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Light-Induced Water Splitting with Hematite: Improved Nanostructure

and Iridium Oxide Catalysis**

S. David Tilley, Maurin Cornuz, Kevin Sivula,*

Photoelectrochemical (PEC) water splitting offers an elegant
solution to the problem of collecting and storing energy on a
global scale. In a manner analogous to photosynthesis, solar
energy is captured and stored in the form of chemical bonds to
yield solar fuels, which can be used anytime energy is
needed.”

Hematite has emerged as a strong candidate in the
photoassisted water oxidation reaction because it is stable in
water, prepared from cheap and abundant elements, and
possesses a band gap that permits the absorption of visible
light (E,=2.1eV).P! These favorable characteristics are bal-
anced against the short lifetime of the excited-state carrier
(10%s), small polaron-type charge transport, poor oxygen
evolution reaction (OER) kinetics, and improper band
positions for unassisted water splitting.”! As such, much
effort has been focused on studying and improving the
performance of hematite photoanodes, however, the best
performing hematite photoanodes are far from optimized as
compared to materials such as TiO, and WO,

Figure 1 shows the J-V curve of an ideal hematite
photoanode (under AM1.5G 100 mWcm ™ light) and that
of the former state-of-the-art hematite photoanode.!® For the
ideal case, the onset potential is just anodic (to the right) of
the flat-band potential and the plateau current reaches
12.6 mA cm 2, which corresponds to an incident photon to
current efficiency (IPCE) of unity. In practice, the efficiency is
limited by reflection and recombination losses. In addition, as
the conduction band of hematite is lower than the water
reduction potential, a bias must be applied, a bias that will
ideally be generated by a photovoltaic (PV) device in tandem
with a semitransparent hematite photoanode.”! With the
appropriate tandem PV setup, the maximum theoretical solar-
to-hydrogen (STH) efficiency for a hematite photoanode is
15% .1
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Figure 1. Idealized performance of the hematite photoanode (solid
trace) compared with the former state-of-the-art hematite photoanode
(dashed trace) under AM1.5G 100 mWcm ™2 simulated sunlight.! The
arrows indicate the parameters that need to be addressed to improve
the anode.

The two most important metrics for the photocurrent
curve are the plateau current and the onset potential.”) The
value of the plateau current gives an idea as to how many
photogenerated holes are reaching the semiconductor/liquid
junction (SCLJ). This assumes that at such high potentials all
of the photogenerated holes react with water as opposed to
recombining. The small polaron charge transport in hema-
tite'” requires high levels of doping to produce a material
that is suitably conductive for water splitting. Unfortunately,
high doping also results in a relatively thin space-charge layer,
such that the majority of the photons are absorbed far from
the space-charge field, which attracts the photogenerated
holes to the SCLIJ. Therefore, reducing the feature size of the
semiconductor by nanostructuring has been utilized as a
method to effectively increase the relative volume of the
space-charge layer with respect to that of the bulk, thereby
reducing recombination and increasing the plateau current.

In the state-of-the-art hematite photoanode shown in
Figure 1, the onset potential of + 0.9 V is substantially anodic
of the flat-band potential (+0.4 V).!"! This large overpoten-
tial is thought to be caused mainly from the slow kinetics for
water oxidation! that results in hole accumulation at the
surface, and then subsequent surface recombination occurs
until sufficiently positive potentials are achieved for appreci-
able charge transfer across the interface. The modification of
the surface of the hematite electrode with a water oxidation
catalyst that has less of a kinetic barrier for interfacial charge-
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transfer would lower the amount of overpotential required
and shift the curve to the left as shown in Figure 1.

To realize the full potential of hematite, a strategy that
improves both the nanostructure, as well as the kinetics of the
water oxidation reaction at the SCLJ is needed. Herein, we
demonstrate significant improvement in the nanostructure of
hematite, which results in a dramatic increase in the plateau
current, as well as a substantial shift in the onset potential by
modification of the surface with IrO, nanoparticles; this result
has led us to achieve unprecedented water splitting photo-
currents of over 3 mAcm™ at 4 1.23 V versus the reversible
hydrogen electrode (RHE) under AM1.5G 100 mW cm >
simulated sunlight conditions. These photocurrents are
unmatched by any other oxide-based photoanode operating
under standard solar conditions.

Although many methods for controlling the morphology
of hematite have been reported, it is rare to find reports of
purposefully nanostructured hematite that performs well in a
water splitting photoanode; factors such as doping, crystal-
linity, and substrate adhesion must be properly addressed.
Our previously reported method using atmospheric pressure
chemical vapor deposition took advantage of the high
reactivity of an iron source, [Fe(CO)s], which thermally
decomposed to form nanoparticles that were entrained in the
carrier gas.® These particles, along with the unreacted
precursor, are deposited upon the substrate to create a
cauliflower-type morphology. For similar particle-assisted
deposition methods the critical factor in controlling the
morphological and electronic properties of the films is the
ratio of particles to unreacted precursor in the carrier gas
stream.'” Altering this parameter can be accomplished by
changing the velocity of the gas stream, essentially changing
the residence time of the gasses in the region of particle
formation. However, changing the carrier-gas flow rate in
turn affects the substrate temperature and other variables. We
investigated the effects of changing the carrier-gas flow rate
by setting the volumetric flow rate of air to 6 Lmin™'
(compared to the 2 Lmin"' in reference [6]) and keeping
the same concentration of the iron precursor. The heater
temperature and the dopant concentration were then reopti-
mized. FElectrodes prepared using the newly optimized
deposition conditions!™® gave a higher photocurrent plateau
(see below) compared to our previous results. Although the
morphology of the thin films did not change drastically, the
films with the highest photocurrents were those that were
approximately 700 nm thick and prepared at 6 Lmin™';
compared to the 400 nm thick film prepared under the
optimized conditions at 2 Lmin~' (Figure 2). As our previous
work showed, electron transport in films prepared at
2Lmin"! became a limitation when the thickness was
increased past 600 nm;!' however, the optimum thickness
(700 nm) for the 6Lmin' case indicates the superior
electron-transport properties of these electrodes. This could
be a result of a smaller particle/precursor ratio afforded by the
shorter gas residence time, which results in better adhesion
between the particles as they attach to the growing film.
Ongoing investigations are underway to fully understand the
effect the residence time has on the optimum film perfor-
mance.
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Figure 2. Scanning electron micrographs of the cross-section of the
optimized Fe,O; photoanodes prepared on F:SnO, substrates with
carrier-gas flow rates of 2 Lmin™' (a) and 6 Lmin™" (b).

Although our work enhancing the nanostructure of the
Fe,O; afforded increased plateau photocurrents, the onset
potential was unaffected. We next sought to improve the
OER catalysis. Early investigations into catalysis on hematite
photoanodes revealed that simply rinsing with a cobalt(II)
nitrate solution yielded a 90 mV cathodic shift in the photo-
current curve and increased the plateau current by about
0.1 mAcm 2" The increase in the plateau current shows
that even at very high potentials there is some degree of
surface recombination that is at least partially ameliorated by
the cobalt treatment. More recent work has demonstrated
that a cobalt phosphate amorphous catalyst deposited onto
the hematite surface shows a catalytic effect with similar
results.”® A photodeposition technique for a cobalt phos-
phate catalyst has also been demonstrated on ZnO electro-
des.!

In terms of overpotential, iridium oxide (IrO,) is the best
water oxidation catalyst.'” Small nanoparticles (ca. 2 nm
diameter) deposited onto a glassy carbon electrode achieve
quantitative Faradaic efficiency of water oxidation at over-
potentials as low as 0.25 V (0.5 mA cm2).["¥! For comparison,
the cobalt phosphate catalyst, prepared from commonly
available components, requires an overpotential of 0.40 V to
achieve 0.5 mAcm 2 Thus, in an effort to achieve the
lowest possible photocurrent onset potential and to also
better understand the kinetic limitations of our photoanodes,
we attempted to modify the surface of the hematite with IrO,
nanoparticles.

IrO, nanoparticles (ca. 2 nm diameter) were deposited by
electrophoresis onto the hematite photoanode,™™ and we
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observed a dramatic shift in the onset potential from +1.0 V
to +0.8V versus RHE and an increase in the plateau
photocurrent from 3.45mA to 3.75mA (Figure 3). This
deposition method was found to be superior to methods
such as soaking.?”! X-ray photoelectron spectroscopy (XPS)

4 —
photocurrents
3
U
E 11 S 4 e aamm====T
Qo
<
£ 2
3
dark currents
1 —
0 | —T |
0.8 1.0 1.2 1.4 1.6

VIV vs. RHE

Figure 3. Performance of the unmodified hematite photoanode (solid
black trace), and the same anode that was functionalized with IrO,
nanoparticles (solid gray trace). Conditions: Tm NaOH solution

(pH 13.6), 10 mVs™' scan rate, uncorrected for Ohmic losses. The
corresponding dark currents are also shown. The dashed trace is the
photocurrent for the former state-of-the-art hematite photoanode.® ™
Photocurrents correspond to AM 1.5G 100 mWcm ™2 simulated sun-
light.

revealed a surface concentration of iridium of 1.0 at. %. Along
with the improvements in the nanostructure, this method has
allowed us to achieve a new benchmark of greater than
3mAcm™? at +123V versus RHE under AM1.5G
100 mWcm ™2 simulated sunlight conditions. This current is
the real photocurrent of the photoanode and is uncorrected
for Ohmic resistance losses (ca. 60 Ohm).

To verity the value of the photocurrent at +1.23 V, we
examined the incident photon to current efficiency (IPCE) as
a function of photon wavelength. In accordance with previous
work [ the value + 1.23 V versus RHE was chosen as a metric
to evaluate the performance of photoelectrodes because this
potential corresponds to the reversible oxygen electrode. The
IPCE was found to be over 50% at 4,,,=320 nm and to
maintain a value of 21.4% closer to the band edge (1=
500 nm). These values are considerably higher than the
previously reported data (46% and 14 % at A, 320 nm and
500 nm, respectively). The proportionally larger increase at
the longer wavelengths indicates that the improved nano-
structure is better at harvesting longer wavelength photons
and separating the electrons and holes to afford the water
splitting reaction before charge carrier recombination takes
place. Moreover, integrating the overlap of the IPCE data
with the standard solar spectrum,?! AM1.5G 100 mW cm ™2,
gives a calculated value of the photocurrent of 3.01 mA cm >
(Figure 4), confirming that the employed light source pre-
cisely simulated the AM 1.5 G solar emission in the absorption
wavelength range of the hematite electrode; that is, the
spectral mismatch was negligibly small.
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Figure 4. The incident photon conversion efficiency (IPCE) at an
applied potential of 41.23 V versus RHE (circles, uncorrected for
Ohmic losses) and the AM 1.5G 100 mWcm ™2 solar spectrum (dark
trace) are multiplied together to give the number of photons stored in
the form of hydrogen (shaded area). The dashed trace is the integrated
photocurrent and reaches 3.01 mAcm™

Notably, a slow decrease in the cathodic shift of the
nanoparticle-modified hematite occurs upon successive scans,
although the shift can be fully restored with the application of
more IrO, nanoparticles. Additionally, chronoamperometry
reveals a slight reduction in photocurrent over 200 seconds at
+1.23 V versus RHE (Figure 5). These data indicate that the
IrO, particles are not stably adhered to the hematite and
detach from the surface. However, we are confident that the
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Figure 5. Chronoamperometry at an applied potential of +1.23 V
versus RHE under light-chopping conditions (AM1.5G 100 mWcm™?),
uncorrected for Ohmic losses.

photocurrent is attributable solely to water oxidation because
1) there are no organic stabilizing ligands present for con-
sumption, 2) strongly oxidizing conditions of the catalyst
electrodeposition ensure that the iridium present in the
nanoparticles begins in a highly oxidized state, and 3) these
particles have been shown to achieve quantitative Faradaic
efficiency at currents as low as 0.5 mAcm™2. Interestingly,
despite applying the best OER catalyst to the hematite and
observing an unprecedented photocurrent under standard
conditions, we still find the onset of the photocurrent to be at
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a voltage that is 400 mV more positive than the flat-band
potential, thereby suggesting that surface states having mid-
band-gap energies facilitate the carrier recombination in
hematite. Our previous work has identified a Raman-active
amorphous fraction in these films that supports this observa-
tion.'!

For the first time, a water splitting photocurrent of over
3mAcm 2 has been achieved with hematite at an applied
potential of +123V versus RHE under AM15G
100 mW cm™ simulated sunlight conditions. This significant
advance in the performance of hematite indicates that the
continued parallel optimization of both the nanostructure and
the catalysis can ultimately realize the full potential of light-
induced splitting of water into hydrogen and oxygen using
iron oxide. Additional reduction of the overpotential required
may come from applying recently reported surface treat-
ments® or promising new catalysts for the oxygen evolution
reaction.”® We are currently investigating other techniques
for customizing the nanostructure® and more robust meth-
ods for the attachment of the IrO, nanoparticles to the
hematite.
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