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Iron oxide nanostructures are promising materials for photoelectrochemical applications such as water
splitting. In this work, electrochemical anodization of iron is used to form different iron oxide nanostructures,
and the influence of different anodization parameters was studied in order to find the most suitable
nanostructure for photocatalysis applications. On the one hand, hydrodynamic conditions were evaluated by
stirring the electrode at different rotation speeds during the electrochemical anodization to check their
influence on the formation of the nanostructures. On the other hand, different heating rates during the
annealing treatment were studied for obtaining efficient iron oxide nanostructures. The synthesized
nanostructures were characterized by different techniques such as photocurrent density vs. potential
measurements, Field Emission Scanning Electron Microscopy, Raman spectroscopy and Incident Photon-to-
electron Conversion Efficiency (IPCE). The results revealed that the best heating rate during the annealing
treatment is 15 °C-min”" and that the hydrodynamic conditions allow the formation of nanotubular iron oxide
structures achieving ~0.1 mA-cm? at 0.5 V (vs. Ag/AgCl) in the water splitting measurements. Moreover, all
the nanostructures are mainly composed by hematite (a-Fe»O3) with some amount of magnetite (Fe3Os) in
their structure. Finally, the IPCE measurements showed that the best rotation speed during the
electrochemical anodization for the formation of an efficient iron oxide nanostructure for photocatalysis
applications is 1,000 rpm.

1. Introduction

Since 1972 when Fujishima and Honda reported the use of TiO, as photoanode for photoelectrolysis of water,
significantly work has been focused on developing new materials that could carry out the water splitting
reaction (Fujishima and Honda, 1972). Iron is the fourth most common element in the Earth’s crust and it is
environmentally friendly and a low cost material (Sivula et al., 2011). Because of that, iron is an interesting
element to be studied as a suitable photocatalyst for applications such as water splitting, in particular, in its
nanostructured form. This is one of the reasons why nanotechnology is becoming popular in recent times
(Bavasso et al., 2016).

There are different techniques that can be used to synthesize nanostructures: electrodeposition (Sunseri et
al., 2016), electrochemical anodization (Ampudia et al., 2016, Lucas-Granados et al., 2016), thermal
annealing (Vincent et al., 2012), sol-gel method (Qiu et al., 2007), and so on. Among them, electrochemical
anodization is one of the best techniques because of the high control of its parameters (Kulkarni et al., 2016).
This control is important as it determines the properties of the formed nanostructures, e.g. thickness of the
layer, diameter of the nanotubes, length of the tubes, etc. Some works studied the influence of stirring the
electrolyte with a magnet at a determined speed during the electrochemical anodization in order to
homogenize the electrolyte and improve the formation of the nanostructures (Sarma et al., 2015). However, an
interesting way to carry out the electrochemical anodization, recently investigated, is by stirring the anode
(iron) using a Rotating Disk Electrode (RDE). In this way, the formation of some vortex over the anode is
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avoided, and consequently, the surface of the electrode is stirred and anodized homogeneously. These
hydrodynamic conditions enhance the synthesized nanostructures for photoelectrochemical applications by
changing significantly their morphology. Another important parameter that controls the crystalline structure of
the nanostructures is the heating rate during the annealing treatment. It is important to provide an adequate
heating rate for the annealing treatment of the nanostructure in order to avoid its breakdown.

In this work, different heating rates are tested in order to form a beneficial crystalline structure for the
nanostructures and, furthermore, different hydrodynamic conditions are studied for obtaining nanostructures
that are efficient in the photocatalysis field.

2. Experimental procedure

Electrochemical anodization was carried out at 50 V for 15 minutes in an ethylene glycol based solution
containing 0.1 M of ammonium fluoride and 3% vol. of water. Before anodization, the samples were abraded
until a mirror finish was obtained (using SiC papers from 220 to 4,000) and then, sonicated in ethanol for 2
min. After that, the samples were rinsed with distilled water and dried with a nitrogen stream and then, they
were ready for anodization. The electrochemical anodization configuration consisted of a cathode (a platinum
foil) and an anode (iron rod 99.9 % purity) connected to a rotating disk electrode that applies different rotation
speeds to the electrode during the electrochemical anodization. Once the samples were anodized, an
annealing treatment was required in order to crystallize the structure to make the samples suitable for
photocatalytic applications. The annealing was performed at 500 °C for 1 hour in an argon atmosphere, and
different heating rates were studied (2, 5 and 15 °C-min'1) for the different nanostructures (15 °C-min”" was the
maximum heating rate that can be controlled by the used oven). The samples were cooled in the oven by
natural convection.

The structural characterization was performed by using a Raman Confocal Laser Microscope (neon laser 632
nm) with ~700 uW and the morphological characterization by using Field Emission Scanning Electron
Microscopy (FE-SEM). The photocurrent density versus potential measurements (water splitting tests) were
carried out in a 1 M KOH solution with a solar simulator 1.5 AM (100 mW-cm'Z) and by scanning the potential
from 0 to 0.6 V (vs. Ag/AgCl) with a scan rate of 2 mV-s™. A three-electrode configuration was used, where
the counter electrode was a platinum tip, the reference electrode was a Ag/AgCl electrode (3 M KCI) and the
working electrode was the studied nanostructure. The measurements were recorded by chopped light
irradiation (0.02 V in the dark and 0.02 V in the light).

The Incident Photon-to-electron Conversion Efficiency (IPCE) measurements were performed in 1 M KOH
under an applied potential of 0.35 V (vs. Ag/AgCl) and in the wavelength region of 300 to 600 nm. The aim of
these measurements was to determine the photoactive wavelength region of the iron oxide nanostructures,
and the IPCE values were calculated according to Eq. 1 (Zhang et al., 2010):

1,240:pp

IPCE = 100 (Ea.1)
where ipn is the photocurrent density expressed in A-cm, P is the light power density in W-cm™ and A is the
wavelength in nm.

3. Results and discussion
3.1 Water splitting measurements

Figure 1 shows the water splitting results for the samples anodized under stagnant (0 rpm) and hydrodynamic
(3,000 rpm) conditions and at the different studied heating rates. It can be seen that for the samples annealed
at 2 and 5 °C-min'1, the achieved photocurrent densities are significantly lower in comparison to the ones
achieved for the samples anodized at 15 ‘C'min™. In fact, for 2 °‘C'min”" and applying low potentials the current
densities for the nanostructures synthesized under stagnant conditions are higher than the ones synthesized
under hydrodynamic conditions but they become similar at higher potentials when the current densities are
higher (and sufficient for promoting charge separation). For 5 ‘C'min” and at higher applied potentials the
hydrodynamic conditions increase the current densities as the potential values are enough for promoting
charge separation. However, at 15 ‘C'min” the current densities are higher than the ones achieved for the
other heating rates at all the applied potentials for both stagnant and hydrodynamic conditions. Because of
that, it seems that the most adequate heating rate in the studied range for the iron oxide nanostructure is 15
°Cmin”. Furthermore, Figure 1 c) indicates that at 3,000 rpm the photocurrent densities achieved are higher
than in the case of 0 rpm, which implies that hydrodynamic conditions favour the photocatalytic performance
of the nanostructures. In fact, the photocurrent density recorded at 0.5 V (vs. Ag/AgCl) for the nanostructure
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anodized at 0 rpm is ~0.08 mA-cm™ whereas the value for the nanostructure anodized at 3,000 rpm is ~0.1
mA-cm™, which indicates the better photoactivity of the samples anodized under hydrodynamic conditions.
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Figure 1: Photocurrent density versus potential measurements for the samples anodized at 0 and 3,000 rpm
and annealed at a heating rate of 2 (a), 5 (b) and 15 °C-min™(c).

3.2 Field Emission Scanning Electron Microscopy

Figure 2 shows the different morphologies obtained for the nanostructures synthesized at 0 (Figure 2a) and at
3,000 rpm (Figure 2b), which are both nanotubular. According to Figure 2a, the nanostructures synthesized
under stagnant conditions present an initiation layer over the nanotubes which covers the entrance of the real
tubes. Then, the light cannot easily arrive to the tubes to generate the electron-hole pairs that are the
responsible of the photo-activity of the nanostructures. However, when the nanostructures are synthesized at
3,000 rpm (Figure 2 b)), this initiation layer partially disappears leaving the entrances of the real tubes free for
favourable light illumination. The tubes that are accessible to the light are a little bit collapsed and stacked, but
this is better than the initiation layer that appeared under stagnant conditions.

Figure 2: Field Emission Scanning Electron Microscopy images for the nanostructures synthesized at O rpm
(a) and 3,000 rpm (b).

Hence, the hydrodynamic conditions remove part of the initiation layer that covers the entrances of the
nanotubes allowing that light illuminates directly the nanotubes. This, in fact, improves the water splitting
results as Figure 1 c) shows.
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3.3 Raman spectra

The synthesized nanostructures are amorphous in nature, and annealing is required in order to crystallize their
structure (Xie et al., 2011). This is because the defects can promote electron-hole recombination resulting in
poor efficiency of the nanostructures, however when the structure is crystalline the recombination is partially
avoided which enhances the nanostructures performance in photocatalytic applications. Figure 3 shows that
the nanostructures synthesized at 0 and 3,000 rpm possess the same crystalline structure, which is mainly
hematite (a-Fe,O3) with some amount of magnetite (Fe3O4). This is observed because the peaks of the two
spectra are similar with most of the peaks corresponding to the hematite and some peaks associated with
magnetite structure.
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Figure 3: Raman spectra of the nanostructures anodized at 0 and 3,000 rpm

Table 1 shows the Raman shift (in cm™) of the spectra with the associated crystalline structure and the
vibrational mode. Almost all the peaks are associated to the hematite structure and only three of the peaks
correspond to the magnetite structure, which means that the nanostructures anodized at 0 and 3,000 rpm are
mainly composed by a-Fe03 with some amount of Fe3Oa4.

Table 1: Raman peaks values for the different crystalline structures. (Jubb and Allen, 2010, Nie et al., 2013)

Raman Shift (cm™) Crystalline structure  Mode

229 a-FeoO3 Aqg

249 a-Fe203 Eq

295 G-F6203 Eg

414 G-F6203 Eg

500 a-FeoO3 Aqg

615 a-Feo O3 =

1316 a-Fe203 2" order
554 Fes304 Tog

672 Fe304 A1g

3.4 Incident Photon-to-electron Conversion Efficiency (IPCE)

The previous characterization indicated that hydrodynamic conditions favour the photocatalytic performance of
the iron oxide nanostructures synthesized by electrochemical anodization. However, the tested conditions
were 0 and 3,000 rpm and, since the best condition is 3,000 rpm it is interesting to check more rotation speeds
of the electrode in the studied range, i.e. 1,000 and 2,000 rpm. According to this, IPCE measurements were
carried out at different rotation speeds (0, 1,000, 2,000 and 3,000 rpm) with the aim of determining the best
rotation speed for anodizing the nanostructures to be used as photocatalysts in IPCE measurements.

Figure 4 shows that the best photoresponse for all the studied nanostructures was in the range of 300-320 nm
corresponding to the UV region. However, all the nanostructures also have some photoactivity in the visible
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light region until ~450 nm. The best photoresponse was achieved for the sample anodized at 1000 rpm (~0.7
%). This fact demonstrates that the hydrodynamic conditions enhance the photoactivity of the nanostructures
as was also corroborated by the water splitting measurements (Figure 1c). The IPCE results showed that the
best rotation speed of the electrode during the electrochemical anodization among the studied range was
1000 rpm in order to form an efficient iron oxide nanostructure for photocatalysis.
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Figure 4: IPCE measurements for the samples anodized at 0, 1000, 2000 and 3000 rpm and annealed at a
heating rate of 15 °C-min™.

4. Conclusions

The water splitting results showed, on the one hand, that for the annealing process the best heating rate
among the studied ones (2, 5 and 15 °C-min'1) was 15 °C'min”, achieving the best photocurrent density
values regardless the anodizing conditions. On the other hand, at this heating rate the nanostructures
anodized under hydrodynamic conditions showed better results than the ones synthesized under stagnant
conditions.

FE-SEM results showed that the samples anodized under stagnant conditions presented an initiation layer
that covered the entrances of the nanotubes, but this initiation layer partially disappeared under hydrodynamic
conditions improving the nanostructure performance in the water spliting measurements. Raman spectra
showed a hematite structure with some amount of magnetite for nanostructures synthesized under stagnant
and hydrodynamic conditions.

In addition, IPCE results showed that 1,000 rpm was the best rotation speed among the studied range
(0 - 3,000 rpm). In summary, iron oxide nanostructures synthesized by electrochemical anodization under
hydrodynamic conditions are interesting to be used as photocatalysts in photoelectrochemical water splitting.
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