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We report a scanning transmission X-ray microscopy (STXM) study of hematite nanorods, prototypical photo-
anode used in solar water splitting. Hematite nanorods were obtained by hydrothermal growth from aqueous
solutions using FeCls as precursor. Potentials for onset of water splitting are smaller using this synthesis method,
compared to values reported for hematite photoanodes obtained by epitaxial growth. STXM revealed the pres-
ence of a hexahydrate iron chloride phase at the surface of the nanorods, which is linked to the low onset po-

tential values. We detail the quantification approach that revealed the specific microstructure of individual

hematite nanorods.

1. Introduction

Clean and sustainable energy production and storage is the major
challenge for mankind today [1-4]. Although clean energy can be pro-
duced economically from aeolian, hydro, solar, etc., only a minor part is
stored, since as yet, there is no perfect energy storage technology [5].
Hydrogen offers a viable approach with a large storage capacity of 142
MJ/kg. At present, more than 95% of the hydrogen produced is obtained
by steam methane reforming. Although this is the most efficient tech-
nology known at present (> 70% efficiency [6]), this way of producing
hydrogen is far from being clean or sustainable, since for every ton of
hydrogen produced, 2-9 tons of CO; are emitted depending on the de-
tails of the process. Water dissociation into Hy and O5 through elec-
trolysis, offers an alternative for hydrogen production, particularly
when using electricity from renewable sources. An important amount of
external electrical energy input is mandatory to overcome the water
redox potential of 1.23 V (1.6 V if we consider overpotentials at the
electrodes). As an example, an industrial electrolyser producing 750
Nm®/h consumes an electrical energy of approx. 5 kWh for each Nm® of
H, produced [7]. Since 1972, when Fujishima and Honda [8] first pro-
posed the concept of using photosensitive anodes, like TiO5, in dedicated
photoelectrochemical (PEC) cells to split water, a major research effort
has been devoted to optimizing semiconductor photoelectrodes, to
match a list of needed properties regarding: i) light absorption, ii)
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surface kinetics during electrochemical reactions, iii) charge separation
and bulk electrical conduction, iv) chemical composition and stability,
etc. [9-13]. Since common materials do not meet all requirements, band
engineering is explored intensively to overcome intrinsic materials
drawbacks. The principal target for these studies is achieving the
maximum generated photocurrent for the minimum energy input. Thus,
the onset potential, related to the energy input necessary to initiate the
solar water splitting (SWS) reaction, represents one of the key parame-
ters used to evaluate the PEC activity. In this respect the aim is to find
ways to modify both the bulk and surface of the semiconductor, which
decrease the onset potential. Approaches include surface activation by
specific catalysts [14-16], partial surface etching [17], band engineer-
ing by doping, annealing or hetero-structuring [18-20].

Hematite is the prototypical semiconducting material used as a SWS
photoanode. It is characterized by a band gap of 2.15 eV, which perfectly
matches the solar spectrum for optimized absorption, which is ideal for
direct SWS [13]. Compared to materials exhibiting higher photocurrents
(e.g. BiVOy4) [21], pristine hematite is less efficient for SWS mainly
because of the reduced hole mean free path (~ 2-4 nm) and poor surface
kinetics, mainly due to a complex oxygen evolution reaction (OER)
mechanism [18]. Therefore, the photocurrents obtained using pristine
hematite as photoanode are much lower (in uA range) than the expected
value of 12.6 mA/cm? calculated assuming 100% collection and con-
version of the photogenerated electron-hole pairs to electronic current
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[22]. Nevertheless, its abundance, chemical stability under alkaline
conditions, and low environment impact prevail upon other consider-
ations to keep hematite on the list of materials being actively studied for
possible SWS applications.

There are two main categories of synthesis methods used for semi-
conducting oxide photoanodes. The first category corresponds to
“model” samples, continuous and homogenous, allowing control and
hence study of each photoanode parameter individually (e.g. crystalline
structure, thickness, chemical stoichiometry, doping level, etc.). Atomic
oxygen assisted molecular beam epitaxy (AO-MBE) [17,20], magnetron
sputtering [23], pulsed layer deposition [24,25], and atomic layer
deposition [26,27], are among the synthesis methods used to make
“model” samples. The second category targets fabrication of nano-
structured / self-assembled architectures (such as nano-wires or
nano-rods, column-like porous architectures, core-shell structures, etc.)
where the layers are heterogeneous in terms of morphology, crystal-
lography, and electronic, or chemical structure. For that type of samples,
one can use spin-coating [28,29], aqueous chemical growth (ACG) [10,
30], hydrothermal electrochemical deposition [31], sol-gel [32]. These
methods are more versatile in terms of ease of setup and variability of
growth parameters allowing the deposition of high-quality oxide
nanostructures, uniformly grown on larger surfaces, characteristics
which are more pertinent for technological implementation in future
SWS applications.

It is often difficult to directly compare photocurrent values reported
in the literature, since very often different measurement protocols are
used (e.g. stabilized vs. dynamic measurements as detailed in [10]), and
no standardization is applied for electrolyte type — NaOH, KOH; acidity —
molarity - 0.1 M, 1 M, 3 M; and power of solar simulator used, etc. Here
we compare hematite-based photoanodes prepared and measured in the
same laboratory, using strictly the same setup and similar conditions
(electrolyte and solar simulator). Within these conditions, we observe
lower photocurrent values, higher transients, and higher onset values for
the “model” photoanodes, obtained by AO-MBE epitaxial growth [17,
20], compared to those obtained by the ACG synthesis method [10].

Scanning transmission X-ray microscopy (STXM) was established as
a powerful technique in the late 1980s by pioneering work by the Stony
Brook university group at NSLS-1 [33,34]. Its capacity for discrimi-
nating fine chemistry and chemical coordination variations at nano-
scale, distinguish STXM as a tool of choice for materials characterization
[35,36]. STXM uses Near-Edge X-ray Absorption Fine Structure (NEX-
AFS) spectroscopy [37] as its main contrast mechanism, which provides
speciation and electronic structure information from heterogeneous,
nanostructured samples. NEXAFS microscopy using a STXM is a
particularly powerful tool for studies of the 3d transition metal oxides
important in SWS [38].

We report here a STXM study of the origin of the reduced onset po-
tential determined from PEC measurements of nanorod hematite pho-
toanodes synthesized by hydrothermal growth from aqueous solutions
(ACG). STXM spectromicroscopy successfully quantified the chemical
composition of the heterogeneous hematite nanorods and determined
the nature of the hematite photoanode/electrolyte interface. A proton-
rich phase at the photoanode/electrolyte interface was detected by
STXM. This surface phase decreases the potential needed for photocur-
rent generation, i.e. the onset potential for the water splitting process.

2. Results and discussion

The ACG synthesis method offers an easy, cheap, and versatile way of
obtaining nanostructured photoanodes [10,30]. Guided by a global low
environmental impact approach, samples were synthesized from FeCls
salt dissolved in water, with pH values controlled by adjusting the salt
quantity. No additives were used to control solution pH value or growth
rate. Nanostructured hematite layers prepared by the ACG method were
deposited on Fluorine-doped Tin-Oxide (FTO) coated glass substrates.
Thus, hydrothermal activation at 95 °C for several hours was used to
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generate the -FeOOH phase (akaganeite). Air annealing at 500 °C is
employed in a second step to induce a phase transformation of p-FeOOH
to hematite, a-Fe;Os. As reported in the literature for the ACG method
[39], a strict protocol for the cleaning of the FTO substrates must be
followed to get uniformly grown layers and thus reproducible PEC
measurements. The detailed protocol used to prepare the samples
studied in this work was reported in a previous publication [10]. We
remind here briefly that several growth parameters play an important
role in determining the resulting morphology, especially regarding the
length of nanorods, while their width remains constant. Thus, varying
the deposition time from 4 to 24 h, allow tuning the length of the
nanorods, at fixed pH value. As an example, at pH = 1.4, we can vary the
nanorods length from ~200-500 nm. This variation is limited though,
and we observed that nanorods appear quite rapidly during the hydro-
thermal process. The samples we used in the present study were all
grown for 24 h. Nanostructured hematite films are thus obtained,
composed of nanorods oriented perpendicularly to the substrate in a
carpet or brush-like morphology (Fig. 1). It is worth mentioning here,
without diving into details beyond the purpose of this report, that
diffraction measurements showed the nanorods had the [110] hematite
crystallographic axis orientation perpendicular to the FTO substrate.
The [110] orientation in hematite is the electrical conduction easy axis
and is thus beneficial to PEC applications. In addition, X-ray diffraction
data collected using in-plane geometry, showed a powder like diffrac-
tion pattern, implying a fully isotropic (i.e. non-textured) in plane
orientation of the hematite nanorods [10]. Tuning the pH value leads to
a variation of the nanorod length, from ~1 um to ~300 nm in pH ranges
from 1.0 to 1.4, respectively. Figs. la—c are Scanning Electron Micro-
scopy (SEM) images of samples grown in solutions with pH = 1.0, 1.2
and 1.4 respectively. In all cases uniform brush-like layer of hematite
nanorods grow perpendicularly to the surface of the FTO substrates. By
increasing the pH of the solution from 1.0 to 1.4, the number of irreg-
ularly oriented nanorods grown as overlayer is reduced. While the
nanorod length varies when varying the pH value, their width (50-100
nm) remains relatively constant. An SEM image of a cross-section of the
hematite “brush” fabricated by ultramicrotomy (Fig. 1g), clearly shows
the ~80 nm thick, bright, FTO substrate layer and the well-defined
hematite nanorods. Air-annealing at 500 °C, typically applied to trans-
form the akaganeite to hematite phase, doesn’t seem to visibly affect the
morphology of the nanorods. We expected morphological changes
during the phase transition from akaganeite to hematite since there
should be mass reduction from water and chlorine loss with increasing
temperature.

PEC activity is characterized for all samples by photocurrent mea-
surements. For this purpose, fast sweep (50 mV/sec) voltammetry is
performed using a dedicated setup detailed elsewhere [10]. Fig. 2 pre-
sents the photocurrent densities, J,;, as a function of the applied po-
tential V (vs. RHE) obtained from the ACG synthesized sample, in
comparison with an epitaxial counterpart [40]. All hematite photo-
anodes give low photocurrent density values, well below 1 mA/cm?.
Miao et al. [41] show that by increasing the open-circuit PEC voltage
(AVg,0c), defined as the difference between the Fermi levels for elec-
trons (Er,) and holes (Erp) upon illumination, the onset potential and,
therefore, the input energy necessary to initiate the OER, decreases.
Iandolo et al. [42], have shown that: i) complex charge transfer pro-
cesses that occur during OER, which are dominated by the presence of
surface states at the photoanode/electrolyte interface; and ii) small
photovoltages, are the main factors responsible for the onset potential
increase with respect to the ideal hematite photoanode, for which the
onset potential is estimated to be between 0.4 and 0.6 V vs. RHE. The
onset potential values for the hematite nanorods obtained by ACG, are
lower compared with those for model hematite photoanodes obtained
by AO-MBE, where metallic Fe is deposited in oxidizing conditions in a
strictly controlled ultra-high vacuum environment. Photoanodes ob-
tained by ACG show an onset potential lower than + 0.6 V vs. RHE [10],
while those obtained by AO-MBE exhibit values > 1.0 V vs. RHE [17,
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Fig. 1. Overview of SEM images measured from the samples grown in solutions with pH = 1.0 (a and d), 1.2 (b and e), and 1.4 (c and f), in akaganeite phase (1st
row) and hematite phase (2nd row). We remark the same uniform underlayer composed of nanorods pointing out from the surface for all pH values. Decreasing the
pH value increases the number of the irregularly oriented nanorods growing on the top of the well-defined, carpet-like hematite layer. g) ultramicrotome section
through the nanostructured hematite layer, showing ~500 nm long nanorods. The bright, well-defined layer below the hematite nanorod “brush” is the FTO substrate

on top of very thick glass support.
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Fig. 2. photocurrent density measured for epitaxial (red) and synthesized by
ACG (blue) hematite samples.
Data for epitaxial sample adapted from [40]

20]. At first sight, morphology accounts for this difference. Indeed, the
photoanode surface exposed to the electrolyte is estimated to be more
than 40 times larger for the ACG deposited nanorods than AO-MBE
samples. The factor of 40 is derived using a simple model: each
2500 nm? unit surface is assumed to be replaced by a parallelepiped
with 50 x 50 nm? base and 500 nm height. Nevertheless, the increase of
the size of the active interface should lead to a proportional increase of
the photocurrent. When comparing the two kinds of samples, an in-
crease of the photocurrent value is observed, but not proportional to the
increase in surface area. Charge transfer at the semi-
conductor/electrolyte interface, related to a specific chemistry, might
account for the onset potential differences. To test this hypothesis, we
studied the ACG hematite nanorods using the STXM at the HERMES
beamline [43] of the SOLEIL synchrotron facility.

For this study the STXM was equipped with a 30 nm last zone width
Fresnel zone plate (FZP) giving ~40 nm spot size at the sample. A 50 pm
diameter OSA (Order Sorting Aperture) used in conjunction with the
80 um FZP’ beam-stop removed zero order (i.e. transmitted, un-
diffracted X-rays) and higher diffraction orders. STXM was operated
mainly by recording hyperspectral data (energy stacks), tuning the en-
ergy of the incoming photons from 450 to 850 eV, covering the O K and
Fe Ly 3 absorption edges. It is important to mention that energy stacks
were measured by recording the whole energy range (from 450 to
850 eV) at once, making possible direct comparison with the calculated
linear mass absorption coefficients from the atomic scattering factors
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[44]. Thus, chemical composition can be determined in terms of
elemental ratio, i.e. O:Fe. To start we measured commercial 50 nm pure
hematite nano-powder from Sigma-Aldrich. The sample was prepared
by drop casting 1 uL from a suspension of hematite particles in mixed 1:1
isopropanol - pure water onto a 50 nm thickness SiN membrane. Fig. 3a
presents the spectrum recorded from one isolated hematite particle. We
used aXis2000 software [45] to analyze the STXM data. Despite the
noise present in the data recorded from a single < 50 nm nanoparticle,
we can compare it to the corresponding atomic continuum using the
optical density expression OD = u(E)-d, with u(E) the energy dependent
linear attenuation coefficient and d the thickness of the nanoparticle.
The linear attenuation coefficient varies as a function of the X-ray
wavelength, A, following the relationship u(E) = 4xf/1, where f =
roA%fang/2n is the imaginary part of the index of refraction,n =1 — § —
iB, with ry the classical electron radius, n, the atomic number density,
and f, the absorptive part of the X-ray scattering factor. The calculated
linear attenuation coefficient using the stoichiometric 3:2 O:Fe ratio for
hematite, does not reproduce the experimental data (blue solid line in
Fig. 3a). This may arise from uncertainties of the atomic scattering
factors at the L-edges. To reach an O:Fe ratio able to reproduce our data
(solid red line in Fig. 3a), we need to increase the O:Fe ratio. To this
purpose we introduce hexahydrate iron chloride (FeCls-6 H0) (hexa) as
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Fig. 3. NEXAFS reference spectra recorded from the hematite (a) and hexa-
hydrate iron chloride (b) samples. The experimental data (blue circles) were
reproduced using a linear combination of calculated hematite and hexahydrate
iron chloride using the respective atomic scattering factors. We remark that
theoretical chemical composition for each of the compounds does not reproduce
the experimental data.
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a component of the linear combination with hematite (hema), ¢ x hema +
(1 — c) x hexa, and fit the experimental data leaving the hematite pro-
portion as free parameter. The best fit was obtained with only 42%
hematite and 58% FeCls-6 HpO. It is interesting to note that the
extracted thickness after the fitting procedure is closer to the expected
value, due to the lower density of FeClz-6 H,0 (1.82 g/cm®) compared
to hematite (5.3 g/cm®). Considering the synthesis of our samples,
which used FeCl; in aqueous solution, we choose FeCls-6 H0 to intro-
duce a higher O:Fe ratio. We proceed in a similar way using a sample
obtained by drop casting 1 L of FeCls from an aqueous solution with pH
= 1. The result is presented in Fig. 3b. Again, using theoretical values for
FeCl3-6 HyO, we cannot fit the experimental data, but this time the
calculated atomic continuum underestimates experimental data. By
introducing Fe;Os3 in a linear combination with FeCls-6 H,O, we can
perfectly fit the data using an 18% hematite content. Assuming that the
commercial hematite and hexahydrate iron chloride are 100% pure, we
can extract a composition rescaling formula as ¢ =
(¢fit —Chexa) / (Chema —Chexa), Where c is the final estimated hematite con-
tent, cs the hematite content extracted from the fit using the linear
combination of Fe;O3 and FeCl3-6 HoO, Chexq = 0.18 the hematite con-
tent extracted for the FeCls-6 HoO reference sample, and cpepg = 0.42
the hematite content extracted from the Fe,O3 sample.

We used these reference measurements and the composition rescal-
ing formula to check the chemical composition of individual hematite
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Fig. 4. Chemical composition along a single hematite nanorod. a) SEM image
used to isolate the useful measurement regions for STXM; (inset) image at the
Fe L3 absorption edge (711 eV) showing the 3 regions from where spectra were
extracted to determine chemical composition. Three ROIs are indicated as a, b,
and c that were selected to extract the chemical composition values detailed in
the text; b) NEXAFS spectrum extracted from the region marked with c.
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nanorods obtained by ACG from an aqueous solution with pH = 1 and
then annealed at 500 °C in air. Fig. 4a presents results from a single
hematite nanorod isolated with the help of SEM prior to the STXM
measurements. This sample was obtained by scraping the hematite
sample deposited on the FTO substrate and then transferring the mate-
rial to a standard TEM (Transmission Electron Microscopy) copper grid.
The scraping method preserves morphology integrity for the hematite
layers transferred on the TEM grid. In this way we could isolate several
regions with individual hematite nanorods, protruding from the FTO /
“brush” layer, like the one shown. in Fig. 4a. This SEM image was ob-
tained using secondary electron detection at relatively low acceleration
voltage (3 kV). In this manner mainly nanorod topography is probed.
The inset show a 1 um? STXM scanned area where the hematite nanorod
gives very good contrast OD ~ 1 at the Fe L3 absorption edge. We
compared 3 regions marked with a, b, and c respectively, to extract the
relative hematite composition applying the approach described above.
As an example, Fig. 4b shows the spectrum from region c. The hematite
content corresponds to 21% hematite in the 135 nm thick nanorod.
Regions a and b were found to have 25% and 31% hematite, with 117
and 135 nm thickness, respectively. Aside from the hematite content
being very low, possibly somehow underestimated within this approach,
it is clear that the nanorod is chemically heterogeneous. There are
indeed contrast variations in the STXM image shown in Fig. 4a inset, but
this direct imaging approach fails in extracting more valuable infor-
mation. It is worth mentioning here, without further details, that we
didn’t succeed in getting more information using the PCA (Principal
Component Analysis) — cluster analysis as implemented in MANTIS
(Multivariate ANalysis Tool for Spectromicroscopy) software [46].
Indeed, we observe the same compositional variations along the nano-
rod, without evidence of spatial distribution or spectral identification.
To quantify hematite nanorod’ chemistry, we used the spectra in
Fig. 3 as references and convert them into OD1 units, i.e. OD per 1 nm of
material at its standard density [35]. To this purpose we used the best
fits of the atomic continuum (red solid curves in Fig. 3) and then
normalized the experimental spectra to the extracted thickness. Density
values of 5.3 g/cm?® for hematite, and 1.82 g/cm® for hexahydrate iron
chloride were used. Thus, the spectrum in OD1 units for hematite was
obtained by dividing the experimental spectrum by 24, while the OD1
spectrum of hexahydrate iron chloride one was obtained by dividing the

IMg350ev — IMB370ev

Fig. 5. RGB chemical mapping using reference OD1 spectra for hematite (Red),
hexahydrate iron chloride (Green), and carbon (Blue). Color bars are given in
nm units. Inset presents the chemical contrast obtained as the difference be-
tween the STXM images recorded before C absorption edge (270 eV) and after
(320 eV), evidencing the carbon contamination accumulated over several
measurements.
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experimental spectrum by 62. We then applied the SVD (Singular Value
Decomposition) method implemented in aXis2000 to the STXM hyper-
spectral data using these reference spectra to obtain a quantitative
chemical mapping, i.e. spatial distribution of the two spectral compo-
nents. Fig. 5 shows the result of the SVD with the two main components
being the spatial regions which match the reference spectra, using red
for hematite and green for the hexahydrate iron chloride. An additional
contribution was identified as arising from carbon contamination due to
the several measurements we had to perform to get a dataset with good
statistics. To quantify the carbon component, we performed an energy
stack across the C K-edge absorption edge, from 270 to 320 eV. The inset
in Fig. 5 shows the difference between images recorded post- (320 eV)
and pre- (270 eV) C K-edge. The C K-edge contrast in this difference
image (a carbon map) is due to the X-ray induced carbon layer deposi-
tion on the nanorod. Since we use OD1 units reference spectra, the RGB
mapping is quantified in terms of the thickness, i.e. nm units, and thus
the color-bar scale is given in nm units and the color intensity of each
component in the map indicates the thickness of that component. He-
matite has a maximum intensity of 105 nm in the left center of the core
of the nanorod, while hexahydrate iron chloride has a maximum in-
tensity of 51 nm at the interface of the nanorod and the FTO support
layer. To calculate the deposited carbon contribution, the SVD was
determined in OD units and then converted to thickness using the
elemental response for pure C and a density of 2 g/cm® density (amor-
phous carbon). The extracted maximum value for carbon in the map is
85 nm, a value that corresponds to the size of the sides of the nanorod.
Comparing this value to the expected width of the nanorods of ~100 nm
as determined from SEM, most probably the C layer is a few nanometers
thick with a density that is < 2 g/cm®. In this color-coded composite
image the astonishing 650 nm long and 110 nm wide hematite nano-
crystal with well-defined rectangular shape, is seen clearly. At both
ends, the hexahydrate iron chloride phase is present in larger quantity,

— Hematite
— Hexahydrated Iron Chloride | |
— SUM

Thickness [nm]

0.0 0.1 0.2 03 0.4 0.5 0.6
Distance [um]

Thickness [nm]

K 02 04 06 08 10 12
Distance [um]

Fig. 6. Transverse (a) and longitudinal (b) crosscuts through the nanorod. Red
line corresponds to hematite, blue to hexahydrate iron chloride phase, respec-
tively, and black is the sum of the contributions, equivalent to the topo-
graphic crosscut.
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characterized by a visibly brighter green component. Fig. 6 presents
crosscuts along (Fig. 6b) and transverse (Fig. 6a) to the nanorod, as
indicated in the inset to Fig. 6. The spatial distribution of the two iron
phases is remarkably defined. Indeed, the hematite nanocrystal is only
partially surrounded by the hexahydrate iron chloride. Rather the
FeCl30.6 H2O is more prominent at the right side of the nanorod. Along
the nanorod, the distribution of the iron phases vary, with increased
hematite content toward the tip of the nanorod, while FeCl30.6 H,O
phase increases toward the FTO substrate, such that the overall thick-
ness remains constant at ~110 nm. A schematic of the morphology is
presented at the bottom of Fig. 6b. The results clearly show that the
650 nm long hematite single nanocrystal is surrounded by hexahydrate
iron chloride rich regions. The overall (sum) thickness values for the
nanorod matches perfectly the values extracted from the SEM images in
Fig. 4a.

These results reveal several interesting facts. The existence of a non-
transformed hexahydrate iron oxide phase at the surface of the nanorods
may explain why morphology does not change upon annealing.
Annealing at 500 °C does not produce the highest photocurrent values,
as previously reported [10,47]. Here we present direct evidence, using
nanoscale spectromicroscopy, that at low annealing temperature the
precursor phase is not fully transformed to hematite. Moreover, it is
more likely that the akaganeite phase is not pure. Rather the nanorods
contain iron chloride-based phases even after annealing at 500 °C. For
the first time, due to using the STXM nanoprobe, a gradient of the useful
hematite phase, with increased fraction toward the tip of the nanorods,
is revealed. This suggests that the phase transformation does not occur
homogenously along the nanorod, but rather starts from the tip.
Furthermore, the segmented nanorod morphology implies that during
the phase transformation hematite crystals form by an aggregation
mechanism as evidenced using in-situ X-ray diffraction [10]. Additional
useful results about the nanoscale mechanism driving the phase trans-
formation could be obtained by in-situ STXM [48]. It is also interesting
that, despite the initial spectral approximation (i.e. considering the
linear combination of hematite and hexahydrate iron chloride), the SVD
approach using the references in OD1 units produces thickness values
that are in perfect agreement with the nanorod dimensions from SEM
measurements. Finally, there are obvious implications to the PEC ac-
tivity of the distribution of the specific iron phases. Even considering the
“simple” case of an ideal hematite surface, the OER driving the PEC
activity is a very complex process [49]. From Fig. 6 it appears that a
major part of the surface exposed to the electrolyte is the hexahydrate
iron chloride phase, and only a small part of the surface is hematite. We
assume that FeCl30.6 HoO acts as a Brgnsted Lowry acid, presenting
slightly increased h' concentration at the interface with the electrolyte,
i.e. acting as a proton donor. Indeed, similarly to hexa-aqua complex
ions, the Fe3" cations will cause the electrons to be pushed away from
the O%. As a result, the electron pairs from the O-H bonds will be pulled
toward the O% creating an apparent overall positive charge. Thus,
during the photocurrent generation, upon increasing the external
voltage, charge transfer occurs at the photoanode/electrolyte interface
for lower values at the FeCl30.6 HyO surface regions, when compared to
hematite. This leads to an overall lower value for the measured onset
potential.

3. Conclusions

We have demonstrated the use of STXM spectromicroscopy to probe
the nanoscale morphology and chemistry of hematite nanorods used as
photoanodes in solar water splitting process. Two analytic approaches
are presented, derived from reference spectra recorded from commercial
hematite and synthesized hexahydrate iron chloride. The elemental
continuum of the X-ray absorption spectra (away from the O K- and Fe
Ly 3 edges) cannot be reproduced simply from the scattering factors
given in the Henke tables [43] using the expected elemental composi-
tion. To achieve a good fit, we needed to use a linear combination of the
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experimental spectra measured from hematite and hexahydrate iron
chloride. Choosing different ROIs and extracting the iron phase ratio
evidenced heterogeneous chemistry along the nanorod, but with poor
quantification. SVD, used as a second analytic approach, gave much
more consistent and convincing results. First, to our astonishment, the
chemical component map for hematite from the SVD analysis revealed
with very good resolution that the hematite single nanocrystal was
spatially separated in the interior of the nanorod. Second, thickness
quantification mapping revealed the spatial distribution of the two iron
phases, showing that the akaganeite to hematite phase transformation
occurs from the tips of the nanorods. Finally, the particular morphology
of the nanorods, i.e. exposing mostly hexahydrate iron chloride to the
electrolyte, explains, through its acidic character, why the onset po-
tential values estimated for these photoanodes were significantly lower
than for the epitaxial hematite photoanodes.
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