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ABSTRACT: Renewable energy is spotlighted as a resource to
replace fossil fuels, and among the resources, active research on
hydrogen energy is ongoing. Various methods have been developed
to produce hydrogen energy using photoreduction processes. In
this study, we synthesized β-phase iron oxyhydroxide (β-FeOOH)
using a hydrothermal method with an optimal synthesis time and
investigated its photofunctional properties, including hydrogen
production. The obtained samples were characterized and
compared with reference data. X-ray powder diffraction results
corresponded to the peaks of the reference data. A rod structure
was confirmed by scanning electron microscopy, and no impurities
were observed. The band-gap energy of β-FeOOH was calculated as 1.8−2.6 eV. A photoreduction process was performed based on
a photo-Fenton reaction to produce hydrogen by irradiating ultraviolet (UV) on β-FeOOH. The synthesized β-FeOOH was
subjected to UV irradiation for 24 h to produce hydrogen, and we confirmed that hydrogen was successfully produced. The
properties of β-FeOOH were evaluated after UV irradiation.

■ INTRODUCTION

The adverse effects of environmental problems, such as global
warming and air pollution, resulting from the use of fossil fuels,
have prompted the search for alternative energy sources.
Renewable energy, capable of sustainable growth, has become
the focus of global research as an alternative to fossil fuels.
Hydrogen as a fuel does not emit environmentally harmful
pollutants; hence, research is ongoing to increase hydrogen
production as a clean energy source to solve the environmental
problems posed by fossil fuels.1

Among the various methods of hydrogen production,2,3

photocatalysis, which uses light to accelerate the photoreaction
of photocatalysts, has been extensively studied.4 Photocatalysis
is a reaction in which electrons are excited in the valence band
by irradiating light with sufficient energy to metal oxide and
the electrons excited in the conduction band react with
materials present on the photocatalyst surface.5−8

In this study, we investigated metal oxide materials that are
not widely used and can be recycled. Among various resources,
rust was devised, which is a very common material on earth,
and a waste readily available at a low cost, and yet not fully
utilized. Rusty iron is an iron oxide and has various bonding
forms. Fe2O3 and Fe3O4 are representative oxides, and several
studies have been reported on producing ecofriendly hydrogen
for applications in water purification and air pollution
control.9,10 Herein, we discovered iron oxyhydroxide
(FeOOH) among various iron oxides, which has not been

used for hydrogen generation. FeOOH has four crystal phases
including α(goethite), β(akaganeite), γ(lepidocrocite),
and δ(ferroxyhyte), with band-gap energies ranging from 1.8
to 2.3 eV. Thus, it can only absorb visible light with a
wavelength of 380−750 nm.11 β-FeOOH has been synthesized
using hydrothermal methods12 and investigated under varying
experimental conditions, including the treatment time, to find
the optimal synthesis time (Figure S1).
As-synthesized β-FeOOH was initially used in the experi-

ment, which requires 1.2 eV for oxygen and hydrogen to
undergo redox reactions.13 However, the experiment was
unsuccessful due to the insufficient energy exhibited by β-
FeOOH.14,15 Thus, β-FeOOH could only be used as a buffer
layer to absorb visible light during electrolysis by integrating
electrochemical fields.16,17 In this case, an applied voltage is
required and visible light is irradiated on a thin film.18

However, although FeOOH absorbs visible light, the energy of
visible light is insufficient to generate hydrogen; hence,
FeOOH cannot function as a photocatalyst. Here, we
developed a unique hydrogen production method based on
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photo-Fenton reactions. The process using β-FeOOH was
carried out under UV irradiation without applying a voltage,
and the temperature was varied to examine the effect on
hydrogen production. We expected that hydrogen production
would be possible due to the reaction under UV irradiation.
The Fenton (eq 1) and photo-Fenton (eq 2) reactions are
expressed as follows19,20

Fe H O OH Fe OH2
2 2

3+ → + ++ · + −
(1)

hvFe(OH) Fe OH2 2+ → ++ + · (2)

■ EXPERIMENTAL SECTION
Iron(III) chloride hexahydrate (FeCl3·6H2O, ferric chloride),
>99.0%, Wako) and poly(ethylene glycol) (PEG, H-
(OCH2CH2)nOH, #10000, Yakuri) were purchased for β-
FeOOH synthesis. Methanol (CH3OH, >99.8%, Wako) was
purchased for the hydrogen procedure. Double deionized (DI)
water was used in all of the procedures. β-FeOOH was
synthesized by employing ferric chloride as a primary reductant
and PEG as a secondary reductant. The reduction process was
carried out at room temperature (RT), i.e., 21 °C. β-FeOOH
was investigated by varying the experimental conditions of its
synthesis. The hydrothermal treatment time was varied, as
shown in Table 1. A typical procedure is as follows: the

required volumes of freshly prepared aqueous solutions
containing FeCl3 and PEG were mixed in 40 mL of DI
water for 5 min by stirring to ensure a homogeneous solution.
The solutions were then heated to 80 °C in an oven using
hydrothermal treatment (Table 2).

The structural properties of the synthesized β-FeOOH were
observed by X-ray diffraction (XRD, MPA-2000, Rigaku) at
20−80° and scanning electron microscopy (SEM, S-4700,
Hitachi). UV−vis extinction spectra were recorded using a
spectrophotometer (Lambda 750 UV−vis−NIR, Perkin
Elmer) in the absorbance mode (190−1400 nm). As the
crystal structure collapses and reacts with oxygen, it is
circulated to FeOOH.
Hydrogen production was conducted by adding the

synthesized β-FeOOH to prepared aqueous solutions contain-
ing DI water and methanol under UV irradiation, with the
intensity fixed at 2.5 mW/cm2. The process was conducted in
the dark at RT and 80 °C. The amount of hydrogen produced

was measured with a gas chromatography-thermal conductivity
detector (GC-TCD-2014, Shimadzu).

■ RESULTS AND DISCUSSION

The initial pH of the synthesized β-FeOOH under various
hydrothermal treatment times was 3.59. Figure 1 shows the
SEM images of the as-synthesized β-FeOOH, and they all
reveal rod-like structures. The size of β-FeOOH particles
increased with the synthesis time (a = height: 500−537 nm,
width: 175−200 nm; b = height: 750−762 nm, width: 187−
212 nm; c = height: 930−950 nm, width: 220−250 nm).
Growth on the preferential growth plane controlling the length
was confirmed by the X-ray diffraction (XRD) pattern.
In the XRD patterns (Figure 2), all peaks of the as-

synthesized samples are attributed to akaganeite (JCPDS 34-
1266), and no impurities were observed. However, the peak
intensities varied with the hydrothermal treatment time. The
sample with a hydrothermal time of 6 h showed broad peaks,
whereas those of the samples with hydrothermal times of 12
and 24 h were sharp. The preferential growth plane of the rod-
structured particles was the (310) peak, which is responsible
for the particle length.
The crystallite size was calculated using the Scherrer

equation with (310) peak data from the XRD patterns (see
the Supporting Information, Figure S1),21 which is expressed
as

K
cos

τ λ
β θ

=
(3)

In eq 3, β is the full-width at half maximum (FWHM), which is
inversely related to the crystallite size τ. Therefore, the larger
FWHM, i.e., the broader the XRD pattern, the smaller the
crystallite size. As shown in Figure S1 (see the Supporting
Information), considering the (310) peak, the crystallite size
varied with the synthesis time (#1: 32.5 nm, #2: 34.7 nm, #3:
49.4 nm). We infer that there is a correlation between the
specific surface area and the average crystallite size: the smaller
the crystallite size, the larger the specific surface area, which
favors the hydrogen evolution reaction (HER).22 Therefore,
the sample having a broad XRD pattern has a large specific
surface area, favoring redox reactions.23 Among the four
samples, the 6 h sample was used for hydrogen because of the
relationship between the particle size and the surface area,
which indicates that the sample with smaller crystallites has a
large specific surface area. The large specific surface area
indicates high redox reaction efficiency, resulting in a positive
effect on hydrogen production.24,25

The optical characteristics of the as-synthesized samples
were measured (see the Supporting Information, Figure S2).
The absorbance was measured in a wavelength range of 200−
1400 nm, and we calculated the range of wavelengths to ensure
that β-FeOOH absorbed only visible-light wavelengths. β-
FeOOH absorbed only radiation in the visible spectrum,
implying that visible light can be used for the redox reaction.
The band-gap energy (Eg) of the four samples was calculated
using the Kubelka−Munk method as one of the diffuse
reflectance measurements. The band gap of the samples ranged
from 1.9 to 2.2 eV, which is consistent with that reported for β-
FeOOH.26 According to the relationship between particle size
and HER, the smaller the particle size, the larger the HER.27

The photo-Fenton reaction was conducted employing UV
irradiation in the Fenton process for photoreduction of Fe3+ to

Table 1. Hydrothermal Treatment Time Conditions for
Finding Optimal Synthesis Time

no.
synthesis
time (h)

treatment
temperature (°C)

primary
reductant

secondary
reductant

#1 3 80 ferric
chloride

PEG (10000)

#2 6
#3 12
#4 24

Table 2. Hydrogen Production by Irradiating UV in a Dark
State

temperature UV intensity solvent β-FeOOH

RT 2.5 mW/cm2 DI water + methanol (9:1) 50 mg
80 °C
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Fe2+. A redox couple consisting of water and ferrous ion was
used. The process is expressed as follows28−31

Fe H O Fe H OH ( 530 nm)
hv3

2
2 λ+ → + + <+ + + ·

(4)

4Fe O 4H 4Fe 2H O (in acid condition)2
2

3
2+ + → ++ + +

(5)

When UV light is used in eq 4, electrons in the valence band
are excited and holes are generated, and Fe3+ is reduced to
Fe2+. The generated holes decompose H2O into H+ and •OH.
The efficiency of the photo-Fenton reaction process is
determined by the reactivity of •OH radicals. In eq 5, the
electrons from Fe2+ participate in the formation of H2O and
are oxidized back to Fe3+. In addition, H+ produced in eq 4 is
expected to be involved in three reactions reacting with •OH
to form H2O, or reacting with oxygen in the atmosphere to
become H2O, or generating electrons to produce hydrogen. β-

FeOOH can be circulated by the abovementioned reactions.
During the circulation of β-FeOOH, hydrogen is produced
(Scheme 1).32

As shown in Figure S2 (see the Supporting Information), β-
FeOOH absorbed only visible light, but reactions occurred
upon UV irradiation to produce hydrogen, which is attributed
to the photo-Fenton reactions. The solution was prepared in a
water to methanol ratio of 9:1, and the pH was 3.59.
Before proceeding with the hydrogen generation experiment

through UV irradiation, two blank experiments were
conducted. Both experiments were classified by whether
methanol was added to the solution, and were conducted in
a dark room. Because photo-Fenton reactions are caused by
the excitation of electrons by light energy, both experiments
conducted in the dark did not generate hydrogen regardless of
methanol.
Hydrogen production was conducted at room temperature

(RT) and 80 °C under both visible light and UV irradiation,
respectively, to prove that hydrogen is not produced under
visible light. The temperature conditions were varied to
observe the effect of methanol, an organic solvent constituting
the solution. To completely vaporize methanol in the solution,

Figure 1. SEM images of as-synthesized β-FeOOH at different synthesis times: (a) 6 h (height: 500−537 nm, width: 175−200 nm), (b) 12 h
(height: 750−762 nm, width: 187−212 nm), and (c) 24 h (height: 930−950 nm, width: 220−250 nm).

Figure 2. X-ray diffraction patterns of as-synthesized β-FeOOH at
different hydrothermal times.

Scheme 1. Hydrogen Production Process under UV
Irradiation
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the temperature for the comparative experiment was set to 80
°C, which is higher than the boiling point of methanol (64.7
°C). The temperature of the comparative experiment was set
below 100 °C because it is difficult to determine whether the
change in hydrogen production is due to the evaporation of
methanol or water. Hydrogen generation under visible light
and UV irradiation was compared, and the effect of
temperature on hydrogen generation was evaluated (Figure
3). After irradiation for 24 h, as expected, no additional
hydrogen was found under visible light, but in contrast,
hydrogen was generated under UV irradiation.
At the beginning of UV irradiation, more hydrogen was

produced at 80 °C, but at the end of the 24 h experiment, the
amount of hydrogen produced at RT (41.2 μmol) was higher
than that produced at 80 °C (32.5 μmol). Thus, we confirmed
that hydrogen production is possible at both RT and 80 °C
under UV irradiation.
Measurements after 24 h confirmed that more hydrogen was

produced at RT, and the difference between the amount of
hydrogen produced at 80 °C and RT is related to the synthesis
temperature of β-FeOOH during hydrothermal treatment. β-
FeOOH was prepared by hydrothermal treatment at 80 °C.

Hydrogen generation experiments at 80 °C showed that the
synthesis temperature of the sample causes the aggregation of
FeOOH particles, so the specific surface area decreases, and
consequently, the reactivity decreases.
A further experiment was performed over a longer period to

confirm the feasibility of hydrogen production using FeOOH.
Experiments conducted at RT for 48 h showed a steady
increase in the amount of hydrogen produced (Figure 4), and
semipermanent hydrogen production is possible as long as the
FeOOH cycle continues.
Moreover, according to eq 4, oxygen is consumed to recover

Fe3+, and Figure 4 shows a reduction of oxygen in the sealed
container during the 48 h hydrogen generation experiment.
The amount of oxygen after 48 h was significantly decreased
compared to the initial amount. Based on this result, oxygen is
certainly consumed in photo-Fenton reaction cycles.
The structural characteristics of the samples after UV

irradiation are shown in Figures S3 (see the Supporting
Information), 4, and 5. The peaks of β-FeOOH after hydrogen
production remained the same as those of β-FeOOH before
UV irradiation (see the Supporting Information, Figure S3).
The peak intensities in the XRD patterns of RT and 80 °C

Figure 3. Amount of hydrogen produced at RT and 80 °C under visible and UV irradiation after 24 h.

Figure 4. Sustainability of hydrogen production and oxygen consumption over 48 h.
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samples after the reaction are similar to those before the
reaction, and all major peaks were retained but their intensities
decreased. Comparing the intensities, we found that the 80 °C
sample had better crystallinity than the RT sample, which
implies that the 80 °C sample had a larger crystallite size. In
particular, more hydrogen would be produced at RT according
to the abovementioned data (see the Supporting Information,
Figure S1).
As shown in Figure 5, β-FeOOH showed a rod-like structure

before and after UV irradiation, and there was no significant
difference in the width and the length. Transmission electron
microscopy images of the sample also showed a rod-like
structure (see the Supporting Information, Figure S4). The
appearance of the same peaks and rod structure after
irradiation indicates that no noticeable change occurred,
except for a decrease in intensity, after hydrogen production.
We confirmed that the phase of β-FeOOH was maintained.
Thus, we infer that the structural characteristics of β-FeOOH
are not affected by UV irradiation and temperature.

XPS spectra of β-FeOOH were recorded before and after
UV irradiation (Figure 6).33,34 Figure 6a shows the survey scan
spectra of β-FeOOH, and Figure 6b reveals the presence of
H−O, Fe−OH, and Fe−O bonds before UV irradiation.
However, after UV irradiation, the intensity of H−O decreases.
The peaks of the H−O bond were expected to decrease during
the cycle of FeOOH, during which Fe2+ photoreduced by UV
irradiation is reoxidized to Fe3+ according to the above-
mentioned photo-Fenton reaction. Further research is required
for an accurate interpretation of this data.
Hydrogen production was a result of the photo-Fenton

reaction, which is one of the redox reactions that occur under
UV irradiation. This reaction upon irradiation is mainly due to
the photochemical reduction of Fe3+ to Fe2+, which is the
major catalytic species in eq 2. During the photo-Fenton
reaction, OH− and H+ were also produced simultaneously.
Then, the Fe2+ ions were oxidized in air to Fe3+ ions, which
supports the results shown in Figure 3.
Since this process consumes only small quantities of

FeOOH and produces no additional contaminants, it is a

Figure 5. SEM image of β-FeOOH after hydrogen production experiments at various temperatures: (a) RT (height: 500−540 nm, width: 150−185
nm), (b) 80 °C (height: 490−525 nm, width: 162−198 nm), and (c) before UV irradiation (height: 500−537 nm, width: 175−200 nm).

Figure 6. XPS spectra and O 1s core-level spectra of β-FeOOH before and after UV irradiation. (a) Survey scan spectra and (b) O 1s core-level
spectra.
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good hydrogen production method without environmental
pollution.35

■ CONCLUSIONS

β-FeOOH was synthesized by a hydrothermal method with
varying treatment times, and its structural and optical
properties were evaluated. The XRD patterns show the same
peaks as the reference data and rod-like structure. Based on the
broadness of the XRD patterns and the particle size from the
SEM images, the sample synthesized for 6 h is suitable for
hydrogen generation. Hydrogen was produced under UV
irradiation at varying temperatures, and the structural proper-
ties of β-FeOOH after UV irradiation were re-evaluated. The
amounts of produced hydrogen were 41.2 and 32.5 μmol at RT
and 80 °C, respectively.
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