Chapter 4
Nanostructured «-Fe, O3 Photoanodes

Kevin Sivula

4.1 Introduction

Since the seminal demonstration of photocatalytic hydrogen production from water
splitting with TiO, [1], scientists and engineers have sustained the search for a
photoelectrochemical (PEC) water-splitting material combining efficient solar light
harvesting, high quantum efficiency, practical durability, and low cost. However to
date, no single semiconducting material which meets all of these requirements has
been found [2]. While systems delivering high solar-to-hydrogen (STH) efficiency
have been demonstrated using III-V semiconductor materials with optimized band
gaps and energy levels straddling the hydrogen and oxygen redox potentials their
cost and stability are a major disadvantage [3]. In contrast, many transition metal
oxide semiconductors offer suitable stability to the chemically harsh environment
of water, oxygen, and light inherent to PEC water splitting. For example, TiO, and
WOj3; have been thoroughly investigated and optimized to deliver high single-
wavelength quantum efficiencies [4, 5]. Unfortunately the stability of these oxides
in aqueous environments, aided by an energetically low valence band which is
defined largely by O 2p energy levels, also brings a large bandgap which renders
these materials transparent to most of the incident solar illumination. This limits the
maximum possible STH conversion efficiency. Specifically, considering the
bandgap energies, E,, alone, TiO, (anatase, £, = 3.2 eV) and WO3 (E; = 2.6 eV)
could only convert 3.4 and 10.2%, respectively, of the sun’s energy into hydrogen.
A more accurate evaluation of the potential efficiencies, including expected kinetic
losses, suggests that only 5% STH is possible with WO; [6].

In addition to sufficient light absorption and stability, a semiconducting material
used for PEC water splitting must be made from raw materials with ample availability
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to be relevant for energy conversion on a global scale. Iron(IIl) oxide is a promising
material in light of these requirements. With a potential to convert 16.8% of the sun’s
energy into hydrogen [6], it has been extensively examined for application to solar
water splitting. In this chapter the advantageous properties of Fe,O5 as well as the
challenges it presents are examined in the context of PEC water splitting. The most
recent efforts at improving photon harvesting by nanostructuring are reviewed, and
continuing efforts to control the surface catalysis, and enhance the electronic
properties by doping, are also addressed by examining recent literature reports in
the field.

4.2 Iron(IIl) Oxide: A Promising Material for Solar
Hydrogen Production

As iron is a readily oxidized metal, and iron ions can exist in different charge states
(mainly 2+ and 3+) separated by relatively small energy differences, there are many
forms of iron oxide both found in nature and that can be synthesized easily in the
lab. In addition, because iron is a common element in the earth’s crust (6.3% by
weight) iron oxide is everywhere around us, giving, for example, the geological
formations of the southwest USA their brown-red color. Commonly (and perhaps
unfortunately), iron oxide is better known as a nuisance material, and by its
common name — rust — the red-brown corrosion product of iron in the presence of
oxygen and moisture. However, its chromatic characteristics also imply the ability
to absorb solar irradiation. This coupled with its abundance and nontoxicity make
iron oxide a particularly attractive material for use in solar energy conversion. The
distinct properties of all of the iron oxides are comprehensively presented in a
recent book by Cornell and Schwertmann [7]. Here, a brief summary is presented of
the important and unique properties of iron(Ill) oxide, a-Fe,O3, or hematite, the
most frequent iron oxide employed for solar hydrogen production. These properties
highlight both the promising aspects and the challenges that hematite presents as a
material for solar energy conversion.

4.2.1 Structural and Material Properties

For iron oxide in its fully oxidized form, each iron atom is in the +3 oxidation state.
There are thus two O® anions for every three Fe**. Even considering this stoichi-
ometry, there are many types of Fe,O; including amorphous structures. The o
(hematite) and y (maghemite) forms are two most common crystalline structures
found in nature. Maghemite can be considered to be a form of magnetite (Fe;0,), a
ferrimagnetic spinel iron(II-1II) oxide, with cation vacancies. Indeed, natural
maghemite arrives from the oxidation of magnetite, and retains strong (ferri)
magnetic properties. While this form of iron oxide has found wide-spread use as
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Fig. 4.1 The crystal structure of hematite as seen looking down the [001] direction (/eft) and the
[8] direction (right). Oxygen anions are dark gray and iron cations are light gray. The unit cell is
outlined, and the orientation map is shown for each view

a magnetic recording medium (giving floppy disks and cassette tapes their brown
color) the physical properties have not been found to be suitable for photoelec-
trochemistry. In addition, maghemite, as with all of the other iron oxides converts to
hematite, the most thermodynamically stable form of iron oxide (under standard
conditions) upon treatment with heat.

Hematite, alpha-Fe,Os3, is the most common form of iron oxide. Due to its
prevalence, hardness (6.5 on Mohs scale), and chemical and thermal stability
(decomposition temperature of 1,566°C), it has found historic use as a polishing
powder known as jeweler’s rouge. In addition, its ability to absorb light has made it
an attractive choice for pigments in paints and even cosmetics. Alpha-Fe,O3 has the
same crystal structure of corundum, Al,O;, which is trigonal (hexagonal
scalenohedral, symbol 3 2/m) with space group R3c with lattice parameters a
= 5.0356 /0%, c = 13.7489 A, and six formula units per unit cell [7]. It is easy to
understand hematite’s structure based on the packing of the anions, O*~, which are
arranged in a hexagonal closed-packed lattice along the [001] direction. The
cations, Fe3+, occupy the two-thirds of the octahedral interstices (regularly, with
two filled followed by one vacant) in the (001) basal planes. The tetrahedral sites
remain unoccupied. Two views of the hematite crystal structure are shown in
Fig. 4.1. Here the layered structure of iron oxide is evident; layers of closed-packed
oxygen anions alternate with iron cations bilayers in the [001] direction. The
arrangement of cations can also be thought of producing pairs of FeOs’~ octahedra
which share edges with three neighboring octahedra in the same plane and one face
with an octahedron in an adjacent plane in the [001] direction. This face sharing is
responsible for a trigonal distortion of the octahedron. In the FeOq ™ octahedra
which share faces, iron atoms are repelled along the direction normal to the [001]
axis. Consequently, the O—O distance in shared faces is shorter than in an unshared
face. However, the electronic structures of these distorted Fe069* octahedral are
quite similar to undistorted clusters [7].
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4.2.2 Magnetic Properties

The arrangement of the oxygen anions and the high-spin (d° configuration) iron
cations in iron(IIl) oxide naturally affects the orientation of the iron atoms’ spin
magnetic moment and thus the observed bulk magnetic properties. The diverse
magnetic properties of all the iron(IIT) oxides have been recently reviewed [9]. In
brief, the inverse spinel structure of maghemite (y-Fe,Oj3) results in the presence of
two interpenetrating sublattices and gives rise to ferrimagnetic behavior and high
susceptibilities. In contrast, hematite is antiferromagnetic (temperatures below
260 K) or a weak (parasitic) ferromagnet at room temperature. The latter is due
to the ferromagnetic coupling of the spins within the (001) basal (iron bilayer)
planes and antiferromagnetic coupling between iron bilayers along the [001]
direction [10]. Here the trigonal distortion of the FeOq’~ octahedra causes the
spins to become slightly canted (about 5°) causing the destabilization of their
perfectly antiparallel arrangement (parasitic ferromagnetism). Above the Néel
temperature (950 K), the iron spins become thermally disordered and a paramag-
netic material results [9]. While the magnetic properties of hematite are not
particularly pertinent to its photoelectrochemical performance, the iron spin con-
figuration does influence the optoelectronic and carrier transport properties of
hematite. In addition, exploiting magnetic characteristics with Mossbauer spectros-
copy to identify phases in iron oxides prepared for electrochemical application has
proven to be a useful technique [11-13].

4.2.3 Optoelectronic Characteristics

The dense (hexagonal close) packing of oxygen combined with the interstitially
positioned iron yields a very dense structure (5.26 g/cm®) exhibiting a high polariz-
ability and a high refractive index (3.15) [14]. This layered structure also generates
complex behavior when interacting with photons and electrons. These attributes of
hematite should be properly understood for application as a semiconductor for solar
water splitting. Decades of research have passed scrutinizing the mechanisms of
charge transport and light absorption, and while hematite is still not completely
understood, much progress has been made.

The absorption of photons by hematite is shown in Fig. 4.2 (left side) and begins
in the near infrared spectral region. This initial weak absorption is due to d—d
transition states between electron energy levels of the d° Fe** ion, which are split by
an intrinsic crystal field [16]. Two absorption bands in this spectral region centered
around 4 = 860 and 640 nm with absorption coefficients, o, of the order 10° cm™!
have been accurately assigned using ligand field theory to spin-forbidden
transitions from °A, g o T ¢ and 4T2g, respectively [15, 16]. While photoexcitation
of hematite at these wavelengths has been shown to increase its conductivity [15],
sustained photocurrent is not observed in a PEC system (see Sect. 4.2.4) upon
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Fig. 4.2 Optical and electronic properties of hematite: The left graph shows the absorption coeffi-
cient as a function of photon wavelength in hematite thin films prepared by r.f. sputtering (from [15]
used with permission). The right graph shows the calculated density of electron states (spin up and
down) in hematite. The Fermi energy is at 0 eV and two lines at about —5.5 and 1.8 eV divide the
plot into three regions: the lowest energy region contains the occupied Fe-d states; the next energy
region contains the occupied O-p states; the region above the gap contains the empty Fe-d levels
(Reprinted figure with permission from Velev, J., Bandyopadhyay, A., Butler, W.H., Sarker, S.:
Phys. Rev. B: Condens. Matter 71, 205-208 (2005). Copyright 2005 by the American Physical
Society)

irradiation below the bandgap energy, E, (which, depending on the method of
preparation of hematite, is usually reported to be between 1.9 and 2.2 eV or
650-560 nm [14]). The absorption coefficient of pure hematite increases abruptly
at the band gap energy and further up the electromagnetic spectrum o continues to
increase with additional absorption peaks having been observed centered on 2.4,
3.2, and 5.8 eV (with o on the order of 10° cm™') in samples of polycrystalline
hematite [17]. Hematite’s strong absorption of yellow to ultraviolet photons in the
visible region and transmission of orange to infrared photons gives it a characteris-
tic red color. However, it is fairly uniform reflectivity as a function of visible light
wavelength gives polished bulk samples of hematite a metallic look.

Since the electronic nature of the band gap in hematite is of great interest to
understand its performance as a material for solar energy conversion, much work
has focused on this aspect. Tauc analysis of the bandgap absorption onset, which
assumes that the energy state bands are parabolic with respect to the crystal
momentum, most frequently indicates an indirect (phonon-assisted) band gap
transition [18]. However, a few recent reports of a direct band gap in hematite
have been attributed to quantum size-effects [19, 20]. The initial orbital
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assignments of the bandgap suggested it was due to an indirect transition of Fe**
d—d origin [15, 21], and that a stronger direct transition involving a charge transfer
from an O 2p orbital to Fe 3d did not occur until 3.2 eV [21]. This led to a hypothesis
that two different types of p-type charge carriers (holes) could be produced in
hematite, depending on the excitation mechanism, and were responsive for the
observed difference in PEC performance as a function of wavelength [22, 23].
However, the most recent ab initio calculations to determine the electronic structure
of hematite by the Hartree—Fock approach [24] and density functional theory with a
local spin-density approximation and coulomb correlation [25, 26] both predict that
the highest occupied energy states are primarily O p in character and the lowest
unoccupied states are from an empty Fe-d band (see Fig. 4.2, right). This conclusion
is also supported by soft-X-ray (O K-edge) absorption and emission spectroscopy,
which when compared to photoemission spectra from configuration-interaction
FeOg cluster calculations, confirm that the valence band is at least strongly
hybridized and indicates further that it is mostly of O 2p character [27]. These latest
results not only suggest that pure stoichiometric hematite is a charge transfer
insulator, and not a Mott—Hubbard type insulator — a detail that affects conduction
models — but also contradicts the suggestion that two types of holes, originating from
different transitions, could cause different PEC behavior.

Finally, as discussed in the next section, much effort has been placed on doping
hematite with various elements to increase charge carrier conduction. These
elements are typically present at 1 atom% or less, and while substitutional transition
metal impurities have been predicted to introduce interband gap energy states [25],
the same dopants have not been reported to significantly change the bandgap
absorption energy or the absorption coefficient [28-31].

4.2.4 Charge Carrier Transport and Dynamics

During an electromagnetic energy absorption event in hematite, a photon with
energy greater than the bandgap will excite an electron from an occupied to an
unoccupied state. For this process to be useful for water splitting the excited
electron and remaining electron vacancy (hole) must spatially separate and live
long enough to reach points of their collection or reaction. Luminescence studies on
nanoparticles show that the excitation of hematite with photons of 3.2 eV results in
fluorescence quantum yields of about 1 x 107> [32]. This extremely low value of
radiative carrier recombination suggests that fast nonradiative processes such as
carrier trapping and phonon coupling are limiting the excited state lifetime [33].
Indeed, the ultra fast dynamics of excited states in hematite have been studied in
nanoparticles, thin films, and single crystals using femtosecond laser spectroscopy
[32, 33]. In nanoparticles it was found that the excited state decay profiles were
independent of the pump power and the probe wavelength, and were not affected by
lattice doping or surface modification. However, the lifetime of the excited state
was determined to be very short — 70% of the transient absorption had disappeared
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after just 8 ps and could not be detected after 100 ps [32]. Studies on epitaxially
grown thin films (100 nm using an oxygen plasma-assisted molecular beam)
reduced the influence of defect states in the bulk or on the surface compared to
the nanoparticle case, but found similar excited state dynamics, which were
described by the following scenario: Initially, hot electrons relax to the conduction
band edge within 300 fs. Then their recombination with holes and trap states occurs
within 3 ps. The resulting trap states can exist for hundreds of picoseconds or longer
[33]. In addition, the dominant carrier trapping mechanism was ascribed to mid-gap
Fe’* d—d states. These carrier trap states have been reported to be 0.5-0.7 eV below
the conduction band edge giving them an optical transition of about 1.5 eV [34, 35]
and are thus likely the same spin-forbidden transitions intrinsic to hematite which
were discussed in the previous section.

A common metric sought by researchers in the field of semiconductor solar
energy conversion is the excited carrier diffusion length which describes how far an
average excited state can travel before recombination, and is estimated by taking
the square root of the product of the carrier lifetime and the diffusion coefficient.
Thus an ultra short lifetime alone does not prevent high efficiency in a semicon-
ductor for PEC energy conversion if the carriers have a high mobility through the
crystal lattice. Accordingly, understanding the transport of carriers in hematite is
equally important to understanding the lifetime.

The earliest work by Morin on pure sintered polycrystalline hematite describes
very low electrical conductivities (ca. 1074 Q! cm™ 1Y) [36], conduction electron
concentrations of 10'® cm™ at 1,000 K, and an activation-energy type electron
mobility on the order of 10~2 cm?/V/s [37]. Studies on pure single crystals showed
conductivities below 107° Q™' cm ™! and were not suitable for further electronic
characterization [31]. These unusually small values obliged electrical conduction to
be explained by Fe**/Fe** valence alternation on spatially localized 3d orbitals.
Modeling studies have had success matching empirical data by describing the
conduction mechanism with a small polaron model which includes the effect of
the larger size of the Fe>* ion and the associated lattice distortion (polaron) [38, 39].
Conduction of electrons or holes can then be best described by hopping of polarons
with an activation energy. This conduction mechanism causes the mobility of
carriers to increase with increased temperature, as transport is assisted by lattice
vibrations [40]. The localized electron, small polaron model has also been further
supported by experimental results including pulse radiolysis [41] and the previously
mentioned femtosecond laser spectroscopy on nanoparticles [32].

Further studies of hematite single crystals identified a highly anisotropic electron
transport with conduction within the iron bilayer (001) basal plane four orders of
magnitude greater than perpendicular directions (parallel to [001]) [42, 43]. This
discrepancy cannot be explained by the proximity of iron cations alone, as the
shortest Fe—Fe distances are actually along the [001] direction and nevertheless
they are quite similar to Fe-Fe distances in the basal planes [44]. However, the
anisotropic conductivity can be classically explained considering Hund’s rule and
the magnetic structure of hematite. The ferromagnetic coupling of the spins in the
(001) basal planes and antiferromagnetic coupling along the [001] direction create
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an environment where electrons can move (n-type conductivity) within the iron
bilayers (an environment of parallel spins) but are forbidden to hop across the
oxygen plans to an iron bilayer with the opposite spins. Thus conduction in
the [001] direction could only involve the movement of holes in the form of
Fe** — Fe*" electron transfer (p-type conductivity). This process is significantly
slower in hematite [40]. While this classical explanation is generally accepted,
recent ab initio electronic structure calculations combined with electron transfer
(Marcus) theory have correctly predicted the large transport anisotropy in hematite
but suggested it arises from the slowness of both hole and electron mobility across
basal oxygen planes [10]. This is contrast to the classical conception as it does not
consider electron transport to be forbidden in the [001] direction, but instead
identifies the most important factor that influences the carrier mobility to be the
electronic coupling — a quantity found to depend on both a superexchange interac-
tion between the bridging oxygen atoms and the d-shell electron spin coupling.

Regardless of the specific details of the conduction mechanism it is clear that the
conduction properties of pure hematite are not appropriate for use as a PEC semicon-
ducting material. However, the conductive properties of hematite can be significantly
enhanced by adding impurities to act as electronic dopants. Indeed, it is possible to
increase conductivities and obtain both p-type and n-type alpha-Fe,O5; by doping
with atoms such as (but not limited to) Mg**, Cu* (p-type) or with Ti**, Sn**, Zr**,
Nb>* (n-type) [40]. This behavior can be easily explained if we consider hematite to
be a small polaron conductor with n- and p-type charge carriers assumed to be Fe**
and Fe**, respectively. Then, if the impurity atoms substitute for a Fe>* ion in the
crystal lattice, they would cause the creation of Fe** (n-type) or Fe** (p-type) to
balance the lattice charge. By doping at sufficient levels, high carrier conductivities
can be attained. For example, Zr** was doped into single crystals to give donor
densities on the order of 10" e¢m™>, conductivities around 0.1 Q™! cm™! , and
increased electron mobility (perhaps due to a increase in dielectric constant) of
0.1 cm?/V/s [31]. A review by Shinar and Kennedy outlines the dopants used for n-
type iron oxide and their affect on electronic and PEC properties [45].

In addition to foreign impurities acting as electronic dopants, oxygen vacancies
play an important role in the electronic behavior of hematite, and are the most
commonly present intrinsic defects found in hematite [17]. In fact, samples of
natural specular hematite have been found to be degenerate semiconductors due
to oxygen deficiencies [34]. This is because oxygen vacancies act as n-type dopants
by creating Fe®* ions. Elevated temperature treatment (above 800°C) in air or
anaerobic environments has been shown to create oxygen vacancies in hematite
[17]. In this case, the oxygen vacancies may result in the formation of a Fe;O4 on
the surface, distorting conduction measurements [38], and causing extensive
recombination of carriers and reduced photoconduction that can be regained by
oxygen treatment [46].

Finally, based on the lifetime and charge carrier mobility found in hematite, the
diffusion length of excited carriers is expected to be small. Kennedy and Frese
calculated the diffusion length for holes in n-type (Ti** doped) polycrystalline
samples using the experimental photocurrent efficiency and a band-bending
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semiconductor liquid interface model to determine the mean diffusion length for
holes, Ly, outside the space charge region as 2—4 nm [18], and a similarly indirect
method gave the same order of magnitude for pure Fe,O3 [47]. It is important to
note that this value is significantly smaller compared to other oxides used for PEC
water splitting. For example, values of L, up to 10* and 150 nm have been reported
for TiO, [48] and WO3 [49], respectively. The ramifications of such a low value
for L, on the performance of hematite for PEC water splitting are discussed in the
next section.

4.2.5 Photoelectrochemical Properties: Challenges for Solar
Water Oxidation

Hardee and Bard [50] first turned to Fe,O5 as a material for water photolysis in 1976
seeking a photoanode material that was both stable under anodic polarization and
capable of absorbing light with wavelengths longer than 400 nm. Before this,
materials like GaAs, CdS, and Si had been found to absorb an appreciable amount
of solar irradiation, but also to be unstable in aqueous environments under anodic
condition. In contrast, materials like TiO,, SrTiO5, and SnO, had been identified as
stable, but had bandgaps over 3 eV. Hardee and Bard made thin films of Fe,O3 on Ti
and Pt substrates by chemical vapor deposition (CVD) of Fe(AcAc); and observed
photocurrent from their electrodes under illumination of 500 nm light at a potential
of 0.8 V vs. SCE in 0.5 M KCl as electrolyte. Soon after Yeh and Hackerman [51]
simply heated iron foils in air to make n-type iron oxide electrodes that gave
photocurrents with no observable corrosion problems from pH 4.0 to 14 and
Quinn et al. [52] showed that the (012) face of flux grown single crystals had
collection efficiencies of around 20% at 0.5 V vs. SCE in 2 M NaOH (1.57 V vs.
RHE) with 475 nm light. Further work by Kennedy et al. showed that p-type doping
(with Pb** and Ca®") produced electrodes with high resistivity, but Si**, Sn**, and
Ge** doped n-type hematite performed better than Ti**-doped hematite [28]. In
addition, these initial studies showed that hematite had a flatband potential, Vy,, too
low in energy to reduce water, and an external bias had to be applied to complete the
water-splitting reaction (the electron energy scheme for a n-type hematite
photoanode water-splitting system is shown in Fig. 4.3, left). Despite this, hematite
was still considered to be a promising n-type photoanode material for solar water
splitting due to its capability to absorb a significant portion of solar irradiation (29%
of AM 1.0 [52]) and superior stability. Over the next decade numerous reports were
published describing continuing studies with pure and doped Fe,O; made by
various routes. Notable extensive PEC studies were performed on Ti-doped
polycrystalline-sintered hematite pellets [18, 23], and Nb-doped single crystals
[53] — the latter reporting champion performance with an incident photon conver-
sion efficiency (IPCE) of about 37% at 370 nm and 1.23 V vs. RHE in 1 M NaOH
(27% at 1.06 V, see Fig. 4.3, right).
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Fig. 4.3 Challenges presented by hematite: at left is an energy diagram showing a typical value of
the flatband potential, Vi, of n-type hematite, and the PEC water-splitting operation of a hematite
photoanode under illumination and with an applied external bias, V. The right graph (from [53],
with permission) shows the quantum efficiency vs. wavelength for Nb-doped and Ge-doped

hematite single crystals at 0 V vs. SCE in 1 M NaOH (1.06 V vs. RHE). The efficiency is
expressed in units of percent

A good review of these seminal studies on hematite has been given by Lindgren
et al. [14] and in summary, the first decade of work identified the many challenges
of employing this material for PEC water splitting:

. Flatband potential too low in energy for water reduction [23, 52]

. Large overpotential and slow water oxidation kinetics [23]

. Low absorption coefficient, requiring relatively thick films [54, 55]
. Poor majority carrier conductivity [35, 53]

. Short diffusion length of minority carriers [18]

DN AW N =

These limitations deterred much further interest in using hematite as a photoanode
for water oxidation, as it appeared that the conversion of solar energy with high
efficiency with it was not possible. Specifically, the small polaron transport and the
deep inter-bandgap traps in hematite, which were discussed in Sect. 4.2.3, result in
challenge numbers 4 and 5 above. Drawback 4 requires high doping levels to increase
the ionized donor concentration and thus the conductivity. This in turn reduces the
width of the space charge layer [56]. For example, donor dopant concentrations in
the champion Nb-doped single crystals were found to be 5 x 10" cm™ by Mott—
Schottky analysis [53]. Assuming classical depletion layer theory [56], this would
result in a depletion layer width, W, of 7 nm at a band bending of 0.25 V and ¢ = 100.
The low absorption coefficient in hematite (challenge 3) then implies that most of the
incident photons will not be absorbed in the space charge region if the geometry of the
photoanode is planar because the absorption depth (defined as &~ ' = depth at which
63% of the photons are absorbed according to the Beer—Lambert law) for hematite
ranges from 120 to 46 nm for photon wavelengths from 550 to 450 nm [17]. This
would not be problematic if the diffusion length of the minority carriers was large
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compared to the absorption depth, but it is only 2—4 nm (challenge 5). The effect of
these limitations emerges as low quantum efficiencies, especially for the longer
wavelengths. This is shown in Fig. 4.3 (right) with the highly efficient Nb-doped
single crystals [53]. Even though peak quantum efficiency is close to 30% at A =
370 nm, it drops to below 5% at 450 nm and even though all of the incident irradiation
is absorbed at 550 nm in the 0.1-mm thick films used, the quantum efficiency is
less than 1%.

The above challenges and limitations suggest that the standard planar single
crystal or sintered disk electrode geometries are not suitable for hematite, and
indeed recent efforts with hematite have shown that challenges 3-5 can be over-
come by optimizing the electrode morphology. These recent and exciting advances
in hematite structuring are described in detail in the next section. In addition, the
renewed efforts with structuring hematite have instigated further research to over-
come challenges 1 and 2 listed above. These efforts are reviewed in Sect. 4.4.

4.3 Morphology Control of Fe,O3

Both the small (ca. 10 nm) space charge layer present in highly doped hematite
(resulting from the necessity for conductivity) and the short (ca. 4 nm) diffusion
length of minority carriers discussed in the previous section suggest that the ideal
morphology of a hematite photoanode would be one where all of the hematite is
within 10-20 nm of the semiconductor/liquid junction (SCLJ). This would give
photogenerated holes a high probability of arriving at the SCLJ to oxidize water. Of
course, one could simply deposit a 10 nm layer of hematite on a transparent substrate
using a traditional deposition method. Then the poor absorptivity of such a film
could be overcome by stacking multiple films in tandem. Indeed, this solution was
first proposed by Itoh and Bockris in 1984 [55]. While this could fundamentally
resolve the issue, it is cumbersome and expensive to implement, and in practice the
thin iron oxide films were found to have poor performance due to the increased
recombination of the photogenerated holes [54]. Fortunately, the recent develop-
ment of tools to control the dimensions and morphology of materials at the nanome-
ter length scale has offered more practical morphological solutions for hematite. Of
course, the application of nanostructuring techniques to PEC solar hydrogen pro-
duction has included more materials than simply hematite, with materials including
WO; and TiO, also seeing noteworthy development. Two recent review articles
from the research groups of both Augustynski [57] and Van de Krol [58] present a
general overview of this topic. Currently, using new nanostructuring techniques,
research groups are designing hematite with the proper morphology, feature size and
dopants in order to enhance its ability to split water from solar irradiation. This
section examines how directing the nanostructure of hematite has led to significant
advances in its use as a material for photoelectrochemcial water splitting. This is
done by analyzing how different deposition techniques have allowed the morphol-
ogy control of hematite and affected its performance as a photoanode.
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4.3.1 Colloidal Hematite

The nanoscopic manipulation of hematite was first mastered by Matijevi¢’s group
in the early 1980s [59]. They created well-defined hematite colloidal particles
through a hydothermal route and demonstrated morphological control by changing
the concentration and the oxidative environment present during nucleation and
growth. Spheres, disks, and plates of hematite were observed with lengths in the
100 nm range. However, no photochemistry was investigated with materials of this
type until Moser and Gratzel reported halide photooxidation with colloidal
dispersions of a-Fe,O5 2 years later [60]. In this work, 60 nm particles dispersed
in aqueous solution were irradiated with 347 nm laser light and the extremely rapid
(~10 ns) formation of I,~ from iodide at high quantum efficiency (>80%) was
observed. This result suggested an advantage of employing nanosized hematite
where a larger fraction of the photogenerated carriers are produced closer to the
surface as compared to the single crystal hematite or sintered pellets which had
been reported at the time. Similar studies following shortly thereafter used various
electron relays (e.g., methyl viologen) and hole scavengers (e.g., methanol) to
investigate the ability of Fe,O3 colloids to produce hydrogen from water [61-63].
While the conversion efficiency remained quite low even in these sacrificial
systems, the optimum particle size, balancing bulk recombination and light
harvesting, was estimated to be 100 nm in this work [63].

To date there have been numerous reports investigating the photocatalytic
properties of colloidal a-Fe,O3;. Most recently, layered “nanoflowers” [64] and
hollow nanoparticles [65] synthesized via a simple solvothermal approach have
shown enhanced photocatalytic activities for the degradation of Rhodamine B and
diethyl phthalate, respectively, due to their large surface area. While these studies
can give insight to the relative catalytic activity of different structures, given the
band edge energies of hematite and the sluggish oxygen evolution reaction (OER)
kinetics, it is likely that Fe,O3 colloids will not find application for water splitting
but remain at the degradation of organics. However, the continued development of
the precise control over hematite nanoparticle shape and size, like that recently
demonstrated by Hu and Yu [66], should allow access to ideal electrode
morphologies in the future.

4.3.2 Porous Thin Films from Colloids

Even if hematite nanoparticle dispersions could split water efficiently, the problems
of gas separation and the reverse reactions (hydrogen oxidation and oxygen reduc-
tion) occurring in the heterogeneous mixture would remain. A more practical
approach to water splitting is arguably a PEC cell with the anode and cathode
evolving oxygen and hydrogen separately. This configuration provides the chal-
lenge of creating hematite with large surface area-to-volume ratio on the surface of
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Fig. 4.4 Scanning electron micrograph (left) of the edge of a porous electrode made from sintered
Fe,05 sols on a conducting cassiterite (SnO,) support (magnification 5,800 times). Absorption
spectrum of the hematite electrode and quantum efficiency as a function of wavelength (right)
obtained in 0.1 M NaOH at 1.4 V vs. RHE when illuminating the electrode through the substrate
(SE) and directly onto the interface with the electrolyte (EE). Note that the scale of the IPCE
values differs with a factor of 100 in the two cases. From [67] used with permission

a conducting support. The most straightforward way to create nanostructured
photoelectrodes of hematite is to coat a sol onto an electrode and sinter to enforce
interparticle connections — a method first perfected for solar energy conversion with
TiO, in the dye-sensitized solar cell. This method was first attempted with hematite
by Bjorksten et al. in 1994 [67]. Here, Fe,O5 sols created by the hydrolysis of FeCls
were concentrated and combined with surfactant before they were doctor-bladed
onto transparent conducting oxide substrates (F-doped SnO,) and sintered at 560°C.
Micron-thick, porous thin films of necked hematite were observed to have good
adhesion to the substrate and a primary particle size in the 25-75-nm range (see
Fig. 4.4, left) However, the quantum efficiency (IPCE) of these photoanodes toward
water splitting was quite low — on the order of 1% at 400 mV vs. SCE in 0.1 M
NaOH (1.4 V vs. RHE) with 400 nm incident irradiation (see Fig. 4.4, right). The
observations that the IPCE was 100 times lower when the anode was illuminated
from the hematite/electrolyte interface as compared to the substrate/hematite inter-
face and that the quantum efficiency did not improve significantly (only to 1.7%)
when Lil was added as a hole scavenger led the authors to conclude that charge
carrier recombination was the controlling factor for the photocurrent. The higher
quantum efficiency of similar particles when dispersed in electrolyte [60] pointed to
grain boundaries between the particles to be the cause of the recombination and
poor performance. This limitation was addressed by Qain et al. [68] by altering the
film thickness to optimize the light absorption/carrier transport issue. However, no
significant improvement was obtained. Cathodic spikes observed during transient
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measurements in this work suggested that no space charge layer was present, and
that electron recombination at the hematite/electrolyte interface was also an impor-
tant limitation.

Recent work on Fe,O; films prepared by colloidal methods has identified a
possible application of sensing organics in gas streams due to a change in electrical
resistivity [69, 70] and suggested that the inclusion of metal nanoparticles [71, 72]
or the presence of a spinel phase (y-Fe,O5) [73] may increase the catalytic activity
of these electrodes. However, a fundamental issue of particle size recognized in the
seminal work [67] has yet been unresolved: Despite attempts to use particle sizes
commensurate with the hole diffusion length (<10 nm), the temperatures required
to sinter and make the films photoelectrochemically active result in primary particle
sized too large to expect high photocurrents. Incorporating dopant atoms [74] and
controlling feature size with templating techniques [75, 76] may result in an
increase in performance for hematite films prepared by this inexpensive and
scalable technique.

4.3.3 Fe;03 Nanowire Arrays

An elegant solution to the problem of grain boundaries in hematite films created
from the colloidal approach is to use nanosized rod or wire arrays. An array of
single crystalline nanorods with diameters in the 10-nm range, attached and ori-
ented orthogonally to the conducting substrate would eliminate grain boundaries,
enhancing conduction to the substrate while still allowing photoproduced holes to
efficiently reach the semiconductor/electrolyte interface. A simple method to create
hematite arrays on a variety of substrates via a metastable akaganeite phase
produced from the controlled precipitation of Fe(IIl) in aqueous solution was first
reported by Vayssieres et al. [77], and investigated for water photoelectrolysis soon
after [19]. Bundles of individual 5 nm nanorods with an average diameter of 50 nm
and a length of 0.1-1.5 pm were investigated in perpendicular and parallel
orientations to the substrate (Fig. 4.5, left). While the authors were able to show a
small improvement when controlling the orientation (5% IPCE at 360 nm for the
perpendicular nanorods vs. 3% for the parallel) the overall photocurrents remained
low under white light illumination, even with hole scavenging iodide present. The
large difference between the electrode performance when illuminating from differ-
ent sides of the semitransparent photoanode observed in this work [79], and a recent
report [80] examining the surface photovoltage on electrodes prepared the same
way, suggest that bulk defects and the slow oxygen evolution kinetics of hematite
are the major factors limiting the performance of this system.

Despite the poor performance of the nanowire arrays prepared by this technique
it remains an intriguing morphology for hematite photoanodes. Another facile
method to produce hematite nanowires by the simple thermal oxidation of iron
foils has been reported by many groups [78, 81-84]. Due to the increased volume of
the oxide over the metal, when foils of iron are thermally oxidized under the right
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Fig. 4.5 Examples of hematite nanowire morphologies: SEM images of hematite prepared by the
thermal oxidation method (leff) from [78] and aqueous method (right) from [77] used with
permission

conditions, arrays of Fe,0O3 nanowires spontaneously grow from the surface of the
iron. With diameters of 2040 nm and lengths of up to 5 pm (see Fig. 4.5, right)
these nanowire arrays would have large surface area, sufficient light absorption and
a direct path for the conduction of electrons to the substrate (basal planes are
oriented perpendicular to the substrate [83]), making them a very attractive mor-
phology for hematite. This thermal oxidation method has been demonstrated on
multiple (even transparent) substrates [84], and methods for doping the particles
have been employed [78]. However, no realistic reports of activity toward water
oxidation have appeared. This may be due to the defects present in nanowires
prepared this way or the presence of suboxides near the interface of the substrate
which greatly enhance recombination [85].

4.3.4 Electrochemical Fe,03; Nanostructuring

The development of nanostructuring techniques using potentiostatic anodization
has provided another possible route to create structured hematite photoelectrodes.
While it has long been known that the potentiostatic anodization of certain metals
can create structuring on small length scales, only recently have methods been
developed to prepare ordered arrays of nanosized tubes or pillars with this tech-
nique. For example, ordered nanotube arrays of TiO, created using potentiostatic
anodization have been successfully employed in multiple device applications
including the solar photolysis of water [86]. Like the nanowire approach, these
nanotube arrays have the potential to reduce crystal grain boundaries and enhance
electron conduction to the current collector. In addition, the small thickness of the
tube walls should allow for efficient hole collection. Recently, Grimes and coworkers
showed that iron foils could be nanostructured using anodization in a glycerol-based
electrolyte containing 1% NH4F + 1% HF + 0.2% HNO; [87]. Ordered nanopores
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Fig. 4.6 Hematite morphologies accessible by potentiostatic anodization: The left (fop and
bottom) shows SEM images of structures from the work of Prakasam et al. [87] and the right
(top and bottom) shows images of tubes from Rangaraju et al. [88]. SEM images used with
permission from [87] and [88]

were observed with pore size ranging from 20 to 250 nm and depths up to 600 nm
depending on the anodization voltage and time (see Fig. 4.6, left). Under simulated
solar illumination these photoanodes produced a photocurrent of 0.05 mA/cm? at
0.4 Vvs. SCE in 1 M NaOH. This current increased tenfold with the addition of 0.5 M
H,0, indicating good electron transport in these films, and suggesting the surface
kinetics of the water oxidation reaction were limiting the water-splitting photocur-
rent. The same research group improved on this result by alloying the iron with
titanium before anodization [89]. Water-splitting photocurrents were obtained from
films that were 6.6% Fe, based on metal, and were largely anatase TiO,. They
observed reasonable photoactivity with a quantum efficiency of ca. 4% with
400 nm light at 1.5 V vs. RHE. In contrast to this Fe-Ti—O work, very well-defined
nanotube arrays (see Fig. 4.6, right) created from pure iron foils have been subse-
quently reported by a different research group [88]. In this work, a single anodization
step with 0.1 M NH4F + 3 vol% water in ethylene glycol created nanotubes with
walls less than 50 nm and lengths of about 1.5 pm. After an optimized annealing
treatment these electrodes were found to be a mixture of both hematite and
maghemite by XRD and had only small photocurrents (160 pA/cm?, 1.23 V vs.
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RHE in AM 1.5 light compared to 120 pA/cm? dark current). However, a double step
anodization procedure with the addition of sodium tripolyphosphate in the electro-
lyte, and the subsequent annealing created a dendrite-like morphology situated over
the tube array. Electrodes prepared this way exhibited a photocurrent of about
1 mA/em? at AM 1.5 and 1.23 V vs. RHE. This is quite remarkable given the
presence of maghemite and as the films were not intentionally doped to increase
the carrier concentration. However, a large carrier concentration (10! cm %) was
found via Mott—Schottky indicating a large amount of dopant or impurity present.
The authors attribute the high photocurrent to the double-layered structure which
includes both a large surface area for water oxidation and a vertically orientated
nanotube array for electron transport.

In subsequent work by the same group, a sono-electrochemical anodization
method was employed to obtain either nanoporous or nanotubular Fe,O; depending
on the anodization conditions [90]. The optimization of conditions gave nanotubes
with walls an impressive 5—6-nm thick and microns in length. Annealing these films
resulted in pure hematite which gave similar photocurrents (ca. 1 mA/cm? at AM
1.5 and 1.23 V vs. RHE) and similar carrier densities to the previous work. While
the initial tube size presented in this work is remarkable and an important step for
obtaining hematite with the ideal morphology, the tubes were initially amorphous
Fe,03. The annealing step necessary for crystallinity and photoactivity probably
demolishes the meticulous nanostructuring through a sintering process like has
been observed for fine-structured hematite at high temperatures [67].

In addition to the nanostructuring of Fe,O; with potentiostatic anodization,
hematite photoanodes have been prepared by electrodepostion of precursors from
solution. Recently, McFarland and coworkers reported an electrodeposition method
of iron hydroxides from FeCl; solutions. The subsequent annealing at high temper-
ature (700°C) then resulted in porous hematite films [20, 91]. This method readily
allows for the incorporation of dopants which were found to have an effect on the
morphology of the sintered electrodes. With feature sizes of 30—40 nm the observed
IPCEs of 8% at 400 nm at 1.2 V vs. RHE in 1 M NaOH with 15% Mo doping are a
notable result. However, the large particle size remains a limitation to higher
photocurrents. Another example of electrodeposition has been recently reported
by Spray and Choi [92] using an anodic method as opposed to the cathodic method
investigated by the McFarland group. They were able to demonstrate impressive
morphology control ranging from wire arrays to porous films by varying the
solution pH. The films were photoactive in an electrolyte-containing iodide, but
water oxidation photocurrents were not reported.

In general, it is clear that major advances have been made recently in the
nanostructuring of hematite by electrochemical methods. However, the potential
to oxidize water with hematite prepared in the methods described above has been
limited by the crystallinity and ultimate feature size after the requisite annealing.
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4.3.5 Spray Pyrolysis Techniques

The colloidal, nanowire, and anodization approaches to deliberately nanostructure
hematite have provided great leaps in hematite nanostructuring but only moderate
success so far for water-splitting photocurrents. However, from its first report [93]
the spray pyrolysis (SP) method has continuously produced thin films of photoactive
hematite. Typically, an aqueous or ethanolic solution of Fe>* is simply sprayed onto
a hot (~400°C) substrate and photocurrents in the 0.5-1.0 mA/cm? range can be
obtained under simulated solar illumination (1 M NaOH, 1.6 V vs. RHE) [94-97]
with the exception of one report [98] that is improbable in view of the action
spectrum reported by the authors [99]. Surprisingly, modest photocurrents are
obtained with this method even without intentionally adding dopants to increase
the conductivity of the Fe,O;. However, it is likely that the commonly used
precursors like FeCl; or Fe(AcAc)s leave chlorine or carbon residues behind that
could act as electron donors. Typically, this technique can produce films with
nanometer crystalline domain size, but the films are generally compact (not porous)
and the surface area limits the conversion efficiency. However, the ease and
reproducibility of the technique allow for fundamental studies on dopants [95,
100] and substrate effects [96], and careful optimization has produced films with a
notable quantum efficiency (IPCE = 25% at 400 nm and 1.42 V vs. RHE) [100].
In a recent report from Duret and Gratzel, the spray pyrolysis technique was
modified to create nanostructured films [94]. Here an ultrasonic spray nozzle was
used to create very fine droplets of the precursor which were entrained in a flow of
dry air and carried rapidly and horizontally over a heated substrate. The low
concentration of the precursor in the gas stream allowed the slow growth
(~100 nm/h) of mesoscopic hematite with a leaflet-type structure consisting of
100-nm-sized platelets with thickness of 5-10 nm bundled into 50 nm sheets
oriented perpendicular to the F-doped SnO, support (see Fig. 4.7, top). These
ultrasonic spray pyrolysis (USP) films were found to perform impressively for
water splitting, producing 1.3 mA/cm? under AM 1.5 (100 mW/cm?) simulated
solar irradiation in 1 M NaOH with an applied potential of 1.23 V vs. RHE. The
IPCE was found to be 16% with 375 nm illumination at the same applied potential,
and over 30% at 1.6 V vs. RHE. This was a threefold increase over control films
created by a conventional spray pyrolysis method in the same work, and even an
improvement over optimized photoanodes created by SP [100]. The advantage of
the nanostructured morphology could be directly observed by comparing
normalized IPCEs of the UPS and SP electrodes (Fig. 4.7, bottom). The IPCE is
higher for longer wavelengths (400-600 nm), indicating the more efficient conver-
sion of holes due to the morphology. Subsequent work on these films revealed the
importance of Si doping, and showed an enhanced (110) reflection from XRD as
compared to powder samples indicating a preferred orientation of the (001) basal
plane normal to the substrate [101, 102]. The vertical orientation of the (001) planes
is thought to be very important to the conduction of photogenerated electrons to the
conducting substrates, as this is the least resistive direction of conduction in hematite.
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Fig. 4.7 Hematite films created by USP show a platelet morphology by cross-sectional SEM
analysis (fop, from [101]), and an increased IPCE at longer wavelengths compared to films created
by conventional spray pyrolysis (bottom, from [94], used with permission)

However, because the larger surface of the platelets is the basal plane, this
morphology also requires the holes to be conducted across oxygen layers. This
detail and the poor kinetics of water oxidation were thought to be limiting the
performance in this system.
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Fig. 4.8 Morphology of Si-doped hematite films created by the APCVD technique as observed by
SEM. The left side shows a cross-sectional view of the Fe,O;, prepared at a substrate temperature
of 420°C (heater setpoint of 470°C), on top of the F:SnO, substrate. The right shows top-down
views of films prepared with heater set points of 450°C (above) and 490°C (below). From [13] used
with permission

4.3.6 Atmospheric Pressure Metal Organic CVD

Continuing efforts from Gratzel and coworkers to perfect the nanometer length
scale morphology of hematite thin films for water splitting beyond the USP films
have led to the development of a simple, yet effective process to make
nanostructured films of hematite found to be highly active for water photooxidation
(Fig. 4.8). This method is based on the thermal decomposition of iron
pentacarbonyl in an atmospheric pressure chemical vapor deposition (APCVD)
reactor. Fe(CO)s vapors are transported, along with tetraethyl orthosilicate
(TEOS) as a source of silicon dopant, by an air stream vertically to a substrate
maintained at 420°C. This high temperature and the poor thermal stability of
the Fe(CO)s (the half-life for decomposition at 300°C is 5.3 ms [103]) causes the
homogenous nucleation of nanoparticles in the gas phase [104]. These particles are
then subjected to a thermophoretic force which limits their approach to the hot
substrate and results in fractal-like cauliflower structures suggesting a diffusion-
limited aggregation (rather than surface reaction limited) mechanism [13]. Similar
to the films prepared by the USP method, the silicon dopant was found to affect the
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Fig. 4.9 Photoelectrochemical characterization of Si-doped Fe,O; electrodes prepared by the
APCVD technique. The left graph shows the current-voltage characteristics in darkness and under
simulated sunlight (100 mW/cm?) at a scan rate of 50 mV/s. (a) Unmodified Fe,Os; (b) the same
electrode after cobalt treatment. The right graph shows the incident photon-to-current efficiency
(IPCE) spectrum of the same electrode at different conditions. (a) Unmodified Fe,O3 at 1.23 Vgyg;
(b) after cobalt deposition, at 1.23 Vryg, (¢) at 1.43 Vryg, (d) at 1.03 Viryg, (e) at 1.23 Viyg but
illuminated through the SnO, substrate; (f) absorption spectrum of this electrode. From [105] used
with permission

nanostructure, producing a smaller feature size in both cases and an alignment of
the basal crystal plane normal to the substrate [102, 105]. While this latter observa-
tion is considered to be a major factor improving the performance of these
electrodes by facilitating electron transport to the collector, another report found
the crystalline orientation of hematite unimportant to the performance [106].

The optimization of the APCVD deposition technique led to films producing a
photocurrent of 1.8 mA/cm? at 1.23 V vs. RHE under simulated solar illumination
(AM 1.5, 100 mW/cm?) in 1 M NaOH. This was further increased to 2.2 mA/cm?> by
treating the surface with Co”* ions, which act to lower the energy barrier for water
oxidation and reduce the applied potential needed [105] (see also Sect. 4.4.2). With
IPCEs of 42% at A = 370 nm and 1.23 V vs. RHE these electrodes represent the most
efficient Fe,O3 photoanodes for water oxidation to date —surpassing even the single-
wavelength quantum efficiencies of Nb-doped a-Fe,O5 single crystals (IPCE = 37%
at 370 nm and 1.23 V vs. RHE) [53]. This benchmark performance corresponds to
33% STH conversion efficiency when used in a tandem configuration (see
Sect. 4.4.1). The PEC characterization of this champion electrode is shown in
Fig. 4.9. Particularly notable is the increased IPCE of the photoanodes at wavelengths
between 500 and 600 nm as compared to the Fe,O; film prepared by the USP method
[94] and especially the single crystal electrodes shown in Fig. 4.3. Because the high
surface area and small feature size of the APCVD films the photocurrent action
spectrum is much broader than the single crystal results: photons with longer wave-
length have a higher chance for being absorbed within the hole diffusion length,
resulting in much higher solar photocurrents than the single crystal electrodes.
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In continuing work with this deposition technique Cesar et al. [13] examined the
deposition mechanism, and showed a large temperature effect on the nanostructure
which corresponded to the performance of the electrodes. In addition, the electrodes
were studied by impedance spectroscopy; a Mott—Schottky analysis gave the
calculated donor density of the Si-doped Fe,O5 films as 1.7 x 10?° cm ™ — close
to the predicted 6 x 10*° cm ™ if all of the 1.6 at% Si [105] was substitutionally
incorporated into the lattice as Si**. This observation suggests that a space charge
layer of ~5 nm could be present and aiding hole transport the SCLJ even in the small
features on the top of the APCVD film. The high donor density also created good
electron conductivity and films up to 1 um delivered similar photocurrents as
thinner films when illuminated from the semiconductor/electrolyte interface even
though photons were absorbed further from the conducting substrates. This
suggests that electron percolation through the film is not a limiting factor.

Recently another group has reported the application of the APCVD technique for
Fe,03 photoanodes using both ferrocene and iron pentacarbonyl as iron sources,
and different sources of Si for doping [107, 108]. First, ferrocene as a precursor was
shown to be effective in preparing photoactive Fe,O; films without a separate
dopant species [108]. Photocurrents were ca. 0.6 mA/cm? at 1.23 V vs. RHE in
1 M NaOH under simulated solar irradiation. Furthermore, the larger feature size
observed in the ferrocene-prepared electrodes (50—100 nm) as compared to the Fe
(CO)s indicates the importance of the decomposition of the carbonyl precursor and
the nucleation of nanoparticles before reaching the hot substrate. Next, the silicon
doping was studied by varying the Si precursor species and feed rate [107]. In
addition to TEOS, tetramethyl orthosilicate (TMOS) was also found to be an
effective source of Si. XPS studies verified the +4 oxidation state of Si in both
cases. In addition, trimethyl orthoformate (TMOF) was used as a silicon-free
control, and resulted in electrodes with significantly less photocurrent. Although
their findings did not result in a definitive explanation of the silicon’s role, it did
suggest that a combination of factors including the formation of lattice defects and
nanoparticle cluster formation caused by the Si precursor’s decomposition and
incorporation, additional to the classical doping effect, may be contributing to the
high performance observed in these electrodes.

Despite the impressive performance of the APCVD iron oxide films the solar
photo current remains low compared to the theoretical value of 12.6 mA/cm?
predicted for a material with this bandgap [6]. This is because, despite absorbing
almost all of the light (see Fig. 4.9, left, curve f) the quantum conversion
efficiencies are relatively low and are especially poor (<20%) in the region
where hematite has an indirect bandgap transition (A = 610-450 nm). Importantly,
there is over 10 mA/cm? of solar photocurrent available in this wavelength range.
The poor performance can be primarily attributed to the cauliflower-type morphol-
ogy. While this morphology has an appropriate feature size of 10 nm at the SCLJ,
the individual cauliflower structures consist of thick stems which increase the
number of photons absorbed far from the SCLJ.
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4.3.7 Extremely Thin Absorber-Host-Scaffold Approach

In an extension of the stacked thin film approach proposed by Itoh and Bockris [55]
an increased photoresponse should also be obtainable with hematite by coating a
thin film conformally on a suitable nanostructured collector with a large specific
surface area, in analogy to the dye-sensitized solar cell (DSC) [109] and similar
extremely thin absorber (ETA) photovoltaics [110]. In the case of the DSC, the
photoanode is constructed from a light-absorbing dye molecule anchored to a high
surface area mesoporous TiO, scaffold, which collects and transports the photoex-
cited electrons. The DSC’s host-scaffold/guest-absorber approach effectively
decouples light harvesting and charge transport while maximizing the IPCE by
means of the thin (mono)layer of absorber on the high surface area, transparent
collector. Given the success of this concept for photovoltaic energy conversion as
well as the light absorbing and photogenerated hole transport limitations of o-
Fe,03;, this is a promising direction for increasing the quantum efficiency of
hematite.

A difficulty in applying this method for hematite is finding a suitable host material
which satisfies the following criteria: First, the conduction band of the scaffold
material must lie lower in energy than the conduction band of hematite to allow
efficient electron transport across the host/guest interface and second, the scaffold
material should have a larger band gap than hematite so as to not compete with the
light absorption. Few oxide semiconductors meet both of these requirements. How-
ever, Gratzel and coworkers have recently demonstrated this concept for hematite
photoanodes using nanostructured WO; as the host scaffold [8]. In this work the host
scaffold was coated with a thin layer (ca. 60 nm) of Fe,O3 by the APCVD method
(see Fig. 4.10, top) and a 20% increase in the photocurrent was observed over control
samples prepared on the flat F:SnO, substrates. This increase was attributed to an
increase in the absorbed photon-to-current efficiency (APCE), especially in the
wavelength range from 500-600 nm (Fig. 4.10, bottom).

While this demonstration of the host/guest approach indicates it is a promising
and accessible methodology to fully exploit the light harvesting capabilities of
hematite for solar water splitting, the best results were obtained with iron oxide
coatings 60 nm thick over the host scaffold. This is too thick based on the hole
transport limitations already discussed. Attempts to use thinner films of iron oxide
resulted in poor performance, similar to other reports of thin films Fe,O3 [54].
Further understanding and control of the interface between the iron oxide and the
conducting substrate as well as the electronic properties and crystallinity of ultra-
thin films of Fe,Oj3; are necessary to advance this promising nanostructuring
approach.
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Fig. 4.10 (Top) Scanning electron micrographs of the WO3/Fe,O5 host/guest system. Image (a)
shows the morphology of the WOj3 host scaffold before iron oxide deposition. After 1 min of Fe,O3
deposition at the standard deposition rate (~100 nm/min) the WOj film is covered in iron oxide
nanoparticles (¢) while at a lower deposition rate (~10 /min, edge of growth spot) the iron oxide
nanoparticles are seen just starting to cover the WOj3 scaffold (b). The cross-section of the film,
corresponding to (c), is shown in (d). (Bottom) The APCE (solid lines) at 1.43 Vgyg and the
transmittance, T (broken lines) of photoanodes prepared with a 1-min Fe,O5; deposition time
plotted against the incident light wavelength, 4. The host/guest and the control electrode responses
are indicated by dark and light lines, respectively
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Table 4.1 Comparison of hematite photoanode structuring methods

Technique Feature size Dopant Performance References
Single crystal Micron Nb IPCE 37% at 370 nm and [53]
1.2 VRHE
Sintered polycrystalline  Micron Si IPCE 34% at 400 nm and [45]
Colloidal deposition of 50 nm None IPCE 1% at 400 nm and [67]
porous films 1.4 Vgue
Solution-based 50 nm x 500 nm None IPCE 7% at 400 nm and [19]
nanowires 0.9 Vgye (in KI)
Potentiostatic 6nm X 1 um None  Before annealing: none [90]
anodization reported
(nanotubes) After annealing™: 1.0 mA/

cm? at 1.23 Vrug and
AM 1.5 (87 mW/cm?)

Electrodeposition 20 — 50 nm Mo IPCE 8% at 400 nm and [20]
1.2 Vrug
Ultrasonic spray 10 nm x 300 nm Si 1.5 mA/cm? at 1.23 VRHE [94, 101]
pyrolysis and AM 1.5 (100 mW/

cm?) and IPCE 14% at
400 nm and 1.23 Vgryug

Atmospheric pressure 5nm x 300 nm  Si 2.2 mA/em? at 1.23 VRHE [105]
CVD and AM 1.5 (100 mW/
cm?) and IPCE 36% at
400 nm (42% at 370 nm)
and 1.23 Vrug
Extremely thin absorber 50 nm film Si 1.3 mA/em? at 1.23 VRHE [8]

and AM 1.5 (100 mW/
cm?) and IPCE 26% at
400 nm and 1.43 Vgug

“Feature size not reported after annealing

4.3.8 Nanostructuring Method Comparison

Many different approaches have been taken to nanostructure Fe,O5 for use in PEC
water splitting, and at least as many methods of characterizing the electrodes have
also appeared. As such it can be difficult to compare the results in the literature,
especially when variations in light sources give large over-estimations of
photocurrents due to superfluous UV light. A recent and important contribution
by Murphy et al. addresses these issues and suggests reliable methods for evaluating
electrode conversion efficiencies [6]. While not all of the reports discussed in this
section have followed these suggestions it can still be helpful to compare the top
performances from the different structuring techniques and the resulting perfor-
mance. This is done in Table 4.1.

It is clear, by looking at Table 4.1, that while many methods of structuring
hematite have been reported, the IPCE values at ca. 400 nm rarely come close that
of the single crystal or sintered polycrystalline electrodes prepared during the first
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decade of work. Even the champion electrodes made by APCVD merely match the
IPCE of the single crystal work at ca. 400 nm without the enhanced surface
treatment. The key to the increased photocurrents in the APCVD electrodes has,
of course, been the nanostructuring, which allows for the more efficient conversion
of the longer wavelengths of light. Further work on the nanostructuring will, no
doubt, see solar photocurrents rise, but the increase in IPCE beyond 40% at 400 nm
and 1.23 Vgug will require research to tackle hematite’s other remaining
challenges.

4.4 Overcoming Hematite’s Remaining Challenges

Many techniques have been used to nanostructure hematite, and while clear
advances have been made over planar, single crystal approaches, in general the
performance of nanostructured electrodes has remained poor compared to the
quantum efficiencies found in optimized photoanodes prepared from TiO, or
WOs3. While this is partly due to the absence of a method to prepare a “perfect”
nanostructure, there are still limitations in (1) the understanding of the critical
material properties affecting efficiencies and (2) the surface oxidation reaction
kinetics. In addition, based on the flatband potential of hematite it cannot be used
to split water unassisted by a bias voltage. In this section, these limitations are
clearly detailed and new promising approaches to overcome these remaining
challenges are reviewed.

4.4.1 Flatband Potential and Tandem Cell Approach

As mentioned in Sect. 4.2.5, one of the major drawbacks of hematite is that its flat
band potential is below the water reduction potential. This means that the electrons
exiting the conduction band of hematite and traveling to the cathode do not have
sufficient energy to reduce water and create hydrogen; a small external bias must be
added to hematite to complete the water-splitting reaction. The overall efficiency of
solar water splitting then must account for the power input by this external bias.
However, a clever solution to this problem was invented by Augusttynski and
Gratzel [111]. Since hematite only absorbs solar irradiation up to wavelengths of
600 nm, transmitted photons (4 > 600 nm) can be converted by another photosys-
tem to provide the necessary potential to complete the water-splitting reaction and
accomplish unassisted solar hydrogen production from water. This second photo-
system is most practically a photovoltaic device as photocathode materials typically
suffer from stability issues. A promising candidate for this photovoltaic device is
the DSC as these devices can be produced for one-third to one-fifth the cost of a
conventional silicon solar cell and the absorption range can be tuned by selecting
the appropriate dye.
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Ideally in this hematite/DSC water-splitting tandem cell, only one photovoltaic
system would provide the necessary potential to complete the water-splitting
reaction. However, due to the large overpotential needed for water oxidation (see
Sect. 4.4.2) and other loss processes, two solar cells are needed to provide enough
voltage to the current state-of-the-art Fe,O5. For example, saturation (plateau)
photocurrents from Fe,O; prepared from APCVD are not reached until 1.4 V vs.
RHE. While a traditional solution can still be envisioned with two solar cells with
half the active area each behind the hematite photoanode, the recent development of
new dyes for the DSC opens up new possibilities for optimizing light harvesting in
these water-splitting tandem cells. Different architectures for the hematite/DSC
system were recently investigated by Brillet et al. [112] and it was found that a
three-level tandem (hematite/suqarane dye DSC/black dye DSC) was the most
efficient at splitting water with a calculated overall efficiency of 1.4% solar to
hydrogen. This is much lower than the predicted 3.3% with this system based on
iron oxide photocurrent alone, and losses were attributed to light scattering and the
large overpotential for water oxidation by hematite.

A tandem cell configuration would not be needed if the flat band potential of
hematite could be shifted so that water could be directly split by solar light. While
numerous groups have reported a Vi, 0.3 — 0.4 V lower than the hydrogen evolu-
tion potential [14], Hu et al. recently suggested that a CoF5 treatment of Ti-doped
Fe,O3 could actually shift the flat band potential and allow the direct hydrogen
production by hematite [113]. While additional investigation of this claim is
necessary to verify sustained hydrogen production at zero bias, it is indeed a
promising route to reduce or eliminate the necessary applied bias.

4.4.2 Oxygen Evolution Overpotential and Surface Catalysis

Based on the flat band potential of hematite an external bias of only 0.3-0.4 V vs.
RHE should be necessary to initiate the water-splitting reaction. Once the applied
bias is greater than the flatband potential, the band bending will drive photo-
generated holes to the surface for reaction. However, photocurrent onset potentials
are usually not observed until 0.8-1.0 V vs. RHE even for the single crystal
electrodes. The remaining potential of ca. 0.5 V is due to the overpotential for
water splitting caused by unfavorable surface properties. These unfavorable
properties have two origins. First, there is evidence that oxygen vacancies [17,
23, 46] and crystalline disorder [13] can be present at the surface. This would create
additional Fe?* recombination centers for holes, and can even result in Fermi level
pinning in some electrodes [94]. Second, the reaction kinetics for water oxidation
are slow, not just due to the complicated four-electron mechanism that must occur,
but also compared to other oxide semiconductors [79]. This may be due to the more
pronounced metal 3d character of the valence band compared to other oxides [23].
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Fig. 4.11 Water splitting with hematite and a cobalt-phosphate-based catalyst: (a) Dark (dashed)
and photocurrent (solid) densities for a-Fe,O5 (light) and Co-Pi/a-Fe,O; (dark) photoanodes,
collected using simulated AM 1.5 illumination (1 sun, backside illumination) at a scan rate of
50 mV/s. (b) Electronic absorption and (c) IPCE spectra for a-Fe,O5; and Co-Pi/ a-Fe,0O5 (at 1.23
and 1 V vs. RHE, respectively). The absorption spectrum of Co-Pi on FTO without a-Fe,Oj is
included in (b), but no photocurrent was detected for these anodes. From [116] used with
permission

The first surface challenge can be addressed by strong oxidation conditions [46]
and careful hematite preparation, but the slow water oxidation kinetics are probably
intrinsic to hematite. Nevertheless, methods have recently been found to increase
the oxidation rate and thus reduce the overpotential. For example, the water
oxidation by cobalt has been extensively studied and is known to be particularly
rapid [114]. Indeed the treatment of Fe,O3 photoanodes (prepared by APCVD) with
a monolayer of Co”* resulted in a ca. 0.1 V reduction of the photocurrent onset
potential [105]. Since this treatment also increased the plateau photocurrent it is
good evidence that the reaction rate was increased, and the Co®* did not just fill
surface traps. Following the report of a remarkably effective cobalt-phosphate
(Co-Pi)- based water oxidation catalyst [115], the overpotential was reduced even
further on hematite photoanodes by Gamelin and coworkers [116]. Their results are
shown in Fig. 4.11.

The application of the Co-Pi catalyst resulting in a shift of the onset potential by
0.25 V. The effect is further supported by the increase in IPCE seen in Fig. 4.11.
Applying this treatment to the high performance Fe,05 anodes could possibly result
in photocurrents nearing 3 mA/cm? at 1.23 V vs. RHE. Further work is necessary to
understand the effect of this catalyst over the standard Co** treatment, and to better
characterize the reaction mechanism occurring at the surface of both treated and
untreated hematite. Interestingly, recent reports describe a very complex aniso-
tropic reactivity of hematite at the SCLJ due to the anisotropic crystal structure and
exposed crystalline planes [117, 118]. Fully exploiting the most reactive crystal
face of hematite might further reduce the required overpotential for water
oxidation.
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4.4.3 Continued Material Considerations

To conclude, it is clear there is a strong dependence of the performance of synthetic
hematite on the deposition technique. While methods such as spray pyrolysis and
CVD consistently produce electrodes photoactive for water oxidation, solution-
based methods such as sol-gel approaches have failed to produce especially
photoactive hematite. This is certainly related to the quality of the prepared material
in terms of crystallinity and impurity concentrations. Aqueous methods of prepar-
ing hematite typically pass through a phase containing iron hydroxide (e.g.,
akaganeite, lepidocrocite, or goethite) but primarily hematite is detected after at
annealing at 500°C. However, it has been shown that at temperatures up to 800°C, a
nonstoichiometric composition remains in hematite when prepared in this way
[119]. This results in a distortion in the crystal structure due to cation vacancies
and remaining hydroxides. A structural temperature dependence has also been
shown to affect the color of hematite due to the subtle relaxation of the iron
positions in the crystal lattice and the resulting change in the optical reflectivity
[120]. This was observed to occur at similar temperatures of 800°C. In addition,
nanoparticles of hematite prepared via an aqueous precipitation have shown a size
and temperature-dependent concentration of spinel defects at the surface. The
formation of these defects on hematite was shown to be governed by the thermody-
namics of the o—y phase transition with decreasing particle size [121]. Raman
spectroscopy has shown that similar defects on the surface of highly efficient
anodes prepared by APCVD are important to the performance [13].

The above factors can all play a major role in both surface and bulk recombina-
tion, and thus care must be taken to prepare and characterize hematite for PEC
application. Empirically, these problems can be avoided by simply heating the
electrode to sufficiently high temperatures as was done with the sintered polycrys-
talline work [28] or the recent work by McFarland and coworkers [20, 91].
However, there is a clear tradeoff between phase purity and feature size as at
high temperatures rapid sintering of nanostructures occurs. In general, the impor-
tant material parameters needed to produce highly photoactive hematite must be
clarified in order to be able to apply the most appropriate nanostructuring technique
and obtain an ideal morphology while still ensuring photoactivity.

In addition to the structural properties, there is an unmistakable need to increase
understanding of the hematite—substrate interface. A photoinactive “dead layer” has
been observed in hematite near the surface of the supporting electrode [8, 13, 54,
105] which can be ameliorated with the addition of an ultra-thin Si-based insulating
layer [105]. While fundamental studies of this “dead layer” have increased under-
standing and further reduced its effect [96], the ability to create ultra-thin films
(~20 nm) of hematite with quantum efficiencies (APCEs) matching the single
crystal or Si-doped APCVD electrodes has not yet been demonstrated. A funda-
mental understanding of hematite/conductor interfaces is needed to overcome this
issue which currently limits its application to ETA configurations.
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Finally, the low quantum efficiencies (even at short wavelengths in optimized
single crystal photoanodes), the ultrafast carrier recombination, and the
interbandgap states found in hematite suggest that this material possesses intrinsic
limitations that will be difficult, if not impossible, to resolve given our lack of
understanding. However, recent combinatorial efforts to optimize both the alloy
composition [122, 123] and doping in hematite [124] suggest that some improve-
ment can be made of the standard “single dopant” approach. For example, the
proper doping with multiple atoms may increase the hole and electron mobilities by
changing the dielectric constant of the crystalline phase. Continued efforts along
these lines and further fundamental studies of the PEC properties of hematite are
necessary, parallel with the nanostructuring efforts, to completely harness the
potential of hematite for solar water splitting. Indeed, since the initial writing of
this chapter many important advances already have been reported in the perfor-
mance and understanding of hematite [125] and many more are sure to follow.
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