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Abstract

Iron oxide nanostructures are of particular interest because they can be used as
photocatalysts in water splitting due to their advantageous properties. Electrochemical
anodization is one of the best techniques to synthesize nanostructures directly on the
metal substrate (direct back contact). In the present study, a novel methodology
consisting of the anodization of iron under hydrodynamic conditions is carried out in
order to obtain mainly hematite (a-Fe,O3) nanostructures to be used as photocatalysts
for photoelectrochemical water splitting applications. Different rotation speeds were
studied with the aim of evaluating the obtained nanostructures and determining the most
attractive operational conditions. The synthesized nanostructures were characterized by
means of Raman spectroscopy, Field Emission Scanning Electron Microscopy,
photoelectrochemical water splitting, stability against photocorrosion tests, Mott-

Schottky analysis, Electrochemical Impedance Spectroscopy (EIS) and band gap



measurements. The results showed that the highest photocurrent densities for
photoelectrochemical water splitting were achieved for the nanostructure synthesized at
1000 rpm which corresponds to a nanotubular structure reaching ~0.130 mA - cm™ at
0.54 V (vs. Ag/AgCI). This is in agreement with the EIS measurements and Mott-
Schottky analysis which showed the lowest resistances and the corresponding donor

density values, respectively, for the nanostructure anodized at 1000 rpm.

Keywords: iron oxide, nanostructure, hydrodynamic conditions, photocatalyst, water

splitting.

1. Introduction

Iron oxide nanostructures are promising materials as photocatalysts in different
applications such as wastewater treatment [1], gas detection [2], dye sensitized solar
cells [3], degradation of organic dye pollutants [4], biomedicine [5], lithium batteries [6]
and hydrogen generation [7]. Particularly, hematite (a-Fe,O3) is an attractive oxide form
for photoelectrochemical water splitting to convert solar energy into clean and
renewable hydrogen fuel [8]. Hematite is the most thermodynamically stable and the
most common crystalline structure of the iron oxide under ambient conditions [9,10].
Besides, its band gap (~2.1 eV) is suitable for visible light absorption (up to ~590 nm).
Additionally, its excellent chemical stability, non-toxicity and low cost make hematite
be a proper material for photocatalytic applications. However, its efficiency is limited
by several factors such as poor conductivity, short hole diffusion lengths (2-4 nm) and
short lifetime of the excited-state carriers (102 s) [10-23]. In order to overcome these
drawbacks different efforts have been focused on nanostructuring the material by

electrochemical anodization, which is a process that allows synthesizing different
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nanostructures directly on the metal substrate (i.e. direct back contact). This method
significantly reduces the contact resistance between the nanostructure and the substrate,
so the material can be directly used as a photocatalyst avoiding additional processes to
join the nanostructure to the metal substrate, which in turn introduces an extra contact

resistance to the photocatalyst [13,17,24,25].

Most of the studies related to iron anodization have been carried out under static
conditions [24,26-30]. However, some authors studied the influence of stirring the
electrolyte with a magnet during anodization in order to improve the diffusion process
[17,31]. Nevertheless, in the present work a novel methodology is carried out, that is,
stirring the iron rod under a controlled rotation speed during anodization. In this way,
on the one hand, the diffusion process is enhanced and, on the other hand preferential
paths are avoided. Furthermore, by controlling the rotation speed of the electrode during
anodization, different nanostructures can be obtained. In previous works, the effect of
controlled hydrodynamic conditions while stirring titanium, tungsten or zinc rods during
anodization was evaluated achieving interesting and efficient nanostructures [32-34].
However, there is no literature concerning iron anodization under hydrodynamic

conditions with a rotating anode.

In this study, the effect of controlled hydrodynamic conditions on iron anodization is
evaluated. Different rotation speeds of the anode (iron metal) were tested in order to
study the synthesized iron oxide nanostructures and determine the most suitable rotation
speed in the studied range for obtaining an efficient photocatalyst. The morphology,

electrochemical and photoelectrochemical properties of the nanostructures o

btained at the different hydrodynamic conditions were characterized by different

methods such as Raman spectroscopy, Field Emission Scanning Electron Microscopy



(FE-SEM), photocurrent density vs. potential measurements (photoelectrochemical
water splitting), stability against photocorrosion tests, Mott-Schottky (MS) analysis,

Electrochemical Impedance Spectroscopy (EIS), and band gap measurements.

2. Experimental

2.1. Electrochemical anodization and annealing treatment

Electrochemical anodization was carried out using 99.9 % pure iron rod of 9.5 mm in
diameter (an area of 0.7 cm? was exposed to the electrolyte) as working electrode, and a
platinum foil as counter electrode. Prior to anodization, the surface of the iron rod was
abraded with 220 to 4000 silicon carbide (SiC) papers and degreased by sonication in
ethanol for 2 minutes. After this, the samples were properly rinsed with distilled water

and dried in a nitrogen stream.

The electrolyte for the anodization was an ethylene glycol (EG) solution containing 0.1
M ammonium fluoride (NH4F) and 3 vol% H,O. The anodization was performed at 50
V for 15 minutes, and the current density vs. time was continuously measured during
the process. In order to evaluate the influence of the controlled hydrodynamic
conditions during the anodization process, the iron rod (anode) was connected to a
rotating disk electrode (RDE). This RDE is coupled to a motor controller with an
accuracy of £ 1 rpm in order to monitor the hydrodynamic conditions of the process.
Figure 1 shows an illustration of the electrode configuration during the electrochemical
anodization. Different controlled rotation speeds were applied during the

electrochemical anodization, i.e. 0, 1000, 2000 and 3000 rpm, which correspond to the



Reynolds numbers of 0, 165, 325 and 490, respectively. The equivalence of the rotation

speed with the Reynolds number was calculated as shown in Eq. 1:

Re = ——— (Eq.1)

where, Re is the Reynolds number, « is the angular velocity expressed in rad-s*
(w=2-7f /60, where f is the rotation speed in rpm), p is the electrolyte density in g-cm,
r is the radius of the immersed electrode expressed in cm and x is the dynamic viscosity

of the electrolyte in g-cm™-s™.

Once the anodization was finished, the samples were properly washed with distilled
water and dried in a nitrogen stream. Annealing of the as-anodized samples was
performed in a tube furnace at 500 °C for 1 hour in argon atmosphere. The heating rate
was 15 °C - min™ and the samples were cooled within the furnace by natural convection

[35].

2.2. Structural characterization

The samples were examined by means of Raman spectroscopy in order to evaluate their
crystalline structure. A neon laser 632 nm with ~700 uW was used. Additionally, the
morphological characterization of the samples was performed using FE-SEM with an

extra high tension (EHT) of 3 kV.

2.3. Electrochemical and photoelectrochemical characterization



Different electrochemical and photoelectrochemical experiments were carried out, such
as photocurrent density vs. potential measurements (photoelectrochemical water
splitting), stability tests, Mott-Schottky analysis, EIS measurements and band gap

measurements.

All the electrochemical and photoelectrochemical experiments were carried out in a
three-electrode configuration using the iron oxide nanostructure as the working
electrode, a platinum tip as the counter electrode and a silver/silver chloride (Ag/AgCl,
3 M KCI) as the reference electrode. The area of the nanostructure exposed to the test
solution was 0.26 cm? and the measurements were conducted in a 1 M KOH solution
using an Autolab PGSTAT302N potentiostat. The photoelectrochemical measurements

were performed under simulated sunlight conditions AM 1.5 (100 mW-cm™).

Photocurrent density vs. potential measurements were recorded by scanning the
potential from -0.4 to +0.6 V (vs. Ag/AgCl) with a scan rate of 2 mV-s*. The
measurements of photocurrent density as a function of the applied potential were
recorded by chopped light irradiation (i.e. 0.02 V in the dark and 0.02 V in the light).
The potentials measured vs. Ag/AgCl were converted to the reversible hydrogen

electrode (RHE) scale according to the Nernst equation (Eq. 2) [14,36,37]:

Epue = Eag jager +0.059 - pH+ E% 1400 (Eq.2)

where Egrpe is the calculated potential (vs. RHE), Eagagal is the measured potential (vs.
Ag/AgCI), pH is 14 for the prepared 1 M KOH solution and EOAg,Agc| is 0.207 V at a

temperature of 25 °C for the used reference electrode.

MS plots, in dark and light conditions, were obtained in a 1 M KOH solution by

sweeping the potential from the Open Circuit Potential (OCP) value (i.e. ~ - 0.3 V) in



the negative direction at 28 mV-s™ with an amplitude signal of 0.01 V at a frequency
value of 5 kHz. EIS measurements were performed in 1 M KOH at an applied potential
of 0.35 V (vs. Ag/AgCI) in order to promote charge separation, and under both dark and
light conditions over a frequency range from 100 kHz to 10 mHz with an amplitude of
0.01 V. Prior to each EIS test (for both dark and light conditions), samples were left at
0.35 V (vs. Ag/AgCl) in 1 M KOH solution for half an hour in order to stabilize them.
For all the experiments performed under light conditions, simulated AM 1.5
illumination was used. Additionally, the samples were left in 1 M KOH at a potential of
0.35 V (vs. Ag/AgCl) under simulated light AM 1.5 (100 mW-cm™) for 1 hour in order

to verify their stability against photocorrosion.

The band gap measurements were performed in a 1 M KOH solution under potential-
controlled conditions applying 0.35 V (vs. Ag/AgCI). The samples were irradiated by

chopped light with a 300 W Xe Lamp in a wavelength range of 300 nm to 600 nm.

3. Results and discussion

3.1. Anodization under controlled hydrodynamic conditions

Figure 2 shows the evolution of the current density versus time during the anodization
process of the different samples. There, three stages are clearly differentiated for all the
nanostructures. In the first stage (I), the current density rapidly drops from
approximately 80 mA-cm™ to less than 15 mA-cm™ in the case of the sample anodized
in static conditions, and less than 25 in the ones anodized under hydrodynamic

conditions. This quick decrease is due to the formation of a compact insulating oxide



layer (Fe;O3) on the iron substrate according to Eq. 3, and consequently, resistance

increases immediately.

2Fe + 3H,0 — Fe,0, + 3H, (Eq.3)

The second stage (I1) corresponds to a slight increase in the current density, which
indicates that tiny pits occur in the surface of the compact layer followed by the
formation of a nanoporous structure, resulting in resistance decrease. This process
occurs because of the presence of the fluoride ions (F ) and the high applied potential
during anodization, which lead to a partial dissolution of the compact oxide layer, and a

nanoporous structure is formed according to Eq. 4.

Fe,0,+ 12F~ + 6H¥ = 2[FeF.,]*” + 3H,0 (Eq.4)

The last stage (I11) corresponds to further dissolution and cation-cation repulsion, then
the nanoporous structure leads to a nanotubular one. At this point, current density
remains almost constant because the equilibrium between the formation of the oxide
layer and its chemical dissolution by F is reached, and then the formation of the

tubular nanostructure stops [6,13,26,37].

According to Figure 2, for the nanostructure formed under static conditions (0 rpm) the
current density values are lower in comparison to the ones synthesized under
hydrodynamic conditions (1000, 2000 and 3000 rpm). In addition, current density
increases with rotation speed, achieving their highest values for the samples anodized at
3000 rpm. This increase with the rotation speed is due to the fact that the steady-state
current density is controlled by diffusion processes, so stirring the rods into the

electrolyte increases the diffusion and hence, the current density is higher [38,39].



3.2. Raman spectroscopy

Figure 3 shows the Raman spectra of the samples anodized at different rotation speeds
and annealed at 500 °C during 1 hour in argon atmosphere. After anodization, the
formed iron oxide layer is amorphous, therefore, annealing is required in order to
crystallize the structure and make the material suitable for being used as a photocatalyst
[13,17,24,31]. Similar spectra were obtained for all the nanostructures, i.e. the same
peaks appear at the same raman shifts, which means that there are no differences in the
crystallinity of the samples regardless the hydrodynamic conditions used during
anodization. The distribution of the peaks indicates that the nanostructures are mainly
composed by hematite: 229 cm™ (Ayg), 249 cm™ (Ey), 295 cm™ (Ey), 414 cm™ (Ey),
500 cm™ (Ayg), 615 cm™ (Eg) and 1317 cm™ (2nd order)[13]. However, some peaks
also indicate the presence of magnetite in the nanostructures: 554 cm™, 672 cm™ and ~
820 cm™ [40-44]. Thus, it can be concluded that the nanostructures obtained stirring the
iron rod at the different rotation speeds are primarily composed by hematite with some

amount of magnetite.

3.3. Field Emission Scanning Electron Microscopy

The morphology of the samples was evaluated by FE-SEM and Figure 4 shows the
images acquired at different magnifications: 10000 X (a), c¢), €) and g)), and 30000 X
(b), d), f) and h)). Figures 4 a) and b) correspond to the morphology of the samples
anodized under static conditions (O rpm). At this condition, a cracked porous initiation
layer appears over the nanotubes, which partially covers the entrances of the real
nanotubes. This undesirable initiation layer results in a decrease in the efficiency of the

nanostructures as the nanotubes might be less accessible to light irradiation [45,46].



The morphology of the samples anodized at 1000 rpm is shown in Figures 4 c) and d).
There, the initiation layer is etched and then, the entrances of the real nanotubes become
more accessible. This makes the nanotubes more accessible to light irradiation and then,
the photoactivity of the sample might be higher. Furthermore, nanotubular morphology
Is an advantageous geometry in order to improve the electron transport behavior, and
avoid the short hole diffusion length problem since the route from the place of the
generation of the holes to the surface where the oxidation reactions occur is shorter

[25,47,48].

Figures 4 e) and f) show the samples anodized by stirring the iron rod at 2000 rpm. At
this rotation speed the nanotubes collapse and seem to be stacked. Hence, the nanotubes
are unseen and the top morphology seems to be chaotic. This might also affect the

photoactivity of the samples as light irradiation can not go deep into the nanotubes.

Figures 4 g) and h) show that at a rotation speed of 3000 rpm, the morphology is a
mixture between the morphology of the samples anodized at 0 and 2000 rpm, i.e. the
nanotubes collapse and seem to be stacked though a porous initiation layer is also
present in some parts of the nanostructure, covering the entrances of the nanotubes. This
suggests that the photoactivity of the nanostructure may be affected by the two factors
and the nanotubes can not perceive light irradiation. This could be due to the fact that at
3000 rpm the rotation speed is too high and some vortex can be formed, leading to

anodization in non-homogeneous conditions.

On the other hand, Figure 5 shows that the rotation speed during the anodization does

not affect the thickness of the nanostructures.

3.4. Photoelectrochemical water splitting
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Figure 6 a) shows the water splitting performance under simulated sunlight AM 1.5 for
the nanostructures synthesized at the different rotation speeds. The highest photocurrent
density values were achieved for the sample anodized at 1000 rpm, indicating its
suitability as photocatalyst for photoelectrochemical water splitting over the other ones.
As the crystalline structure of all the samples is similar (see Raman spectra in Fig. 3),
the differences in the achieved photocurrent densities are mainly attributed to their
morphology. For instance, at 0.54 V (vs. Ag/AgCI) (the potential at which all the
samples are stable during the water splitting tests), the highest photocurrent density
corresponds to the sample anodized at 1000 rpm and it was ~0.130 mA - cm™ (Figure 6
a)). This is related to the morphology of the sample anodized at 1000 rpm, which
consists of a nanotube layer with the entrances of the tubes accessible to the light
according to Figs. 4 c¢)-d). The nanotubular morphology is favorable for hematite as it

reduces the recombination rate and promotes charge transport [9,13,47,49,50].

Figure 6 a) shows that the sample anodized at 2000 rpm achieved a photocurrent density
of approximately ~0.090 mA - cm™ at 0.54 V (vs. Ag/AgCl), which is lower than the
one reached for the sample anodized at 1000 rpm. This is due to the collapsed and
stacked nanotube layer obtained for the sample anodized by stirring the electrode at
2000 rpm (see Figs. 4 e)-f)). Then, this chaotic nanostructure where the nanotubes are

less accessible to light irradiation increases recombination rate.

Finally, Figure 6 a) shows that the samples anodized at 0 and 3000 rpm reached similar
photocurrent density values, i.e. ~0.065 mA - cm™ and ~0.070 mA - cm?, respectively.
These values are lower than those achieved for the nanostructures anodized at 1000 and
2000 rpm. For the sample anodized at O rpm the presence of a porous initiation layer
covering the nanotubular structure (see. Figs. 4 a)-b)) suggests that the light is less

accessible to the nanostructure and also the recombination rate is higher because of the
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compact nature of the initiation layer. For the sample synthesized at 3000 rpm, an
initiation layer and a collapsed and stacked nanotubular structure appears, as shown in
Figs. 4 g)-h). Thus, this nanostructure is less accessible to light irradiation and the

recombination rate is higher due to the combination of these two negative effects.

3.5. Stability against photocorrosion

The importance of verifying the stability of the prepared photocatalyst is due to the fact
that commercial viability of photoelectrochemical hydrogen production requires long-
term stable devices [51]. The nanostructures were left at 0.35 V (vs. Ag/AgCl) for 1
hour in the presence of light in order to verify their stability against photocorrosion.
Figure 6 b) shows that the evolution of the photocurrent density vs. time remains
constant for all the samples, which indicates that all the samples were stable against
photocorrosion. Additionally, it is noteworthy that the photocurrent densities for the
sample anodized at 1000 rpm are higher than those corresponding to the other
nanostructures, which confirms the higher photoactivity of this sample. This is in

agreement with the photoelectrochemical water splitting tests (Fig. 6 a)).

3.6. Mott-Schottky analysis

Figure 7 shows the MS plots under dark (a)) and light (b)) conditions in 1 M KOH for
the samples anodized at the different rotation speeds. A positive slope corresponding to
an n-type semiconductor behavior is observed for all the samples in both dark and light
conditions [12]. The higher slopes of the linear region of the MS plots indicate a lower
electron donor density according to the Mott-Schottky equation used for an n-type

semiconductor [36,51-54]:
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where Cqc is the space charge layer capacitance, e the electron charge (1.60 - 10™°C), &
the vacuum permittivity (8.85 - 10 F - cm™), & the dielectric constant (80 is the
assumed value for the nanostructures [55,56]), Np the donor density, E the applied
potential, Erg the flat-band potential, k the Boltzmann constant (1.38 - 102 J - K*) and

T the absolute temperature.
The donor density, Np, is calculated from the slopes (o) of the linear regions of the MS
plots as Eq. 6 indicates.

2
N=(—) Eq.6
D e g5, -0 (Eq.6)

Table 1 shows the values of the donor density for the different nanostructures. The
values are of the order of 10* cm™ regardless of the rotation speed applied to the
electrode during anodization. Additionally, the values obtained under illumination are
higher than under dark conditions for all the samples. This is because illumination
generates electron-hole pairs and hence, the donor density increases. The samples
anodized at 0 and 3000 rpm have the highest values of donor density under both dark
(3.98:10" cm™ and 2.47-10"° cm?, respectively) and light conditions (14.35-10%° cm
and 5.80-10"° cm®, respectively), however they show the lowest photocurrent densities
in the photoelectrochemical water splitting tests (Figure 6 a)). This is due to the fact that
when the value of donor density is too high, part of these defects act as carrier traps
(trapping electrons or holes) and then, the efficiency of the photocatalyst in the water
splitting process is reduced [57]. Consequently, the samples with lower donor density
values improve water splitting performance. The nanostructure synthesized at 1000

rpm, with donor densities of 1.02-10* cm™ and 2.22-:10* cm™ in dark and light
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conditions, respectively, achieve the highest photoresponse in the photoelectrochemical

water splitting according to Fig. 6 a).

The flat-band potential (Egg) is the potential at which there is no depleted space charge
layer, i.e. it is the potential needed to be applied to the semiconductor in order to reduce
band bending to zero. This flat-band potential is related to the applied external potential
(E) and to the potential drop at the depletion space charge layer (4¢sc), according to Eq.

7.

Apse =E — Epg (Eq.7)

For a constant applied external potential, higher and more negative flat-band potential
results in higher potential drop at the depletion space charge layer. Consequently, the
electrical field within the depleted space charge layer increases (i.e. the driving force to
separate the generated electron-hole pairs) and hence, the recombination rate decreases

[58].

The flat-band potential value is obtained from the intercept of the linear region of the
MS plots with the x-axis. Table 1 shows Egg values for the samples anodized at the
different rotation speeds showing almost no differences (between -0.6 and -0.8 V (vs.
Ag/AgCl)) among the samples anodized by stirring the electrode during anodization. In
particular, the lowest values are obtained for the sample anodized under static
conditions. In conclusion, the parameter that considerably affects the efficiency of the
photocatalysts is the donor density which makes the sample anodized at 1000 rpm a

suitable photoanode for photoelectrochemical water splitting.

3.7. Electrochemical Impedance Spectroscopy
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Figure 8 shows the Nyquist (a) and b)), Bode-phase (c) and d)) and Bode-modulus (c)
and d)) plots at an applied potential of 0.35 V (vs. Ag/AgCl) in both dark and light

conditions of the samples anodized at 0, 1000, 2000 and 3000 rpm.

Nyquist plots (Figs. 8 a)-b)) show that under light conditions the impedances of all the
samples considerably decrease with respect to those under dark conditions because of
the photogenerated charge carriers which reduce charge transfer resistance [12].
Additionally, in both dark and light conditions, the lowest impedance values correspond
to the nanostructures anodized at 1000 rpm. This is due to the fact that the morphology
of this sample (see Fig. 4) consists of a nanotubular structure with free-entrances of the
nanotubes that were accessible to the electrolyte and the generated holes can easily
reach them and thus, resistance decreases [59]. Furthermore, under light conditions
nanotubes are more accessible to the light and more electron-hole pairs are
photogenerated which reduces impedance [12]. On the other hand, the higher
impedance values obtained for the rest of the nanostructures (anodized at 0, 2000 and
3000 rpm) are attributed to the morphology of these nanostructures (Fig. 4), i.e. an
initiation layer or a collapsed and stacked nanotube layer, which imply that their

resistances appreciably increase.

In Bode-phase plots (Figs. 8 ¢) and d)) two well-differentiated time constants can be
elucidated. These two time constants are the result of the superposition of two time
constants at low frequencies and another one at high frequencies, suggesting a total of
three time constants for the nanostructures. Consequently, the experimental data can be
fitted to an electrical equivalent circuit consisting of a resistive element (Rs) and three
groups of resistance and constant phase elements (R-CPE) as Figure 8 e) shows.
Furthermore, the Bode-modulus representations indicate that under illumination the

impedance modulus decreases and they also show that the resistance associated with the

15



electrolyte (Rs, which is the impedance at high frequencies) is similar for all the

samples.

Figure 8 e) shows that the electrical equivalent circuit used for the fitting of the
experimental data consists of a resistive element (Rs) corresponding to the solution
resistance, two groups of resistance and constant phase elements in parallel
corresponding to the top and the nanotubular layers (R;-CPE; and R,-CPE,
respectively) and another R3-CPE3 group that corresponds to the compact layer of iron
oxide that remains unchanged beneath the nanostructure after annealing. Constant phase
elements have been used instead of pure capacitors to justify frequency dispersion and
non-ideality. The resistance values of this equivalent circuit are shown in Table 2. Chi-
squared values (y?) were calculated in order to determine the suitability of the equivalent
circuit fitting. Since all 4 are in the order of 10 the quality of data fitting to the

proposed equivalent circuit is proved.

According to Table 2, the resistance values are lower under light conditions than under
dark ones because illumination promotes the photogeneration of charge carriers which
in turn result in an increase in conductivity. Concerning Rs values, they are similar for
all the samples studied (between 2 and 4 Q-cm?), since this resistance is associated with
the solution resistance, which is the same for all the experiments. R values are the
highest in all the samples because this resistance is associated with the compact oxide
layer on the bottom of the nanotubular structures, where conductivity is lower. R, values
are the lowest because these resistances are related to the tubular structure which
enhances charge transport and overcome the short hole diffusion length; as a result,
conductivity is higher [25]. Finally, R; values correspond to the top layer and they are
intermediate in comparison to the other resistances associated to the morphology of the

samples. In general terms, the values of Ry, R, and Rs are lower for the nanostructure
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synthesized at 1000 rpm in comparison to the other ones, especially for the resistances
calculated under light conditions (R; ~ 2.7 Q-cm?, R, ~ 0.3 kQ-cm?, Rz ~ 2.9 kQ-cm?).
This is related to the intrinsic morphology obtained by stirring the electrode at 1000 rpm

(Fig. 4), which offers less resistance.

The results of the EIS are in agreement with the water splitting and stability tests which
show that the nanostructure achieving the highest photocurrent density values is the one

anodized at 1000 rpm.

3.9. Band gap

The band gap energy was calculated from the measurements of photocurrent density at
an applied potential of 0.35 V (vs. Ag/AgCl) at different wavelengths from 300 to 600

nm. The optical band gap can be obtained by Tauc’s equation [12,37,60-62]:

a-h-v=A4-(h-v—E;)" (Eq.8)

where o is the absorption coefficient (it can be assumed to be proportional to the
photocurrent density iy, [14,63]), /v is the photon energy expressed in eV, A is a
constant of the material, Eq is the band gap and n is a constant that depends on the kind
of electronic transition. The value of n is equal to ¥ for a direct allowed transition and n
is equal to 2 for an indirect allowed transition. Thus, a representation of (a/-v)? vs.
photon energy can be used to calculate the direct band gap from the intercept of the
linear region of the plot with the x-axis. On the other hand, the indirect band gap can be

172

calculated from the intercept of the linear region of the plot of (a-4v)™ vs. photon

energy with the real axis.
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Generally, most of the studies assume an indirect (phonon-assisted) band gap transition
for hematite, since their energy bands are parabolic with respect to the crystal
momentum. Nevertheless, more recent works consider a direct band gap in hematite that
has been attributed to quantum size-effects [9,64,65]. Figure 9 a) shows (a-hv)* vs.
photon energy plots, and the inset shows the E4 values obtained from these plots. It is
noticeable that the direct band gaps of all the samples are similar in the range of 2.3 —
2.5 eV, showing no effect of the electrode rotation speed on this parameter. From the
(a-hv)*? vs. photon energy representations (Fig. 9 b)), the indirect band gap energy was
calculated, with values in the order of 1.8 - 1.9 eV (see inset of the Figure 9 b)) that are
lower than the values of the direct band gap. Therefore, it can be pointed out that there
are no differences among the samples which means that the indirect band gap is not
affected by the hydrodynamic conditions. Both values of direct and indirect band gap
for hematite nanostructures were in agreement with the literature [9,60,66,67]. In
general terms, smaller band gap values indicate that a wider solar spectrum fraction will
be absorbed generating more electron-hole pairs [9], but for photoelectrochemical water
splitting an energy close to ~2 eV is necessary for the charge carriers to have enough
energy to split water [9,68—70]. Then, according to the band gap results the synthesized

nanostructures are efficient photocatalysts for photoelectrochemical water splitting.

4. Conclusions

In this study, the effect of the controlled hydrodynamic conditions on the formation of
iron oxide nanostructures by electrochemical anodization was analyzed. Different
rotation speeds (0, 1000, 2000 and 3000 rpm), were tested in order to obtain an efficient

nanostructure for being used as photocatalyst for photoelectrochemical water splitting.
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The results show that the most appropriated electrode rotation speed in the studied range
Is 1000 rpm, because it allows obtaining a nanostructure that achieved a photocurrent
density of ~0.130 mA - cm™ at 0.54 V (vs. Ag/AgCl) in the photoelectrochemical water
splitting tests. FE-SEM images show that this good performance was due to the
morphology of this nanostructure which was nanotubular with the entrances of the real
tubes accessible to light. These results are in agreement with the EIS measurements that
revealed the lowest resistance values for this nanostructure; this suggests that its
conductivity is the highest. Mott-Schottky analysis show that the donor density values
of the nanostructure anodized at 1000 rpm avoid the growth of defects acting as carrier
traps, presenting the higher donor density values when measurements were carried out
under light conditions. In summary, iron anodization under controlled hydrodynamic
conditions is a novel and effective method to obtain iron oxide nanostructures directly
on the metal substrate. In particular, an efficient photocatalyst consisting of a
nanotubular structure mainly composed by hematite is obtained by stirring the electrode

at 1000 rpm.
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FIGURE CAPTIONS

Figure 1. lllustration of the electrode configuration during the electrochemical

anodization.

Figure 2. Current density vs. time measurements during anodization of iron at 50 V for
15 minutes in an ethylene glycol solution containing 0.1 M NH4F and 3 vol% H,O at

the different rotation speeds (0, 1000, 2000 and 3000 rpm).

Figure 3. Raman spectra of the nanostructures obtained by anodization at 50 V for 15
minutes in an ethylene glycol solution containing 0.1 M NH4F and 3 vol% H,0 at the
different rotation speeds (0, 1000, 2000 and 3000 rpm) and annealed in argon during 1

h.

Figure 4. FE-SEM images of the nanostructures obtained by anodization at the different

rotation speeds (0, 1000, 2000 and 3000 rpm).

Figure 5. Thickness of the anodized nanostructures as a function of the electrode

rotation speed (0, 1000, 2000 and 3000 rpm).

Figure 6. a) Photocurrent density vs. potential measurements obtained by applying
chopped light irradiation under simulated 1.5 AM illumination in 1 M KOH for the
samples synthesized at the different rotation speeds (0, 1000, 2000 and 3000 rpm). b)
Photocurrent density vs. time measurements at an applied potential of 0.35 V (vs.
Ag/AgCl) in 1 M KOH during 1 h under simulated 1.5 AM illumination obtained for

the samples synthesized at the different rotation speeds (0, 1000, 2000 and 3000 rpm).

Figure 7. Mott-Schottky plots of the samples synthesized at the different rotation
speeds (0, 1000, 2000 and 3000 rpm), obtained under dark (a)) and light (b)) conditions
in 1 M KOH. Simulated AM 1.5 illumination was used for the light conditions.
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Figure 8. Nyquist plots under dark (a)) and light (b)) conditions, and Bode-phase and
Bode-modulus plots under dark (c)) and light (d)) conditions, obtained at an applied
potential of 0.35 V (vs. Ag/AgCI) in 1 M KOH for the samples anodized at the different
rotation speeds (0, 1000, 2000 and 3000 rpm). Simulated AM 1.5 illumination was used
for light conditions. e) Electrical equivalent circuit used to simulate the experimental

EIS data obtained for the synthesized nanostructures.

Figure 9. a) (iph-h-v)2 vs. photon energy plots for the direct band gap determination for
the samples synthesized at the different rotation speeds (0, 1000, 2000 and 3000 rpm).
b) (iph-h-v)l/2 vs. photon energy plots for the indirect band gap determination for the

samples synthesized at the different rotation speeds (0, 1000, 2000 and 3000 rpm).
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Table 1

Table 1. Values of donor density (Np) and flat band potential (Erg) for the samples
anodized at the different rotation speeds (0, 1000, 2000 and 3000 rpm), obtained under
dark and light conditions in 1 M KOH. Simulated AM 1.5 illumination was used for the

light conditions.

Rotation speed / rpm Conditions Np (-10%°) / cm™ Ers (vs. Ag/AgCl) / V
0 rpm Dark 3.98 + 1.02 -0.64 + 0.05
Light 14.35 + 3.55 -0.63 + 0.05
1000 rpm Qark 1.02 +0.24 -0.76 £ 0.04
Light 2.22 + 0.66 -0.78 + 0.03
2000 rpm Dark 1.64 +0.65 -0.80 £ 0.08
Light 2.44 + 0.34 -0.85 + 0.09
3000 rpm Dark 2.47 +0.99 -0.80 + 0.03
Light 5.80 + 0.69 -0.82 + 0.03




Table 2

Table 2. Equivalent circuit resistance values for the samples anodized at the different
rotation speeds (0, 1000, 2000 and 3000 rpm), obtained under dark and light conditions

in 1 M KOH. Simulated AM 1.5 illumination was used for the light conditions.

2
Conditions /Ql-zts:mz /Ql?(l:m2 /k(l:-zcm2 /k(l:-?'cm2 (-2:(0'3)
Dark
Orpm 3305 120.0x8.1 55%0.7 154.9 £ 20.0 2.5
1000 rpm 43+0.5 12.2+2.6 3.0+£0.2 63.0+£0.5 1.7

2000 rpm 3.0+04 7.5%£03 6.6+0.1 119.7+0.4 0.2
3000 rpm 3.2+0.3 9.6+64 7.8%+0.1 147.5+8.7 34

Light
0rpm 3.2+0.9 100 +21.8 0.5+0.2 7.6 0.5 0.6
1000 rpm 3.0£04 2.7+0.1 0.30.1 29108 0.6
2000 rpm 2.8+0.9 8.0+0.3 0.4+0.1 7.3+0.5 0.7

3000 rpm 21+10 45+3.0 09+0.3 7.4+0.2 0.3




