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Abstract 

Iron oxide nanostructures are an attractive option for being used as photocatalyst in 

photoelectrochemical applications such as water splitting for hydrogen production. 

Nanostructures can be obtained by different techniques, and electrochemical 

anodization is one of the simplest methods which allows high control of the obtained 

morphology by controlling its different operational parameters. In the present study, the 

influence of the electrolyte temperature during electrochemical anodization under 

stagnant and hydrodynamic conditions was evaluated. Temperature considerably 

affected the morphology of the obtained nanostructures and their photoelectrochemical 

behavior. Several techniques were used in order to characterize the obtained 

nanostructures, such as Field Emission Scanning Electron Microscopy (before and after 

the annealing treatment in order to evaluate the changes in morphology), Raman 

spectroscopy, photocurrent vs. potential measurements and Mott-Schottky analysis. 
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Results revealed that the nanostructures synthesized at an electrolyte temperature of 25 

⁰C and 1000 rpm are the most suitable for being used as photocatalysts for water 

splitting. 

Keywords: iron oxide, nanostructure, electrochemical anodization, electrolyte 

temperature, water splitting. 

 

1. Introduction 

Nowadays, there is an increasing demand of energy production. Renewable energy 

sources, such as sunlight, are becoming popular since they can produce clean energy 

contributing to mitigate the global warming [1–7]. Since Fujishima and Honda in 1972 

demonstrated that hydrogen generation was possible by photoelectrochemical water 

splitting using TiO2 as a photoanode [8], many efforts have been focused on the 

photoelectrochemical water splitting process [1,9–13]. Different photoanodes materials 

have been investigated in recent times for water splitting tests, such as TiO2 [14], WO3 

[15], ZnO [16] and so on, but one of the best options is iron oxide. In particular, 

hematite (α-Fe2O3) possesses a suitable band gap (~ 2.1 eV), which can absorb ~ 40 % 

of sunlight in the visible region [12,17]. Furthermore, hematite is an n-type 

semiconductor with different characteristics, such as good chemical stability, abundance 

in the Earth’s crust, low cost, non-toxicity and environmental compatibility, which 

make it suitable for photoelectrocatalysis applications [18–22]. Nevertheless, some 

drawbacks, i.e. small hole diffusion length (2-4 nm) and poor minority charge carrier 

mobility, limit its applications [23–26]. By nanostructuring hematite anodes these 

challenges can be overcome, making hematite an attractive option for 

photoelectrochemical applications such as water splitting [21,23,27,28]. 
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Hematite nanostructures can be formed by different methods, i.e. electrochemical 

anodization [29,30], sol-gel [31,32], hydrothermal method [33,34], electrospinning 

[35,36], etc. Among them, electrochemical anodization is one of the best techniques 

because different morphologies for the nanostructures can be obtained by controlling 

the anodization parameters. Additionally, it is a simple, high controllable, low-cost and 

attractive method for large-scale production [22,30,37,38]. In previous works, anode 

rotation speed during the electrochemical anodization process (hydrodynamic 

conditions were varied from 0 to 3000 rpm) was studied. The conclusion was that 

hydrodynamic conditions, especially 1000 rpm, enhanced the photoelectrochemical 

performance of the iron oxide nanostructures [39]. In the present study, electrolyte 

temperature (from 25 to 60 ⁰C) during electrochemical anodization of iron has been 

evaluated in order to characterize the formed nanostructures and to analyze their 

photoelectrocatalytic performance in applications such as water splitting. Moreover, 

since rotating the anode (iron rod) at 1000 rpm enhanced the iron oxide nanostructures 

performance, all the work has been carried out under stagnant and hydrodynamic (1000 

rpm) conditions, in order to compare the influence of electrolyte temperature under both 

conditions. 

The morphology of the samples has been characterized by means of Field Emission 

Scanning Electron Microscopy (FE-SEM), the crystalline structure has been examined 

using Laser Confocal Raman Microscopy, and the different electrochemical and 

photoelectrochemical properties of the samples have been analyzed by different 

techniques, such as photocurrent vs. potential measurements (water splitting), 

photostability tests, and Mott-Schottky (MS) analysis. 
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2. Experimental 

2.1. Synthesis of the nanostructures 

Nanostructures were synthesized by electrochemical anodization of iron rods (purity of 

99.9 %). First of all, the surface of the iron rods was abraded with silicon carbide papers 

(SiC) from 220 to 4000, sonicated in ethanol for 2 minutes, rinsed with distilled water 

and dried in a nitrogen stream. Then, electrochemical anodization of the iron rods was 

carried out in an ethylene glycol solution containing 0.1 M of ammonium fluoride and 3 

% vol. of water. Anodization was performed at 50 V for 15 minutes, and current density 

vs. time was continuously measured during the process. For each anodization test, the 

iron rod (9.5 mm in diameter, i.e. an exposed area to the electrolyte during the 

electrochemical anodization of 0.7 cm²) was used as working electrode and a platinum 

foil as counter electrode. Different electrolyte temperatures were tested during the 

electrochemical anodization: 25, 40, 50 and 60 ⁰C. Electrolyte temperature was 

maintained constant during anodization by means of a thermostated bath. Furthermore, 

the nanostructures were formed under both stagnant and hydrodynamic conditions 

(connecting the anode to a rotating disk electrode (RDE) coupled to a motor controller), 

in particular at 0 and 1000 rpm, corresponding to Reynolds number of 0 and 165, 

respectively, since in a previous work the best photoelectrochemical response was 

achieved for the nanostructures synthesized at 1000 rpm [39]. 

After anodization, the nanostructures were rinsed with distilled water, dried in a 

nitrogen stream and annealed in a tube furnace at 500 ⁰C for 1 hour in an argon 

atmosphere. The heating rate was 15 ⁰C · min-1 and the samples were subsequently 

cooled within the furnace by natural convection [40]. 
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2.2. Morphological characterization of the nanostructures 

The characterization of the morphology of the nanostructures (before and after the 

annealing treatment) was carried out using Field Emission Scanning Electron 

Microscopy with an extra high tension (EHT) of 3 kV. The images were acquired at 

10,000x and 30,000x magnifications. 

2.3. Characterization of the crystalline structure 

The crystallinity of iron oxide nanostructures was analyzed by means of a Laser 

Confocal Raman microscope. The characterization was performed using a neon laser 

632 nm with ~700 μW. 

2.4. Electrochemical and photoelectrochemical characterization 

All the electrochemical and photoelectrochemical experiments were performed in a 

three-electrode configuration. The iron oxide nanostructure was the working electrode, a 

platinum tip was the counter electrode and an Ag/AgCl (3M KCl) electrode was the 

reference electrode. The area of the iron oxide nanostructure that was exposed to the 

solution during the tests was 0.26 cm². The photoelectrochemical experiments were 

performed using a solar simulator (AM 1.5 conditions at 100 mW · cm¯²). 

2.4.1. Photoelectrochemical water splitting tests 

Photocurrent density vs. potential plots were performed in 1 M KOH by 

scanning the potential from -0.4 to +0.6 V at a scan rate of 2 mV · s¯¹, switching the 

light on and off every 0.02 V (i.e. 0.02 V in the dark and 0.02 V in the light).  
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2.4.2. Photostability measurements 

Photostability measurements were carried out leaving the nanostructures in 1 M 

KOH solution under simulated AM 1.5 illumination for an hour at an applied potential 

of 0.35 V (vs. Ag/AgCl). The photocurrent density vs. time was continuously measured 

in order to check the stability against photocorrosion of the nanostructures. 

2.4.3. Mott-Schottky analysis 

Mott-Schottky analysis were performed both under dark and light conditions in 1 

M KOH solution at a constant frequency value of 5 kHz. The potential was started at the 

Open Circuit Potential (OCP) value of the sample (roughly 0.3 V) and it was swept in 

the negative direction with an amplitude signal of 0.01 V at a rate of 28 mV · s¯¹. 

 

3. Results and discussion 

3.1. Synthesis of the nanostructures 

Figure 1 shows the current density vs. time registers (anodization curves) during the 

formation of the nanostructures by electrochemical anodization under stagnant (Figure 1 

a)) and hydrodynamic conditions (Figure 1 b)).  



7 
 

 

Figure 1. Current density vs. time measurements during electrochemical anodization of 

iron at the different electrolyte temperatures (25, 40, 50 and 60 ⁰C). Electrochemical 

anodization conditions: 50 V for 15 min in an EG solution containing 0.1 M NH4F and 

3 %vol. H2O, under stagnant (a) and hydrodynamic (b) conditions.  

 

Note that all the anodization curves exhibit almost the same behavior and the three main 

characteristic stages of the formation of nanotubular structures can be identified: I) a 

sharp drop in the current density associated with the formation of an insulating compact 

oxide layer on the substrate, II) a slightly increase in the current density with time due 

to the formation of tiny pits in the compact layer because of the action of F-, leading to a 

nanoporous structure that offers less resistance to the current, and III) a steady state 
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region owing to the equilibrium between the formation of the oxide layer and its 

chemical dissolution which conducts to the formation of a nanotubular structure. The 

reactions that take place during this formation are presented in Eq. 1 (formation of the 

compact iron oxide layer) and Eq. 2 (partial dissolution of the compact layer due to the 

F- ions leading to tiny pits) [29,41–43]. 

2Fe + 3H2O → Fe2O3 + 6H+ + 6𝑒−                                                                             (𝑬𝒒. 𝟏) 

Fe2O3 + 12F− + 6H+ → 2[FeF6]3− + 3H2O                                                               (𝑬𝒒. 𝟐) 

Additionally, Figure 1 a) shows the anodization curves for the samples synthesized by 

electrochemical anodization under stagnant conditions and at different electrolyte 

temperatures. The three characteristic regions are identified and the current density 

increases also with increasing temperature. However, the steady state region is only 

constant at 25 ⁰C but it breaks for upper temperatures, leading to a continuous increase 

in current density with time. This increase in current density appears at lower times and 

is more pronounced with increasing temperatures, i.e. for 40 ⁰C the rise in current 

density starts approximately after the first 420 seconds, for 50 ⁰C starts at ~ 240 seconds 

and for 60 ⁰C at ~ 100 seconds. In fact, the temperature of the electrode (iron rod) 

increases during electrochemical anodization because of the chemical reactions 

involved in the process; this phenomenon also occurs in other materials such as 

aluminum [44,45]. For this reason, when the electrolyte temperature is 40 ⁰C or higher, 

the electrode temperature increases and the steady state is broken, resulting in a 

progressive increase in current density. However, when the electrolyte temperature is 25 

⁰C, the electrode temperature is maintained almost constant and the current density is 

also approximately constant as Figure 1 a) shows. 
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On the other hand, Figure 1 b) shows the anodization curves for the samples synthesized 

under hydrodynamic conditions. All the curves exhibited the same described behavior, 

with the three characteristic regions of the formation of nanotubular structures. Under 

hydrodynamic conditions, the steady state only breaks for 50 ⁰C and 60 ⁰C after, 

approximately, 240 and 140 seconds, respectively. This indicates two important aspects, 

the first one is that at an electrolyte temperature of 40 ⁰C and under hydrodynamic 

conditions the steady state is not broken (in contrast with the curve at 40 ⁰C under 

stagnant conditions in Figure 1 a)), because rotating the electrode during anodization 

homogenizes its temperature and the heat can be easily dissipated to the electrolyte. The 

second aspect is that the break of the steady state at 50 and 60 ⁰C under hydrodynamic 

conditions is smoother than under stagnant conditions, and moreover, the time at which 

the steady state is broken at 60 ⁰C under hydrodynamic conditions (~ 140 seconds) 

increases in comparison to stagnant ones (~ 100 seconds), i.e. the steady state is 

maintained constant for more time, because of the better dissipation of the heat of the 

electrode under hydrodynamic conditions. 

Moreover, comparing a given electrolyte temperature during anodization for both 

stagnant and hydrodynamic conditions, the current density in the nanotubes formation 

region is higher for the samples anodized at 1000 rpm. In fact, the steady state current 

density is controlled by diffusion processes and rotating the electrode during 

anodization enhances this process, therefore, higher current densities are obtained 

[46,47]. However, at 40 ⁰C (under stagnant conditions) and 50 ⁰C and 60 ⁰C (under 

both conditions), when the steady state is broken and current density significantly 

increases, the process is not following the typical nanotubular structure formation. 
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3.2. Morphological characterization of the nanostructures 

Field Emission Scanning Electron Microscopy was used for the morphological 

characterization of the samples synthesized at the different electrolyte temperatures 

during electrochemical anodization under both stagnant and hydrodynamic conditions. 

The morphology characterization was performed for the nanostructures before (as-

anodized) and after (annealed) the thermal treatment. 

On the one hand, Figure 2 shows FE-SEM images of the samples anodized at the 

different temperatures under stagnant conditions (0 rpm) and before the annealing 

treatment. Figures 2 a)-b) show that at an electrolyte temperature of 25 ⁰C the 

morphology of the iron oxide nanostructures was nanotubular with some initiation layer 

that partially covered the entrances of the tubes. However, when electrolyte temperature 

increased until 40 ⁰C (Figures 2 c)-d)) the nanotubular structure was collapsed and only 

a few nanotubes/nanopores were visible in some regions. At 50 ⁰C, Figures 2 e)-f) show 

that the nanostructure was collapsed with no nanotubular/nanoporous regions visible but 

with small granular-like regions, and finally, when electrolyte temperature rose up to 60 

⁰C (Figures 2 g)-h)) the nanostructure completely disappeared and the morphology 

corresponded to a granular-like layer which is in agreement with the break of the steady 

state current density associated with the formation of nanotubular structures showed in 

Figure 1 a). This change in the morphology from 25 ⁰C to higher temperatures is due to 

the increase in the electrolyte temperature that leads to an increase in the electrode 

temperature, making the morphology collapse and become more compact. This is in 

agreement with the current density vs. time plots (Figure 1 a)) that indicated that at 25 

⁰C the steady-state current density was maintained (i.e. the equilibrium between the 

formation of the oxide layer and its chemical dissolution leading to the formation of a 
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nanotubular structure was reached). Then, the behavior of this curve corresponded to a 

typical nanotubular structure formation. However, as Figure 1 a)) shows, at electrolyte 

temperatures of 40 ⁰C or higher, this equilibrium was disrupted and the current density 

rapidly increased. 
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Figure 2. FE-SEM images of the as-anodized nanostructures synthesized at the 

different electrolyte temperatures: a-b) 25 ⁰C, c-d) 40 ⁰C, e-f) 50 ⁰C and g-h) 60 ⁰C, 

under stagnant conditions. 
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On the other hand, FE-SEM images of the nanostructures synthesized under 

hydrodynamic conditions (1000 rpm) and before the annealing treatment are presented 

in Figure 3. As it can be observed in Figures 3 a)-b), the nanostructures synthesized at 

25 ⁰C and 1000 rpm were also nanotubular as it occurred at 25 ⁰C and 0 rpm. However, 

comparing the nanostructure synthesized at 1000 rpm, it did not present the initiation 

layer and it was more homogeneous than in the case of stagnant conditions. This 

indicates that working under hydrodynamic conditions and at 25 ⁰C enhanced the 

formation of a homogeneous nanotubular structure. Moreover, Figures 3 c)-d) show that 

at 40 ⁰C and 1000 rpm the formed nanostructure was also nanotubular. This 

nanostructure synthetized at 40 ⁰C and 1000 rpm was completely different compared to 

the nanostructure anodized at 40 ⁰C and 0 rpm, since in the latter case the nanotubular 

structure almost disappeared. According to these results, working under hydrodynamic 

conditions at 40 ⁰C are an important and determining factor in the formation of iron 

oxide nanostructures, since at 0 rpm the nanostructure was collapsed and stacked 

whereas at 1000 rpm the structure was nanotubular. This is in agreement with the 

anodization curves (Figure 1 b)) which indicated that anodizing at 40 ⁰C and 1000 rpm 

a steady state was observed, indicating the typical curve of the formation of a 

nanotubular structure. 
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Figure 3. FE-SEM images of the as-anodized nanostructures synthesized at the 

different electrolyte temperatures: a-b) 25 ⁰C, c-d) 40 ⁰C, e-f) 50 ⁰C and g-h) 60 ⁰C, 

under hydrodynamic conditions. 
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By contrast, Figures 3 e)-f) show a collapsed nanostructure for the sample anodized at 

50 ⁰C and 1000 rpm, very similar to the one synthesize at 0 rpm at this temperature, but 

without the presence of a granular-like region. Finally, at 60 ⁰C and 1000 rpm Figures 3 

g)-h) show a collapsed nanostructure with no significant differences in morphology 

compared to the one synthesized at 50 ⁰C (Figures 3 e)-f)). According to the anodization 

curves presented in Figure 1 b), at 50 ⁰C and 60 ⁰C (under hydrodynamic conditions) 

the steady state was broken, indicating that the behavior was not the typical for the 

nanotubular structure formation. In conclusion, electrolyte temperatures of 25 ⁰C (under 

stagnant and hydrodynamic conditions) and 40 ⁰C (under hydrodynamic conditions) 

promoted the formation of nanotubular structures of iron oxide. However, when the 

electrolyte temperature was higher than 25 ⁰C under stagnant conditions or higher than 

40 ⁰C under hydrodynamic conditions, the nanostructures became more compact and 

collapsed. Regarding temperatures of 50 and 60 ⁰C, there were not significant 

differences in morphology for the nanostructures obtained under stagnant or 

hydrodynamic conditions. This notable change in the morphology at high electrolyte 

temperatures, showing no nanotubular structure, could be because of the fact that 

temperature favored the dissolution of the compact layer due to the F¯ ions (Eq. 2), 

hence, the nanotubes were dissolved and they disappeared from the surface. Moreover, 

the use of higher temperatures during anodization can improve the diffusion rate of Fe 

ions with higher thermal kinetic energy, then, the Fe2O3 etching rate was also faster [5]. 

Analyzing FE-SEM images for the samples anodized at different electrolyte 

temperatures under stagnant conditions and annealed for 1 hour at 500 ⁰C in an argon 

atmosphere at a heating rate of 15 ⁰C · min-1, there are significant differences with 

respect to the as-anodized ones. Firstly, Figures 4 a)-b) show that at 25 ⁰C the 



16 
 

nanostructures became more compact in comparison to the as-anodized ones with the 

pores conglomerating and some nanosheets appearing over the entire surface. At 40 ⁰C, 

as Figures 4 c)-d) illustrate, only a few nanosheets appeared over the surface but the 

pores were more conglomerated leading to a more compact structure, very similar to the 

sample anodized at 50 ⁰C (Figures 4 e)-f)) that was more compact but the nanosheets 

did not practically appear. Finally, for the sample anodized at 60 ⁰C (Figures 4 g)-h)) 

the structure was different since it was formed by shorter nanosheets aggregated in 

clusters and some crystals precipitated over the surface. The morphology of the 

nanostructures presented in Figure 4 indicates that annealing process favored the 

compactness of the nanostructures and the appearance of some nanosheets or single-

crystals depending on the electrolyte temperature during electrochemical anodization. 
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Figure 4. FE-SEM images of the nanostructures synthesized at the different electrolyte 

temperatures: a-b) 25 ⁰C, c-d) 40 ⁰C, e-f) 50 ⁰C and g-h) 60 ⁰C under stagnant 

conditions and annealed at 500 ⁰C in argon for 1 h. 
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Concerning the samples anodized under hydrodynamic conditions and annealed for 1 

hour at 500 ⁰C in an argon atmosphere at a heating rate of 15 ⁰C · min-1, the 

nanostructures were similar to the ones synthesized at 0 rpm and annealed at the same 

conditions. Figures 5 a)-b) indicate that at 25 ⁰C the nanostructures were more compact 

with the pores conglomerating and some nanosheets appearing over all the surface but 

in less quantity than in the case of the nanostructures synthesized under stagnant 

conditions and annealed (Figures 4 a)-b)). At 40 ⁰C, Figures 5 c)-d) show that the pores 

were more conglomerated and the nanosheets were less abundant over the surface. In 

the case of 50 ⁰C (Figures 5 e)-f)) the structure was more compact and the nanosheets 

were hardly present. Lastly, at 60 ⁰C (Figure 5 g)-h)) the morphology of the 

nanostructure was composed by shorter nanosheets aggregated in clusters and some 

single-crystals (more than in the case of the samples anodized at 0 rpm and annealed at 

the same conditions, as Figures 4 g)-h) showed). 
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Figure 5. FE-SEM images of the nanostructures anodized at the different electrolyte 

temperatures: a-b) 25 ⁰C, c-d) 40 ⁰C, e-f) 50 ⁰C and g-h) 60 ⁰C under hydrodynamic 

conditions, and annealed at 500 ⁰C in argon for 1 h. 
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3.3. Characterization of the crystalline structure 

Figure 6 presents the Raman spectra of all the samples anodized at the different 

electrolyte temperatures and annealed in an argon atmosphere at 500 ⁰ C for 1 hour at a 

heating rate of 15 ⁰ C · min-1. The structure of the as-anodized samples is amorphous in 

nature, and it is well known that a crystalline structure is necessary in order to use the 

material as photocatalyst, hence, an annealing treatment is needed. Once the structure of 

the samples is crystalline, they can be used as photocatalyst in different 

photoelectrochemical applicacions such as water splitting. Annealing conditions were 

studied in a previous work in order to find the best conditions for the formation of iron 

oxide nanostructures for photocatalysis [40]. As Figure 6 shows, the peaks for all the 

samples appeared at the same Raman shifts. Most of the peaks in the spectra were 

associated with the hematite structure, and they appeared at: 229 cm-1 (A1g), 249 cm-1 

(Eg), 295 cm-1 (Eg), 414 cm-1 (Eg), 500 cm-1 (A1g), 615 cm-1 (Eg) and 1317 cm-1 (2nd 

order). However, some peaks appeared at Raman shifts that indicate a magnetite 

structure, i.e. 554 cm-1, 672 cm-1 and ~ 820 cm-1 [48–51]. Then, all the nanostructures 

were composed mainly of α-Fe2O3 with some amount of Fe3O4. However, some of the 

peaks associated with hematite phase seemed to start to disappear at higher electrolyte 

temperatures regardless the anodization conditions, which indicated a predominant 

hematite phase but with a little less proportion of hematite in comparison to the samples 

anodized at lower electrolyte temperatures. Thus, an increase in electrolyte temperature 

during anodization promoted the formation of nanostructures with apparently less 

hematite in spite of having a predominant hematite phase in their crystalline structure. 
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Figure 6. Raman spectra of the iron oxide nanostructures at the different electrolyte 

temperatures under both stagnant and hydrodynamic conditions, and annealed at 500 ⁰C 

in argon for 1 h. H: Hematite (α-Fe2O3); M: Magnetite (Fe3O4). 

 

3.4. Electrochemical and photoelectrochemical characterization 

3.4.1. Photoelectrochemical water splitting tests 

Figure 7 shows the photocurrent density vs. potential plots of the synthesized 

nanostructures. Figure 7 a) presents the plots of the samples anodized at 0 rpm; it is 

noticeable that the highest values of photocurrent densities were achieved for the 

samples anodized at 25 and 60 ⁰C, reaching in both cases, approximately,  

0.092 mA · cm-2 at 0.54 V (vs. Ag/AgCl). However, regarding dark current density, it is 

important to point out that the sample anodized at 60 ⁰C attained higher values of the 

dark current density line which indicates an enhancement of charge transfer processes. 

This indicates that the nanostructure synthesized at 25 ⁰C under stagnant conditions is 
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most suitable for being used as photocatalyst in water splitting measurements than the 

one synthesized at 60 ⁰C. On the other hand, according to Figure 7 a), the samples 

anodized at 40 and 50 ⁰C achieved lower values of photocurrent densities, i.e. ~ 0.052 

and ~ 0.056 mA · cm-2 at 0.54 V (vs. Ag/AgCl), respectively. Comparing water splitting 

results (Figure 7 a)) with FE-SEM images (Figure 4) under stagnant conditions, it is 

remarkable that the nanostructure formed at 25 ⁰C led to a better behavior for water 

splitting since its structure was more porous than the other ones, which favored facile 

extraction of holes from the surface [52], and some nanosheets appeared at the surface 

which could favor photocatalytic charge separation [53,54]. At temperatures of 40 and 

50 ⁰C the nanostructures barely presented nanosheets and, their structure was more 

compact, which can be an inconvenient for the extraction of holes resulting in much 

lower photocurrent densities. Finally, at an electrolyte temperature of 60 ⁰C the 

nanostructure was composed by shorter nanosheets in clusters with some precipitated 

crystals and these nanosheets could lead to higher photocurrent density values [53,54]. 
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Figure 7. Photocurrent density vs. potential (water splitting) measurements obtained in 

1 M KOH by applying chopped light irradiation, for the samples anodized at the 

different electrolyte temperatures under stagnant (a) and hydrodynamic (b) conditions. 

Simulated AM 1.5 illumination was used for the light conditions. 

 

Concerning hydrodynamic conditions, Figure 7 b) shows the water splitting 

measurements and it is clearly seen that the highest photocurrent density values were 

achieved for the samples anodized at an electrolyte temperature of 25 ⁰C (~ 0.158 mA · 

cm-2 at 0.54 V (vs. Ag/AgCl)). By contrast, the samples anodized at 50 and 60 ⁰C 

reached lower photocurrent densities (~0.120 and ~0.130 mA · cm-2 at 0.54 V (vs. 

Ag/AgCl), respectively) but the lowest value (~0.080 mA · cm-2 at 0.54 V (vs. 

Ag/AgCl)) was achieved for the samples synthetized at 40 ⁰C. It is noticeable that in 
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this case, the sample anodized at 60 ⁰C did not present a high value of the dark current 

density line, in contrast with what occurred in the case of stagnant conditions. 

Establishing a relation between water splitting results and morphology, Figure 5 showed 

that the nanostructure synthesized at 25 ⁰C presented a morphology with some 

nanosheets in its surface and it was more porous than the rest of the samples, which 

could favor the photoresponse in the water splitting tests since hole extraction was 

improved [52–54]. The rest of the nanostructures possessed a more compact structure 

which resulted in lower photocurrent density values in the water splitting measurements 

(Figure 7 b)). 

 

3.4.2. Photostability measurements 

Figure 8 shows the photostability measurements of the samples anodized at the 

different electrolyte temperatures and under both stagnant and hydrodynamic 

conditions. It is seen that all the samples were stable against photocorrosion in the 

studied conditions, i.e. in 1 M KOH solution at 0.35 V (vs. Ag/AgCl). In the case of 

stagnant conditions (Figure 8 a)), the samples that achieve higher photocurrent density 

values were the ones synthesized at 60 and 25 ⁰C which is in agreement with the 

photocurrent density vs. potential measurements (Figure 7 a)). For the nanostructures 

synthesized under hydrodynamic conditions (Figure 8 b)), the samples anodized at 25 

and 60 ⁰C reached higher photocurrent densities than the other ones, and this is also in 

agreement with the water splitting measurements (Figure 7 b)). 
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Figure 8. Photostability tests obtained in 1 M KOH at 0.35 V (vs. Ag/AgCl) under light 

conditions, for the samples anodized at the different electrolyte temperatures under 

stagnant (a) and hydrodynamic (b) conditions. Simulated AM 1.5 illumination was used 

for the light conditions. 

 

3.4.3. Mott-Schottky analysis 

Mott-Schottky plots (CSC
-2 vs. E) were performed in 1 M KOH under dark and 

light conditions for all the synthesized nanostructures and they are presented in Figure 

9. Considering hematite as an n-type semiconductor being electrons the majority charge 
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carriers [19,25,55], the corresponding Mott-Schottky equation is presented as Eq. 3 

[56,57]. 

1

𝐶𝑆𝐶
2 = (

2

𝑒 · 𝜀0 · 𝜀𝑟 · 𝑁𝐷
) · (𝐸 − 𝐸𝐹𝐵 −

𝑘 · 𝑇

𝑒
)                                                               (𝑬𝒒. 𝟑) 

where CSC is the space charge layer capacitance, E the applied potential, EFB the flat 

band potential, k the Boltzmann constant (1.38 · 1023 J · K-1), T the absolute 

temperature, e the electron charge (1.60 · 10-19 C), ε0 the vacuum permittivity (8.85 · 10-

14 F · cm-1), εr the dielectric constant (considering a value of 80 for the hematite 

nanostructures [20,58,59]) and ND is the donor density.  

 

Figure 9. Mott-Schottky analysis obtained in 1 M KOH under dark and light conditions, 

for the samples anodized at the different electrolyte temperatures under stagnant (a) and 
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hydrodynamic (b) conditions. Simulated AM 1.5 illumination was used for the light 

conditions. 

 

ND values for the different samples were determined from the slopes (σ) of the quasi-

linear regions in the MS plots using Eq. 4. It is noticeable that the relation is inversely 

proportional, then, the higher the slopes the lower the donor density values. 

𝑁𝐷 = (
2

𝑒 · 𝜀0 · 𝜀𝑟 · 𝜎
)                                                                                                           (𝑬𝒒. 𝟒) 

Figure 9 a) illustrates MS plots for the nanostructures anodized at the different 

electrolyte temperatures under stagnant conditions. The highest slopes correspond to the 

samples anodized at 40 ⁰C, whereas the lowest ones correspond to the samples anodized 

at 25 and 60 ⁰C. According to this, the highest ND values are expected for the 

nanostructures anodized at 25 and 60 ⁰C, and the lowest ones for the samples anodized 

at 40 ⁰C. Table 1 shows the different ND values for all the nanostructures and they are 

all in the order of 1019 cm-3, which is in agreement with the literature [24,60]. 

Furthermore, the values of ND under illumination are higher than the ones under dark 

conditions because illumination promotes charge separation increasing then donor 

density.  

ND values for the samples anodized at 25 and 60 ⁰C are similar and they are the highest. 

However, the sample anodized at 40 ⁰C shows the lowest values of ND under dark and 

light conditions, respectively. These results are in agreement with the water splitting 

tests which indicated that the better photoresponse was for the samples anodized at 25 

and 60 ⁰C under stagnant conditions. 
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This is due to the fact that higher ND results in an increase in the photoactivity of the 

nanostructures in photocatalytic application since the charge transfer kinetics are 

improved [24,59,61]. Then, the higher ND values the higher electronic conductivity and, 

hence, the better photoactivity of the samples for water splitting applications (Figure 7). 

However, an increase in ND, i.e. an increase in defects, may enhance charge 

recombination and this can be detrimental for the photoelectrochemical behavior in 

water splitting [62]. 

Regarding the samples anodized at the different electrolyte temperatures under 

hydrodynamic conditions, the highest values of ND correspond to the samples anodized 

at 25 and 60 ⁰C, as Table 1 shows. This is also in agreement with the water splitting 

results that indicated the best photoresponse for the sample anodized at 25 ⁰C followed 

by the one anodized at 60 ⁰C. However, according to Table 1, the samples anodized at 

40 and 50 ⁰C achieved the lowest donor density and then, the lowest photoresponse in 

water splitting measurements (Figure 7 b)). 

Electrolyte temperature / 
Rotation speed 

Conditions ND (·1019)  (cm-3) EFB (vs. Ag/AgCl) (V) 

25 ⁰ C / 0 rpm 
Dark 5.57 ± 0.53 -0.74 ± 0.05 
Light 9.78 ± 0.58 -0.74 ± 0.07 

25 ⁰ C / 1000 rpm 
Dark 1.02 ± 0.24 -0.76 ± 0.04 
Light 2.22 ± 0.66 -0.78 ± 0.03 

40 ⁰ C / 0 rpm 
Dark 0.31 ± 0.10 -0.91 ± 0.05 
Light 0.48 ± 0.12 -0.90 ± 0.05 

40 ⁰ C / 1000 rpm 
Dark 0.42 ± 0.10 -0.97 ± 0.07 
Light 0.59 ± 0.15 -0.95 ± 0.05 

50 ⁰ C / 0 rpm 
Dark 0.80 ± 0.28 -0.87 ± 0.04 
Light 1.10 ± 0.75 -0.86 ± 0.05 

50 ⁰ C / 1000 rpm 
Dark 0.73 ± 0.21 -0.87 ± 0.08 
Light 1.01 ± 0.42 -0.86 ± 0.05 

60 ⁰ C / 0 rpm 
Dark 7.09 ± 2.11 -0.69 ± 0.06 
Light 8.39 ± 2.20 -0.74 ± 0.07 

60 ⁰ C / 1000 rpm 
Dark 1.41 ± 0.23 -0.80 ± 0.07 
Light 1.74 ± 0.35 -0.82 ± 0.04 
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Table 1. Values of donor density (ND) and flat band potential (EFB) obtained in 1 M 

KOH under dark and light conditions, for the samples anodized at the different 

electrolyte temperatures under stagnant and hydrodynamic conditions. Simulated AM 

1.5 illumination was used for the light conditions. 

 

Therefore, the best photoresponse in water splitting measurements is for the sample 

anodized at 25 ⁰C under hydrodynamic conditions, since its ND is high enough to 

enhance the electrical conductivity but insufficient to make these defects act as carrier 

traps, like it might occur in the case of stagnant conditions (where the ND values are too 

high). 

On the other hand, as Eq. 5 shows, when the applied voltage (E) is such that there is no 

potential drop at the depletion space charge layer (ΔϕSC), i.e. the band bending is zero, 

hence the semiconductor is at its flat band potential (EFB) [63]. The EFB of the different 

samples were obtained by extrapolating the quasi-linear region of the MS plots to C-2 = 0. 

∆𝜙𝑆𝐶 = 𝐸 − 𝐸𝐹𝐵                                                                                                                   (𝑬𝒒. 𝟓) 

The obtained values for the different nanostructures are approximately in the range of 

 -0.7 to -0.9 V (Table 1), which is in agreement with the literature [64–66]. 

 

4. Conclusions 

In the present study, the effect of the electrolyte temperature on the synthesis of iron 

oxide nanostructures by electrochemical anodization was studied in order to synthesize 
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suitable nanostructures for being used as photocatalyst in water splitting for hydrogen 

production. Different temperatures were studied: 25, 40, 50 and 60 ⁰C, under stagnant 

and hydrodynamic (in particular a rotation speed of 1000 rpm) conditions.  

Results indicated that the highest photocurrent densities in the water splitting tests were 

achieved for the nanostructures synthesized at 25 ⁰C under hydrodynamic conditions. 

FE-SEM images showed that this nanostructure presented a porous morphology with 

some nanosheets appearing over the surface, which could improve its 

photoelectrocatalytic performance since hole extraction was enhanced. Moreover, the 

nanostructure was stable against photocorrosion as the photostability tests showed, and 

Laser Confocal Raman microscopy revealed that the crystalline structure was 

predominantly composed by hematite (α-Fe2O3) with some amount of magnetite 

(Fe3O4). Finally, the Mott-Schottky analysis indicated that the sample presented ND 

values that are high enough to enhance the electrical conductivity but insufficient to 

make these defects act as carrier traps. 
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