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ABSTRACT: This paper describes two different processes to
synthesize vertically aligned hematite nanorod and nanotube
arrays, respectively, on a conductive substrate by the electro-
chemical deposition method with the help of an anodized
aluminum oxide nanotemplate. The two types of nanostruc-
tured hematite were used as the photoanode for photoelec-
trochemical cells. The hematite nanotubes exhibited much
higher photoelectrochemical activity than the hematite nano-
rods, including an improved photocurrent density, more nega-

tive onset potential, better photon harvesting, and better charge carrier transfer ability. The observed behavior may offer new
information to enhance the photocatalytic ability of hematite, which is considered to be one of the best photoanode materials in the

research field of photoelectrochemical cells.
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B INTRODUCTION

The growing environmental concerns and increasing demand
for energy have motivated the search for green, sustainable
energy sources. The 120 000 terawatts (TWs) of solar radiation
reaching the surface of the earth at any given time is expected to
make a great contribution as a clean energy source. The direct use
of solar energy through such technique as solar cells and solar
thermal power is still limited, because they only work in daytime.
Therefore, energy storage devices have to be employed to store
the solar energy and use it during the night time. Hydrogen (H2)
is considered to be one of the prime candidates as a future energy
carrier. The photoelectrochemical generation of hydrogen by the
photoelectrolysis of water is one of the most promising methods
of utilizing and storing solar energy. Since the first report of
hydrogen production using TiO, as a photoanode to decompose
water under ultraviolet light illumination in 1972, much effort has
been made to develop this technology."

Of the materials being developed for photocatalytic applica-
tions, titanium dioxide (TiO,) is considered the most promisin§
because of its low cost, chemical stability, and photostability.”
However, this catalyst functions under ultraviolet light, which
accounts for only 4% of the incoming solar energy and thus
renders the overall process impractical. Theoretically, to produce
hydrogen from water, the conduction band edge of the semi-
conductor should be more negative than the reduction potential
of H"/H, (0 Vvs NHE at pH 0), whereas the valence band edge
must be more positive than the oxidation potential of O,/H,0
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(1.23 Vvs NHE at pH 0). However, the semiconductor bandgap
required to obtain a reasonable reaction rate should be larger
than 2.03 eV (corresponding to a wavelength of 610 nm),
because of the inevitable thermodynamic losses and kinetic
losses.> Hence, n-type hematite (0-Fe,O3) has received con-
siderable attention, because of its suitable bandgap of about
2.0—2.2 eV, which allows for the absorption of about 40% of the
incident solar light. Moreover, the hematite has good photo-
chemical stability (stable at pH > 3).” However, the range of
applications of ®t-Fe,O5 in PEC cells is limited, due to the high
electron—hole pair recombination rate resulting from its poor
electrical conductivity and short hole diffusion length (less than
20 nm).® In addition, an external potential bias is necessary to
drive the hydrogen generation, because conduction band edge of
the hematite is slightly more positive than that of H'/H,
reaction.

To reduce the possibility of recombination, the doping of
various metal ion species including Ti*", Ca*™, Mg2+, cu’t,
7n>" Rh3T, CrF, Sm>™, Y3T, Sitt, Ge**, P, VST, NbST, and
Mo®" or surface electro-catalysts such as Pt, Au, and RuO, have
been introduced.”” ** The methods of doping were various, such
as codeposition, sol—gel method and spray pyrolysis, and so on.
After implantation of metal ions which acted as traps of
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Figure 1. Schematic diagram of synthesis of ®-Fe,O3 nanorods and ®-Fe,O; nanotubes on Au substrate.

photoexcited charge carriers into semiconductor lattice, signifi-
cant variations in the electronic properties could be achieved,
including, for example, the higher electrical conductivity, the
lower activation energy, and the higher charge carrier density.”**
Noble metals, including Au and Pt, have lower Fermi levels than
semiconductors. So, photoexcited electrons can be easily trans-
ferred from semiconductors to the metals, resulting in a lower
possibility of recombination.”* *® Thus, they are excellent
catalyst for hydrogen evolution reaction. Oppositely, the RuO,
is an excellent catalyst for oxygen evolution reaction.”*”** The
second approach to increase the photocatalytic activity of
hematite involves the use of several nanostructured hematites.
Generally, the poor hole transport is one of the main factors that
limit the photoresponse of hematite based photoanodes. In
addition, it is mostly accepted that the interfacial effects play a
significant role in charge transport. Because the electrical con-
ductivity of a-Fe,Oj is highly anisotropic,”" charge transport is
hindered at the interfaces between the crystallites with different
orientations. Therefore, in contrast to nanoparticle film, one-
dimensional (1D) nanostructures such as nanowires, nanotubes,
and nanorods, with larger surface area and high aspect ratio,
could improve the transportation of charge carriers and thus
reduce the recombination losses at gain boundaries (see the
Supporting Information, Figure S1). Moreover, the smaller
diameter of hematite nanowires, nanorods or nanotubes, can
minimize the distance for holes to diffuse to electrolyte-semi-
conductor interface, avoiding the poor charge transport
limitation.** >® The idealized morphology for an hematite
photoanode for water splitting was proposed to be 1D nanos-
tructures vertilcally grown on a conducting substrate.’**’

Lindiquist and co-workers first reported the use of hematite
nanorod arrays as photoanodes in a PEC cell and demonstrated
that 1D nanostructures could potentially address some of the
fundamental PEC issues and increase the device efficiency.'*'®
The detailed comparsion of nanofilm and 1D nanostructures for
water splitting application was report by Warren group, in which
the better photoresponse was obtained by 1D nanostructured
hematite photoanode.*®

In this paper, two different vertically aligned nanostructures of
-Fe, O3 were synthesized on an Au substrate by the electro-
chemical deposition method. We introduce a method of synthe-
sizing vertically aligned hematite nanotube and nanorod arrays.
Figure 1 shows schematic diagram of the synthesis procedures for
the nanorods and nanotubes. Then, we fabricated PEC cells and
carefully investigated their photocurrent density in an aqueous
electrolyte. This is the first report focusing on the comparison of
vertically aligned a-Fe, O3 nanorods and a.-Fe,O; nanotubes in
PEC cell applications.

B EXPERIMENTAL SECTION

Materials and Chemicals. Template: Anodized Aluminum Oxide
(AAO) (disk structure, with total diameter of 13 mm, an average pore-
diameter of 200 nm and thickness of 60 4m, Whatman International
Ltd.) Chemicals for Au electrodeposition: potassium gold cyanide
(KAu(CN),, 99.99%, Alfa Asear) and potassium dihydrogen phosphate
(KH,PO,, 99.0%, KANTO CHEMICAL CO. INC.). Chemicals for Fe
electrodeposition: ferrous sulfate (FeSO,4-7H,0, 98.0%, Junsei Chemi-
cal Co. Ltd.), ascorbic acid (C4HgOs, 99%, Sigma Aldrich), amidosul-
fonic acid (H,NSO3H, 99.99%, Sigma Aldrich) and boric acid (H3BO3,
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99.99%, Sigma Aldrich). Chemicals for polyaniline electrodeposition:
aniline (C¢H-N, 99.5%, Sigma Aldrich), sulfuric acid (H,SO,, 95.0%,
SAM CHUN PURE CHEMICAL Co. Ltd.)

Au lon Coating on AAO. A thin layer of Au was sputtered onto
(HOYEON Tech. Co. Ltd, sputtering current: 12 mA, sputtering time:
15 min) one side of an AAO template.

Synthesis of Au Nanorods (NRs) in AAO. The electrodeposi-
tion was carried out using an aqueous solution consisted of a 40 g L™
KAu(CN), and 100 g L™ KH,PO,.*’ The Au nanorods were electro-
deposited into the AAO pores in a traditional three-electrode system
(see Supporting Information Figure S2). A Pt plate (1 cm XS cm)
worked as the counter electrode and Ag/AgCl electrode (0.222 V vs
SHE) acted as the reference electrode. The AAO template worked as the
working electrode. The AAO template was pressed by an O-ring to creat
tight contact between the Au sputtered bottom surface and a conductive
Al thin foil with 15 mm diameter and 20 ym thickness. The Al plate was
used only for connecting the AAO template with our potentiostate
equipment. The opposite side (with open pore) was exposed to the
electrolyte (area: ~1.0 cm®). The Au nanorods were grown at a constant
potential of —1V for S min. The AAO with sputtered Au nanolayers and
~500 nm Au nanorods inside provided good electric conductivity for
the electrodeposition of the target materials.

Synthesis of a-Fe,0O3; Nanorods (NRs). After preparing the
AAO template with Au layer, Fe nanorods were grown electrochemically
into its pores from a solution containing Fe ions (60 g of ferrous sulfate,
1.5 g of ascorbic acid (C4HgOg), 0.5 g of amidosulfonic acid
(H,NSO3H), and 15 g of boric acid (H3;BO3) in 1 L of distilled water),
at a constant potential of —1.5 V vs Ag/AgCL* The samples were then
thermal annealed in an air atmosphere at 500 °C for 6 h to convert the Fe
into crystalline 0.-Fe,O5. Finally, the AAO templates were removed by
immersing the samples in 1 M NaOH solution.

Synthesis of a-Fe,03 Nanotubes (NTs). Conducting polyani-
line (PANI) nanorods (NRs) were electrodeposited into the pores of
the AAO templates first by potentiostat cycling between 1.2 Vto —0.2V
vs Ag/AgClat ascan rate of 0.1 V/s, from an acid solution (0.1 M aniline,
0.5 M H,SO, in water).*' The length of the PANI NRs was controlled by
adjusting the number of cycles. After the electrodeposition of the PANI
NRs, the samples were dried at 80 °C in air to remove the solvent. The
volume of the PANI NRs were shrinked during the drying process so
that there was some space between PANI NRs and AAO pores. Then,
the samples were further treated by immersing them into 0.5 M NaOH
solution for S min to widen the generated space. Fe was then electro-
deposited into the empty spaces between the shrunken PANI NRs and
the walls of the AAO pores. The decomposition of the PANI NRs can
occur during the thermal annealing step. The removal of the PANI NRs
and the conversion of Fe into -Fe,Oj; can occur simultaneously.
Finally, a-Fe,O; nanotubes were obtained after the removal of the
AAO template by immersing the samples in 1 M NaOH solution.

Characterization. The morphologies of the samples were obtained
by scanning electron microscopy (FESEM, JSM-7000F, Japan). XRD
measurements were carried out with a Siemens diffractometer D500/
5000 in Bragg-Bretano geometry under Cu Ka radiation. High Resolu-
tion Transimission Electron Microscopy (HRTEM, JEM3010) studied
were operated at an accelerating voltage of 300 eV. The samples were
prepared by first dispersing the samples into ethanol through ultrasonic
treatment and then dropping the dispersion on a carbon coated copper
grid and drying the samples in air for observation. The photocur-
rent—voltage (J—V) behaviors were measured in a three-electrode
configuration with 1 M NaOH as electrolyte, Ag/AgCl as reference,
and a Pt plate as counter electrode. The potential of photoelectrode was
controlled by a potentiosat (CH Instruments, CHI 660) and the scan
rate was 20 mV/s. The samples with area 0.5 cm” were illuminated under
a 150 W xenon lamp based solar simulator using a AM 1.5G filter
(PECCELL, Yokohama, Japan, PEC-LO1), whose light intensity was

100nm

100nm

i
|
|
Figure 2. FESEM images: (A) 0-Fe,O; nanorods; (B) a-Fe,O;
nanotubes.

calibrated using a silicon reference cell (Fraunhofer ISE, Certificate No.
C-ISE269). The measured light irradiance was AM 1.5G sunlight of 100
mW cm % Incident photon-to-current efficiency (IPCE) measurement
was carried out using a 300 W xenon light source and a monochromator
(Polaronix K3100 IPCE Measurement System, McScience). Electro-
chemical impedance spectrocopy (EIS) was done in the same cell used in
IPCE measurment by potentistat under AM 1.5G light illumination from
solar simulator, in which the frequency scans from 100 000 to 0.025 Hz.

B RESULTS AND DISCUSSION

The scanning electron microscopy images shown in panels A
and B in Figure 2 show the a-Fe,O; nanorod arrays and
nanotube arrays, respectively. As can be seen from Figure 2A,
the a-Fe,O; nanorods with an average diameter of around
200 nm are well-defined. The cross-section view of the nanorods
is shown in the inset of Figure 2A. The a-Fe,O3 nanorods grow
vertically with a smooth surface. The uniform -Fe,O3 nano-
tubes are shown in Figure 2B. The wall thickness of the tubes is
about 40 nm. To prepare the vertically aligned a-Fe,O3 nano-
tubes, PANI nanorods are grown first and act as a template to
generate the nanotube structure. As can be seen in Figure 2B, all
of the nanotube arrays have an open pore structure and no PANI
remained, because of the high temperature annealing condition
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used to convert Fe into hematite. The inset SEM image in
Figure 2B shows the cross-section view of the 0-Fe,O3 nano-
tubes at a high magnification. As shown in this figure, the
nanotubes are also well aligned with a high surface area. The
observation of the broken part of one of the nanotubes further
confirms that the a-Fe,O; nanotubes are uniform and well-
defined with a much higher surface area than that of the at-Fe, 05
nanorods (see the Supporting Information). In this study, the
electrochemically deposited Fe was converted to crystalline
0-Fe,O3 by the thermal annealing process. X-ray Diffraction
(XRD) measurements were also performed to confirm the
crystal structure of the samples. As you can see in Figure 3, the

Nanorod
1 Nanotube
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012

20 30 40 50 60 70 80
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Figure 3. X-ray diffraction pattern of ®-Fe,O; nanorods and 0.-Fe, 05
nanotubes, compared with JCPDS 24—0072.

sharp and clear peaks of O-Fe,O; nanorods and nanotubes
perfectly match well with the reported peak positions (JCPDS
No0.24—0072). Images A and B in Figure 4 show the low
magnification of TEM images of 0-Fe,O3 nanorods and nano-
tubes, respectively. They confirm that hematite nanorods and
nanotubes with uniform shape and a diameter about 200 nm
were synthesized, in a good agreement with the SEM observa-
tion. The high-resolution TEM (HRTEM) images of nanorods
and nanotubes are shown in images C and D in Figure 4,
respectively. Both of them display regular lattice fringes with a
spacing of 0.25 nm, corresponding to the (110) lattice plane of
hematite, which clearly demonstrate that the nanorods and
nanotubes have the same crystalline nanostructures.

To investigate the photocatalytic activity of the a-Fe,O3
nanorods and nanotubes, their photocurrent—voltage (J—V)
and electrochemical impedance were measured. The J—V beha-
vior is considered as an indirect way to measure the rate of
hydrogen generation by water splitting if we assume the faradaic
efficiency for water oxidation is unity.” In our study, the J—V
responses were measured under AM 1.5G simulated solar light
irradiation in 1 M NaOH electrolyte. For the investigation of the
effects of the nanostructures on the photoelectrochemical gen-
eration of hydrogen, a PEC cell was set up to measure the J—V
characteristics using the 0-Fe,O; nanorods or 0-Fe,O; nano-
tubes as the photoanode electrode. A Pt plate and Ag/AgCl
electrode were used as the counter and reference electrodes,
respectively. The J—V curves of the a-Fe,O; nanorods and
0.-Fe, 05 nanotubes are presented in panels A and B in Figure S,
respectively. In addition, the dependency of the photocatalytic
activity of the tubes or rods on their length is investigated. With
increasing length of the nanorods, the amount of photoexcited

Figure 4. TEM and HRTEM images: (A) TEM of 0-Fe,O; nanorods; (B) TEM of a-Fe,03 nanotubes; (C) HRTEM of 0.-Fe,O3 nanorods;

(D) HRTEM of 0.-Fe, 05 nanotubes.

1855 dx.doi.org/10.1021/am200407t |[ACS Appl. Mater. Interfaces 2011, 3, 1852-1858



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

10
a-Fe203 Nanorod
8 —o—5pm dark
Fa 1|——5um light
£ ——10pm dark
s 6 4 |——10pm light
1S —+—15pm dark
el N
- ——15pum light
c 44
E
3
-
o
£
0 o S
L) M L) M ) M Ll M ) M L) M L M L) M L
0.2 01 00 01 02 03 04 05 06
Potential (V vs. Ag/AgCl)
10
a-Fe203 Nanotube B
—o—5pum dark
& 1 |——spm tight
g ——10pm dark
% 64 |[——10pm light
Erom
—— i
-E 4 pm lig
[
=
=]
g 2-
-
[}
T
0 et
T v T M T M T M T M T M T M T v T
0.2 01 0.0 04 0.2 03 04 05 06

Potential (V vs. Ag/AgCl)

Figure 5. Photocurrent—voltage behaviors of (A) o-Fe,O3 nanorods
and (B) o.-Fe,O; nanotubes under illumination by AM 1.5G light in 1 M
NaOH electrolyte.

electron—hole pairs increases, thus increasing the photocurrent
density. However, the recombination of the carrier pairs also
increases with increasing length of the vertically aligned hematite,
resulting in a decrease of the photocurrent density.** Therefore,
it would be expected that there is an optimum length of the
photoanode. From panels A and B in Figure S, the best
performance is obtained from the ®-Fe, O3 nanorod and nano-
tube samples with a height of about 10 #m. From the Figure SA,
the onset potential of ®-Fe,O3 nanorods around 0.2 V agrees
well with the typical values reported in previous studies.”***~*
Figure 5B shows the J—V responses of the a.-Fe,O3 nanotubes.
Compared to that of the nanorods, the onset potential of the
nanotubes is shifted negatively to around —0.17 V because of the
effective hole scavenging, which liberates more electrons making
anode potential more electronegative.*****” In the low applied
potential range, the photocurrent densities of the hematite
nanotube arrays are higher than those of the nanorod arrays,
indicating that the a-Fe,O3 nanotubes can increase the number
of holes and electrons participating in the electrochemical
reaction leading to the production of oxygen and hydrogen at
the photoanode and counter electrode, respectively. In other
words, the generated electrons should be transported through
the hematite lattice to the current collector (Au layer) without
recombining with the holes at the same external bias potential. In
the case of the nanorod photoanode, when the diameter of the
rods exceeds some critical point (the hole diffusion length), the

Table 1. Photocurrent Density Values (mA/cm?) of
Hematite Nanorods and Nanotubes at 0.43 V vs Ag/AgCl
under AM 1.5G Light Illumination

length (um)
structure S 10 15
nanorod 0.42 0.59 0.38
nanotube 1.23 2.18 1.52
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Figure 6. Spectral photoresponse of 10 um long a.-Fe,O; nanorods
and 0-Fe, O3 nanotubes at 0.43 V vs Ag/AgCl under illumination by AM
1.5G light in 1 M NaOH electrolyte: (A) incident photon to current
conversion efficiency (IPCE); (B) solar photocurrent spectral (Jopect)
and integrated solar photocurrent (Ji,).

recombination possibility of the photogenerated electrons and
holes increases. The increase of the recombination rate decreases
the photocurrent. On the other hand, in the case of the nanotube
system, as the tube length increases, more photons of light are
absorbed and, consequently, the photocurrent increases, as in the
nanorod based PEC cell. However, irrespective of the tube
length, the recombination rate of the photogenerated carriers
might be always much lower than those of the nanorod based
PEC cell, because of the large effective surface area in close
proximity with the electrolyte, thus enabling the diffusive trans-
port photogenerated holes to oxidize the species in the electro-
Iyte. In the state-of-the-art hematite photoanode performance,
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Figure 7. Electrochemical impedance behaviors of &-Fe,O; nanorods

and a-Fe,O5 nanotubes at 0.4 V vs Ag/AgCl under illumination by AM
1.5G light in 1 M NaOH electrolyte.

the photocurrent density is around 3.5 mA/cm” at 0.43 V vs
Ag/AgCL* In this study, the highest photocurrent density about
2.2mA/cm” at 0.43 Vvs Ag/AgClwas observed from 10 4m long
nanotube based cell and the detailed photocurrent density values
of nanorods and nanotubes are showed in the Table 1. However,
higher photocurrent densities are observed in the nanorod based
PEC cells in the high applied potential range. One possible
reason for this is the difference in the total amount of active
material that can absorb photon energy from the sun. The total
amount of photoexcited electron and hole pairs generated by the
0.-Fe,O3 nanorods is more than that generated by the at-Fe, 05
nanotubes. At a high external potential, the generated electrons
and holes can participate in electrochemical reaction with a lower
probability of their recombining with holes.

The incident photon to current conversion efficiency (IPCE)
was also measured in the same three-electrode system in 1 M
NaOH electrolyte. Figure 6A shows the IPCE of 10 4m long
nanorod and nanotube arrays measured at 0.43 V vs Ag/AgCl
Two samples show a maximum value between 340 to 380 nm,
while the photoresponse drops gradually to zero at about
620 nm. As can be seen in Figure 6A, the nanotube arrays show
much higher IPCE values than those of the nanorod arrays. It
confirms that the nanotubes have better photon harvesting than
nanorods at 0.43 V vs Ag/AgCl bias, which is consistent to the
J—V results shown in Figure 5. Multiplication of the IPCE with
the photon flux density of AM 1.5G yields the solar photocurrent
spectrum. And the total photocurrent can be obtained by
integration over the spectrum (Figure 6B). As can be seen in
Figure 6B, the integrated photocurrents of samples are very
similar to the measured photocurrents from J—V.

Figure 7 shows the electrochemical impedance plots of the
0.-Fe, O3 nanorods and -Fe, O3 nanotubes, respectively. All of
the samples were tested in 1 M NaOH solution under AM 1.5G
light illumination and 0.4 V bias. And the frequency range was
from 100,000 to 0.025 Hz. As can be seen in Figure 7, the
impedance spectrum is strongly affected by the light illumination.
Both of the semicircles of hematite PEC became smaller under
illumination conditions, suggesting that the photoexcited charge
carriers decrease their charge transfer resistance.** In addition,
the semicircle of nanotube sample is relative smaller than that of
nanorod sample. It is fair to say that the charge transfer resistance
is lower in the nanotube sample.

B CONCLUSIONS

In summary, vertically grown Q.-Fe,O3 nanorod and nanotube
arrays with a high aspect ratio were successfully synthesized by
the template assisted electrochemical deposition method. Using
this simple method, the two different nanostructures of the
samples could be controlled more easily and precisely. Compar-
ison studies of the a-Fe,O3 nanorod and nanotube arrays were
conducted by performing photocurrent—voltage, incident
photon to current conversion efficiency, and electrochemical
impedance measurements. An enhanced photocurrent, negative
shift of the onset potential, and better photoresponse spectrum
were observed from the ®-Fe, O nanotubes as compared to the
0-Fe;O; nanorods. In addition, the better charge transfer
characteristics of the a-Fe,O3; nanotubes were confirmed by
the electrochemical impedance measurements. These results
show that the morphology control of nanostructures is important
for the efficient fabrication of PEC cells from hematite. We believe
that the information obtained in this study might help to increase
the photocurrent density within hematite-based PEC cells.

B ASSOCIATED CONTENT

© Supporting Information. Schematic of the electron
transport within different nanostructures (Figure S1) and sche-
matic of three-electrode system for electrochemical deposition
(Figure S2), and the calculated surface area of nanorod and
nanotube. This material is available free of charge via the Internet
at http://pubs.acs.org.
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