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ABSTRACT: Hematite (α-Fe2O3) is one of most investigated oxides for energy
applications and specifically for photocatalysis. Many approaches are used to prepare
well-controlled films of hematite with good photocatalytic performance. However, most
of these methods suffer from a number of disadvantages, such as the small quantities of
the product, and the assembly of the nanostructures is usually a secondary process.
Herein, we present a facile and large-scale synthesis of mesoporous hematite structures
directly on various substrates at moderate temperature and study their photo-
electrochemical (PEC) properties. Our approach is based on thermal decomposition
of iron acetate directly on a substrate followed by an annealing process in air to produce
a continuous mesoporous film of α-Fe2O3, with good control of the size of the pores.
Improving the PEC properties of iron oxide was achieved by deposition of CoO
domains, which were formed by thermal decomposition of cobalt acetate directly onto
the hematite surface to produce α-Fe2O3/CoO nanostructures. PEC measurements of
the hematite film before and after CoO growth were tested. Two methods were used to deposit the cobalt material: (a) thermal
decomposition and (b) the most typically used method, adsorption of cobalt salt. The photocurrent of pure hematite was 0.25
mA/cm2 at 1.23 V versus reversible hydrogen electrode (RHE), while modification of the hematite surface using the thermal
decomposition method showed 180% improvement (0.7 mA/cm2 at 1.23 V vs RHE) and 40% improvement (0.35 mA/cm2 at
1.23 V vs RHE) via the adsorption method. Moreover, the onset potential was shifted by 130 and 70 mV when the surface of the
hematite was modified by the thermal decomposition and adsorption methods, respectively.

■ INTRODUCTION
Photoelectrochemical (PEC) water splitting uses a semi-
conductor material to absorb solar energy and create charges
that is then used to split water molecules into hydrogen and
oxygen.1−3 In 1972, Fujishima and Honda were the first to
report the usage of a semiconductor (TiO2) in PEC cells.2

Since then, extensive efforts have been aimed at finding a
material that fulfills the necessary requirements of a good
photocatalyst material for water splitting.4−7 Metal oxides, such
as TiO2,

2 WO3,
8 Cu2O,

9 BiVO4,
10 and α-Fe2O3, are good

photocatalyst candidates for PEC water splitting because of
their high stability in aqueous solutions and the alignment of
their energy bands to the hydrogen and oxygen redox
potentials. In addition, these materials are nontoxic, abundant,
and simply fabricated.
α-Fe2O3 is one of the most promising materials for the

photocatalytic process in PEC water splitting because of its
further unique properties, such as its band gap (2.1 eV)11 and
theoretical maximum efficiency (12.9% AM 1.5).12 However,
hematite has low mobility (<10−1 cm2/V·s)13 and a short
diffusion length (<10 nm),14 and the energetic position of the
conduction band edge is low compared to the proton reduction
potential. However, these limitations can be overcome by
increasing the carrier populations through doping, increasing

the size of the interface with the electrolyte, and controlling the
shape of the material. These strategies, in combination with the
use of an external electrical bias, enhance the performance of
hematite in a PEC application.
In the past decade, several approaches were developed to

synthesize hematite nanostructures with various morphologies,
including solution-phase (hydrothermal,15 solvothermal,16 and
sol−gel17), thermal oxidation,18 pyrolysis,19 electrochemical,20

vapor-phase [metal−organic or atmospheric pressure chemical
vapor deposition (MOCVD21 or APCVD22)], atomic layer
deposition (ALD),23 and sputtering techniques.24 However,
each method has its own disadvantages. For example, MOCVD
and APCVD methods, which are typically conducted at high
temperature, use flammable and toxic organic precursors. ALD
and pyrolysis approaches need special apparatuses, and this, in
turn, leads to an increase in the fabrication costs.25 For the
other techniques, the assembly of the nanocrystals onto a
conducting electrode requires an additional process, and some
devices formed through this method have poor PEC perform-
ance. Furthermore, in most of the approaches mentioned
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above, the hematite nanostructures are synthesized in small
scales.
A mesoporous structure, with sufficient thickness, allows the

material to absorb more light while keeping the distance
between the electrolyte and hematite a few times its diffusion
length. Some examples for this shape are silicon-doped
cauliflower-type Fe2O3

22 and mesoporous hematite prepared
by a colloidal method or directly grown on fluorine-doped tin
oxide substrates.26−28 Thus, by using this morphology, the
probability of creating carriers that can reach the reactive
surface is increased, and therefore the overall device efficiency is
improved.
Coupling oxygen evolution reaction (OER) catalysts with

these mesoporous structures enhances the performance of the
water oxidation reaction by increasing the photocurrent and
shifting the onset potential. For instance, interfacing IrO2 (the
best catalyst to date) with hematite resulted in a 200 mV shift
in the photocurrent onset.29 However, iridium is a rare and
expensive material. Using low-cost materials, such as nickel
oxide, cobalt ions CoII, cobalt oxide (Co3O4), and cobalt
phosphate (Co-Pi) resulted in 100, 80, 40, and 200 mV
cathodic shifts, respectively.22,30−34 This enhancement can be
attributed either to the improvement of oxygen evolution
kinetics or to the passivation of the surface or both. In most of
the surface modifications mentioned above, the OER catalyst
was prepared separately, before it was deposited onto the
surface, except in the case of the Co3O4 catalyst, which was
synthesized together with the hematite. Growth of the OER
catalysts directly on the surface of the hematite has a direct
impact on the PEC performance. We believe that the PEC
performance of hematite can be further enhanced if the OER
catalyst is formed on the surface because the quality of the
interface between the catalyst and hematite can be improved as
a result of the formation of direct contact between the catalyst
and hematite.
Herein, we present a simple, safe, and general method to

synthesize the mesoporous structure of α-Fe2O3 directly on a
substrate on a large scale. This method is based on thermal
decomposition of iron acetate [Fe(ac)2] using organic solvents
in a nitrogen atmosphere, which allows the synthesis and
assembly of the nanocrystal at the same time. Moreover, we
describe the formation of CoO through the thermal
decomposition approach, directly onto the α-Fe2O3 surface.
Then, we compare the PEC activity of the film after surface
modification via the thermal decomposition approach and the
Co2+ adsorption method.

■ EXPERIMENTAL SECTION
All solvents and reagents were purchased from Sigma-Aldrich or Strem
Chemicals and used as received. Deionized (DI) water was purified
using a Millipore Direct-Q system (18.2 MW·cm resistivity).
Structural Characterization. Scanning electron microscopy

(SEM) was performed using a JEOL SM-7400F ultrahigh-resolution
cold field-emission-gun SEM instrument operated at 3 kV and an
energy-dispersive X-ray spectroscopy (EDX) detector. Phase analysis
of the samples was done using the X-ray diffraction (XRD) method.
The data were collected on a Philips 1050/70 diffractometer using Cu
Kα radiation with a graphite monochromator on the diffracted beam
and operated at 40 kV and 28 mA. UV−vis absorbance measurements
were made using a Cary 5000 UV−vis−near-IR spectrophotometer. X-
ray photoelectron spectroscopy (XPS) was performed using an
ESCALAB 250 Thermo Fisher Scientific instrument.
PEC Measurements. PEC measurement of the hematite films was

carried out in a 1 M KOH solution, using a VersaSTAT 3 potentiostat

in a three-electrode system. The hematite film acts as the working
electrode, a platinum wire as the counter electrode, and Ag/AgCl in
saturated KCl as the reference electrode, separated by glass frits. The
voltage was swept between −0.5 and +0.8 V vs Ag/AgCl at a scan rate
20 mV/s. The measured potential was converted to a reversible
hydrogen electrode (RHE) using the Nernst equation. Light-emitting
diodes (365 nm wavelength, ∼14 mW) were used as the light source
to illuminate the substrate from the back side.

Synthesis of a Hematite Mesoporous Film. Iron acetate
[Fe(ac)2; 20 mg, 99.995%] was dissolved in trioctylphosphine oxide
(TOPO; 0.3 mL, 99%) mixed with hexadecylamine (HDA; 0.6 mL,
90%) and 1-octadecene (0.3 mL, 90%). A droplet of this solution (30
μL) was deposited on a 0.8 × 2.5 cm2 tin-doped indium oxide (ITO)
substrate, which was cleaned using methanol, acetone, and isopropyl
alcohol for 10 min by sonication in each solvent. The substrate was
then heated on a hot plate under an inert atmosphere (inside a
glovebox) for 15 min at 270 °C. A uniform layer of magnetite (Fe3O4)
film (black color) was formed on the ITO substrate. Subsequently, the
film was sintered in air at 400 °C for 5 h. During the sintering process,
the nanoparticle film of magnetite was converted to a mesoporous film
of hematite. For PEC measurements, samples were further annealed at
710 °C for 12 min.

Surface Modification of the Hematite Mesoporous Film.
Surface modification of the hematite mesoporous film was attained by
two approaches: (1) Decomposition of CoO where 3 mg of cobalt
acetate [Co(ac)2; 99.995%] was dissolved in 3 mL of TOPO (99%)
mixed with 3 mL of HDA (90%). The solution (15 μL) was deposited
on the hematite film. The substrate was then heated on a hot plate
under an inert atmosphere (inside the glovebox) for 15 min at 270 °C.
(2) Drop casting of Co(NO3)2 according to a previous report.22 The
hematite photoanode was briefly rinsed with DI water after PEC
measurement and dried in a stream of air. The solution of Co(NO3)2
(10 mM) was deposited on the hematite surface (10 μL/cm2). After a
few seconds, the photoelectrode was rinsed again.

■ RESULTS AND DISCUSSION

Mesoporous Structure of the Hematite and Surface
Modification. Hematite mesoporous films were synthesized
on ITO substrates via thermal decomposition of Fe(ac)2
followed by the annealing process (see the Experimental
Section). When the sample was heated at 270 °C under an inert
atmosphere, a uniform film of magnetite (Fe3O4) nanostruc-
tures was formed (Figure S1A in the Supporting Information,
SI). Then, this film was sintered in air at 400 °C for 5 h (Figure
S1B in the SI). During the sintering process, the film changes
color from black to red, indicating a successful conversion from
Fe3O4 to α-Fe2O3. Finally, the film was converted to a
mesoporous structure. A SEM study of the surface of the film
shows that the heating treatment increases the average size of
the particle. Before annealing, the size of the Fe3O4
nanoparticles was found to be ∼12 nm (Figure S1A in the
SI), and after conversion of the film from Fe3O4 to α-Fe2O3 at
400 °C, the average size of the particle increases to ∼25 nm
(Figure S1B in the SI). Further sintering at 710 °C causes an
additional increase to ∼45 nm (Figure 1A). A cross-sectional
view of the film shows that the thickness of the film is ∼500
nm, as shown in Figure 1B. The XRD pattern obtained from
this mesoporous film matches the diffraction pattern of the
hematite bulk structure (Figure 1C). The absence of diffraction
peaks of other phases of iron oxide confirms the complete
conversion of Fe3O4 to α-Fe2O3.
Further verification of the structural conversion is obtained

by the UV−vis absorption spectrum, as shown in Figure 1D. It
shows a shoulder at ∼530 nm (2.34 eV) and a peak at ∼390 nm
(3.18 eV), which are similar to the reported values in the
literature.35,36 The shoulder can be attributed to a spin-
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forbidden Fe3+ 3d→ 3d indirect transition, and the peak can be
assigned to an O2− 2p → Fe3+ 3d direct transition.11

As was mentioned before, the pure hematite material shows
good catalytic activity. However, this activity can be improved
by surface modification (cobalt deposition) via various
approaches. In this report, we modify the surface of the α-
Fe2O3 mesoporous film by deposition of a thin layer of cobalt
monoxide (CoO) formed via thermal decomposition of a
Co(ac)2 solution directly on the hematite surface under
nitrogen at 270 °C (see the Experimental Section).
Characterization of the Co3O4 product on the hematite

surface was not possible by XRD and SEM. Therefore, more
surface-sensitive techniques (EDX and XPS) were used to
confirm the composition of Co3O4. XPS data reveal that
decomposition of Co(ac)2 on α-Fe2O3 did not show any
change of the binding energy of the iron, as shown in Figure S2
in the SI. The binding energy of Fe 2p3/2 in both samples is
positioned at ∼710 eV (Figure S2 in the SI).27,30 However, the
XPS data for the Co 2p spectrum of Co(ac)2 before and after
decomposition show two main peaks in each spectrum, which
can be assigned to Co 2p3/2 and Co 2p1/2, as shown in Figure 2.
The differences in the peak positions between the two spectra
prove that the binding energy of cobalt has changed, confirming
a new composition for cobalt.
Previous works have reported that the binding energies of

Co3O4 and cobalt hydroxides are similar in XPS spectra.37−40

Therefore, it is not possible to distinguish between the various
Co3O4 by examining only the main peaks, but looking for the
presence or absence of additional spectral lines beside the main
peaks can provide additional information about the composi-
tion. For example, satellite lines can be observed when the
transition metals have unpaired electrons in the outer shell.41

As we can see in Figure 2, the appearance of the satellite peaks

beside the main peaks indicates that the product of
decomposition does not contain Co3+ but mainly Co2+, which
can be either CoO or Co(OH)2.

42 Furthermore, in our
previous work,43 we found that thermal decomposition of 40
mg of Co(ac)2 in a mixture of TOPO and HDA (similar to the
conditions used here) produces CoO. Thus, we assume that we
have formed CoO and not Co(OH)2. Moreover, decom-
position of the cobalt salt on the hematite did not change the
crystal structure of the hematite, as shown in Figure S3 in the
SI.
To examine coverage of Co3O4 on the hematite surface,

elemental mapping of Fe, O, and Co was performed using EDX
analysis over a large area of the sample. Figure S4 in the SI
presents the EDX data, which show good coverage of the
cobalt. The effect of the coverage and concentration of Co(ac)2
on the PEC performance of the hematite will be discussed later.

PEC Performance. Initially, the hematite photoanode was
further annealed for 12 min at 710 °C to achieve better
performance. Previous reports have shown that annealing the
hematite on the ITO substrate at high temperatures leads to
diffusion of Sn atoms from the substrate into the hematite,
which improves its conductivity26,44 or simply improves the
crystallinity of the hematite and the electrical contact with the
substrate.45 We tested the PEC performance of the hematite
photoanode without activation at 710 °C and observed a
negligible PEC performance, as shown in Figure S5 in the SI.
The PEC measurements of the hematite mesoporous film

before and after surface modification are shown in Figure 3.
Pure hematite mesoporous films scanned in the dark (Figure 3,
black line) show a maximum current of 0.11 mA/cm2 at 1.82 V
vs RHE with an onset potential of ∼1.6 V vs RHE. However,
upon irradiation (Figure 3, red line), the mesoporous
photoanode shows a maximum photocurrent of 0.58 mA/cm2

at 1.82 V vs RHE with an onset potential of ∼0.71 V vs RHE.

Figure 1. Structural characterization of iron oxide. (A and B) SEM
images showing a top surface and cross-sectional view of the
mesoporous film of α-Fe2O3, respectively. (C) XRD pattern of the
hematite on the ITO substrate. Peaks marked with asterisks
correspond to the ITO diffraction peaks. (D) Optical absorption
spectrum of the hematite structure.

Figure 2. XPS spectra of the Co 2p scan. The upper trace corresponds
to Co(ac)2 after decomposition, and the bottom trace corresponds to
Co(ac)2.
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This potential onset is relatively low compared to other values
observed with a hematite photoanode without surface
modification.11,26,46 Different ways to reduce the onset
potential of the water oxidation were reported in the literature,
either by passivation of surface recombination sites, improving
the kinetic of OER,4,47−50 or by forming a p−n junction
structure, which enhances the separation of the charges.30,51,52

Herein, we tested the reduction of the onset potential by
modifying the hematite surface in two methods: thermal
decomposition of Co(ac)2 directly on the hematite surface to
produce CoO and drop casting of the Co(NO3)2 method,
which is the most commonly used approach in the literature
(Experimental Section). Both treatments lead to a cathodic
shift of the onset potential of water oxidation. CoO
modification (Figure 3, brown line) shows a ∼130 mV shift
and a maximum photocurrent of 1.17 mA/cm2 at 1.82 V vs
RHE. However, there is a 70 mV shift and a maximum
photocurrent of 0.66 mA/cm2 at 1.82 V vs RHE when
Co(NO3)2 modification is used (Figure 3, green line). The
electrode with Co(NO3)2 modification has been optimized by
running multiple cycles to give the maximum current (Figure
S6 in the SI). This difference in the enhancement of the PEC
performance can be explained by passivation of the surface sites
and an increase of the hole lifetime.
It is known that Co2+ modification cannot passivate the

surface traps;53 however, they can be passivated by a Co3O4
overlayer.54 Furthermore, it was observed that the lifetime of
the hole is significantly increased when Co3O4 is used for
surface modification.54 We further believe that thermal
decomposition of cobalt salt directly onto the hematite surface
can potentially have an additional contribution to the
enhancement because during the decomposition process,
CoO can form a direct contact with the α-Fe2O3 surface,
which facilitates transport of the holes and also provides better
passivation of the surface traps. For these reasons, we obtained
100% improvement of the PEC performance at 1.82 V vs RHE
when the thermal decomposition method is used, compared to
15% improvement using the adsorption approach.
To study the stability of the hematite before and after surface

treatments, a fixed voltage (1.23 V vs RHE) was applied on the
samples, and the photocurrent was measured as a function of
time via on−off cycles of irradiation. As shown in Figure 4, all
of the samples show high stability, and the photocurrents
decrease less than 3% in the case of hematite and less than 1%
upon modification with CoO and Co(NO3)2, after a total of 7.5
min. However, the transient photocurrent of CoO−hematite

modification is higher than 0.7 mA/cm2 at 1.23 V vs RHE,
whereas those of Co(NO3)2−hematite modification and pure
hematite are 0.35 and 0.25 mA/cm2 at 1.23 V vs RHE,
respectively.
To further understand the effect of CoO on the hematite

performance, different amounts of Co(ac)2 were thermally
decomposed on the hematite surface. The experiment was
carried out by adding a series of different amounts of a Co(ac)2
stock solution [0.5 mg/mL Co(ac)2 in a mixture of TOPO and
HDA]. The photocurrent for all electrodes was measured
versus the applied voltage, as presented in Figure 5. The
photocurrent increases as the cobalt salt amount increases until
it reaches 15 μL. A further increase in the cobalt salt amount
reduces the photocurrent. This trend is illustrated clearly in the
inset of Figure 5, where the current was plotted versus the
amount of Co(ac)2 solution at 1.23 V (vs RHE). Furthermore,
we did not observe any change in the potential onset. The
increase of the current while increasing the amount of cobalt
salt to 15 μL can be attributed to passivation of the surface
traps and also to the possibility of forming a hole acceptor on
the hematite surface, which can improve the kinetics of the
OER. However, a further increase in the amount of cobalt salt
leads to aggregation of the Co3O4 nanoclusters into larger
Co3O4 particles, which decreases the contact of the catalyst
with the hematite surface and decreases the absorption
efficiency of the hematite.

■ CONCLUSIONS
The mesoporous structure of α-Fe2O3 is synthesized by a
simple, safe, and general method with the capability for scale-
up. This approach is based on two steps: first thermal
decomposition of Fe(ac)2 directly onto the ITO substrate at
moderate temperature in a nitrogen atmosphere followed by a
sintering process in air at high temperature. We found that the
average size of the nanoparticles can be altered by the

Figure 3. Photocurrent potential versus voltage scans for the hematite
film before and after surface modification, with a scan rate of 20 mV/s:
hematite without modification in the dark (black line) and in light (red
line); hematite with a Co(NO3)2 overlayer (green line); hematite with
a CoO overlayer (brown line).

Figure 4. Photocurrent potential versus time scans for the hematite
film before and after surface modification, with 1.23 V vs RHE: pure
hematite (red); hematite with a Co(NO3)2 overlayer (black); hematite
with a CoO overlayer (blue).
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temperature: 25 and 45 nm when the annealing process is
conducted at 400 and 710 °C, respectively. We show that the
PEC performance of the hematite structures can be improved
by surface passivation and catalyst deposition. Thermal
decomposition of the Co(ac)2 salt to form CoO nanostructures
was found to enhance the PEC activity of the hematite film
better than deposition of the Co(NO3)2 salt.
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(28) Brillet, J.; Graẗzel, M.; Sivula, K. Nano Lett. 2010, 10, 4155−
4160.
(29) Tilley, S. D.; Cornuz, M.; Sivula, K.; Graẗzel, M. Angew. Chem.,
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