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ABSTRACT

Synchrotron-based spectroscopic investigations of 1-D nanomaterials consisting of designed oriented nanorod-arrays of
hematite grown by aqueous chemical growth reveal significant differences in the electronic structure and bandgap
compared to bulk samples. Resonant inelastic x-ray scattering (RIXS) study of a-Fe,O; crystalline nanorod bundle
arrays at the Fe L-edge is reported. The low energy excitations, namely d-d and charge-transfer excitations, are
identified in the region from 1 to 5 eV. The 1-eV and 1.6-¢V energy-loss features are weak transitions from multiple ex-
citations. The 2.5-eV excitation which corresponds to the bandgap transition appears significantly larger than the typical
1.9-2.2-eV-bandgap of single-crystal or polycrystalline hematite samples, revealing a one-dimensional (1-D) quantum
confinement effect in the bundled ultrafine nanorod-arrays. Such conclusion strongly suggest that bandgap and band
edge position criteria for direct photo-oxidation of water by solar irradiation without an applied bias are therefore
satisfied for such purpose-built nanomaterials. The outcome of such a result is of great importance for the solar
production of hydrogen, an environmental friendly energy source carrier for the future. Indeed, the generation of
hydrogen by visible light irradiation with an environmental friendly and economical photoactive material would thus
advance a step closer to reality.

Keywords: metal oxide, nanostructure, quantum confinement, nanorod, one-dimensional, semiconductor, electronic
structure, synchrotron radiation, iron oxide

1 INTRODUCTION

Iron compounds are essential materials in chemistry, biology and geology due to their large occurrence in nature', for
instance, in water?, plants3 , minerals* and clay minerals’, sediments®, and sedimentary rocks’. The molten core of the
Earth is primarily elemental iron, which is the fourth most abundant element in the Earth's crust and is found in
significant amount in Martian soil®. The oxides of iron play a central role in geochemistry of soil’, in planetary
science'’, and contribute for instance, to the oxidation of sedimentary organic matter''. In its various allotropic forms,
iron oxides and oxyhydroxides represent important basic and raw materials'?. Their large abundance, non-toxicity, low-
cost, high refractivity, and various colors, contribute to their popularity as polishing agents, and for colorants (red and
yellow ochre) for the pigment and paint industry. Indeed, iron oxides are the most commonly used colored pigments in
the paints and coatings market'. It is also widely studied for the alloys and steel industry'!, in metallurgy"’, as
catalysts'®'® and photocatalysts'®, for magnetic storage devices, cathodes for primary and secondary batteries™,
chemical flame suppressant’’ and for the crucial industrial, economical and environmental issue of corrosion”. The
thermodynamically stable crystallographic phase of ferric oxides is hematite (o-Fe,Os;) which represents the most
important ore of iron considering its high iron content and its natural abundance. Therefore, designing iron(III) oxides
with a novel, anisotropic and highly oriented morphology is of great fundamental importance for basic physical, earth
and life sciences and of relevance for various fields of industrial applications.

Bandgap, band edge positions as well as the overall band structure of semiconductors are of crucial importance in
photoelectrochemical and photocatalytic applications. The energy position of the band edge level can be controlled by
the electronegativity of the dopants, solution pH (flatband potential variation of 60 mV per pH unit), as well as by
quantum confinement effects. Accordingly, band edges and bandgap can be tailored to achieve specific electronic,
optical or photocatalytic properties. A very important application is found in the generation of H, from direct photo-
oxidation of water without external bias™. Indeed, to succeed in splitting water via solar irradiation, the valence band of
the semiconductor has to be located at a lower energy level than the chemical potential of dioxygen evolution (H,0/0,),
and the conduction band has to be located at a higher energy level than the chemical potential of dihydrogen evolution
(Ho/H"). If the position of the energy levels of the valence and conduction band is not fulfilled, an external bias has to
be applied to induce the photocatalytic process, which in turn substantially reduces the overall efficiency. It has been
reported that the optimal band gap of 2.46 eV** is required for water photo-oxidation without an external bias. Although
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the bandgap of hematite, reported to be around 1.9 to 2.2 eV (depending on its crystalline status and methods of
preparation), and its valence band edge are suitable for oxygen evolution, the conduction band edge of hematite is too
low to generate hydrogen. Therefore, a blue shift of the bandgap of hematite of about 0.3 to 0.6 eV and the concomitant
upward shift of the conduction band edge would make hematite an ideal anode material for photocatalytic devices for
the photo-oxidation of water in terms of cost, abundance, non-toxicity, as well as thermal and structural stability and
photo-corrosion resistance. Efficient photovoltaic properties have been demonstrated by the design of thin films of
hematite consisting of crystalline arrays of oriented nanorods>. They exhibited substantial photocurrent efficiency due
to a better transport and collection of photogenerated electrons through a designed path (i.e. the oriented rods) as well as
better physical and structural match between the n-type semiconductor material, the diameter of its nano building blocks
and the minority carrier (hole) diffusion length®®. In the present report, we investigate quantum confinement effects on
bandgap profiling in similar arrays by resonant inelastic x-ray scattering (RIXS) of synchrotron radiation for potential
application of such nanomaterials in direct photo-oxidation of water by solar irradiation.

2 METHODOLOGY

Such an approach has been successfully applied to develop a new generation of functional materials, the so-called
purpose-built materials’’. Indeed, when the thermodynamic stabilization concept™ is applied to heterogeneous
nucleation rather than homogeneous nucleation, not only the size of spherical nanoparticles can be controlled*’ but also
the shape and the orientation of anisotropic building blocks onto various substrates can be tailored to build smart and
functional nanostructures®’. Thus, the fabrication of highly oriented crystalline arrays®' of large physical area consisting
of nanorods of iron oxides®, iron-chromium sesquioxide nanocomposites®, iron oxyhydroxides and iron metal® have
been successfully designed by following such ideas. In addition, ZnO nanorods and nanowires®’, microrods®,
microtubes®® along with other morphologies®’, nanowires and nanoparticles of manganese oxides®® and arrays consisting
of sub-monolayers of non-aggregated mesoparticles of a-Cr,Os> have also been obtained by such strategy. Figure 1
illustrates some of the achievements in advanced iron oxide nanomaterials (thin films and arrays) design from aqueous
solutions at low temperature. More recently, ordered arrays of c-axis elongated nanorods of rutile SnO,* (cassiterite)
with square cross-section have also been successfully fabricated following the same concept and aqueous thin film
processing method. Such purpose-built nanomaterials have been designed for instance to improve the photovoltaic and
photoelectrochemical’' and gas sensing” properties of large band gap semiconductors®. Better fundamental
understandings of the electronic structure™ and orbital symmetry contribution of II-VI semiconductor nanomaterials* as
well as quantum confinement effects in TiO, quantum dots as well as SnO, and a-Fe,O; ultrafine nanorods*® have also
been obtained with such materials. Finally, the direct application of such model allowed the demonstration of the
thermodynamic stabilization of metastable crystal phases such as hydroxides and oxyhydroxides of transition metals in
aqueous solutions*” as well as the fabrication of novel bio-nanocomposites by tailoring the conformation of bioactive
molecules adsorbed on metal oxide nano-arrays*

RIXS experiments were conducted on beamline 7.0.1*° at the Advanced Light Source, Lawrence Berkeley National
Laboratory. The photon energy resolution was set to 0.2 eV for x-ray absorption spectroscopy (XAS) measurements at
Fe L-edge. RIXS spectra were recorded using a grazing-incidence grating spectrometer’’. The resolution of the
monochromator and the fluorescence spectrometer were both set to 0.5 eV. X-ray absorption and emission spectra were
collected at room temperature with a base pressure below 5.10” torr. The intensity of the signal is normalized to the
beam current to account for the decay of the synchrotron radiation during the measurements.

The measurements were performed on hematite nanorods grown directly onto substrates by controlled aqueous
chemical growth®. The investigated samples are thin films which consist of three dimensional crystalline arrays of
hematite nanorod bundles of 50 nm in diameter and 500 nm in length (aspect ratio 1:10) perpendicularly oriented onto
the substrate. Each bundle was found to consist of quantum rods of typically 4-5 nm in diameter (aspect ratio 1:100) as
seen in figure 1. The thin films samples were prepared by direct (heteronucleation) growth and thermodynamic
stabilization of B-FeOOH onto various substrates (e.g. transparent conductive oxides and sapphire) by the hydrolysis-
condensation of an aqueous solution consisting of 0.1M of FeCl; and 1M NaNO; at pH 1.25 at 95°C for 10 hours. The
yellow B-FeOOH thin films consisting of oriented nanorods are thoroughly rinsed with water and subsequently heated in
air at 550°C for one hour to allow a complete crystal phase transition with conservation of the anisotropic morphology
to the orange-red hematite (a-Fe,O;) as confirmed by thin film x-ray and electron diffraction as well as by thermal
analysis.
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Figure 1: Electron micrographs of various a-Fe,O; oriented nanorod-arrays and quantum rod bundle.

3 STRUCTURAL DESCRIPTIONS

The formation of such bundles of hematite nanorods is understood by considering the crystal structure of f-FeOOH
which occurs in nature as the mineral akaganeite. It crystallizes in the tetragonal system (space group 14/m, a = 10.44, ¢
=3.01 A). Its structure can be described as a tunnel structure (similar to a-MnQO,) hosting H,O or CI” and is based on a
defected close packed oxygen lattice with three different kinds of oxygen layers (figure 2, left). Every third layer is only
two-third occupied with rows of oxygen atoms missing along the c-axis. The cation occupation of octahedral sites
between the other anion layers is in double rows, but separated by single rows of empty sites along c¢. The octahedral
cation sites remaining between the third anion layer and its neighbor layer are completely filled. This topology produces
di-octahedral chains, which are arranged around the four-fold symmetry c-axis. The chains share vertices along their
edges, forming square-cross section tunnels, some 0.5 nm on edge. Although such tunnels appear wide, only a single
row of oxygen is missing. The crystal habit is rod shaped grouping of 5x5xn unit cells where n refers to replication
along the c-axis. These crystals have empty cores, that is, a 3x3xn cell hole runs down the center of the crystal,
producing a square channel of about 3 nm on a side. The anisotropic nanocrystals form bundles called somatoids. The
dehydration of B-FeOOH nanorods at high temperature leads to the thermodynamically stable phase of Fe(IlI) oxide, the
a-Fe,0; phase, that has an anisotropic morphology consisting of bundled nanorods. The empty cores (channels) of the
B-FeOOH structure become filled in the a-Fe,O5 structure resulting from the difference in packing density of the two
structures.

The dehydration of B-FeOOH at high temperature (above 400°C) leads to the thermodynamically stable a-Fe,O5 phase.
Thermal analysis of B-FeOOH nanorods shows a low overall weight loss of 3.75% within the range of 100-600° C. A
0.5% loss due weakly bonded water molecules occurs until 200°C. Most of the weight loss (3%) is occurring between
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200 and 300°C accompanied by a broad endothermic shoulder which corresponds to the evaporation of structural water.
A very sharp exothermic peak occurs at 385°C with a concomitant 0.2% loss of water corresponding to the crystal phase
transition to hematite. A continuous slow decay of the TGA curve is observed until 600°C corresponding to the slow
process of diffusion and evaporation of surface/bulk OH groups as H,O with a very small exothermic peak at 540°C°".

Hematite crystallizes in the trigonal crystal system, space group R-3c, and is isostructural with corundum (a-Al,03).
The unit cell can be described as thombohedral with three equal axes a = 5.43 A and an angle between edges o = 55°18°
containing two formula unit (Z=2), or hexagonal with a = 5.03 A and ¢ = 13.75 A (Z=6). The lattice is built on a
hexagonal close packed (HCP) array of oxygen with four of every six available octahedral sites around O atoms
occupied with Fe (figure 2, right). The octahedral and tetrahedral sites are above and below one another in a HCP
lattice, the tetrahedral sites remaining empty. Octahedra are sharing faces along a threefold axis and are distorted to
trigonal antiprisms because of the Fe-Fe repulsion occurring across one shared face and not the others. This yields to a
very dense structure (i.e. high oxygen packing index), showing a high polarisability and a high refractive index.

> 400°C

Figure 2: Crystal structure representations (projected along the c-axis) of B-FeOOH, akaganeite (left) and a-Fe,O;, hematite
(right).The crystal phase transition between akaganeite and hematite occurs above 400°C

3 RESULTS

Figure 3 shows the x-ray absorption spectra (XAS) of hematite nanorod-array at O K-edge. The oxygen K-edge
spectrum (1s — 2p) shows two regions corresponding to oxygen 2p orbitals hybridized respectively, with Fe 3d orbitals
(530-535 ¢V) and with Fe 4s,4p orbitals (535-550 eV).
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Figure 3: X-ray absorption spectra at O K-edge of a-Fe,O; nanorod-array.

The Fe 2p absorption spectrum of the a-Fe,O3 nanorod array is displayed in figure 4a. The spectral shape appears
very similar to previous XAS measurements conducted on polycrystalline™ or single-crystal®® samples. The typical
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spectrum shows the spin-orbit interaction of the 2p core level that splits the L, (2p;,) and L; (2p;,) edges, and the p-d
and d-d Coulomb and exchange interactions that cause multiplets within the edges. The ligand field splitting of 3d
transition metals, being of the same order of magnitude as p-d and d-d interactions (1-2 eV), gives a 1.4-eV-energy
splitting between the £, (xy, yz , xz) and e, (x’-y%, 32°-#%) orbitals. The charge transfer has two main effects on the
spectral shape™. It splits d levels by the formation of molecular orbitals as well as giving rise to an asymmetric shape
(tail). Such effects can clearly be observed on the higher-energy side of the edges, especially in the 711-718 eV regions
(L) of the experimental spectrum (figure 4a).

Figure 4b shows the Fe L-emission spectrum recorded with a higher photon-energy excitation (ca 750 eV). The
spectral shape shows two peaks originating from the transitions of 3d orbitals to 2p,,, and 2p;,; core levels. A branching
ratio (Ly/L,) of 0.8 is found for the 0-Fe,O3 bundled nanorod arrays, which appears substantially larger than that of a-
Fe,0; single crystal™ (figure 4d). It has been demonstrated that the intensity ratio I(Ly)/I(L,) varies due to the occupancy
of L, and L; levels, which depends on the chemical state of the elements”™. Skinner et al.’® showed that the ratio
I(Ly)/I(L,) of 3d transition metals and alloys is very small due to the non-radiative Coster-Kronig transition L,L;Ms.
The probability of such a transition is distinctly lower for 3d oxides than for metals due to the presence of an energy
gap. Recently, Kurmaev’’ et al found that the ratio I(Ly/I(L,) of the molecular superconductor
(ET)4[(H;0Fe(C,04);]C¢HsCN was twice as great as that of iron oxides because of the highly ionic and insulating
character of the oxalate layers as well as the localization of the 3d electron density. The present experimental
observation of a higher branching ratio /(Lg)/I(L,) suggests the possibility of a larger bandgap in hematite nanorod.
Resonant inelastic x-ray scattering at core resonances has become a new tool for probing the optical transitions in
transition metal oxides™. A scheme of the RIXS process is presented in the inset of Figure 5. In the case of hard x-ray
K-edge RIXS process, the intermediate state in a transition metal is the same as the final state in a K-edge absorption
measurement, while the RIXS final state (when scanning the K-edge region) are the same as in L-edge absorption
spectroscopy. For L-edge and M-edge RIXS, the final states are typically d-d or f-f excitations®”. The formulations of
RIXS lead to a Kramers-Heisenberg type dispersion formula for the cross section with generally only the resonant part
of the scattering process taken into account. Second-order perturbation theory for the RIXS process leads to the
Kramers-Heisenberg formula for the resonant x-ray scattering amplitude. The lowest-lying electronic excitations can be
studied most directly by charge neutral spectroscopies, such as electron energy-loss spectroscopy (EELS) and optical
absorption. The d-d excitations in transition metal compounds are dipole forbidden and are therefore very faint in
optical spectroscopy. In the RIXS process, final states probed via such a channel are related to eigenvalues of the ground
state Hamiltonian. The core-hole lifetime does not limit the resolution of this spectroscopy. According to the many-body
picture, the energy of a photon, scattered on a certain low-energy excitation, should change by the same amount as a
change in an excitation energy of the incident beam (see the decay route of core-excitations e, versus that of 7, in the
inset of figure 5), so that RIXS features have constant energy losses and follow the elastic peak on the emitted-photon
energy scale. In such an octahedral symmetry, a d’-configuration is found to have well-separated d-d excitations.
Optical absorption spectroscopy of a-Fe,O; has revealed many transitions ranging from infrared to ultraviolet region. In
a typical spectrum, well-defined features are observed at 2.1 eV, 3.3 eV, and 5.6 eV, which are assigned to the
following electronic transitions °4;, — ‘4 1 51— thg, and %;,— e,, respectively. These features are also found in the
RIXS spectrum of a a-Fe,05 single crystal®. In such a process, the d-d excitations in o-Fe,0s are specifically probed by
the transition sequence 2p°3d° — 2p°3d® — 2p°3d’°. These d-d transitions become fully allowed, and their intensity can
be more easily calculated compared to optical spectroscopy and EELS. The RIXS spectrum recorded at the Fe L-edge of
a-Fe,0; nanorods is shown in figure 5. Several energy-loss features are clearly resolved. The low energy excitations,
such as the strong d-d and charge-transfer excitations, are identified in the region from 1 to 5 eV. The 1-eV energy-loss
features originate from multiple excitation transitions. The 4.1 and 6.4 eV excitation originates from charge transfer
between oxygen 2p and iron 3d orbitals. The 2.5-eV excitation, which corresponds to the bandgap transition of hematite,
appears significantly blue shifted compared to the reported 1.9~2.2 eV bandgap of single-crystal and polycrystalline
samples as suggested above by the higher Ly/L, branching ratio observed in the L-emission spectrum of the nanorods
(figure 4b) compared to the single crystal (figure 4d). Such direct observation of a substantial (0.3-0.6 eV) bandgap
increase is successfully attributed to a 1-D (lateral dimension) quantum confinement effect in the designed bundled
ultrafine nanorods of hematite. Such findings strongly suggest that such designed nanomaterials would meet the
bandgap® requirement for the photocatalytic oxidation of water without an applied bias. In addition, one may argue
with confidence that such nanomaterials will also meet the conduction band edge requirement for generation of
hydrogen without applied bias (figure 6). Indeed, if the valence band edge is pinned, the increase in bandgap should be
sufficient to reach the chemical potential of dihydrogen evolution. If both valence band edge and conduction band edge
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are concomitantly moving upward, the increase in bandgap would certainly be sufficient to locate the conduction band
edge of hematite above the chemical potential of (H,/H") allowing the generation of hydrogen from iron oxide materials
by visible (solar) illumination without applied bias.
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Figure 4: Fe 2p absorption (top) and normal L-emission (bottom) spectra of a-Fe,0; quantum rod-array (a, b) and of single crystal
sample (c, d) from reference 54
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Figure 5: Energy dependent resonant inelastic x-ray scattering (RIXS) spectra of a-Fe,O3 quantum rod arrays. The left inset shows
the schematic representation of the radiative de-excitation for the two core excitations e, and #,, involved in the RIXS process. The
right inset shows a high resolution transmission electron microscopy image of the hematite rods.
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Originally, such purpose-built perpendicularly oriented nanorod-arrays of hematite have been used to develop
photovoltaic cells. Indeed, the diameter of the nanorods allows a perfect match with the minority carrier diffusion length
of hematite. Accordingly, a very efficient photogenerated charge separation was obtained as well as a high incident
photon to electron conversion efficiency of ca. 60% at 350 nm, which led to the creation of a 2-electrode hematite
photovoltaic cells*®. Besides the well-designed direct, grain boundary-free, electron pathway and the excellent structural
match with the hole diffusion length, the presently investigated one-dimensional quantum confinement was suggested to
account for the unusual high efficiency of the hematite nanorod-array photoanode. At present, novel devices based on
quantum-confined oriented nanorod-arrays of hematite are under scrutiny at our laboratories for photocatalytic
decomposition of water®' without applied bias.
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Figure 6: Survey of bandgap and band edge positions of major metal oxide semiconductors and chemical potentials of
H,/H" and H,0/O,. The dashed line represents the bandgap increase observed in the hematite nanorod arrays.

4 CONCLUSIONS

As a conclusion, the direct observation of a 1-D quantum confinement effect has been demonstrated in designed
oriented bundles of ultrafine nanorods of hematite by resonant inelastic x-ray scattering. The bandgap (and most
certainly the conduction band edge) criteria for direct photo-oxidation of water by solar irradiation without an applied
would be satisfied for such purpose-built nanomaterials. The outcome of such a result is of great importance for a safe
and economical solar production of hydrogen, an environmental friendly energy source carrier for the future.
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