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Constructing inverse opal structured hematite
photoanodes via electrochemical process and their
application to photoelectrochemical water splittingt
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In this study, we constructed an inverse opal structured hematite (10S a-Fe,03) as the photoanode of a
photoelectrochemical (PEC) cell for efficient solar water splitting via a simple electrochemical process. At
the same time, a series of affecting factors (template particle size, electrodeposition time and annealing
temperature) to construct the I0S a-Fe,O3 photoanode on the photoelectrochemical water splitting
were considered. Optimized PEC efficiency was observed for the 10S a-Fe,O3 photoanode annealed at
400 °C using the 250 nm sized-polystyrene (PS) colloid template and 9 minutes of electrodeposition
time for the given specific Fe precursor solution. This resulted in the highest photocurrent density
compared to other crossed conditions, which significantly achieved 3.1 mA cm™2 at 0.5 V vs. Ag/AgCl
reference electrode. The synthesis of the 10S a-Fe,03 via an easy-to-control electrochemical process is
described for first time that opens a possibility for constructing other oxide semiconductor
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Introduction

Nowadays, hydrogen has received much attention as a next-
generation energy carrier for the future. Because solar splitting
of pure water into H, and O, can be easily carried out by photo-
assistance processes alone, it has been considered as a kind of
clean and renewable energy source for hydrogen generation.' ™
Since Fujishima and Honda’s report on photoelectrochemical
(PEC) water splitting using a titanium dioxide (TiO,) semiconductor
photoanode in 1972, solar hydrogen production by water splitting
from n-type semiconductors has been considered one of the best
ways to convert a naturally abundant and benign substance into an
energy source.” Among the various semiconductor photoanode
materials, hematite (-Fe,03) with a relatively narrow band gap,
widespread availability, chemical stability and most importantly,
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photoanodes (not only well-known Si, Ti and Zr) with inverse opal structure.

low cost and abundance, makes it an attractive material for PEC
water splitting under solar illumination.®™** Although PEC
water splitting using o-Fe,O; holds a promising approach for
hydrogen production, some drawbacks, such as the short
carrier diffusion length and poor electric conductivity, still
limit its optimal contribution."®'* To solve the aforementioned
problems, doping of a-Fe,O; by metal ions appears to be an
efficient approach for the enhancement of carrier diffusion and
electric conductivity;'>>* however, it was a well-known fact that
metal doped o-Fe,O; suffers from low thermal stability during
the annealing process at high temperature.

Controlling of the nanostructure of a-Fe,O; was believed to
be another possible technology for overcoming the disadvantages
of a-Fe,0; due to mechanism-dependent semiconductor geometric
structure. For instance, different kinds of o-Fe,O; geometric
structures, such as mesoporous,® nanorod,”*** nanotube,®
nanobelt,’® nanowire,” and ultrathin sheet,”” demonstrated
enhancement of photoactivity performance compared to general
a-Fe,0; particles or films. Most recently, three-dimensionally
ordered macroporous structured photoanodes (inverse opal)
with substantially increased surface area have been constructed
for the improvement of electron transport and light harvesting
due to the remarkably increased optical path length by multi-
scattering.”®** It is surprising that the artificial inverse opaline
structure having the skeleton surrounding uniform close-packed
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Fig. 1 The schematic diagram of the template-assisted electrodeposition
method process to fabricate an inverse opal structured a-Fe,03: ® FTO immersed
into PS colloid for 2 days; @ polystyrene beads on FTO (250, 500, 900 nm beads);
® Fe electrodeposition by a three-electrode system (5, 9, 12 minutes); @ the iron
growth in the PS beads gap; ® inverse opal structured a-Fe,O3 generation after
annealing (300, 350, 400, 500 °C).

macropores with a face-centered-cubic (FCC) structure provided high
specific surface area and porosity, as well as an additional photonic
bandgap effect to enhance the light-matter interactions.®>"®
Even though IOS semiconductors have successfully been used
in dye-sensitized solar cells, PEC and photocatalysis,>”>*3°7*>
limitation of starting materials as a “bottleneck” still needs to be
overcome to expand their practical applications.

In this work, we report for the first time on the construction
of the I0S a-Fe,0; as a photoanode via a simple electrochemical
process for PEC water splitting. The electrochemical deposition
method for formation of the I0S a-Fe,O; was demonstrated here
by a stacking of PS nanobeads on the FTO substrate, followed by
iron electrodeposition and high temperature sintering in air, as
schematically illustrated in Fig. 1. PEC activity of the IOS o-Fe,O3
was optimized by varying parameters, such as template particle
size, electrodeposition time and annealing temperature. As far as
we know, no previous work has been reported regarding the I0S
a-Fe,O; as the photoanode in PEC water splitting.

Experimental
Preparation of different sized PS colloidal film on FTO

The different sized polystyrene (PS) colloids were prepared by
the emulsifier-free emulsion polymerization method. We made
mainly three sizes (250, 500 and 900 nm) of PS colloidal
particles which were dependent on the synthesis temperature,
the composition of the reaction mixture, and the kind of
solvent used.**** For example, 900 nm PS colloidal particles
were synthesized by using styrene (Showa, 98%) as the mono-
mer, potassium persulfate (Aldrich) as the initiator, potassium
bicarbonate (Sigma) as the buffer and sodium styrene sulfonate
(Aldrich) as the comonomer. To assemble three-dimensional
(3D) colloidal crystals, ethanol was used as a dispersing solvent.
Besides, ethanol and acetone mixture was used to clean the
fluorine-doped tin oxide (FTO, TEC-8, Pilkilton) glass substrates
with sonication for 20 minutes. Then FTO glass was put into
the miscible liquor of sulfuric acid and hydrogen peroxide for
15 minutes to make their surfaces hydrophilic. The surface treated
FTO glass was immersed into the PS colloidal suspensions, and
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placed in the oven at 50 °C for two days. To form uniform PS
beads, the weight percent of PS in colloidal solution was
controlled at 0.15 wt%. Total 20 ml PS colloidal solution was
then put in the petri dish placed with tilted FTO glass inside.
The PS thin films coated on the FTO glass can be obtained after
evaporation of the solvent. Usually the thickness of PS used in
experiment is around 13 pm (Fig. S1d, ESI}).

Synthesis of inverse opal and general structured o-Fe,03

Chemicals for Fe electrodeposition were based on the proce-
dure reported previously,”*® which included ferrous sulfate
(FeSO,-7H,0, 98.0%, Junsei Chemical Co. Ltd), ascorbic acid
(CeHgOg, 99%, Sigma Aldrich), amidosulfonic acid (H,NSO;H,
99.99%, Sigma Aldrich) and boric acid (H3BOj3, 99.99%, Sigma
Aldrich). Hydrophilic PS surface was achieved by oxygen plasma
treatment for 90 seconds. Iron was reductively grown by an
electrochemical method onto the PS/FTO from the stable Fe**
salt solution. After 5, 9 and 12 minutes of electrodeposition, the
samples prepared were thermally annealed in air atmosphere
to oxidize iron and remove the polymer template at 300, 350,
400 and 500 °C for 6 hours, respectively. For general structured
a-Fe,03 (as control group), the electrodeposition process was
conducted by depositing iron on a pure clean FTO rather than
PS template. The best conditions which are the same as the
inverse opal structure were applied (9 minutes iron growth and
400 °C annealing).

Characterizations

To obtain the images of the prepared colloidal crystals and
their inverted structures, field emission scanning electron
microscopy (FESEM, JSM-7000F, Japan) was used. All samples
were coated with Pt to improve the conductivity before SEM. The
crystalline phase was checked with a Siemens diffractometer
D500/5000 in Bragg-Bretano geometry with Cu Ko radiation.
X-ray photoelectron spectroscopy (XPS) measurements were
carried out by an AESXPS instrument (ESCA2000 from VG
Microtech in England) equipped with an aluminum anode
(Al Koo = 1486.6 €V).

The photocurrent-voltage (I-V) behaviours were measured
by using a three-electrode system in which we used Ag/AgCl as
the reference electrode, Pt plate as the counter electrode and
1 M NaOH as the electrolyte. A potentiostat (CH Instruments,
CHI 660) was used to control the potential and other para-
meters. 1.5 cm x 1.0 cm active material was electrodeposited
on top of the FTO substrate whose size is 1.5 cm x 1.5 cm. Then
the irradiated area of sample which has been retained at
25 mm® by imide tape coverage was examined under AM
1.5 G sunlight of 100 mW c¢cm™? by solar simulator irradiation
(PECCELL, Yokohama, Japan, PEC-L01). A silicon reference cell
(Fraunhofer ISE, Certificate No.C-ISE269) was used to calibrate
its light intensity. The incident photon-to-current efficiency
(IPCE) data was obtained by using a monochromator (Polaronix
K3100 IPCE Measurement System, McScience) with a 300 W
xenon light source. The impedance curve was checked by the
same CHI machine under AM 1.5 G light illumination from a
solar simulator, with the A.C. impedance mode.

This journal is © the Owner Societies 2013


https://doi.org/10.1039/c3cp50459j

Published on 15 May 2013. Downloaded by Seoul National University on 11/10/2021 11:21:21 AM.

PCCP

Results and discussion

The IOS o-Fe,O; formed from different sized PS sphere templates
were observed by the top view of FE-SEM (Fig. 2a-c), which
revealed ordered periodicity and wide pore interconnectivity.
The diameters of these inverse opals are circa 215, 418 and
806 nm corresponding to 250, 500 and 900 nm sized PS colloid
templates (Fig. Sla-c, ESIT), respectively. It was obvious that the
hole size of the inverse opals was significantly reduced by a
minimum of 15% compared to that of the original PS sphere
templates, which could be ascribed to the shrinkage of the
structure during the growth of o-Fe,O;.

The thickness variation of I0S o-Fe,O; as a function of
electrodeposition time for iron was also characterized by the
cross section of FE-SEM, as shown in Fig. 2d-f. It can be clearly
seen that the increased thickness of o-Fe,O; thin film from 5 pm to
over 10 pm could be easily controlled by adjusting electrodeposition
time from 5 to 12 minutes. Moreover, the inverse opals structure
could be uniformly formed as seen from the cross-section view,
which is beneficial to unhindered electrolyte infiltration throughout
the entire thickness of the a-Fe,O; photoanode.

The photocurrent densities of the IOS a-Fe,O3; photoanodes
with different hole sizes are firstly evaluated at a potential
region between —0.4 and 0.8 V under dark and simulated solar
light illumination, as shown in Fig. 3a. Compared to the dark
condition, the photocurrent densities of the I0S o-Fe,O; photo-
anodes show pronounced enhancement when it was illuminated
with solar light, which implies efficient light harvesting of a-Fe,0;.
Typically, the photocurrent increases from the onset potential of
approximately 0.15 V vs. Ag/AgCl electrode and approaches a
plateau at around 0.5 V vs. Ag/AgCl electrode. The maximum
photocurrent density calculated vs. per square centimetre is
3.1 mA for the 250 nm-diameter photoanode (the sample area
used for calculating is projected geometric electrode area).
A previous study by Kwak et al. indicated a decrease of solar
conversion efficiency with size reduction.”® As it is well-known,
the inverse opal with a replicated shell structure of an fcc opal
offers a very high specific surface area and porosity, which are
crucial for enhancement of photocurrent density.*>*® This
means small sized spheres will have a larger surface area than

Fig. 2 The top view of different template particle size samples which are
annealed at 400 °C: (a) 250; (b) 500 and (c) 900 nm; the cross-sectional view
of different deposition time samples: (d) 5; (e) 9 and (f) 12 minutes.
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Fig. 3 The photocurrent behaviors of different template particle size samples in
1 M NaOH electrolyte under AM 1.5 G light with 9 minutes electrodeposition
time under 400 °C annealing (a) vs. potential and (b) vs. time (0.5 V vs. Ag/AgCl);
the photocurrent behaviours of different deposition time samples made by
250 nm beads under 400 °C annealing: (c) vs. potential and (d) vs. time (0.5 V
vs. Ag/Agdl).

larger spheres if they have the same space volume, thus the
smaller spheres would have more exposed area after their
removal to form an inverse opal structure. Besides, the different
electrodeposition time can determine different thickness
directly as seen in Fig. 2d-f. Several literature reports have
mentioned the relationship between sample thickness and the
indirect band gap.*>™*” Here the indirect band gaps were roughly
calculated from absorbance of UV-Vis reflectance spectrum (shown
as Fig. S2, ESIT) by using the transformed Kubelka-Munk function.
A shorter bandgap is conducive to the photonic capture in a wide
range of wavelengths, however, the longer diffusion length will
simultaneously cause more charge recombination before electrons
reach the FTO surface. Taking into account these two opposing
factors, it can be explained that the moderate thickness (7 pm)
sample shows the best photoelectrical behaviour.

Annealing temperature, as another important parameter,
can induce different crystalline orders and defects during the
conversion of Fe to a-Fe,03, which closely relates to the photo-
electrochemical properties.”® The I-V curves of the I0S o-Fe,O;
with annealing for 6 h at temperatures ranging from 300 °C to
500 °C are shown in Fig. 4a (the PS template can be well
removed at over 400 °C which is confirmed by Fig. S3, ESIY).

It was observed from Fig. 4a that a slight increase in
photocurrent density up to the annealing temperature of 400 °C,
followed by a sudden decrease when the annealing temperature
increased to 500 °C. These temperature-dependent results are well
matched with the previous reports by Hahn et al.*® Regretfully, the
researchers did not give a plausible explanation as to why higher
crystalline order and lower defect obtained at 500 °C resulted in
the lower photocurrents. Because of this, it was meaningful for us
to do the following work. A similar phenomenon could be
observed in the I0S o-Fe,O; case, for which the XPS spectra of
the IOS o-Fe,0; with different annealing temperatures were firstly
investigated, as shown in Fig. 4b. The binding energies of Fe 2p 3/2
and Fe 2p 1/2 were located at 711.0 eV and 725.0 eV, respectively,
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Fig. 4 The characterization diagram and spectrum of different annealing
temperature samples made by 250 nm beads with 9 minutes electrodeposition
time: (a) the photocurrent behaviors vs. potential in 1 M NaOH electrolyte under
AM 1.5 G light; (b) X-ray photoelectron spectroscopy; (c) X-ray diffraction pattern;
(d) electrochemical impedance spectroscopy (EIS) Nyquist plots.

which was for Fe*" in o-Fe,0;.>>° A notable hump at 732.3 eV
in the I0S o-Fe,O; with annealing temperatures at 300 and
350 °C was present, which could be ascribed to unconverted
Fe>*/Fe®* (shake up satellites).>® This result confirms a crystal-
line defect of the I0S a-Fe,O; occurring at 300 and 350 °C
relevant to lower photocurrent density as compared with that of
the IOS a-Fe, 03 at 400 °C. However, it is still difficult to explain
the reason of the rapidly decreasing photocurrent over the I0S
a-Fe,O5 at 500 °C.

The XRD pattern of the I0S o-Fe,O3 was carried out which
also showed an obvious increase in the intensity of diffraction
peaks with the annealing temperature ranging from 300 to
500 °C, indicating a fine formation of crystalline order at 500 °C
(Fig. 4c).

Our previous works reported that the o-Fe,O; nanorod or
nanotube structured electrodes have high photocurrent density
at an annealing temperature of 500 °C using the hard template
assisting growth method.”?***> Whereas, considering the formation
of the IOS o-Fe,O; originating from the soft PS template, the
final morphology of o-Fe,O; might be significantly influenced by
different annealing temperatures. For the purpose of comparison,
the SEM images of the I0S o-Fe,O; at 400 °C and 500 °C were
checked, as shown in Fig. 5. It could be clearly seen that the fcc
opals were well represented in the I0S o-Fe,O; at 400 °C, while no
such structure was present in the 10S o-Fe,O; at 500 °C (the holes
of the 500 °C sample were in the state of the uneven and mutual
extruding growth). Presumably, higher temperature will result
in a more rapid formation of o-Fe,O; from Fe, which leads to
the distortion in the geometry of the inverse opal structure.
Moreover, the walls of I0S a-Fe,O; prepared at 500 °C have
changed to interconnected nanoparticle-like morphology,
resulting in increased charge transportation. These phenomena
might occur in the o-Fe,O; thin film PEC.*®* However, this
behavior is more obvious in the I0S a-Fe,O; system. The change
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Fig. 5 The surface pore structure (SEM) comparison of samples made by
900 nm beads with 9 minutes electrodeposition time under different annealing
temperatures: (a) 400 °C; (b) 500 °C.

of the geometry would be reflected in electrochemical resis-
tance characteristics.”**> As shown in Fig. 4d, the arc diameter
in the Nyquist plot of the IOS o-Fe,O; at 400 °C electrode is
smaller than that of the I0S «-Fe,O; at 500 °C electrode under
both dark and irradiated conditions. The smaller arc diameter
indicates a lower resistance of the interfacial charge transfer.>®
In addition, the Nyquist plot under a dark condition can also
indicate that the distortion in the geometry of the inverse opal
structure is detrimental for charge transfer and electrolyte
infiltration. We believe that the present work reminds us of
an issue which has always been ignored: the preparation
condition relevant to the geometry of the electrode may have a
huge effect on photoelectrochemical properties. A large number
of previous literature reports often gave some controversial
results on the photoactivity of one componential catalyst in
similar reactions. Therefore, in this case, the role of temperature
has been carefully investigated, and we reasonably inferred that
the varying geometries relative to different temperatures can
result in the change of photoelectrochemical properties.
Finally, in order to clarify the advantages of inverse opal
structure, the general structured o-Fe,O; (planar film) was
fabricated as a control group, whose SEM image and I-V curve
are shown in Fig. S4 (ESI).”” The IPCE comparison between
these two kinds of structures is demonstrated in Fig. 6. In this
figure the 250 nm sized I0S a-Fe,0O; electrode with 9 minutes
electrodeposition at 400 °C is compared with the corresponding
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Fig. 6 IPCE of the inverse opal structure and general structure a-Fe,05 checked
at 0.5 V vs. Ag/AgCl in 1 M NaOH electrolyte.
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general structured o-Fe,O; electrode. The IPCE data shows a
maximum value between 350 to 380 nm, and the photoresponse
range is extended to about 600 nm, which is consistent with the
previous report.'® The maximum IPCE value of the 10S a-Fe,O;
electrode is much higher than that of general structured o-Fe,05
electrode.’”®

The IOS o-Fe,O; electrodes used for solar water splitting
have several important requirements of which were investi-
gated by varying preparation conditions in this study. Firstly,
the electrodes with a suitable 7 um thickness could minimize
the effect of rapid electron-hole recombination due to a relative
short diffusion length. Secondly, the electrodes with 250 nm
sized holes could produce a high surface to volume ratio and
unique optical properties. Thirdly, the electrodes made under
400 °C annealing temperature could yield high ordered crystal-
line structure and keep the face-centered-cubic skeleton, by
which the charge mobility is enhanced.”**°

Conclusions

According to the results mentioned above, the electrochemical
process, as a novel technology, can be used as a way of
constructing inverse opal structured o-Fe,O; photoanodes. The
easy-to-control electrochemical process preformed the geometry
based on thickness, pore volume and interconnected skeleton,
which significantly influenced the photoelectrochemical properties
of the I0S a-Fe,0s. As a result, the I0S o-Fe,0; sample with 250 nm
holes, 7 pm thickness and annealing at 400 °C showed the highest
photocurrent density. In addition, the taking advantages of the
inverse opal structure for o-Fe,O; electrode indicated that it can
greatly shorten the distance for photogenerated holes and enhance
light harvesting. Our systematic work demonstrated that the sur-
face morphology and crystalline structure can have a significant
effect on the photoelectrochemical properties and we believed that
it can provide an in-depth foundation to improve the performance
of hematite-based PEC cells.
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