J Mater Sci: Mater Electron (2015) 26:685-692
DOI 10.1007/s10854-014-2450-9

Solar water splitting for hydrogen production with Fe,O;
nanotubes prepared by anodizing method: effect of anodizing time
on performance of Fe,O3; nanotube arrays

Mohamad Mohsen Momeni * Yousef Ghayeb -
Faezeh Mohammadi

Received: 8 September 2014/ Accepted: 25 October 2014 /Published online: 1 November 2014

© Springer Science+Business Media New York 2014

Abstract Self-organized iron oxide nanotubes were suc-
cessfully prepared on the iron foils by a simple electro-
chemical anodization method in NH4F organic electrolyte.
The Fe,O3 nanotubes were characterized by field-emission
scanning electron microscopy, energy dispersive X-ray
spectroscopy, UV—vis absorbance spectra, and X-ray dif-
fraction spectroscopy. Scanning electron microscopy ima-
ges show that dependent upon the anodizing time, the pore
diameters range from 30 to 45 nm. Crystallization and
structural retention of the synthesized structure are
achieved upon annealing the initial amorphous sample in
oxygen atmosphere at 450 °C for 1 h. The crystallized
nanoporous film, having a 2.04 eV bandgap, exhibited a
maximum photocurrent density of 0.68 mA cm™2 in 1 M
NaOH at 0.5 V versus Ag/AgCl. The current potential
characteristics showed that the water-splitting photocurrent
strongly depends on the anodizing time and its increases
with anodization time.

1 Introduction

Photo-electrochemical (PEC) water splitting is an efficient
and environmentally-friendly method to produce hydrogen
from water using solar light. Solar energy driven water
splitting combines several attractive features for energy
utilization. The reactants and products are clean, and the
process can be efficient. A typical PEC cell contains a
working photo-anode that absorbs light to oxidize water
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and produce gaseous oxygen, protons, and photo-excited
electrons.

2H20 (1) +hv — Oz(g) + 4H+ +4e” (1)

The formed photoelectrons (e”) are sent to a counter
cathode (usually made of a metal) via an external circuit. In
the cathode, gaseous hydrogen is produced to complete
overall water splitting.

2H" +2e~ — Ha(g) (2)

A schematic drawing of a typical PEC cell is shown in
Fig. 1. The fabrication of the photo-electrode materials is
the key to the successful construction of a high efficiency
PEC cell. Since Fujishima and Honda first reported TiO, as
photo-anode for the photo-electrolysis of water, the TiO,
materials have been widely researched for photo-catalytic
application [1]. Whereas, the wide band gap (3.2 eV) of
TiO, material limits its practical application because it only
can be excited with light of wavelength near or shorter than
385 nm. Other metal oxide semiconductors such as WOs,
Zn0O, BiVO, and so have been extensively studied for
photo-electrochemical water splitting [2-8]. However,
because of the difficulty in discovering a single semicon-
ductor that is capable of splitting water into hydrogen and
oxygen, efforts to develop and optimize semiconductors for
independent water oxidation and reduction are more real-
istic [9]. The primary scientific and technological objective
has been focused on exploring novel photo-catalysts with
high efficiency of utilization of solar irradiation, narrow
band gap, operational stability and preparation with rela-
tively low cost. Iron oxide, usually o-Fe,O3 (or hematite),
has been studied extensively as a semiconductor photoan-
ode material because of its narrow band gap (2.1 eV) that
allows absorption of a large fraction (ca. 13.5 %) of solar
light, stability in alkaline solutions, low cost, and ample
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Fig. 1 Schematic of a photo-electrochemical (PEC) cell, employing
Fe,03 nanotubes/Fe in the anode

abundance; furthermore, it is non-toxic and environmen-
tally friendly [10—14]. However, the practical use of this
material is limited because of its low electron mobility
(1072 to 10~ ecm? V! sfl) and short hole diffusion length
(2—4 nm), as well as the short life time of its charge carriers
(about 10 pico second) that lead in practice to very low
solar light to current conversion efficiencies and large over-
potential for O, evolution [15]. Various strategies have
been employed to address these issues, for example, doping
of the material to adjust the carrier mobility, incorporation
of co-catalysts which reduce the over-potential, surface
passivation to minimize losses by carrier recombination at
the semiconductor-electrolyte interface and so on [15-18].
Recently, nanostructuring techniques have been proven
useful in increasing the performance of iron oxide for
photo-response. The aligned nanotube has been considered
the most suitable way to achieve larger enhancement of
surface area without an increase of the geometric area,
reduced the scattering of free electrons, and enhanced the
electrons mobility, which could be expected to achieve
higher photo-catalytic (PC) activities [19]. Iron oxide
nanotubes can be obtained by different methods such as
solvothermal syntheses, biomacromolecules template,
AAO template and electrochemical anodization [20-22].
Among them, electrochemical anodization method shows
advantages of easily controllable pore size, good unifor-
mity and conformability over large areas at low coat that is
attractive for the formation of ordered nanochannel or
nanotubular films onto the surface of valve metals [19].
Because of importance of this issue, the formation of iron
oxide nanotubes with high surface area has been paid much
interest by a number of researchers. Misra et al. [23] have
first fabricated Fe,O3 nanotubes by sonoelectrochemical
anodization method for water photo-oxidation. Grimes
et al. [24] have discussed temperature dependent growth of
Fe,O5 nanotubes by anodization method. However, to our
best knowledge, there is no study directed toward the
understanding between anodizing time of iron and the solar
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light water splitting performance of the Fe,O3; nanotubes
synthesized by the anodization technique. Therefore, it is
of immense importance to understand this relationship in
order to optimize the H, generation ability of the Fe,O3
nanotubes. In this work, Fe,O3; nanotube arrays were pre-
pared from the electrochemical anodization of iron foils in
a fluoride containing solution and their performance on the
Photo-electrochemical (PEC) water splitting was investi-
gated. Energy dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD) analysis and UV-vis diffuse reflectance
spectra (DRS) were employed to get information on their
structure and composition, while their morphology was
studied by scanning electron microscopy (SEM). Here, we
focused on the optimization of anodizing time of iron in
synthesis of Fe,O3; nanotubes films for PEC water splitting.
Furthermore, the amount of H, evolved during the illumi-
nation of the Fe,O3; nanotubes films will be measured to
evaluate its solar energy conversion efficiency.

2 Experimental
2.1 Chemicals and solutions

All the reagents used in this synthesis were of analytical
grade and used as received without further purification. All
electrochemical experiments were carried out at room
temperature. Distilled water was used throughout.

2.2 Fabrication of Fe,O5; nanotube arrays electrode

Pure iron foils with 1 mm thickness (purity: 99.9 % Fe) are
used in the present study. The iron plates were first
mechanically polished with emery papers (with the fol-
lowing grades: 80, 320, 800, 1,200, and 2,400), and then
carefully rinsed, sequentially, in methanol, and distilled
water. The anodization experiments were carried out using
a two-electrode system with iron foil as anode and plati-
num with about 12 cm? geometric area foil as cathode,
respectively. A controlled dc power source (ADAK,
PS405) supplied the required constant voltage and a digital
multimeter (Senit, DT-9208A) measured the anodization
current. Anodization was carried out in an ethylene glycol
electrolyte containing 0.1 M ammonium fluoride and 1 M
H,O water under a constant DC voltage of 40 V for dif-
ferent time at 25 °C. A schematic representation of the
anodization setup is shown in Fig. 2. After anodization at a
given reaction time, the samples was taken out of the
solution, washed several times with distilled water, dried in
air and then the samples were annealed in oxygen atmo-
sphere at 450 °C for 1 h (2 °C/min) to convert the amor-
phous Fe,O5 to crystalline Fe,Os;.
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Fig. 2 Schematic diagram of the anodization set-up used to fabricate
Fe,O5 nanotubes arrays

2.3 Characterization

The surface morphologies of all samples were character-
ized by field emission scanning electron microscopy (FE-
SEM, Hitachi S-4160, Japan), and the elemental compo-
sition was estimated by energy dispersive X-ray spectros-
copy (EDX). The crystalline phases were identified by
XRD (Philips XPert). Diffraction patterns were recorded in
the 20 range from 20 to 80° at room temperature. UV—
visible absorption spectra of the samples were recorded on
a photospectrometer (JASCO V-570).

2.4 PEC water splitting

The PEC properties of the Fe,O3 nanotubes samples were
performed using a Compactstat IviumStat (Model 2.175)
with a three electrode configuration: a working electrode
(Fe,O3 nanotubes/Fe), a platinum-wire counter electrode
and an Ag/AgCl reference electrode. For photocurrent
measurements, the electrodes were immersed in a solution
of 1 M NaOH (pH 13.6). The hematite electrode was
scanned from —300 to 500 mV (versus Ag/AgCl electrode)
at a rate of 5 mV/s. Chronoamperometry was performed by
measuring the current as a function of the time at 0.20 V
(versus Ag/AgCl). The Fe,O3 nanotubes films were illu-
minated with a 200 W Xenon lamp equipped with a UV
cut-off filter (A > 420 nm). The luminous intensity of the
Xenon lamp was 100 mW/cm?. 100 % of the light was
transmitted by the quartz glass as the xenon lamp shone on
the Fe,O3; nanotubes (photo-anode). The xenon lamp was
switched on after the three electrodes were connected to the
potentiostat. Hydrogen evolution was measured for 1 h and
H, gas was collected using the water displacement tech-
nique. As H, gas is produced at the counter-electrode in the
PEC cell, it bubbles up into an inverted burette from which

the volume can be read. Figure 3 shows a schematic dia-
gram of the experimental set-up for PEC water splitting.

3 Results and discussion
3.1 Anodization process of iron foil

Anodizing is an electrolytic process that creates a protective
or decorative oxide film over a metallic surface. To accom-
plish it, the conducting piece undergoing anodizing is con-
nected to the positive terminal of a dc power supply and
placed in an electrolytic bath where it serves as the anode.
The cathode is commonly a plate of platinum. When power is
applied, electrons are forced from the electrolyte to the
positive anode. The process leaves surface metal atoms
exposed to oxygen ions within the electrolyte. The atoms
react and become an in situ integral part of the oxide layer.
The electrons travel through the power source and return to
the cathode where and react with hydrogen ions and the
combination bubbles off as hydrogen gas. Electrolytes hav-
ing lower diffusion coefficients are known to prevent local
acidification at the oxide-electrolyte interface. Hence in our
studies ethylene glycol was used as the electrolytic medium.
Fe,O3 nanotubes were obtained in an electrolyte consisting
of 1 M H,O + 0.1 M ammonium fluoride (NH4F) in eth-
ylene glycol under a constant voltage of 40 V for different
time at 25 °C. Figure 4 shows the current—time behavior
during the anodization. According to the Fig. 4, it can be said
that in the anodization process, with an applied voltage of
40 V, the sharp drop of the current behavior in the first 30 s
was due to the formation of initial oxide layer, followed by an
increase in current due to the oxide layer pitting by the
fluoride ions in the chemical dissolution process, and the
current gradually increased. It was suggested that the for-
mation of a passive film onto the iron surface upon anodizing
anodization process in ethylene glycol solutions containing
some fluorides and water proceeds via two reactions [25]:

1. Electrochemical oxidation: Iron oxidizes to form a thin
layer of Fe,O5 on Fe metal at the solid-liquid interface
by following equation:

2Fe + 3H,0 — FeZOS(anodic) + 31—12(cath0dic) (3)

2. Chemical dissolution: Although Fe,Oj5 is thermodynam-

ically stable in applied pH range, the presence of a
complexing ligand (e.g., fluoride ion) and high applied
potential leads to substantial dissolution of Fe,O; by Eq. 4:

Fe,0; + 12F~ + 6H' — 2[FeFg]*” + 3H,0 (4)

This complex formation leads to breakage in the oxide
layer, with disordered pit formation followed by the for-
mation of Fe,Os; nanotubes. This structure after further
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Fig. 3 Schematic diagram of the experimental set-up for PEC water splitting
dissolution forms self-standing individual nanotubes on the 20
iron foil. The self-organized Fe,O; nanotubes formed on
the iron surface as a result of a combined effort as shown in e 18
Egs. 3 (field-assisted) and 4 (field 4 chemical dissolution). f;’
E
. 16
3.2 Morphology of Fe,O3 nanotubes =
c
S 14t
Morphology of the as-prepared Fe,O; nanotubes along = |
with reaction time was characterized by field-emission g 12
scanning electron microscopy. Fe,O3 nanotubes samples 3
prepared by anodization of iron foil at a potential of 40 V |
in EG+ 0.1 M NH4F 4+ 1 M distilled water at room 100 200 400 600 800 1000
temperature. From FE-SEM images the average pore size is Time (Sec)

measured to be approximately 39 nm for 60 min, 31 nm
for 90 min and 43 nm for 120 min. By increase the time
anodizing, the number of cracks increases. As shown in
Fig. 5, by increasing anodizing time, we can observe that
length of the nanotubes were increases. The analysis of the
Fe,O3; nanotube samples surface by energy dispersive
X-ray spectroscopy (EDX) taking measurements on top is
shown in Fig. 6. The analysis revealed that the surface
present similar composition with presence of Fe as a main
energy E = 6.5 kV and O at E = 0.5 kV confirming that
the iron oxide film was formed. The occurrence of con-

taminants such as carbon and fluorine from precursors are ;
also observed. (ahv) = A(hv — Ey) (5)

Fig. 4 Current transient during anodization of iron in aqueous
ethylene glycol (0.1 M NH4F and 1 M H,0) solution at 40 V

3.3 Optical characterization

The optical properties such as absorption and optical band
gap energy of Fe,O3 nanotube film are determined from the
variation of absorption density. From the absorption data
the band gap energy was calculated, according to solid
band theory, using the following equation [26]:
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Fig. 5 SEM image the as-fabricated Fe,O; sample grown from a 0.1 M NH4F + 1 M distilled water in ethylene glycol for a 60 min, b 90 min

and ¢ 120 min at 40 V, with different magnifications

Fig. 6 Energy dispersive X-ray
spectroscopy (EDX) analysis of
Fe,O3 nanotubes grown on iron
foil for 60 min

where E, is the band gap energy, his Planck’s constant, v is the
frequency of vibration, hv is the photon energy, A is a pro-
portional constant and a is the absorption coefficient and n is
0.5 and 2.0 for a direct transition semiconductor and indirect
transition semiconductor, respectively. Figure 7 shows opti-
cal absorption spectrum and plot of (athv) '/ against the energy
of absorbed light. The maximum absorption wavelength was

around 344 nm, and the band gap absorption edge was around
567 nm. The absorption in the UV region corresponds to the
direct charge transfer transitions of 0>~ 2p - Fet 3d, and
the absorption in the visible region is due to the Fe®* 3d — 3d
indirect transition [19]. The band gap value is determined
from the curves extrapolations and was found to be approxi-
mately the same for all the samples and is 2.04 eV.
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Fig. 7 UV-vis absorption spectra of the prepared Fe,O3; nanotube
film (inset shows the Tauc plots calculated from the data)

l. ® : Fe
—_ v: F9203
3 m: Fe;04
8
2 °
7]
c
2
£ u F as-formed
v
vy = Ym v YY Y% 450 °C
20 30 40 50 60 70 80

20 (degree)

Fig. 8 XRD spectra from a self-organized nanoporous layer formed
on Fe using 0.1 M NH4F + 1 M distilled water in ethylene glycol for
60 min at 40 V before and after annealing

3.4 Structure of the Fe,O3 nanotubes

The crystal structure of the as-anodized and annealed iron
oxide nanotube films were examined by X-ray diffraction
(XRD) and Fig. 8 shows the corresponding XRD patterns.
The as-anodized Fe,O3; nanotubes were amorphous in
nature and no significant crystalline oxide structure was
found. These nanotube were crystallized into a-Fe,Oj; after
annealing at 450 °C in oxygen atmosphere for 1 h. In
addition, a very small amount of Fe;O, (magnetite) is
observed as the secondary phase, which is much less than
that of a-Fe,0s.

3.5 Photo-electrochemical activity
Figure 9 shows the relation between applied potential and

resultant current with and without illumination of the
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Fig. 9 Current versus potential curves of Fe,O3; nanotube photo-
anodes prepared with different anodization time in the dark and under
simulated solar light in a 1 M NaOH electrolyte solution
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Fig. 10 H, evolution for Fe,O3 nanotube photo-anodes prepared with
different anodization time

different samples that were annealed in the oxygen atmo-
sphere at 450 °C for 1 h (2 °C/min). The I-V behavior is
regarded as an indirect way to measure the rate of H,
generation by water splitting if the Faradaic efficiency for
water oxidation is assumed unity. The measured potentials
vs. Ag/AgCl are converted to the reversible hydrogen
electrode (RHE) scale according to the Nernst equation:

Erue = Eag/agar + 0.059pH + E(/)\g/AgCl (6)

where Egryg is the converted potential versus RHE,
EOAg/AgC] = 0.197 V (25 °C), and Epg/ac s the experimen-
tally measured potential reference to Ag/AgCl electrode.
Under dark condition, all electrodes did not show any
current generation either. The dark current remained low
until the redox potential was reached for oxygen evolu-
tion in 1 M NaOH solution (0.2 V Ag/AgCl). Under light
irradiation, photocurrent is observed over a region
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Table 1 Comparison of the photocurrent density of the present study with similar studies

Electrodes Electrolyte Photocurrent density (mA/cm?) Ref.
a-Fe,03 1 M NaOH 0.2 (at 0.4 V vs. Ag/AgCl) [27]
a-Fe,03 1 M KOH 0.2 (at 0.4 V vs. Ag/AgCl) [13]
a-Fe,03 1 M NaOH 1 0.72 (at 0.5 V vs. Ag/AgCl) [28]
Ti-doped Fe,O3 M NaOH 1 M 0.103 (at 0.2 V vs. SCE) [29]
Cd-Fe,03 NaOH 1 M 1.1 (at 0.193 V vs. SCE) [30]
ZnFe,0,4 NaOH 1 M 0.35 (at 0.23 V vs. Ag/AgCl) [31]
a-Fe,O3 nonotubes NaOH 0.35 (at 0.23 V vs. Ag/AgCl) This work

Saturated calomel electrode (SCE)

starting from —0.1 V versus Ag/AgCl for all three Fe,O;
electrodes. Compared with sample A (anodized in 1 h)
with photocurrent of 0.02 mA/cmz, sample B (anodized
in 1.5 h) and C (anodized in 2 h) showed photocurrent
increases by 0.059 and 0.086 mA/cm” at 0.23 V versus
Ag/AgCl, respectively. This potential at pH 13.8 adopted
for comparison corresponds to 1.23 V vs. RHE, which is
the theoretical potential necessary for water oxidation.
The photocurrent intensity increases with anodization
time. It can be said that the induced photocurrent
increased with increasing tube length of Fe,O; nanotube.
These facts imply that Fe,O3; nanotube with longer tube
length provide the larger surface area and induce the
higher induced photocurrent under illumination. Hydro-
gen generation over Fe,O3; nanotube samples obtained
with anodizing time is shown in Fig. 10. The total mount
of H, evolved on the sample C was 254 pL/cm?® after
60 min, which is approximately 1.43 times higher than
that on the sample B (177 pL/cm?) and 2.4 times higher
than that on the sample A (106 pL/cm?). These results
are approximately in agreement with the photocurrent
density results. In this study, the maximum photocurrent
density was 0.68 mA/cm? at 0.5 V versus Ag/AgCl (for
sample C). A comparison of the photocurrent density of
the present study with similar studies is presented in
Table 1.

One important feature of the catalyst to reduce the cost
of the process is its ability to be reused. Figure 11 shows
the hydrogen production of Fe,O3 nanotube photo-anode
(sample C) as a function of sequence of reaction time, the
hydrogen production volume has no obvious decay and
maintains an average value of 240 pL/cm” after ten con-
tinuous running (60 min per running), which indicates that
the Fe,O; nanotube photo-anode have good mechanical
strength and chemical stability in the water splitting pro-
cess and could be a promising material for long-term
hydrogen production. So we expect that this nanotube
photo-anode will offer promising applications for renew-
able energy generation, environmental protection and other
photoelectrochemical applications.

260

250 -

240} Moo= —

230 -

220 -

210 -

Hydrogen production (lecmz)

200

1 2 3 4 5 6 7 8 9 10
Running times

Fig. 11 H, evolution for Fe,O5 nanotube photo-anode (sample C) as
a function of running times

4 Conclusions

Pure iron samples were anodized at room temperature in an
ethylene glycol electrolyte containing 0.1 M ammonium
fluoride and 1 M H,O water under a constant voltage of
40 V for different time. Annealing in an oxygen atmosphere
at 450 °C for 1 h resulted in a predominantly crystallized
nanoporous Fe,Oj; film. XRD, SEM, EDX and UV-vis
absorbance spectra have been used to characterize the Fe,O3
nanostructures. The pore size of the film can be controlled by
adjusting the anodizing time. The optical and photo-elec-
trochemical properties have been investigated. The results
show that the band gap value of Fe,Oj3 films is 2.04 eV. The
maximum photocurrent density is 0.68 mA cm™2 with a
bias voltage of 0.5 V (V vs. Ag/AgCl), under a200 W xenon
lamp system.
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