsorption can be prevented by the formation of a film on the surface of the powder particles, which could 

enable their long-term and safe protection. In relation to this, it was necessary to find stabilizers that would 

enable the creation of hydrophobic adsorption films on the surface of the powder particles, which would 

be able to protect and stabilize the metal surface from the effect of moisture [20].  The assumption is that 

they stabilize by forming colloidal precipitates in the form of a protective film on the surface of particles. 

Contents of the Fe and oxygen obtained by EDS analysis show that Fe deposited from citrate-

chloride and citrate-sulfate supporting electrolytes is very good stabilized by sodium soap. Even more, a 
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soap solution treatment applied as a method of washing and drying provides good protection of Fe 

powders from oxidation (Figs. 5 and 6). 

 

4. CONCLUSIONS 

 

The main results obtained in this study can be summarized as follows: (1): Polarization 

diagrams recorded during the electrochemical deposition of Fe powders are characterized by the 

presence of two inflexion points, i.e. the first inflection corresponds to the beginning of metal 

deposition which is then followed by the rapid rise of current density, whereas the second inflection 

characterizes the start of a linear change of current density with potential. (2): The morphology and 

composition of obtained powders depend on the anion presence in the electrolyte. (3): A characteristic 

feature of powders deposited from citrate-chloride supporting electrolyte is cauliflower-like 

compressed structure. On the other side, Fe powders electrodeposited from citrate-sulfate supporting 

electrolyte appeared in the form of spongy and sticky agglomerates. Possibility of Fe powders 

protection from corrosion in the process of  production and during long-term storing has been shown.  
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