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ABSTRACT
The aim of this paper is to study the electrochemical mechanism of the formation of magnetite nanoparticles. The proposed mechanism suggests the formation of iron hydroxide Fe(OH)2 in the presence of oxygen which produces lepidocrocite (-FeOOH) followed by its chemical dehydration. This is in contrast to other reported mechanisms that suggest the reduction of Fe(OH)3 at the cathode. Video frames captured during the electrosynthesis of magnetite, in a typical two-electrode cell, indicate that the nanoparticles form in the region close to the anode. The pH value near the anode and cathode changes with time, indicating the formation of nanoparticles. Additional experiments in a two-compartment cell fitted with a cationic membrane, to avoid direct intermixing of Fe2+ and OH- and possible oxide or oxyhydroxide reduction at the cathode, support this mechanism. The amount of dissolved oxygen in the electrolyte was found to be a key factor to produce magnetite by promoting the transformation of Fe(OH)2 into (-FeOOH). Hydrogen bubbling during electrosynthesis does not contribute to the reduction of the oxyhydroxides, according to X-ray diffraction results. The paper presents a proposed mechanism for the formation of magnetite, based on previous and new evidence. 
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1. Introduction

Magnetite nanoparticles are becoming an important material for several technologies, including medical1, environmental2, ferrofluid 3 and energy storage4 uses. Their production depends on the application of techniques including: chemical precipitation5, sol-gel process6, flame spray pyrolysis7, bacterial fermentation8, electrochemical9,10 and emerging techniques intended for large-scale production, such as the impinging stream-rotating packed bed (IS-RPB)11. Among these rapidly growing techniques, electrochemical methods offer attractive features. For example, they produce a clean product with a well-controlled nanoparticle size, in the order of 20 to 30 nm, a narrow size distribution plus excellent magnetic properties, which is convenient for biomedical uses, such as hyperthermia for cancer treatment. In addition, they are suitable for scaling-up production by enlarging size and number of electrodes, varying current density, assembling a continuous electrochemical cell process or a combination of these approaches10,12,13. The main characteristics of magnetite nanoparticles (NPs), such as morphology, structure, size and size distribution depend on the electrochemical cell geometry and operating conditions, including electrode separation, current density, applied cell potential, temperature and electrolyte composition10,12,13. 

In recent years, the electrochemical formation of magnetite NPs, has become increasingly studied. However, the electrochemical mechanism that controls this process remains unclear10,12–14. It is well-known that the production of magnetite NPs by electrochemical methods can utilise a sacrificial iron anode and an iron cathode to produce both Fe2+ by oxidation of Fe and OH- during the reduction of water. However, reported subsequent mechanism steps can vary depending on the source.
Some authors have reported that further oxidation of Fe2+ ions to Fe3+ can occur due to the high potential or current applied10,12,14–17, these ferric species can then form ferric hydroxides in the presence of an alkaline media that can, in turn, be reduced on the cathode surface to produce the desired iron oxide10,12,14,15. However, solid species such as ferric hydroxide are unlikely to reach the cathode to undergo reduction. An alternative proposed mechanism involves the reduction with hydrogen gas produced on the cathode18–20. However, it is improbable that hydrogen gas is able to react with the iron hydroxide due to its high propensity to escape from the reacting medium. The direct reaction between ferrous and ferric ions formed on the anode’s surface has also been suggested as an electrochemical formation mechanism for magnetite16,17 but there is a lack of further explanation on this. Methods like the one proposed by Starowicz et al. 21 suggest that in an oxygen free medium, the mechanism follows the well-known Schikorr reaction after formation of Fe(OH)2 in solution, additionally the production of oxygen on the anode can intervene in the reaction. Dissolved oxygen as an oxidizing agent for ferrous hydroxide in solution to produce magnetite has also been reported in several papers13,22. This reaction mechanism seems the most likely, but more information is needed in order to support its validity.

A brief compilation of some of the most reported mechanisms for electrochemical formation of magnetite, is presented in Table 1. Due to the lack of a consensus on the mechanism, this paper aims to bring new information that can either confirm or refute some of the different proposed mechanisms. Several strategies exist to provide relevant information that can help to accomplish this goal. These include video frames captures, analysis of reaction products by X-ray diffraction (XRD) and transmission electronic microscopy (TEM) at different intervals, use of membranes to separate anodic and cathodic reactions, displacement of dissolved oxygen and injection of hydrogen gas into the reaction medium with further analysis of the reaction products.

2. Experimental conditions

2.1 Chemicals and solutions
Iron electrodes were cut from a 0.2 mm thick iron sheet (99.5 % purity) purchased from Goodfellow. A 1 g dm-3 solution of  acquired from PANREAC (above 99% purity), was used as supporting electrolyte. The water employed for all solutions was treated in an Ecomatic deionizing equipment supplied by Wasserlab, to a conductivity of 0.1.

Before each experiment, fresh electrodes were washed and rinsed first with deionized water then with ethanol. The electrode area was secured using thread seal tape and the separation between electrodes was fixed by means of an inert and nonconductive separator with the desired dimensions. All experiments were exposed to the atmosphere and conducted under room temperature conditions, unless stated otherwise.

Direct current was supplied using a Dosban Industrial AFX3333C DC power supply and a multimeter connected in series in order to confirm the value of total current density as 50 mA cm-2. Stirring was magnetically controlled and kept constant when used. A Crison basic 20 pH meter and probe were employed for pH recording.

A homemade double acrylic cell with a total capacity of 400 cm3 was adapted with a commercial Nafion 117® membrane (Dupont) for the experiments were the separation of cathode and anodes were required. The iron electrodes were immersed in the electrolyte, with a separation of 2 cm, during the electrosynthesis.  

For oxygen effect evaluation, the solutions were deoxygenated by bubbling N2 over 20 min before the iron electrodes were immersed in solution and connected to the power supply. The electrosynthesis would then be carried out typically (30 min reaction with 50 mA cm-2) or a stream of O2 would be bubbled into the solution at a controlled rate of 1-35 cm3 min-1 under normal conditions using a Bronkhorst EL-FLOW F-201CV mass flow controller. The effect of hydrogen on the electrosynthesis was also studied by electrochemically generating H2 in an electrolysis cell. The cathodically produced gas was bubbled into a solution containing γ-FeOOH to investigate the possibility of oxyhydroxide reduction reported by some authors18–20.

Reaction products were magnetically collected by placing a neodymium magnet underneath the cell. The electrolyte was decanted and the solid products were thoroughly rinsed three times with deionized water, they were then collected and centrifuged at 10,000 rpm for 10 min to remove excess water. Finally, they were dried in vacuum at 60 oC to remove residual moisture. To obtain XRD data, the dried particles were used without any further treatment. Before TEM analysis, the nanoparticles were redispersed in deionised water and a drop of the dispersion was deposited on a carbon coated copper grid. 

2.2 Characterization
The morphology of the synthesized nanoparticles was investigated by means of transmission electron microscopy (TEM). Micrographs of the synthesized nanoparticles were collected in a JEOL JEM 1010 equipment, operating at acceleration voltage of 100 kV. The crystalline phase and the crystal size of the resulting nanoparticles were investigated via X-ray diffraction (XRD). X-ray diffractograms were recorded between 10 deg and 80 deg 2θ in a D5000 diffractometer, equipped with a secondary monochromator and SOL-X Bruker detector with Cu Kα radiation and analysed using the FullProf Suite program, based on the Rietveld refinement method. 

3. Results and discussion
3.1 Evolution of pH as a function of time.
As has been previously reported12, the electrochemical production of magnetite is strongly influenced by the pH value in the electrolytic media. Figure 1 displays pH values near the surface of the anode and cathode as a function of time. In these experiments, pH values were recorded by placing the probe as close as possible to the corresponding electrode surface during continuous stirring of the solution. At time 0 min (no current flow), the pH of the bulk solution remained constant at 6.8, i.e. near neutral conditions. As soon as a current density of 50 mA/cm2 was applied, the pH value close to the anode dropped to 4 due to the generation of H+ produced by oxidation of water. In the near cathode region, the pH increased to 9.5 due to OH- generation during H2 evolution from water reduction. After approximately 6 min, a sudden increase in pH was recorded near both electrodes. The pH reached a plateau (at ca. 12 min) then slightly decreased over time. The precipitation of magnetite occurred at approximately the same time as the sudden increase of pH at 6 min. 

At first glance, the sudden increase in pH values at 6 min and its relation to the precipitation of magnetite may seem as a direct result of the electrochemical reaction depicted in Equation 1, in which hydrogen ions are consumed to generate magnetite, increasing the pH value10,12,15. Even the reduction of γ-FeOOH represented in Reaction (2) could be a second source of hydroxyl ions effectively raising pH to more alkaline values14. However, as seen in Figure 2, screen captures of an electrochemical synthesis in absence of stirring reveal that magnetite precipitation occurs in the region surrounding the anode, rather than the cathode. As previous studies have realised, there is no clear pathway for a solid, such as Fe(OH)3, to be reduced at the cathode surface, hence ferric hydroxide reduction on the cathode seems improbable. 
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In the video frame capture experiments, stirring was avoided in order to record the precise location and time of magnetite formation. While one could make the case that stirring would help γ-FeOOH species reach the cathode surface, in every experiment in which stirring was employed, a black precipitate was predominantly observed on the anode surface after completion of the electrosynthesis. The role of stirring is mainly to distribute the electrochemically produced species (OH-, Fe(OH)2 and γ-FeOOH), which causes pH and concentrations to rise slowly and more uniformly throughout the electrolyte. However, a pH gradient normal to the electrode surface still exists and, when the high pH front coming from the cathode reaches the anode surroundings, it causes the local pH value to suddenly increase. An alternative explanation for this increment in the pH value is discussed later.

By adding phenolphthalein, as an alkaline pH indicator, the movement of the OH- front can be monitored. It appears as a magenta cloud (Figure 3) being displaced from the cathode surrounding region moving towards the anode by diffusion, migration and the convection that arises from hydrogen bubbling, an outcome of the water reduction process represented in Equation 3. 
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Hydrogen evolution would also make it very difficult for any precipitated species, such as Fe(OH)3, to access the cathode surface. When the hydroxyl ion cloud reaches the anode surface, it reacts with species in solution producing a combination of a black precipitate (assumed to be magnetite) and a light brown substance (believed to be γ-FeOOH) visible to the naked eye.

3.2 Two compartment cell experiments
In order to obtain more information about the role of the electrodes on magnetite formation, the synthesis was carried out in a two-compartment cell separated by a 117 Nafion cationic exchange membrane. In all experiments, magnetite nanoparticles were observed only to be produced in the anodic compartment. This result supports a mechanism in which the production of magnetite occurs via a chemical reaction instead of an electrochemical one, thus the reduction of the oxyhydroxides at the cathode as the main source for magnetite formation can be ruled out. Figure 4 shows the evolution of the reaction through colour changes that develop in the electrolyte that is enclosed in the anodic compartment only. 

3.3 Fe3+ formation

Several mechanisms reported in the literature10,12,14–17,23 suggest that Fe3+ is electrochemically generated by Fe2+ oxidation at the anode due to high current or potential applied. 
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Considering Faraday’s law of electrolysis and the 2-electron exchange process (n=2) in reaction (4), the theoretical weight of iron dissolved w, over a period of time t, at a constant current I, can be calculated using equation (5), where M stands for the molar mass of iron.
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The value of E in equation (6) represents the efficiency of the iron dissolution process, which was found to be between 91 and 98%. If, however, Fe2+ oxidation to Fe3+ is considered, the experimental weight loss on the anode would be higher than the theoretically calculated, which is impossible. Therefore, Fe2+ is believed to be the main species produced at the anode. Further oxidation of Fe2+ ions is necessary for magnetite formation given the 2:1 Fe3+:Fe2+ ratio, so Fe3+ species are believed to be produced by dissolved oxygen acting as an oxidizing agent for ferrous hydroxide as represented in equation (7) 13,22:
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The difference between the theoretical and experimental values reduces and the value of E increases for larger scale synthesis, since measurement errors become less significant.

3.4 Intermediate reaction products
The synthesis of magnetite can be, to an extent, followed by colour changes in the electrolyte as seen in Figure 5. At ca. 6 min, the colour of the electrolyte becomes darker (due to magnetite formation), eventually becoming black. Electrolyte samples were collected and analysed via TEM and X-ray diffraction. 

A series of diffractograms acquired over 2 to 90 min are displayed in Figure 6. For samples collected within the first 2 to 3 min, only broad peaks corresponding to an amorphous phase identified as lepidocrocite (-FeOOH), are present without any sign of the inverse spinel structure of magnetite. After 4 min, the characteristic peak of magnetite (F3O4) at 2 θ  = 35.6 deg°, corresponding to the (3 1 1) plane can be observed12. At longer times, the lepidocrocite peaks diminished and the magnetite phase became well-defined. This result clearly shows that an oxyhydroxide, such as lepidocrocite, is the main precursor for the formation of magnetite. For synthesis longer than 30 minutes, the characteristic peaks for Fe3O4 are the only ones present in the diffractograms and they remain constant for up to 90 minutes or more.
This transformation from lepidocrocite to magnetite can also be observed in Figure 7, in which a series of micrographs show that at times shorter than 6 minutes, the main structures are needle-shaped particles that correspond to γ-FeOOH24,25. The presence of these needles diminishes as time passes and eventually (at t > 6 min), quasi-spherical particles, corresponding to magnetite, become the predominant phase. This result helps to prove further that the mechanism of formation of magnetite via the electrochemical method, involves a chemical reaction in which a γ-FeOOH precursor gives rise to magnetite formation. 

Given that Fe2+ is believed to be the only ionic iron species electrochemically generated, γ-FeOOH formation mostly originates from a chemical oxidation process of the hydroxide form of Fe2+. Fe(OH)2 is known to be highly reactive to oxygen and depending on media conditions (i.e. pH, temperature, oxygen or nitrogen presence) can undergo a wide variety of transformations26,27. When in alkali media and exposure to air, Fe(OH)2 can be oxidized to FeOOH that can in turn transform to γ-FeOOH when oxidizing conditions are met27. Additionally, it has been extensively reported that γ-FeOOH can undergo a topotactic transformation to magnetite when in the presence of Fe2+ species in solution27–33. The high concentration of Fe2+ in the electrolyte near the anode surface can accelerate this phase transformation30–34 which is probably why magnetite is observed to mainly precipitate in such regions.

A chemical formation mechanism is also supported by the fact that magnetite was observed to precipitate even in the absence of an applied current. The current was interrupted 4 minutes into the electrosynthesis, when the reaction media (containing mainly γ-FeOOH and Fe(OH)2) displayed a reddish brown colour and was then stirred, while exposed to the atmosphere. After 3 to 5 min, a black precipitate, identified as magnetite, became the main species in the reaction media. At 4 minutes, sufficient Fe2+ and OH- ions have been produced, for the reaction to continue without current.

Alternatively, a direct chemical reaction involving γ-FeOOH and Fe(OH)2 has been proposed by Fajaroh et al13. However, the specific process in which these 2 solid species interact in solution were not discussed, hence, we believe that the topotactic transformation of γ-FeOOH is more likely to be the actual route of magnetite formation. This mechanism has been reported as one of many formation pathways for the coprecipitation of Fe3O4 nanoparticles29,35.

The topotactic transformation of lepidocrocite involves a Fe2+ adsorption process on the surface of the oxyhydroxide30–33 represented in reaction (8)33.
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The subscripts specify the adsorption site and assuming one Fe2+ ion, in the hydrolysed form FeOH+, is adsorbed on the OH group of lepidocrocite and the other one on the oxo-bridge33. The adsorption of Fe2+ ion is crucial for topotactic transformation of lepidocrocite and could help to explain the second source (apart from water reduction on the cathode) of OH- ions that is observed in Figure 1. When sufficient γ-FeOOH has been generated, direct Fe2+ adsorption on lepidocrocite may slow down the production of Fe(OH)2 due to increased competition for the ionic iron species. This, in turn, would cause an accumulation of OH- ions at the cathode, raising the pH to more alkaline values.

The adsorbed intermediate undergoes a dissolution process and since both Fe3+ and Fe2+ are present, it transforms directly to magnetite. Reordering of the crystal structure can occur via a dehydration process; olation-oxolation allows cation rearrangement through the loose oxyhydroxide structure28,31.


3.5 The effect of dissolved oxygen on the electrochemical synthesis of magnetite. 
Oxygen present in the media is a key element in promoting Fe2+ oxidation to Fe3+ in order to produce magnetite. To assess oxygen effects on the magnetite electroynthesis, an experiment in absence of oxygen was carried out by bubbling a stream of N2 into the electrolyte for 20 minutes prior to applying current. After oxygen evacuation, the magnetite electrosynthesis was performed as usual (at 50 mA cm-2 for 30 minutes). The solution developed a greenish tone, characteristic of Fe(OH)2 formation30, as magnetite electrosynthesis progressed. However, magnetite (black precipitate) or lepidocrocite (reddish-brown precipitate) formation was not observed. The reaction mixture was then transferred to a 1 dm3 beaker and stirred for 30 minutes. Atmospheric O2 dissolved in the media and oxidized Fe(OH)2 to γ-FeOOH, displaying a reddish-brown precipitate. Nevertheless, magnetite formation was still not detected. When the same reaction mixture was stirred in an Erlenmeyer flask, however, magnetite formation was observed as shown in Figure 8.

In the case of the 1 dm3 beaker, the solution-atmosphere interface surface area is large enough to facilitate the incorporation of oxygen to the reactive media, this in turn creates highly oxidizing conditions that transform most of the Fe(OH)2 to γ-FeOOH27. On the other hand, when the reaction medium is stirred in the Erlenmeyer flask, the smaller interface surface, only permits oxygen to be incorporated at a slower pace and allows to meet the necessary conditions for Fe(OH)2 to be transformed into Fe3O4. Slow oxidation to γ-FeOOH allows a subsequent topotactic transformation involving the remaining Fe2+ in solution29,35,36. 
Additional experiments, controlling the oxygen flow during the magnetite electrosynthesis, reveal that selectivity of the predominant iron oxide phase is highly sensible to the O2 supply to the reactive medium. As shown in Figure 9, a mixture of iron oxyhydroxides (-FeOOH and α-FeOOH) and magnetite is obtained for oxygen flows between 35 and 10 cm3 min-1 (highly oxidizing conditions), as oxygen flow is decreased (the lowest value measured was 1 cm3 min-1), oxyhydroxide signal diminishes and magnetite peaks become sharper and more defined. Given that the amount of oxygen supply needed to synthesize magnetite is very low, Fe3O4 would be expected to precipitate in experiments in which oxygen is evacuated prior to magnetite electrosynthesis, thus electrochemical production of oxygen at the anode should be negligible. Additionally, since magnetite formation was not observed for the experiments in absence of oxygen, a mechanism involving the Schikorr reaction does not seem plausible, at least in the time range studied. In the experiments conducted by Starocwicz et al. the synthesis time was considerably longer and the current values smaller, in such conditions, the anaerobic formation of magnetite may be the main formation route.

3.6 Study of the hydrogen effect on magnetite electro synthesis
Cathodic water reduction produces intense hydrogen bubbling and some authors have proposed hydrogen as a possible reducing agent for γ-FeOOH to produce Fe3O4 and that the reaction depicted in reaction (9) may be the last step in magnetite precipitation18–20.
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It has been previously discussed that the high tendency of hydrogen to escape from the reaction zone makes this process highly unlikely. Nevertheless, a simple experiment to test this statement was conducted. Hydrogen gas, generated in an electrolysis cell, was injected into a -FeOOH aqueous solution (electrochemically produced) for 30 minutes. The diffractogram presented in Figure 10 shows no major changes to the diffraction peaks, nor do other peaks, corresponding to a different phase of iron oxide, appear. This result suggests that the reaction depicted in equation (9) does not occur and that the hydrogen produced, mostly exits the electrolyte without participating in the reaction.

3.7 Proposed mechanism.
According to the above results, the electrochemical synthesis of magnetite involves two electrochemical reactions, the iron dissolution process on the anode and water reduction on the cathode. Iron dissolution provides ionic iron species (Fe2+) that in the presence of an alkaline media, generated by the OH- production on the cathode, precipitate to Fe(OH)2. Since magnetite electrosynthesis is carried out in the presence of dissolved oxygen, Fe(OH)2 oxidizes to γ-FeOOH and through a topotactic process (catalysed by Fe2+ presence), γ-FeOOH transforms into Fe3O4. From the different mechanisms considered, the one proposed by Fajaroh et al. appears to agree the most with our results. However, Fajaroh et al. also proposed oxygen production on the anode, derived from water oxidation (Equation 10); the effect of this process seems to be negligible, as discussed earlier, so it has been omitted from the proposed mechanism.
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The proposed mechanism for the electrochemical formation of magnetite NPs appears summarised as:
Anode
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Cathode
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In solution
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Reaction (15) represents the overall process of Fe(II) adsorption and subsequent topotactic transformation of lepidocrocite. 

4. Conclusions

The electrochemical mechanism for magnetite formation has been revisited.  New experimental results support a chemical reaction route, rather than an electrochemical one.  The present results, involving monitoring the pH near the anode and cathode clearly marks the condition for the formation of magnetite. Video frame captures of the anode as a function of time show that magnetite is formed in the electrolyte region near the anode.  Additional video captures in the presence of a pH indicator demostrate the advance of the OH- front with an increase in the pH value. XRD and TEM studies of the reaction products, as a function of time, indicate the formation of an oxyhydroxyde, in the form of lepidocrocite, as an intermediate that undergoes a topotactic transformation to magnetite. Additional experiments with an electrochemical cell employing an ion exchange membrane clearly demonstrate that the formation of magnetite only takes place in the anolyte of the cell. Oxygen diffusion into the solution from the environment was found to contribute significantly to the formation of magnetite. Slow incorporation of oxygen into the reactive media is required for Fe(II) (Fe(OH)2) and Fe(III) (γ-FeOOH) species to precipitate in the form of magnetite.  The final proposed mechanism agrees, to some extent, with previously reported mechanisms in the literature. A topotactic transformation of the oxyhydroxyde species caused by the adsorption of Fe(II) on the oxyhydroxide species is considered as the last step in magnetite precipitation. H2 bubbling in the cell along with the difractograms studies of the products clearly demonstrate that H2 is not capable of reducing the oxyhydroxide species to form magnetite as mentioned in the literature.
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Table 1	Compilation of mechanisms for the electrochemical formation of magnetite nanoparticles.

	Description
	Mechanism
	Author

	Iron hydroxide reduction on Cathode’s surface
	Anodic:
I, II, IV
I-IV 
IV
II
Cathodic:
II-IV
I
I
III
III
I-III
IV
In solution:
I-IV
I
	I. T. Ying et al. (2002)10
II. L. Cabrera et al. (2008)12
III. M. Ibrahim et al. (2009)15
IV. A. Rodríguez et al. (2012)14



	Description
	Mechanism
	Author

	Hydrogen gas as a reducing agent of iron hydroxide
	Anodic:
III
I, II
Cathodic:
I-III
In solution:
III
III
I-III
	I. S. Franger et al. (2004)18
II. V. Melnig et al. (2011)19
III. J. Manrique et al. (2016)20



	Description
	Mechanism
	Author

	Direct reaction between Fe2+ and Fe3+
	Anodic:
I, II
I, II
Cathodic:
I
II
In solution:
I, II
II
	I. W. Ying et al. (2005)16
II. H. Karami et al. (2012)17



	Description
	Mechanism
	Author

	Oxygen as oxidant agent and subsequent in solution precipitation
	Anodic:
I
II-IV
I, II, IV
III
Cathodic:
I-IV
In solution:
II
III
III
III
IV
	I. C. Pascal et al. (1999)23
II. D. Gopi et al. (2011)22
III. F. Fajaroh et al. (2012)13
IV. M. Starowicz et al. (2011)21














Figure captions
Figure 1	Comparison of electrolyte pH near the anode and the cathode.
Figure 2	Video frame captures during the electrochemical synthesis of magnetite in a 1 g dm-3 NaCl solution, 2 cm electrode separation and j = 50 mA cm-2.
Figure 3	Video frame captures during the electrochemical synthesis of magnetite in a 1 g dm-3 NaCl solution, 2 cm electrode separation and j = 50 mA cm-2; phenolphthalein as pH indicator.
Figure 4	Evolution of electrochemical synthesis using a Nafion cationic membrane and j = 50 mA cm-2 in 1 g dm-3 NaCl electrolyte.
Figure 5	Samples collected from the synthesis of magnetite at different reaction stages (numbers express time in minutes).
Figure 6	Comparison of X-ray diffractograms for solid samples at different reaction 		times.
Figure 7	TEM micrographs of nanoparticle samples collected during a synthesis at different time intervals for 2, 4, 6, 8, 10 and 30 min.
Figure 8	Electrochemical synthesis in absence of oxygen with j = 50 mA cm-2 applied for 30 min and subsequent stirring for an additional 30 min in a 1 dm3 beaker and an Erlenmeyer flask.
Figure 9	X ray diffractograms of samples synthesised under different values of oxygen flow.
Figure 10	Effect of hydrogen gas bubbling on the diffractogram of a Lepidocrocite sample electrochemically produced under an excess flow of oxygen.
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