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Following Fujishima and Honda’s1 light-induced water-splitting
experiment with a TiO2 semiconductor photoanode in 1972,
worldwide research has been focused on the conversion of sunlight
into hydrogen as a clean and renewable source of energy. Shifting
the activity of the photoanode into the visible has been a major
challenge so far. Iron oxide (R-Fe2O3, or hematite) has unique
properties for application in photoelectrolysis reactors. Apart from
its ability to absorb a large part of the solar spectrum, its chemical
stability, nontoxicity, abundance, and low cost can make it a
tempting research target. However, challenges are set by its
notoriously short hole diffusion length2 and the low absorption
coefficient due to its indirect band gap (ca. 2.1 eV). In addition,
the conduction band of hematite is positioned too positively to
reduce water to hydrogen directly. This is overcome by applying
an external bias voltage supplied by a dye-sensitized solar cell (dsc)
in a tandem-cell configuration.3-5 The dye cell provides the required
potential for hydrogen evolution by absorbing the red part of the
solar spectrum which is transmitted by the hematite electrode. Pure
hematite is an inefficient photoelectrode, and it has been widely
reported that dopants, rendering it either n-type6-8 or p-type,9,10

increase the light-to-hydrogen conversion efficiency significantly.
In this communication, we report the influence of silicon doping
on the water photooxidation efficiency of hematite electrodes
prepared by two different methods. Both methods yield translucent
thin films composed of Fe2O3 nanoleaflets with highly improved
photoresponse under illumination with global AM 1.5 solar light.
We find that the morphology as well as the photoresponse of the
films is significantly influenced by silicon doping.

The iron oxide photoanodes were prepared by ultrasonic spray
pyrolysis4 (USP) and atmospheric pressure chemical vapor deposi-
tion (APCVD) based on thermal decomposition of iron(III)-
acetylacetonate and iron pentacarbonyl, respectively. Films are
grown on transparent, conducting oxide-coated glass with growth
rates of 0.6 nm/min for USP and 12 nm/min for APCVD.
Tetraethoxysilane (TEOS) was used as silicon dopant.

In the USP method described earlier,4 the precursor solution was
pumped peristaltically through silicone tubing. We found that this
influenced the photoresponse of the films, most apparently at lower
flow rates. After reducing it from 1.0 to 0.4 mL/min the photo-
current at 1 sun increased by 50% to 1.17 mA/cm2 at 1.23 V vs
RHE (Figure 1a, ca. 375-nm thick film). Replacing the silicone by
Tygon tubing, which does not contain silicon, decreased the
photoresponse by a factor of 16, but it increased again when a
silicone tube was connected in series with the Tygon tube of the
pump. Furthermore, adding 0.2 mM TEOS to the deposition solution
improves the photoresponse with Tygon tubing (Figure 1b). The
film thickness of this TEOS Si-doped sample was 145( 20 nm
and had a transmittance at 400 and 550 nm of 3.4% and 46%,
respectively. This was 3% and 40% at the same wavelengths for
an undoped sample of equal thickness. The photoresponse did not

significantly increase for thicker TEOS-doped samples. While
testing the influence of the tubing material and dopant, the flow
rate was kept constant. An improved homogeneity of the deposited
film was achieved due to a lower temperature variation along the
substrate. By employing an aluminum heating block instead of a
tubular oven, the photocurrent density varied less than 5% over a
length of 10 cm.

Figure 2 (a,b) illustrates the nanostructure obtained from the USP
technique with silicone tubing material. This hematite film consists
of stacked sheets oriented perpendicularly to the substrate. The

Figure 1. Current-potential curves of Si-doped polycrystalline hematite
electrodes on TCO measured vs AgCl: (a) 370-nm thick USP film using
silicone tubing; (b) 145-nm thick USP film using Tygon tubing with TEOS
as Si-dopant; (c) 170-nm thick APCVD film using TEOS as Si-dopant.
Measurement: 1 M NaOH (pH) 13.6)2; in darkness and under illumination
at 1 sun, AM 1.5 (100 mW/cm2); scan rate 100 mV/s. The immersed and
illuminated anode surface areas were 2.5 and 0.5 cm2.

Figure 2. Typical HR-SEM images of Si-doped hematite films on TCO
obtained from USP (a,b) and APCVD (c,d): a and c are side-view, b and
d top-view images. (b, Inset) Hematite grains for undoped USP (d, Inset)
Hematite grains for undoped APCVD electrodes.
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individual sheets are between 15 and 25 nm thick and, depending
on the deposition time used, 50-750 nm long. Changing the tubing
material to Tygon increased the crystal size to 200( 40 nm in
length and 100( 15 nm width (inset, Figure 2b). The sheetlike
structure was again observed when 0.2 mM TEOS was added to
the deposition solution or when silicone tubing was connected in
series with Tygon.

These results suggest that the changed morphology and increased
photocurrent was caused by an uptake of a silicon compound by
the deposition solution from the silicone tubing. This is consistent
with improved efficiencies due to a longer residence time at lower
flow rates in the tubing. Furthermore, silicone elastomers are known
to liberate volatile oligosiloxanes.12

The APCVD Si-doped samples give a photocurrent up to 1.45
mA/cm2 at 1.23 V vs RHE (Figure 1c) and show a dendritic
microstructure about 170 nm high with 20-30-nm thick branches
(Figure 2 c,d). Pure Fe(CO)5 without silicon dopant gives photo-
currents below 1µA/cm2 at 1.23 V vs RHE and less developed
branches at the electrode surface (inset, Figure 2d).

X-ray diffraction patterns (XRD) of silicon-doped films produced
by both techniques have similar hematite signatures superimposed
on the tin oxide (casseterite) substrate pattern. In both cases the
diffraction peaks of the (110) and to a lesser extent the (300) planes
are dominant, indicating a preferred orientation of the (001) basal
plane normal to the substrate. This is in accordance with the vertical
orientation of the hematite sheets in Figure 2a. A similar preferred
orientation has been reported for hematite films consisting of
nanowires and nanobelts prepared by thermal oxidation of iron.13,14

Interestingly, the electrical conductivity is up to 4 orders of
magnitude higher along the (001) basal plane than perpendicular
to it.15 The vertical orientation of the well conducting (001) planes
in our films may be another reason for the high water-splitting
efficiencies obtained.

Different mechanisms for the photoresponse enhancement by the
silicon doping can be proposed. Silicon acts as an electron donor
due to substitution of Fe3+ by Si4+ in the hematite lattice and thus
improves its electrical conductivity.6,16,17 At the same time, the
increased donor concentration would reduce the width of the space
charge layer, generally assumed to be required for charge separa-
tion.18 However, the existence of a space charge layer in our
nanocrystalline Fe2O3 is questionable due the small particle size.19

Silicon doping decreases the particle size even further (Figure 2),
an effect that has also been described for Si-dopedγ-Fe2O3,20 and
which can be explained by perturbation of the hematite lattice
growth due to the smaller ionic radius of Si4+ compared to Fe3+.
The presence of silicon reduces the grain size to a level that is
commensurate with the hole diffusion length of only a few
nanometers in hematite.2 This renders hole capture by a surface
site competitive with recombination, even without the electrical field
of a space charge layer. In addition, the smaller grain size increases
the specific surface area of the photoanode. Assuming that the
overall oxygen evolution is limited by a surface reaction step, this
could contribute to higher water oxidation efficiency due to an
increased number of active surface sites per unit of substrate area.
Leaching of silicon from the Fe2O3 surface by the 1 M NaOH
electrolyte might activate the surface even at the atomic scale, by
creating Fe3+ surface sites with additional dangling bonds.21

In conclusion, we have improved the photoresponse of nano-
crystallineR-Fe2O3 films compared to that of the films reported

before4 due to optimized silicon doping. This improvement,
measured at 1 sun, amounts to 50 and 90% for the USP and APCVD
samples, respectively. The morphology of the nanostructured
R-Fe2O3 films was strongly influenced by the silicon doping,
decreasing the feature size of the nanocrystallites. In a tandem-cell
configuration with two series-connected dye-sensitized solar cells
providing a bias voltage of 1.4 V and 4 mA/cm2 at 0.5 sun,11 the
best performing Fe2O3 photoanode would yield a solar-to-chemical
conversion efficiency of 2.1% based on the heat of hydrogen
combustion (upper value) -280 kJ/mol) 1.45 eV/electron).

Further characterization of theR-Fe2O3 films such as the Si
content is underway, as well as the investigation of alternative
dopants, such as Ge, Sn, Pb, Ti, Zr, and Nb. The interface with the
TCO substrate is of equal importance, and we are studying the
pretreatment of the TCO surface. For example, by depositing a thin
interfacial layer,22 it may be possible to optimize the contact
properties. Besides water splitting, other applications, such as gas
sensing, photochemical water purification, and nonlinear optics
might profit from the unique properties of these new nanocrystalline
hematite films.
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