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Abstract

Nanostructured semiconductor metal oxides, such as TiO,, WO,, Fe,O, or ZnO, are being
widely investigated for their use as photoanodes, due to their higher surface areas in con-
tact with the electrolyte, which increases the efficiency of photoelectrochemical processes.
Metal oxide nanostructures have been synthesized by a number of different techniques.
Anodization is one of the simpler methods used to synthesize nanostructured photoanodes,
and the morphology and size of nanostructures can be designed by adequately controlling
anodization parameters. Besides, these nanostructures are directly bound to the metallic back
contact, improving significantly the efficiency of electron collection. It has been observed that
hydrodynamic conditions during anodization (using a rotating disk electrode, RDE) greatly
influenced the morphology of nanostructures and, therefore, their photoelectrochemical per-
formance. The objective of this chapter is to review the innovative nanostructures with high-
aspect ratios that can be fabricated by anodization under different hydrodynamic conditions.

Keywords: anodization, hydrodynamic conditions, nanostructure, photoelectrocatalysis,
semiconductor

1. Introduction

Photoelectrochemistry (PEC) is a multidisciplinary area, which involves electrochemistry,
materials science, solid-state physics and optics [1], and studies, in general, processes taking
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place at the interface between an electrode and an electrolyte, under the influence of an illu-
mination source. The most interesting part of PEC is related to the absorption of incident light
in a semiconductor valence band. If the incident light energy is high enough (higher than the
band-gap of the semiconductor, v 2 E ), this process results in electron excitation from the
valence band to the conduction band, hence generating photogenerated electron/hole pairs
(e/h*). PEC has numerous attractive applications, such as the split of a water molecule in
its fundamental constituents (gaseous hydrogen and oxygen), or the removal of persistent
organic pollutants in water treatment processes. The schematic representation of PEC is
depicted in Figure 1.

In that scheme, a common PEC cell with an n-type semiconductor photoanode and a metal-
lic cathode (typically Pt) is presented. Upon illumination, electrons are promoted from the
valence band to the conduction band and are subsequently driven toward the metallic back
contact through the semiconductor bulk and, from there, to the cathode through the external
circuit. Once in the cathode, these electrons can be used to reduce the oxidized redox species
present in the electrolyte, such as water to form gaseous hydrogen. Photogenerated holes,
which remain in the semiconductor valence band, are transported toward the semiconductor/
electrolyte interface, where they can oxidize the reduced redox species present in the elec-
trolyte, such as water to form gaseous oxygen or oxygen compounds, for example, hydroxyl
radical, which could, in turn, directly oxidize recalcitrant organic pollutants (R in Figure 1)
present in the aqueous solution. The movement of photogenerated charge carriers (e”/h* pairs)
described above takes place due to the development of a depleted space-charge region inside
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Figure 1. Schematic representation of a photoelectrochemical process.
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the semiconductor, where the electric field acts on these charge carriers. To increase the thick-
ness of this space-charge region and to sustain the electric field built up within it, a small
external polarization is used in PEC. This polarization significantly improves the transport
of electrons from the semiconductor conduction band to the cathode, hence increasing the
lifetime of photogenerated charge carriers, minimizing the recombination of these carriers
and, therefore, enhancing the PEC process overall efficiency [2—4].

The semiconducting photoanode is the central part of a PEC cell. Consequently, it is essential
to develop strategies to fabricate efficient photoanodes, which is a materials science issue.
Hence, the development of PEC is closely related to the advances achieved in the design and
synthesis of materials used as photoanodes, in which the understanding of their properties
and characteristics is fundamental. Among the most important characteristics, an efficient
photoanode must satisfy the following [1, 5, 6]:

* Appropriate bandgap energy (E ). The bandgap is the smallest energy difference between
the lowest edge of the conduction band and the highest edge of the valence band. A pho-
toanode material should have bandgap energy high enough as to assure that the desired
electrochemical reactions can take place (e.g., ~2 eV for water splitting, taking into account
electrochemical losses and kinetic aspects [5], but not so high as to severely reduce the
amount of usable solar radiation.

* Appropriate band edge positions. For hydrogen evolution, the conduction band edge
must be positioned above hydrogen evolution, that is, at a more negative potential than
that of the normal hydrogen electrode (NHE). For oxygen evolution, the valence band edge
must be positioned below the oxygen evolution, that s, at a potential more positive than
1.23 V versus NHE. For generation of hydroxyl radicals, the position of the valence band
edge must be located at potentials as high as 2.02 V versus NHE [7].

* Suitable flat-band potential (E,)). The flat-band potential is the potential that needs to be
applied to the semiconductor to reduce the band bending to zero, that is, at this potential,
there is no depleted space charge layer and, therefore, no electric field inside the photo-
anode. The flat-band potential affects the recombination probability of photogenerated
charge carriers: in general, the more negative the value of E,_, the higher the potential
drop at the depletion space charge layer and, consequently, the stronger the electrical field
within the depleted space charge layer, which is the driving force to separate the photogen-
erated electron-hole pairs [5, 6, 8].

* Good electrical conductivity. Once electrons have been promoted from the valence band
to the conduction band of the semiconductor photoanode due to light irradiation, a fast
charge separation is crucial for efficient photoelectrochemical processes. For this, the trans-
port of electrons and holes in the material must be good. The electrical conductivity of
the photoanode material can be modified by modifying its defect disorder. The density
of defects inside the semiconductor (i.e. vacancies, interstitial elements, etc.) must be high
enough to enhance electrical conductivity but not so high to negatively affect the efficiency
by favoring the recombination of charge carriers.
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* Good chemical, electrochemical and photoelectrochemical stability. Photoanodes must
be stable under prolonged exposure to the electrolyte under the operation conditions
(applied potential and illumination).

In recent years, increasing attention is being paid to the design and synthesis of nanostruc-
tured metal oxides due to their exceptional properties. Photocurrent density obtained in
PEC systems has two main contributions, one coming from the electrocatalytic process and
other arising from the photon absorption process. The electrocatalytic process consumes
the photogenerated charge carriers and it can become the rate-determining step of the PEC
process (the charge transfer at the semiconductor/electrolyte interface) [4]. Current densi-
ties in electrochemistry are directly influenced by the real surface active area, since increas-
ing surface area enhances the number of electroactive sites; therefore, nanostructuring the
photoelectrode can improve its electrocatalytic performance. Moreover, in nanostructured
photoelectrodes, the diffusion path of photogenerated holes toward the semiconductor/
electrolyte interface is significantly shorter, which reduces electron-hole recombination. On
the other hand, by roughening the semiconductor surface, direct light reflection is reduced
due to the scattering of reflected photons, enhancing thus the chance of light absorption
by the semiconductor and the possibility of further photoexcitation. Consequently, creating
nanostructured photoanodes has immediate benefits on both their electrocatalytic activity
and photoactivity [4].

During the last decades, several n-type semiconductor metal oxides, such as TiO,, WO,, Fe,O,
and ZnO, have been investigated as potential candidates for photoanode materials in PEC
cells due to their different characteristics.

Titanium oxide (TiO,) is a wide bandgap semiconductor (E,=3.2eVin the anatase crystal-
line form [3, 4, 9], equivalent to a maximum wavelength of ~390 nm) with an exclusive set
of properties, such as high chemical stability, resistance to photocorrosion and favorable
band-edge position relative to the redox potentials for the decomposition of water, allow-
ing the use of light for effective direct water splitting [5, 10, 11]. However, due to its high
E, TiO, absorb photons only in the UV range, which represents a very small part of the
solar spectrum.

Tungsten oxide (WO,) is another attractive photoanode material owing to its high electron
mobility and moderate hole diffusion length (=150 nm). Besides, WO, can also absorb a part
of the visible rays of the solar spectrum (its E = 2.6 eV, which corresponds approximately to
a wavelength of A =480 nm) [3, 12, 13]. Moreover, in contrast with almost the rest of semicon-
ductor oxides used as photoelectrocatalysts, WO, can safely operate in acidic environments,
which is very useful in the treatment of low-pH wastewater [11].

Hematite (a-Fe,0,) is the most thermodynamically and stable iron oxide form under ambi-
ent conditions and it is a non-toxic, chemically stable and low cost material. Furthermore, it
has a bandgap of E, ~ 2.1 eV which indicates its suitability for visible light absorption up to
~590 nm, that is, hematite can collect up to ~40% of solar spectrum energy [4, 11]. Apart from
its properties, hematite has some drawbacks such as low carrier mobility and short holes dif-
fusion lengths, which can be overcome by nanostructuring the material.
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Zinc oxide (ZnO) is also a wide bandgap semiconductor (Eg =3.37 eV; A =369 nm) with similar
characteristics as TiO, but with the advantage that ZnO possesses a higher electron mobility
(from 10 to 100 times higher in comparison with TiO,), that is, a large conductivity which
makes ZnO a very suitable and promising substitute of TiO, [14, 15]. In spite of this, photogen-
erated electron-hole pairs tend to recombine fast in ZnO, so the use of hybrid semiconductors
systems between ZnO and ZnS has been proposed to overcome this inconvenience [16, 17].

In order to prepare nanostructures of the oxides described above, various methodologies
have been reported, such as sol-gel processes, hydrothermal and solvothermal methods,
deposition processes or anodization. Of these, anodization is a fast and simple method to
synthesize metal oxide nanostructures [12, 18-22]. With anodization, surface morphology can
be designed by adequately controlling several parameters, such as the anodization poten-
tial, duration, electrolyte composition, temperature, and so on. Hence, the morphology and
dimensions of nanostructures fabricated by anodization, as well as their PEC behavior, can be
controlled by adjusting the aforementioned parameters. Moreover, nanostructures formed by
anodization can be grown directly on the substrate (the back metal collector), thus avoiding
compaction or sintering of nanostructures. This fact significantly reduces the contact resis-
tance between the nanostructure and the metallic substrate, providing the basis for efficient
charge collection. Therefore, anodization offers a robust and economical way to fabricate
nanostructured metallic oxides.

Among the parameters that can be controlled to design and fabricate high-performance oxide
nanostructures by anodization, hydrodynamic conditions during the synthesis process can be
of great importance. Indeed, depending on the used material and the operation conditions,
the mechanisms of nanostructures formation by anodization may involve one or more stages
where mass transfer becomes the rate-determining step [8, 23]. Therefore, hydrodynamic
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Figure 2. Experimental setup used during all the anodization processes, showing the electrode configuration.
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conditions can play a central role in the synthesis of nanostructures by anodization. This
chapter presents a review of the innovative high-performance nanostructures that have been
fabricated by anodization under different hydrodynamic conditions. Although various fab-
rication conditions have been used, depending on the material, in all cases, hydrodynamic
conditions have been controlled by connecting rods of the different metals to a rotating disk
electrode (RDE) to assure reproducible mechanical convection of the electrolyte near the elec-
trode surface. Figure 2 shows an illustration of the electrode configuration used during all
the anodization processes. The specific synthesis conditions for the different materials are
detailed in the following sections.

2. TiO,

Influence of hydrodynamic conditions for nanostructures formed from titanium (Ti) anodization
is presented for samples synthesized in two different electrolytes and anodization conditions:
ethylene glycol +1 M H,O containing 0.05 M NH,F and glycerol/water (60:40 vol.%) containing
0.27 M NH_F. When anodization was performed in ethylene glycol based electrolytes 55 V for
30 min were directly applied to anodize the Ti. Nevertheless, in glycerol based electrolytes
the potential was increased from 0 to 30 V at a rate of 200 mV s, applying subsequently the
potential of 30 V for 3 h. The active anode area exposed to the electrolyte was 0.5 cm?

2.1. Morphological characterization

Since the morphology of the nanostructures is highly dependent on the electrolyte used for
anodization, the discussion of the influence of Reynolds number on the morphological prop-
erties of the TiO, nanostructures will be discussed for each particular anodization media. A
field emission scanning electron microscope (FESEM) was used to characterize the morphol-
ogy of the nanostructures.

Nanostructures anodized in ethylene glycol based electrolytes present an initiation layer
which blocks the mouth of the nanotubes, preventing part of the solar radiation from being
absorbed at the photoelectrode (Figure 3a). It was observed that rotating the electrode during
anodization, part of the initiation layer was removed, and this elimination was more impor-
tant as Reynolds number (Re) was increased (Figure 3b).

On the other hand, the hydrodynamic conditions completely changed the morphology of the
formed nanostructures when anodization was carried out in glycerol based electrolytes, that
is from nanotubes (at Re = 0, Figure 4a) to nanosponges (at Re > 0, Figure 4b). Nanosponge
morphology is characterized by a connected and highly porous TiO, structure.

2.2. Anodization profile: current densities vs. time

The formation and growth of the TiO, nanostructures was monitored by recording the current
density-time behavior (Figure 3c and 4c). The current density profile follows a similar trend
regardless the electrolyte used for anodization.
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Figure 3. FESEM images of the nanostructures anodized in ethylene glycol-based electrolytes at a Re 600 (a and b).
Current density versus time profiles of the nanostructures during anodization in ethylene glycol based electrolytes at
the different hydrodynamic conditions (Re from 0 to 600) (c). Raman spectrum of a nanostructure anodized at re = 600 in
ethylene glycol-based electrolytes and annealed in air at 450°C for 1 h (d).

In the first stage (I), current density decreases with time due to a compact TiO, oxide layer
formation [9, 24]. Then, in the second stage (stage II), an increase in current density indicates
the onset of TiO, dissolution due to the presence of fluoride ions in the electrolyte (stage II),
according to the reaction shown in Eq. 1 [25-27].

TiO,+6F +4H' — [TiF|* +2H,0 (1)



48 Nanostructures in Energy Generation, Transmission and Storage

After that, in the third stage (stage III), current density remains almost constant due to the
formation and growth of regular nanotubes or nanosponges [9, 28].

In general, Figures 3c and 4c show that current densities increase with increasing Re in all the
stages, which indicates that hydrodynamic conditions enhance the electrochemical processes
taking place during anodization.
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Figure 4. FESEM images of the nanostructures anodized in glycerol based electrolytes at a re = 0 (a) and re = 300 (b).
Current density vs. time profiles of the nanostructures during anodization in ethylene glycol based electrolytes at the
different hydrodynamic conditions (re from 0 to 400) (c). Raman spectra of the nanostructures anodized in glycerol
based electrolytes, at re = 0 and re = 300 and annealed in air at 450°C for 1 h (d).
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2.3. Crystalline structure characterization

In order to obtain a crystalline structure, samples were annealed in air at 450°C for 1 h. After
the annealing treatment, all the samples possessed the Raman peaks of the TiO, anatase phase
shown in Figures 3d and 4d (peaks at roughly 141.7, 197.0, 396.2, 515.1 and 639.3 cm™ [28-30]).

2.4. Electrochemical and photoelectrochemical characterization

Electrochemical impedance spectroscopy (EIS) measurements at open circuit potential (OCP)
and Mott-Schottky plots were performed in 0.1 M Na,SO, in order to evaluate the electro-
chemical properties of the samples. Figure 5 shows the Nyquist (Figure 5a), Bode-phase
(Figure 5b) and Bode-modulus (Figure 5c¢) plots for the nanostructures anodized in ethylene
glycol-based electrolytes.
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Figure 5. Experimental Nyquist (a), bode-phase (b) and bode-modulus (c) plots for the nanostructures anodized in
ethylene glycol based electrolytes at Reynolds numbers = 0, 200, 400 and 600. Experiments performed in 0.1 M Na,SO,.
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Figure 6 shows the electrical equivalent circuit used to fit EIS data, where R_is the electrolyte
resistance, and the two groups of resistances and constant phase elements (R-CPE) correspond
to the nanotubular layer (R,-CPE,) and the compact TiO, underlayer (R -CPE,) [8, 31, 32].

The different parameters obtained from the fitting of the EIS data in the electrical equivalent
circuit are shown in Table 1. From Table 1, it is important to highlight that the resistance of
the compact layer is always higher than the one obtained for the nanotubes (R, > R,), due to
the higher conductivity of the nanostructures. On the other hand, R, decreases as Reynolds
number increases, that is, the conductivity of the nanotubes increases at higher hydrody-
namic conditions.

In order to observe the electrochemical behavior of nanostructures formed in glycerol-based
electrolytes, Figure 7 shows the Mott-Schottky (MS) plots at a frequency of 10 kHz (to eliminate
the capacitance dependence on frequency) for nanotubes (Re = 0) and nanosponges (Re > 0).

In Figure 7, positive slopes of the MS plots are characteristic of n-type semiconductors. The
dominant TiO, defects are oxygen vacancies due to their lower formation energy compared
with Ti** interstitials [32-38]. Table 2 shows the donor densities (N,) and the flat band poten-
tial (E,,) values at different Re.

The donor density can be determined from the positive slopes of the straight lines in the MS
plots using the Mott-Schottky equation for an n-type semiconductor:

&= e (BB =) @

Figure 6. Electrical equivalent circuit used to simulate the experimental data obtained from EIS experiments shown in

Figure 5.
Re RJQ cm® | CyuF cm-2 a; Ry/kQ cm2 C,/uF cm? s Ry/kQ cm? ¥2 (x10)
0 38+4 106 + 14 0.68 £ 0.03 57+18 1690 £78 | 0.98+0.02 783 + 21 53
200 39+3 279 + 11 0.63 +0.04 51+13 1903 £84 | 0.95+0.01 39.4+23 9.6
400 42+5 475 £17 0.56 + 0.08 44+15 1942£101 | 0.95+0.03 248+ 12 85
600 34+7 132+18 0.74 + 0.07 25+1.0 2399 £97 | 0.97+0.04 384+ 11 8.0

Table 1. Experimental values obtained from the equivalent circuit fitting for the nanostructures anodized in ethylene
glycol-based electrolytes at the different Re = 0, 200, 400 and 600.
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Figure 7. Mott-Schottky plots of the different nanostructures (nanotubes at Re = 0 and nanosponges at Re > 0) anodized
in glycerol based electrolytes. Experiments performed in 0.1 M Na,SO,.

Re | Np (x 10" em™) | Epp/V vs (Ag/AgCl)
0 36+£0.6 -0.15+0.07

100 1.4+0.3 -0.17 £ 0.04

200 1.1+0.1 -0.17+0.02

300 1.1+£0.2 -0.21 £0.01

400 0.9+0.1 -0.33+0.03

Table 2. Values of N, and E_, for the different nanostructures synthetized in glycerol-based electrolytes under static
(Re = 0) and under hydrodynamic conditions (Re = 100, 200, 300 and 400).

where ¢ is the dielectric constant of the TiO, layers (100 for TiO, nanostructures [39]), ¢, is the
vacuum permittivity (8.85:10™* F/cm), e is the electron charge (1.60-10" C) and ¢ is the posi-
tive slope of each straight line in the MS plots.

Table 2 shows that N, decreases with increasing Re, that is, N, is lower for the nanosponges
than for the nanotubes. In this case, the increase in N, leads to a decrease in the depletion
layer thickness, resulting in an increase of recombination losses [6, 40, 41]. In fact, oxygen
vacancies in TiO, act as recombination centers for electron and holes, playing a critical role in
the trapping process [42-44].

Table 2 also shows the flat band potentials for the different nanostructures obtained in glyc-
erol-based electrolytes. These values were determined from the intercept of the straight line in
MS plots with the potential axis. To reduce the recombination probability, flat band potentials
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should be high and negative [6, 42]. It can be observed in Table 2 that flat band potentials are
more negative with increasing Re, that is, nanosponges formed under hydrodynamic condi-
tions possess more negative flat band potentials than nanotubes formed under static condi-
tions. Thus, the charge recombination probability is lower in the case of the nanosponges.

Figure 8 shows the photoelectrochemical water splitting performance under simulated sun-
light AM 1.5 conditions in 1 M KOH for the different nanostructures anodized in ethylene
glycol (Figure 8a) and glycerol (Figure 8b)-based electrolytes.

It can be observed in terms of the photocurrent transient vs. potential curves that the nano-
structures obtained under hydrodynamic conditions present a higher performance in com-
parison with the nanostructures anodized at the same potential, time and electrolyte but at
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Figure 8. Current density versus applied potential profiles under dark and illumination conditions for the different
nanostructures anodized under static (Re = 0) and at different hydrodynamic conditions (Re > 0) in ethylene glycol (a)
and glycerol (b)-based electrolytes. Experiments were performed in 1 M KOH.
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Re = 0. These results are in agreement with the morphology of the samples (high surface area
for the nanostructures anodized under hydrodynamic conditions), EIS measurements (low
resistance values, i.e., high conductivity for nanostructures synthetized at Re > 0) and MS
plots (appropriate donor density values and more negative flat band potentials).

Therefore, on the one hand, hydrodynamic conditions are beneficial in ethylene glycol-based
electrolytes because of the removal of the initiation layer which offers a high surface area for
photoelectrochemical water splitting. On the other hand, nanosponges formed in glycerol
based electrolytes under dynamic conditions enhance the rate of the photoelectrochemical
reaction over the photoelectrode due to their surface-active sites.

3. WO,

Different WO, nanostructures synthesized by anodization have been presented in the litera-
ture in the past few years. Several morphologies have been obtained, such as nanopores [19,
45-52], nanoplatelets [53-55], nanoparticles [56], flower-shape nanostructures [57], and so
on. Recently, we have presented novel WO, nanostructures fabricated by anodization under
different controlled hydrodynamic conditions and, in general, photoresponses significantly
higher than those for nanostructures synthesized under static conditions were obtained.

These nanostructures were produced by anodization of tungsten rods in sulfuric acid media
in the presence of small amounts of complexing agents (NaF and H,O,). For example, tree-like
globular clusters of WO, nanoplatelets were obtained in a 1.5 M H,SO, + 0.1 M NaF electrolyte
and at different rotation velocities of the RDE. Figure 9 shows the FE-SEM images of the sam-
ples anodized in that electrolyte at different rotation velocities (0 and 375 rpm) [23, 58]. It can be
observed that in both cases, the nanostructures formed on the tungsten surface presented nano-
platelet morphology, as other authors reported when anodizing in similar acid electrolytes
[53-55, 57, 58]. Nevertheless, the morphology and dimensions of these nanoplatelets varied
noticeably with rotation speed. At 0 rpm (Figure 9a), nanoplatelets grew quite orthogonal to the
electrode surface, in a more or less ordered way. At 375 rpm (Figure 9b), nanoplatelets formed
globular clusters that grew in a tree-like manner, forming a multilevel WO, layer resembling a
forest seen from above. It is perceptible that the new nanostructure obtained under controlled
hydrodynamic conditions exposed more surface area to the electrolyte than the one synthe-
sized at 0 rpm.

In the presence of other well-known complexing agent of tungsten—hydrogen peroxide—
and under controlled hydrodynamic conditions, a different nanostructure was obtained [59].
In this case, anodization of tungsten in a 1.5 M H SO, + 0.05 M H,O, and at 375 rpm (the same
rotation speed as in the example shown above for the NaF electrolyte), resulted in very small
nanoplatelets or nanosheets forming a kind of spongy layer (Figure 10).

The three nanostructures shown in Figures 9 and 10 shared a common formation mechanism,
that is, a dissolution/precipitation mechanism, although it was greatly influenced by hydro-
dynamic conditions. In order to study the influence of rotation speed of the electrode on the
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Figure 10. FE-SEM images of the samples anodized in the 1.5 M H,SO, + 0.05 M H,O, electrolyte at 375 rpm and at
different magnifications.

formation and growth of WO, nanoplatelets, current density transients were recorded during
the anodization processes. Figure 11 shows, by way of illustration, current density transients
recorded for the WO, nanostructures anodized in the 1.5 M H,SO, + 0.1 M NaF electrolyte,
under static (0 rpm) and hydrodynamic conditions (375 rpm).

During the first seconds of anodization, a notable decrease in current density can be observed
for both cases. This decrease has been associated with the formation of a compact WO,
layer on the electrode surface [19, 23, 58, 60]. Subsequently, current density started increas-
ing, indicating the dissolution of the WO, layer due to the effect of H" and F~ [23, 58, 61].
This dissolution process resulted in the release of soluble cationic species, such as WO,* (or
[W(OH),(H,0O),]*" in its hydrated form) or [WF_]®™, from the electrode surface. Afterward,
current density gradually decreased again, eventually reaching a steady-state value. This
decrease and the later stabilization of current density can be explained by the precipitation
of soluble species upon reaching supersaturation conditions near the electrode surface. In
fact, as the dissolution of the WO, layer proceeded, increasing amounts of tungsten cationic
species were formed and they reacted to produce polycondensed tungstates [62]. These spe-
cies finally precipitated on the electrode surface in the form of insoluble and highly poly-
meric tungstic acids (WO,*H,0 and WO, *2H,0) due to strongly acidic pH of the electrolyte
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Figure 11. Current density transients recorded during anodization for the WO, nanostructures fabricated in the 1.5 M
H,SO, + 0.1 M NaF electrolyte, under static (0 rpm) and hydrodynamic conditions (375 rpm).

[59, 62]. The particular morphologies of nanoplatelets were a consequence of the interaction
between soluble tungsten species and fluoride anions during the precipitation process [59],
being hydrodynamic conditions especially important [23].

Under static conditions (0 rpm), current densities recorded during the whole anodization pro-
cess were notably lower than under hydrodynamic conditions. Moreover, steady-state values
were attained much earlier than with rotation, indicating that the WO, nanoplatelet layer
completely covered the electrode surface after ~2000 s from the beginning of the anodization
process. These facts imply that the electrode rotation permitted the ions in the electrolyte (F-
and H") to transport to the electrode more rapidly, resulting in higher current densities being
measured at the working electrode due to the enhancement of the WO, compact layer dissolu-
tion. Consequently, an increase in the rotation speed increased the release of soluble species
from the electrode surface, which would result in a higher precipitation rate of hydrated WO,
in the form of nanoplatelets.

Photoelectrochemical characterization of the nanostructures was performed under simulated
sunlight illumination AM 1.5 (100 mW cm™) imposing an external polarization of 1 V (vs Ag/
AgCl). Photocurrent density-potential curves for the three different WO, nanostructures pre-
sented in Figures 9 and 10 are shown in Figure 12. It can be observed that nanoplatelets anod-
ized under static conditions (0 rpm) provided the lowest photocurrent density (~0.41 mA cm™
at 1 V). Nanostructures anodized under hydrodynamic conditions (in the different electro-
lytes) showed a large enhancement of their photoelectrocatalytic activity (~1.51 mA cm™ at
1V and ~1.86 mA cm™ at 1 V for nanostructures anodized in the presence of NaF and H,O,,
respectively). This clear improvement is directly related to the increase of the electrochemi-
cally active surface area in nanostructures synthesized under hydrodynamic conditions. As
explained earlier, nanoplatelets formed in the presence of NaF and with rotation grew in a
tree-like manner forming globular clusters, which made this new nanoplatelet configuration
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Figure 12. Photocurrent density-potential curves for the three different WO, nanostructures presented in Figures 9
and 10.

expose much more active area than normal nanoplatelets fabricated at 0 rpm. In the presence
of 0.05 M H,O,, the obtained nanoplatelets were very small and they aggregated forming
very thin layers, also resulting in an increase in the surface area with respect to other WO,

nanoplatelets and in higher photoelectrochemical efficiencies.

4. Fe203

Iron oxide nanostructures were made by electrochemical anodization in order to evaluate the
effect of hydrodynamic conditions on the formed nanostructures. Prior to anodization, iron
rods were abraded with SiC papers of 220, 500 and 4000, sonicated in ethanol, rinsed with
distilled water and dried in nitrogen stream. Electrochemical anodization was carried out at
room temperature with an ethylene glycol-based solution with 0.1 M NH_F and 3% vol. H,O
for 15 min at 50 V with iron rod as working electrode and a platinum foil as counter elec-
trode [63]. Different rotation speeds: 0, 1000, 2000 and 3000 rpm, corresponding to Reynolds
numbers of 0, 165, 325 and 490, respectively, were applied. Once synthesized, samples were
annealed in argon atmosphere for 1 h at 500°C at a heating rate of 15°C - min™, and cooled
within the furnace by natural convection [21].

4.1. Electrochemical anodization

Figure 13 shows the different obtained curves during anodization where three stages can be
seen for all the cases (scheme in Figure 13). In the first stage, an abrupt drop in the current
density from 80 mA - cm™ to less than 15 mA-cm™ (in the case of 0 rpm) and less than 25 mA -
cm (in the case of hydrodynamic conditions), indicated a formation of an insulating compact
oxide layer (Fe,O,) on the iron substrate according to Eq. (3).
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Figure 13. Current density vs. time curves during electrochemical anodization of iron under different electrode rotation
speeds. Inset shows a scheme of the process occurring in the electrode during anodization.

In the second stage, a slight increase in current density indicated that tiny pits occur in the
surface of the compact layer, followed by the formation of the nanostructures resulting in a
decrease in resistance. This process occurs because of the fluoride ions (F") and the applied
potential which lead to partial dissolution of the compact layer forming the nanoporous struc-
ture as Eq. (4) indicates.

2Fe+3H,0 — Fe,0,+3H, 3)

Fe,O,+12F +6H* — 2[FeF,]* +3H,0 4)

Finally, in the third stage, further dissolution and cation-cation repulsion occurs and the
nanoporous structure leads to a nanotubular one. This occurs until equilibrium between the
formation of the oxide layer and its chemical dissolution by F~ is reached. In this way, current
density remains almost constant and the formation of nanotubular structure stops [64, 65].

According to Figure 13, the formation of the nanostructure under stagnant conditions (0 rpm)
leads to lower values of the current density in comparison to the ones synthesized under
hydrodynamic conditions. In fact, the higher the rotation speed the higher the current den-
sity, achieving the maximum value for the samples anodized at 3000 rpm. This is because
steady-state current density is controlled by diffusion processes, hence stirring the iron rods
during anodization increases the diffusion and then, current density increases [66, 67].

4.2. Structural characterization

A field emission scanning electron microscope was used in order to evaluate the morphology
of the synthesized nanostructures. Moreover, crystalline structure of the samples was evalu-
ated by a confocal Raman microscope with the aim to determine crystalline phases present in
the nanostructures.
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Figure 14a shows the morphology obtained for the samples under stagnant conditions. In
this case, a cracked porous initiation layer appears over the nanotubes, partially covering the
entrances of the tubes. This initiation layer results in a decrease in the efficiency of the nano-
structures since they might be less accessible to light. On the contrary, Figure 14b shows that
the initiation layer is etched and the nanotubes are accessible to light irradiation, which leads
to higher photoactivity. Nanotubular morphology is advantageous for photoelectrochemi-
cal water splitting since it improves electron transport behavior with the tubular orientation.
Furthermore, nanotubes avoid short hole diffusion lengths problem since tubes walls make
shorter the route from the places where the holes are generated to the surfaces where oxida-
tion reactions are occurring [68].

Figure 14c illustrates the morphology of the samples synthesized at 2000 rpm, and at this
rotation speed, the nanotubes collapse and seem to be stacked, so the nanotubes are unseen
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Figure 14. FE-SEM images of the nanostructures synthesized under different electrode rotation speeds: (a) 0 rpm, (b)
1000 rpm, (c) 2000 rpm and (d) 3000 rpm, and (e) Raman spectrum of the nanostructures.
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and the top morphology seems to be chaotic. This morphology results in less photoactivity
since light irradiation cannot go deep into the nanotubes. On the other hand, when rota-
tion speed is 3000 rpm (see Figure 14d), the morphology is a mixture between what occurs
at 0 and 2000 rpm, that is, the nanotubes are collapsed and stacked and an initiation layer
appears in some parts of the nanostructure covering the tubes [69]. Hence, illumination is
not effective in this case, and the photoactivity is affected. This could be due to the fact that
at 3000 rpm, some vortex could be formed and then the conditions are non-homogeneous
during anodization.

On the other hand, thickness of the nanostructures were measured, and they were comprised
between 810 and 870 nm in all cases, which indicated that rotation speed does not affect the
thickness of the synthesized nanostructures [69].

Raman spectroscopy was measured with a neon laser 632 nm with ~700 uW. Raman spectra of
all the samples were the same, suggesting that rotation speed does not change the crystalline
structure of the formed nanostructures. Figure 14e shows a Raman spectrum as an example.
The Raman shift at which appear the peaks indicates that the nanostructures are mainly com-
posed of hematite with peaks at roughly 229 cm™ (Alg)’ 249 cm™ (Eg), 295 cm™ (Eg), 414 cm™
(E)), 500 cm! (A, 615 cm! (E) and 1317 cm™ (2nd order). However, some peaks appearing
at approximately 554 cm™, 672 cm™ and 820 cm™ also indicated the presence of some amount
of magnetite [70, 71].

4.3. Photoelectrochemical water splitting tests

For the photocurrent density versus potential measurements the potential was varied from

~04t0+0.6V, , o atascanrate of 2mVs™.
Figure 15 shows that the highest photocurrent density values were achieved for the nanostruc-
ture synthesized at 1000 rpm (reaching 0.130 mA - ecm™ at 0.54 V, , ), which indicated its

A
suitability as photocatalyst for water splitting [69]. This is in agreement with FE-SEM images
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Figure 15. Water splitting tests in 1 M KOH of the nanostructures synthesized at the different electrode rotation
speeds. Inset shows stability tests of the synthesized nanostructures under illumination at 0.35 V, ., for Thin 1M
KOH. Simulated AM 1.5 (100 mW - cm™) illumination was used for the light conditions.
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since they revealed that the morphology of the nanostructures synthesized at 1000 rpm was
the most adequate for being illuminated in photoelectrochemical measurements.

Furthermore, inset of Figure 15 indicates that all synthesized nanostructures were stable
against photocorrosion at the indicated conditions.

4.4. Mott-Schottky analysis

For the Mott-Schottky analysis, the potential was swept from the OCP value (~ -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.

Figure 16 shows MS plots for all the synthesized nanostructures under dark (A) and light
(B) conditions, indicating a positive slope corresponding to an n-type semiconductor. Note
that the higher the slopes of the linear region in MS plots, the lower the electron donor den-
sity according to Mott-Schottky equation used for an n-type semiconductor (Eq. (2)), with an
assumed ¢_of 80 for the nanostructures [72, 73].

Table 3 shows the results for the different nanostructures and all the values are in the order
of 10" cm™, regardless the rotation speed during anodization. However, the samples anod-
ized at 0 and 3000 rpm achieved donor density values too high which is detrimental for the
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Figure 16. MS analysis of the nanostructures synthesized at the different electrode rotation speeds under dark (a) and
1.5 AM (100 mW - cm™) illumination (b) conditions in 1 M KOH.
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Rotation speed/rpm Conditions N, (10®)/cm™ Ery/Vigaga
0 rpm Dark 40+1.0 -0.64 £0.05
Light 143 +3.5 -0.63 +£0.05
1000 rpm Dark 1.0£0.2 -0.76 £ 0.04
Light 22407 -0.78 +0.03
2000 rpm Dark 1.6 £0.6 -0.80 +£0.08
Light 24+0.3 -0.85+0.09
3000 rpm Dark 25+1.0 -0.80 +£0.03
Light 58+0.7 -0.82 +£0.03

Table 3. Values of donor density (N) and flat band potential (E_;) for the samples synthesized at the different electrode
rotation speeds.

photoelectrochemical water splitting since the defects could act as carrier traps (trapping
the electrons or holes) [42]. Hence, the efficiency of the water splitting is lower as shown in
Figure 16. On the contrast, lower donor density values, as in the case of the nanostructure
synthesized at 1000 rpm, achieved better photoelectrochemical results (see Figure 16) since it
avoids recombination processes. This indicates that donor density is a parameter that consid-
erably affects the efficiency of the water splitting.

On the other hand, flat band potential (E_,) is related to the potential drop at the depletion
space charge layer (A¢, ) and to the applied external potential (E) according to Eq. (5). Then,
the higher and more negative flat band potential, the lower recombination rate [6].

Apg. = E-Ey ©®)

Table 3 shows that the flat band potential does not vary for the different nanostructures,
which in fact demonstrates that electrode rotation speed during anodization does not affect
flat band potential of the synthesized nanostructures.

5. ZnO/ZnS heterostructures

The influence of hydrodynamic conditions was studied for ZnO/ZnS heterostructures
obtained from anodization of zinc (0.5 cm? area exposed to the electrolyte) in glycerol/water
(60:40 vol%) media with 0.025 M NH_F and 0.2 M Na,S. Nanostructures were synthesized at
different voltages: 20, 30 and 40 V. The advantage of this type of heterostructure is the good
photocatalytic behavior of ZnS, which in combination with ZnO could reduce the recombina-
tion rate of the charge carriers due to their separated band gaps.

5.1. Morphological characterization

As an example of the nanostructures of ZnO/ZnS obtained from anodization of zinc, Figure 17
shows the FESEM images of top and cross-sectional views of the samples anodized at differ-
ent voltages and hydrodynamic conditions. It has been demonstrated [22, 74] that anodization
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of zinc in aqueous electrolytes containing both sulfide and fluoride generates a top compact
layer and an underneath nanostructure. The former mainly consists of ZnS and the latter of
Zn0O. That is, the ZnO/ZnS heterostructures grow under the compact ZnS layer. In this way,
Figure 17a zinc shows the top surface of the nanostructure obtained at 20 V and under static
conditions, there, it can be clearly observed the rough ZnS top layer surface. Under stagnant
conditions (0 rpm) the anodization of zinc is not homogeneous, since bubbles are formed at
the anode surface, and consequently, the formation of precipitates takes place. On the other
hand, Figure 17b and ¢ shows that, when anodization is performed stirring the zinc road
(under hydrodynamic conditions), a smooth ZnS top layer is formed. If we compare the het-
erostructures synthetized at 1000 and at 3000 rpm (Figure 17b and ¢, both at 20 V), there is a
change in the morphology of the ZnO/ZnS samples from a porous sponge type (Figure 17b)

a) b)

0 ’ 660 ’ 12'00 ) 18'00 ' 24TOO ' 30r00 ) 3600
t(s)
Figure 17. FE-SEM images of the ZnO/ZnS nanostructures anodized at 20 V under static conditions (a), at 1000 rpm (b)

and 3000 rpm (c) and at 40 V and under static conditions (d). Current densities recorded during anodization for all the
samples anodized at 30 V and at the different rotation speeds (e).
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to a porous tubular morphology (Figure 17c). Therefore, as rotation speed is increased dur-
ing anodization, the nanotubular morphology is predominant. This change in morphology
continues as anodization potential is increased. In fact, as it can be appreciated in Figure 17d,
a porous tubular morphology is obtained when anodization is carried out for higher anodiza-
tion potentials (40 V) even under stagnant conditions. This might be explained taking into
consideration that at higher anodization potentials, nanostructures grow faster [75, 76], which
involves a lower oxide dissolution, and consequently, a tubular morphology. Besides, the
length of the nanostructures was measured obtaining the following values: ~360-600 nm at
20 V, ~800-1100 nm at 30 V and ~1100-1400 nm at 40 V. Thus, longer nanostructures are
formed at higher anodization voltages, regardless the hydrodynamic conditions. In this case,
longer nanostructures possess a high surface/volume relation, increasing the interaction with
light and the electrolyte, and consequently, improving their photocatalytic activity.

5.2. Anodization profile: current densities vs. time

Figure 17e shows, as an example, the current density profiles during the anodization process at
30 V and at the different studied hydrodynamic conditions (0, 1000, 2000 and 3000 rpm). For all
cases, the tendency of the current densities is to sharply decrease at the beginning of the anod-
ization, owing to the ZnS precursor layer formation. After that decrease, the current densities
continue decreasing until, finally, they stabilize. This tendency is typical of an oxide layer forma-
tion in glycerol-based electrolytes [22]. Additionally, it is important to highlight that the higher
current density values obtained for the samples anodized stirring the zinc rod are in agreement
with the enhancement of the diffusion of the fluoride ions due to the flowing conditions [77].
Besides, the background noise obtained in the current density register of the heterostructure
synthesized under static conditions is related to the formation of oxygen bubbles in the zinc
surface of the rod during anodization, which generates an irregular anodization of the surface.

It is important to point out that the profiles of current densities versus time for the rest of the
heterostructures anodized at 20 and 40 V follow the same trend with hydrodynamic condi-
tions. However, the current densities possess higher values when samples are anodized at
higher potentials.

5.3. Crystalline structure characterization

Figure 18a shows, as an example, the Raman spectra of the annealed ZnO/ZnS heterostruc-
tures anodized at 30 V at the different hydrodynamic conditions (0, 1000, 2000 and 3000 rpm).
Zinc is characterized by a strong broad background signal, which hinders the Raman peaks
(Figure 18a). This response is associated with the photoluminescence (PL) due to a broad
defect band emission in the nanostructures, such as oxygen vacancies [22, 78]. This high con-
centration of defects was produced due to the absence of oxygen in the atmosphere during the
thermal treatment (samples were annealed for 3 h at 375°C in an argon atmosphere), so the
evaporated oxygen present in the material cannot be replaced [79] and therefore, the density
of oxygen vacancies increases. Then, X-Ray Diffraction (XRD) tests were carried out in order
to check the crystalline structure of the annealed samples. Figure 18b shows, as an example,
the XRD spectrum for the ZnO/ZnS heterostructure anodized at 30 V and at 2000 rpm.
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Figure 18. Raman spectra of the ZnO/ZnS heterostructures annealed at 375°C in argon atmosphere for 4 h anodized
at 30 V and at 0, 1000, 2000 and 3000 rpm (a) and XRD spectra of the ZnO/ZnS heterostructure anodized at 30 V and
2000 rpm after the annealing treatment.

In the XRD spectra shown in Figure 18b, the presence of both ZnO and ZnS can be clearly
demonstrated due to the presence of their characteristic peaks [74]. The peak at 25° is related
to the ZnS phase with the orientation of (002) [74]. The peaks situated at 36° and 70° are associ-
ated with the refraction produced by the polycrystalline Zn substrate [74]. The high intensity
of the peak centered at 36° is characteristic of the wurtzite ZnO phase, with an orientation of
(101) [80], which is the most abundant phase of the heterostructures. Another ZnO character-
istic peak is the one roughly centered at 34°, which corresponds to the orientation (002) [81].
The peaks at 32°, 56° and 67° are associated with the wurtzite ZnS phase with the orientations
(101), (112) and (104), respectively [81]. Besides, the peaks centered at 48° and 63° are related,
the former, with the ZnS phase with an orientation of (110) and the ZnO phase with an ori-
entation of (102), and the latter, with the ZnO phase with an orientation of (103) [74, 80, 81].
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5.4. Photoelectrochemical characterization

The ZnO/ZnS nanostructures

were characterized as photoanodes in a previously degasified

solution of 0.24 M Na,S and 0.35 M Na,SO, [22]. Figure 19 shows the photocurrent densities

applying different potentials

obtained under simulated sunlight AM 1.5 conditions for the

different anodization potentials (20, 30 and 40 V) at the studied hydrodynamic conditions (0,

1000, 2000 and 3000 rpm).

In Figure 19a, it can be observed that the dark current density values for the ZnO/ZnS

heterostructures anodized at
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Figure 19. Photocurrent densities vs.
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photocorrosion resistance and could be occasioned by the heterogeneous ZnS precursor
layer formed when anodization is performed at 20 V (this was confirmed in FESEM charac-
terization, see Figure 17a). On the other hand, when anodization was performed at higher
voltages, photocorrosion resistance is increased (Figure 19b and c), regardless the applied
hydrodynamic conditions. In particular, for applied potentials of —0.4 and 0.2 V, the ZnO/ZnS
heterostructures show a good stability, since the dark current densities are close to zero and
the photocurrent densities are high. Besides, the photocurrent densities for the nanostructures
anodized at 30 and 40 V increase for the heterostructures anodized under hydrodynamic
conditions. This could be related to the morphology obtained for the nanostructures anodized
under hydrodynamic conditions, which showed more nanotubular aspects (Figure 17) as the
rotation speed was increased, which enhances the charge separation [16, 82-85]. Hence, the
photocatalytic response is improved.

Figure 19c shows that the ZnO/ZnS heterostructures anodized at 40 V and under hydrody-
namic conditions present the best photocatalytic behavior in terms of higher photocurrent
densities and good photocorrosion resistance. In particular, the best conditions were obtained
for the ZnO/ZnS heterostructures anodized at 40 V and at 1000 rpm, where the photocurrent
density for photoelectrochemical water splitting increased in 100% with respect to the one
anodized at 20 V and at 0 rpm, and in a 71% in relation to the photocurrent density obtained
for the heterostructure anodized at 20 V and 1000 rpm.

6. Conclusions

In this chapter, the effect of rotating the electrode during electrochemical anodization (hydro-
dynamic conditions) has been evaluated for different metal oxides. In all cases, hydrodynamic
conditions enhanced the photoelectrochemical response of the nanostructures in photoelec-
trochemical water splitting process.

For nanostructures of TiO,, hydrodynamic conditions in ethylene glycol media removed the
initiation layer over the nanotubes, whereas in glycerol-based electrolytes, rotating the elec-
trode changed the morphology from nanotubes to nanosponges, increasing then the porosity
of the structure. For the nanostructures formed in both electrolytes, the surface area increased,
resistance values decreased (as EIS showed) and flat band potential became more negative (as
MS plots indicated).

In the case of WO, nanostructures, the ones synthesized under hydrodynamic conditions
presented high active surface area. Furthermore, in the presence of NaF and rotating the
electrode, the nanoplatelets grew in a tree-like manner forming globular clusters with more
exposed area than in the case of nanostructures synthesized under stagnant conditions. When
H,O, is present in the electrolyte, the nanoplatelets were very small, and they aggregated
forming very thin layers with high surface areas, which in turn resulted in higher photoelec-
trochemical efficiencies.

For nanostructures of iron oxide (mainly a-Fe,0,), stagnant conditions resulted in nanostruc-
tures with an initiation layer that partially covered the top of the nanotubular structure. This
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layer was removed under hydrodynamic conditions, in particular at 1000 rpm. At higher
rotation velocities, collapsed and stacked nanostructures were formed, which caused lower
photoelectrochemical efficiencies. Rotating the electrode during anodization at 1000 rpm led
to nanotubular structures with suitable donor densities values and flat band potentials (as MS
results indicated), which enhanced photoelectrochemical results.

In the case of ZnO/ZnS heterostructures, high applied potentials and hydrodynamic condi-
tions during anodization led to nanotubular morphology which resulted in higher photo-
electrochemical performance. In particular, heterostructures anodized at 40 V and under
hydrodynamic conditions presented the best photocatalytic behavior and good photocorro-
sion resistance.
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