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Iron(111) oxide (Fe2Oz) has been recognized as a photoanode capable of water oxidation to dioxygen.
For producing the efficient performance of Fe,Os photoanode, the short-range diffusion of hole
carriers and the ease of carrier recombination are the issues to be solved. Herein, a promising
fabrication method for the preparation of an efficient a-Fe.O3z photoanode is presented. When a-Fe2O3
was subjected to acid treatment followed by loading of a co-catalyst, mix-valence cobalt(ll,111) oxide
(Co304), the double-treated Fe-O3 was superior to the untreated and acid-treated materials.
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1. INTRODUCTION

Solar-driven hydrogen production from water has attracted significant attention as a clean and
renewable energy source. The decomposition of water into H> and O has been actively studied using
both photoelectrochemical [1-7] and photocatalytic approaches [8-13]. To efficiently acquire solar-
generated hydrogen, a wide range of the solar spectrum must be available to the water-splitting
reaction. Iron(l11) oxide (Fe203) is recognized as a typical photocatalyst that responds to visible-light
energy (cf. band-gap: ca. 2.0-2.2 eV) [14-19], and can be fabricated by various methods (i.e. sintered
single- and poly-crystalline preparation,[20,21] spray pyrolysis,[22] and atmospheric pressure
chemical vapor deposition (APCVD) [23]). Water splitting by Fe>Os has been investigated in terms of
photoelectrochemistry because Fe,Oz alone cannot induce the overall reaction of water without
applying biases to the reaction system. The conduction band of Fe.Oz corresponds to the reducing
power and is potentially insufficient for H, formation. The aforementioned preparation methods have
been used to form Fe>O3 nanoparticles, aiming at overcoming the short diffusion distance of the hole
carrier [24-28] and the ease of carrier recombination. Recently, a novel preparation for an efficient
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Fe>O3 photoanode was developed and involved acid treatment [29], which led to diminishing electron-
hole recombination via increasing rates of detrapping photo-generated electrons based on the improved
electrical conductivity in bulk. In addition, co-catalyst loading onto the photoanode (or photocatalyst)
surface has been performed to efficiently generate O, from water in photoanodes composed of
hematite [30-34]. Herein, a promising procedure for the preparation of an efficient Fe2O3s photoanode
for O. evolution via double treatment is proposed. The procedure involves acid treatment and
subsequent loading of a co-catalyst [i.e. cobalt(ll, 1) oxide denoted as Co3O4], which is a completely
novel preparation procedure.

2. EXPERIMENTAL

A F-doped tin oxide (FTO)-coated glass plate (sheet resistance, 12 Qcm™2; FTO thickness, ca.
800 nm) was obtained from AGC Inc. and was utilized for the base electrode. All reagents used were
of extra-pure grade and used as-received. Herein, a-Fe,Os was prepared according to a previously
reported procedure via spray pyrolysis [35]. First, a 0.5 M iron(lll) chloride (Kanto Chemical)
ethanolic solution was prepared and the resulting solution was sprayed 5 times to an FTO-coated face
retained at 400°C. This operation was performed thrice at 5 min intervals. The final a-Fe>.O3 product
was obtained by sintering the aforementioned sample at 400°C for 2 h in an electric furnace (Yamato
Scientific, FO300; temperature ramp rate, 2°C/min.). The resulting a-Fe>Os3 is hereafter abbreviated as
FTO/a-Fe20s.

Subsequently, the FTO/a-Fe203 was subjected to acid treatment [29], wherein an Fe;Os face
(geometrical area: 2 X 3 cm) was soaked in a 1 M phosphoric acid solution for 3 min. The treated a-
Fe>Os was later washed with deionized water and dried under an air atmosphere. The materials were
then sintered at 450°C for 2 h in an electric furnace at a ramp rate of 2°C/min. The acid-treated a-
Fe20Os is referred to as FTO/AT-a-Fe20a.

The loading of Co304 co-catalyst onto FTO/AT-a-Fe2Os was achieved according to the method
described by Lim et al. [36]. A methanol solution (10 mL in total) containing 2-aminoethanol (0.1 mL)
was prepared and 5 mg of cobalt(ll) acetylacetonate (Tokyo Kasei) was dissolved in the
aforementioned methanolic solution, followed by stirring for 24 h. The precursor solution (100 pL) of
Co complex was dropped onto the Fe.O3 surface in FTO/AT-a-Fe203, and subsequently spin-coated
for 30 s (rotation speed: 2000 rpm). Co304 loading was completed by sintering at 350°C for 15 min
and the double-treated a-Fe2>Os is denoted as FTO/AT-a-Fe203/C030a.

The absorption spectra of FTO/a-Fe203, FTO/AT-a-Fe203 and FTO/AT-a-Fe>03/C0304 were
measured using a PerkinElmer Lambda 35 spectrophotometer. The untreated and treated o-Fe.Os
surfaces were observed by scanning electron microscopy (SEM; JEOL, JSM-7000F).
Photoelectrochemical measurements, including cyclic voltammograms and photocurrents for acquiring
action spectra, were performed using a single-compartment cell composed of modified FTO working
(effective area: 1 X 1 cm), spiral Pt wire counter, and Ag/AgCI (in saturated KCI electrolyte) reference
electrodes (Scheme 1).
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Scheme 1. An illustration of a three-electrode system used in the present work.
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Scheme 2. Schematic illustration of the cell used for the water-splitting reaction.

For these measurements, an alkaline solution (pH 14) containing NaOH was used as the
electrolyte solution. Photoelectrochemical experiments were operated using a potentiostat (Hokuto
Denko, HA-301) with function generator (Hokuto Denko, HB-104), coulomb meter (Hokuto Denko,
HF-201), and data logger (GRAPHTEC, midi LOGGER GL900) under illumination. A xenon lamp
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(light intensity: ca. 70 mW-cm2) was used to irradiate the a-Fe,O3 photoanodes. The light intensity
was measured using power meters (CS-40, ASAHI SPECTRA; type 3A, Ophir Japan, Ltd). When
acquiring the action spectra for photocurrents, a light source was combined with a monochromator
(Soma Optics, Ltd., S-10) to irradiate monochromatic light.

Photoelectrochemical water decomposition was performed using a twin-compartment cell
separated by a salt bridge (Scheme 2). The modified FTO (oxidation site) and Pt wire (reduction site)
were placed in each compartment, and an Ag/AgCI reference electrode was co-located with the Pt
counter electrode. The a-Fe2Os photoanode was immersed in an alkaline solution (pH 14) and the other
electrodes were placed in a phosphoric acid solution (pH 2). To prepare the salt bridge, agar (1.3 g)
and KNOz3 (4.74 g) were first dissolved in hot water (10 mL) and the mixture was then allowed to flow
into the bridging part of the cell, solidifying at room temperature. Gaseous products (i.e. Oz and H>)
were analyzed using a gas chromatograph (GL Sciences, GC-3200) equipped with a thermal
conductivity detector (column, 5 A molecular sieve; carrier gas, argon).

Calculation methods of incident photon-to-current efficiency (IPCE) as well as faradaic
efficiency (F.E.) have been described elsewhere [6,7].

3. RESULTS AND DISCUSSION

Figure 1. SEM images of a-Fe2O3 before (a) and after (b) acid treatment.

Fig. 1 shows the obtained SEM images of the a-Fe2O3 surfaces with and without acid treatment
(i.e. FTO/AT-a-Fe;O3 and FTO/a-Fe203). Regardless of the a-Fe,Os treatment, those surfaces
remained unchanged. Moreover, no crystal size changes were observed. This type of morphological
immutability before and after the treatment has been previously reported by Cowan and Li [29]. Based
on the Tauc plot originating from the absorption spectrum of a-Fe.Oz (Fig. 2), the band gap energy
(Eg) of the resulting a-Fe,O3 was estimated to be ca. 2.0 eV, consistent with previously reported data
(vide supra) [14-19]. In addition, the magnitude of the band gap remained constant irrespective of the
acid treatment.
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Figure 2. Tauc plot originating from the absorption spectrum of untreated a-Fe>O3. The terms, «, h and
v represent absorption coefficient, Planck constant, and frequency of light, respectively.
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Figure 3. Action spectra for the photocurrents at the a-Fe;Os photoanodes. Solid lines indicate the
absorption spectra of a-Fe20s: (a) FTO/a-Fez203; (b) FTO/AT-a-Fe203; and (c) FTO/AT-a-
Fe203/C0o30a.
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Figure 4. Cyclic voltammograms of three types of a-Fe;Oz used in the present study. Working
electrode: FTO/a-Fe;03, FTO/AT-a-Fe203, or FTO/AT-a-Fe;03/C0304; reference electrode:
Ag/AgCI (sat.); counter electrode, Pt wire; electrolyte solution: NaOH solution (pH = 14); light
intensity: 70 mW/cm?; Scan rate: 20 mV/s.

Table 1 Data for the photoelectrochemical water splitting using three types of a-Fe>Os3 as photoanodes
at an applied potential of +0.2 V vs. Ag/AgCI?

The amounts of gaseous products

Types of photoanodes / uL
Hz O2
FTO/a-Fe203 43.4 21.9
FTO/AT-a-Fe203 71.7 36.4
FTO/AT-a-Fe,03/C0304 157 77.1

a) irradiation time, 3 hours

Three types of a-Fe;Os photoanodes, i.e. FTO/a-Fe O3, FTO/AT-a-Fe 03, and FTO/AT-a-
Fe203/Co304, induced O evolution, resulting in the generation of photoanodic currents (vide infra).
Fig. 3 shows the action spectra for photocurrents at the a-Fe.Oz photoanodes compared to the
absorption spectra of a-Fe2Os. In each case, the photocurrents were confirmed at wavelengths of <600
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nm, corresponding to the absorption edge of a-Fe2Os3 (vide supra). For the typical data at 400 nm, the
IPCE value of FTO/AT-a-Fe203/Co304 was ca. 1.5 and 3 times higher than that of FTO/AT-a-Fe 03
and FTO/a-Fe203, respectively. This demonstrated that the double treatment is most effective for
fabricating an efficient photoanode composed of a-Fe>Os. Analogous photoelectrode performances
were confirmed via the voltammograms (Fig. 4).

Table 2 Data for the photoelectrochemical water splitting using three types of a-Fe>O3 as photoanodes
at an applied potential of +0.6 V vs. Ag/AgCI?

The amounts of gaseous products

Types of photoanodes / uL
H> 07
FTO/o-Fe;03 130 64.3
FTO/AT-o-Fe203 289 141
FTO/AT-a-Fe203/Co304 405 213

a) irradiation time, 3 hours

The photoelectrochemical decomposition of water was achieved by applying low and high
potentials to the reaction, as shown in Table 1 and Table 2. In each case, the stoichiometric formation
of O, and H> was observed (cf. F.E., >85% for both O2 and H> formation). Furthermore, applying a
high potential to the reaction system resulted in relatively higher amounts of O2 and Hz, owing to
efficient charge separation resulting in increasing amounts of carriers available for the water-splitting
reaction. This potential-dependent water splitting has been observed in previous studies [6,7,37-40].
The photoelectrolysis data clearly demonstrated the positive effects of the single and double
modification of a-Fe2Os, similar to the aforementioned photoelectrochemical results (vide supra).
First, FTO/AT-a-Fe>O3 was superior to FTO/a-Fe,0s. The short-distance diffusion of hole carrier in a-
Fe2O3 has been shown to induce inefficient charge separation [24-28]; however, as described by
Cowan and Li [29], the acid treatment of a-Fe,Os improves its electrical conductivity, thereby
enhancing the transport efficiency of surface-trapped electrons towards the bulk by surface passivation,
diminishing electron and hole carrier recombination, and leading to an increased amount of holes
available for O> evolution. In addition, in some cases of O evolution at the a-Fe;Os photoanode,
Co0304 has been applied as a co-catalyst [41,42]. The mixed-valence CozO4 contains Co?" ions that
function as hole-trapped sites. Co304 loading further enhances the charge separation, leading to
efficient O, evolution via catalysis of the Co®* ions generated under irradiation [36].

4. CONCLUSION

Herein, a novel a-Fe O3 photoanode was prepared for the efficient evolution of O,. Acid
treatment of a-Fe2O3 was effective; following the loading of a Co304 co-catalyst, O, evolution was
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further enhanced. The o-Fe2O3 employed was prepared by a conventional method (i.e. spray
pyrolysis). Irrespective of the fabrication method of a-Fe2Os, the double treatment is a promising and
ubiquitous process for preparing an efficient a-Fe>O3 photoanode.
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