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We report on electronic structure measurements of the interface between hematite nanoparticles (6 nm
diameter) and agueous solutions. Using soft X-ray photoelectron spectroscopy from a liquid microjet we
detect valence and core-level photoelectrons as well as Auger electrons from liquid water, from the
nanoparticle—water interface, and from the interior of the aqueous-phase nanoparticles. Most
noteworthy, the method is shown to be sufficiently sensitive for the detection of adsorbed hydroxyl
species, resulting from H,O dissociation at the nanoparticle surface in aqueous solution. We obtain
signal from surface OH from resonant, non-resonant, and from so-called partial-electron-yield X-ray
absorption (PEY-XA) spectra. In addition, we report resonant photoelectron measurements at the iron 2p
excitation. The respective Fe iron 2ps,, edge (Lz-edge) PEY-XA spectra exhibit two main absorption
peaks with their energies being sensitive to the chemical environment of the Fe* ions at the
nanoparticle—solution interface. This manifests in the 10D, value which is a measure of the ligand-field
strength. Furthermore, an observed intensity variation of the pre-peak, when comparing the PEY-XA
spectra for different iron Auger-decay channels, can be assigned to different extents of electron
delocalization. From the experimental fraction of local versus non-local autoionization signals we then
find a very fast, approximately 1 fs, charge transfer time from interfacial Fe** into the environment. The
present study, which is complementary to ambient-pressure photoemission studies on solid-electrolyte
systems, also highlights the multiple aspects of photoemission that need to be explored for a full
characterization of the transition-metal-oxide nanoparticle surface in aqueous phase.
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any other electron-based imaging and spectroscopy techniques
routinely used in surface-science studies, requiring consider-

Introduction

Iron oxides are highly abundant metal-oxide minerals on Earth*
and play a prominent role in many environmental and tech-
nological processes,*® relevant for instance in mineralogy and
atmospheric science, including corrosion, catalysis, crystal
growth and dissolution, as well as photo-electrochemical water
splitting. Particularly the latter is of large interest in current
energy research, and a central goal is to determine the atomic/
molecular and electronic structure of the interface between
transition-metal oxide surface and liquid water. Here we focus
on photoelectron (PE) spectroscopy to determine the electronic
structure.

Experimentally, photoelectron-spectroscopy investigations
of the solution-solid interface remain challenging, and so are
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able adjustment for aqueous phase applications. In recent years
several experimental developments have been demonstrated.
These are (1) ambient pressure photoelectron (AP-PE) spec-
troscopy,”** (2) photoelectron spectroscopy from liquid cells
consisting of a few layers thick graphene (oxide) membrane
with large transmission for electrons in the <500 eV kinetic
energy (KE) range,”>* and (3) liquid-microjet PE spectros-
copy.*** AP-PE spectroscopy detects electrons ejected from the
solid surface covered with a few-layer water film, stabilized at
approximately 20 mbar water atmosphere. Such near-ambient
pressure measurements require experimental conditions that
enable collision-free travel of the electrons escaping the solu-
tion to the electron analyzer; i.e., long enough electron mean
free path must be ensured. The same also applies to the liquid-
jet experiments, which are however typically performed at much
lower pressure, ~10~* mbar, and requirements for differential
pumping are not as strict. Application of PE spectroscopy,
arguably the most important electronic-structure technique,
with its unique sensitivity to the atomic chemical environment,
then enables detection of the molecular species at the solution—-
solid interface. The species are identified by their respective
electron binding energies (BE), and in some cases by the
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electronic relaxation processes such as Auger decay or other
autoionization channels, which is a central aspect of the present
study. One of the main scientific challenges is to explore how
exactly water interacts with a solid surface. This includes an
understanding of the possible rearrangements of the solid
surface structure, connected with catalyzed water dissociation,
which would ultimately enable the control of surface properties.

The present work reports on hematite, o-Fe,Oz;, nano-
particles (NPs) in aqueous solution. Hematite is the thermo-
dynamically most stable iron oxide, and its interaction with
water is promising for photocatalytic (cheap) solar H, produc-
tion.>*** Several experimental®=* and theoretical®**** studies
have been reported for single crystal surfaces. There are likely to
exist six possible surface terminations of hematite® which can
be classified into two categories, oxygen and iron terminations.
Relative stabilities depend on temperature and oxygen pressure
during the preparation process of the crystalline surface.*
However, a detailed understanding of the hematite termination
remains unresolved.**** There is general consensus that
gaseous H,O dissociates at the hematite surface at both high*®
and low*” vapor exposure. Note that almost all experimental
studies have been performed for gas-phase water adsorption in
ultra-high vacuum™***® or at ambient pressure.*>** Dissociative
water adsorption is also found in density functional theory
and molecular dynamics (MD) simulations.”®

The electronic structure of the hematite-liquid-water inter-
face has been investigated rather little. On the experimental
side we are aware of one single but significant AP-PE spectros-
copy measurement from the hematite-liquid-water interface.””
It was concluded that H,O adsorption on the «-Fe,O3(0001)
surface at near ambient-pressure conditions leads to hydroxyl-
ation at very low relative humidity (RH). With increasing RH,
the OH coverage increases up to one monolayer, and thereafter
H,0 adsorbs molecularly on top of the hydroxylated surface.
Based on measured uptake curves of OH and H,O as a function
of RH the authors suggest cooperative effects among water
molecules that lead to water dissociation. The water-catalyzed
dissociation is argued to result from the stabilization of the
dissociated state due to the strong hydrogen bond between H,O
and OH which lowers the kinetic barrier for water dissocia-
tion.*” Finally, observed small oxygen-1s binding energy shifts
of adsorbed OH as a function of water coverage are possible
indications of the occurrence of different OH species or a-
Fe,03(0001) surface reconstruction.”” We would also like to
point out an MD simulation of hematite NPs in water.*® Smaller
NPs (1.6 nm) were observed to exhibit larger disorder of the
crystalline structure, and also the immediate two water layers
are less ordered than for the larger (2.7 nm) particles studied.
These results are in accord with a combined vibrational spec-
troscopy and MD simulations study.*

In the present study, we perform liquid-jet PE spectroscopy
measurements in conjunction with soft-X-rays from hematite
NPs dispersed in aqueous solution. This is the all-in-solution
approach to investigate the electronic structure of the Fe,O3-
water interface, and no such attempt has been reported previ-
ously. Although we expect that the actual O 1s photoelectron
spectrum from dissociated H,O at the NP surface will not
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provide consequential new information with regard to afore-
mentioned AP-PE study from hematite crystal,”” there is
however an interest in aqueous suspension of hematite NPs for
potential (photo)electrochemical applications. We also like to
point out that liquid jet studies have the advantage that photon
beam damage or impurities (often carbon) encountered in AP
studies are essentially absent in flowing samples. Yet, NP (aq)
studies remain challenging and complicated for several
reasons. One issue is the preparation of aqueous solutions in
which the NPs are prevented from aggregation. Another concern
is the small electron escape depth in aqueous solution®*
which would suggest that detection of electrons with kinetic
energies below approximately 500-700 eV (approximately
covering the energies of the Auger electrons considered in this
work), originating from the NPs in solution, is unfeasible.
Regarding the first point preparation of stable NP (aq) suspen-
sion requires addition of a stabilizer, typically by pH variation.
Only if the surfaces are charged the particles will be electro-
statically repelled from each other, and do not form aggregates
that sediment out. Inevitably, the adsorption of charged mole-
cules at the NP surface implies that the neat Fe,O; NP-water
interface would be difficult to explore; this also applies to
previously reported aqueous-phase NP studies.®*** In the
present case a-Fe,O; NPs, 6 nm diameter, are stabilized in 0.05
and 0.1 M HNO; aqueous solution, yielding a positive zeta
potential. At this acidic pH the NP surface will interact with
NO;  anions; at these low concentrations all HNO; molecules in
the solution dissociate into NO;~ and H'(H;0").% It is thus
crucial to explore and establish experimental conditions that
reasonably balance the stabilizer concentration with a large
enough number of NP surface sites for interaction with H,O
molecules. With respect to the second point, we show here that
liquid-jet PE spectroscopy is capable to detect the electronic
structure of the hematite NP-aqueous solution interface despite
the small electron mean free path in solution.®> Specifically,
from a combination of core-level and resonant (oxygen 1s and
the iron 2p edges) valence PE measurements, and also from
analysis of the derived partial-electron-yield X-ray absorption
(PEY-XA) spectra we observe the small signal from adsorbed OH
species which can be distinguished from the nitrate species,
NO;™ (aq) and NO; ™ (ads). Furthermore, the interfacial electron
signal can be distinguished from the electrons emitted from the
interior of the aqueous-phase NPs.

Methods and materials

The photoemission measurements were conducted using the
SOL? liquid-jet PE spectroscopy setup® at the U49 PGM soft-X-
ray beamline of the synchrotron-radiation facility BESSY II,
Berlin. Electrons were detected in a direction perpendicular to
the polarization vector of the X-ray beam, with the latter inter-
secting the horizontal liquid jet also at 90° angle. The liquid jet
was produced by pushing the aqueous solution at a flow rate of
1.2 ml min~" and at approximately 25 bar through a 35 pm
inner-diameter quartz capillary into the vacuum chamber. This
diameter is considerably larger compared to typically 15-20 um
in most of our previous liquid-jet PE spectroscopy studies,'*'®

This journal is © The Royal Society of Chemistry 2018
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but the larger size was found here to deliver more stable jets in
the case of NP solutions. The jet temperature at the position of
interaction with the X-rays (approximately 0.3 mm downstream
of the glass capillary) was approximately 2-5 °C. This is a crude
estimate, accounting for the reservoir temperature of 10-15 °C
and the varying relative amount of measured water gas-phase
signal intensity when ionizing the liquid jet further down-
stream. An exact determination of the jet temperature has been
reported for 10 pm diameter based on a measurement of the
velocity distribution of evaporating water molecules, yielding
a temperature of ~6 °C.*” Under liquid-jet operation conditions
a pressure of 7.5 x 10~ * mbar was maintained in the interaction
chamber using a molecular turbo pump (1600 L s ') and two
liquid-nitrogen cold traps. Using an 80 pm exit slit of the
beamline the energy resolution at 500 eV photon energy (near
the oxygen K-edge) was better than 130 meV, and at 700 eV
photon energy (iron L-edge) the resolution was better than 200
meV. The focal size of the X-ray beam was approximately 60 x
60 um®. Electrons were detected with a HiPP-2 (ScientaOmi-
cron) hemispherical energy analyzer which is part of SOL®. The
500 um-diameter detector orifice was at 0.5 mm distance from
the liquid jet. With the analyzer pass-energy set to 100 eV the
energy resolution was approximately 100 meV in our
experiments.

Iron oxide, a-hematite (Fe,0Os), nanoparticles of 6 nm diameter
dispersed in 0.05 and 0.1 M HNO; aqueous solutions, were
purchased from PlasmaChem [http://www.plasmachem.com].
The following three NP solutions were studied: 5 wt% NPs in
0.1 M HNO; aqueous solutions (pH 1.55), 10 wt% NPs in 0.1 (pH
1.9) and 0.05 M (pH 2.0) HNO; aqueous solutions. The 0.05 M
stabilizer concentration was found to correspond to the smallest
amount of stabilizer, NO;~, at which the NPs stay separated.

Results and discussion
Valence photoelectron spectra

Fig. 1A presents the valence PE spectra from a 6 nm hematite o-
Fe,0; NPs, 5 wt%, aqueous solution with added HNO; (0.1 M),
measured at photon energies 710.5 (in black) and 704.5
(blue) eV. The former energy is resonant with the lowest-energy
Fe 2p;/, — valence excitation, and the latter energy corresponds
to off-resonant valence ionization. Spectra shown in the figure
are displayed on the binding energy (BE) axis, with energies
given relative to the vacuum level.*® Both spectra are presented
as measured but a Shirley background has been subtracted.
Relative intensities of the two spectra are displayed to yield the
same height of the water 2a, peak (near 32 eV BE) as this inner-
valence peak remains unaffected by the resonant excitation. The
spectral energy positions corresponding to ionization of water
orbitals 1b,, 3a,, 1b,, and 2a, are labeled.

The most striking observation in Fig. 1A is the absence of the
low-energy emission band near 8.5 eV BE for the off-resonant
ionization. This immediately illustrates the increased sensi-
tivity of resonant PE (RPE) spectroscopy to otherwise weak
photoelectron signals. As we have shown in our previous studies
on Fe*" (ref. 68) and Ti*" (ref. 69) aqueous solutions, the direct
valence ionization and the (valence — 2p participator) Auger
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Fig. 1 (A) Valence photoelectron spectra from a 5 wt% a-hematite
Fe,Oz NP agueous solution obtained at the iron 2pz,, resonant photon
energy 710.5 eV (black) and at the off-resonant photon energy
704.5 eV (blue). A Shirley background has been subtracted. Contri-
butions from water ionization are labeled. (B) Decomposition of the
710.5 eV spectrum of (A) into contributions from water (blue-filled
Gaussians) and iron (green Gaussians). The black-dotted line is the
total fit. (C) The green spectrum represents solute-only spectral
contributions; it is the sum of the green Gaussians in (B). The grey line
is the photoelectron spectrum from solid a-Fe,Oz measured in
ultrahigh vacuum; from ref. 70. The black sticks are calculated energy
positions and weights from ref. 74. Both the grey spectrum and the
calculated energies were shifted by the work function (5.4 + 0.2 eV)*®
as to match the liquid-jet spectra which are presented with reference
to the vacuum level.

decay produce the same final states. This leads to the coherent
superposition of the outgoing electron waves for the two
different channels and causes the observed signal enhance-
ment.®® Hence the off-resonant PE spectrum in Fig. 1A is
essentially the spectrum of neat water, and we can analyze the
710.5 eV RPE spectrum by eliminating the water contributions.
For that we first fit the 704.5 eV (off-resonant) spectrum with the
known water photoelectron peak positions and widths (deter-
mined for the much lower ionization energy of 180 eV (ref. 17));
intensities are kept as free parameters to account for unknown
variations of ionization cross sections when increasing the
photon energy. The respective water contributions are pre-
sented by the blue Gaussians in Fig. 1B. The signal arising from
NP ionization is then accounted for by introducing five unique
additional Gaussians (green curves); the total fit in Fig. 1B,
shown in red, accurately reproduces the 710.5 eV RPE spectrum.
In Fig. 1C, we present the spectrum resulting from summing up
the green Gaussians in Fig. 1B that represent signal from NP
ionization. A detailed interpretation will be provided below with
the help of PE spectra measured at the oxygen 1s edge. We note

Chem. Sci,, 2018, 9, 4511-4523 | 4513
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that the experimental NP valence spectrum is in an overall fair
agreement with a previously reported valence PE spectrum from
crystalline o-hematite™ (in gray) measured in ultra-high
vacuum. There are clearly distinct differences though. Most
noticeable is the occurrence of extra PE signal near 14.5 eV BE,
which is due to the effect of the aqueous solution on the Fe 3d-
O 2p hybridization which causes a strong ligand-to-iron charge
transfer® in this metal oxide.

The major conclusion from Fig. 1A and B is that electron
emission from the Fe,O; NPs is definitely detectable in the
present liquid-jet experiments. This is not self-evident because
of aforementioned small electron mean free paths in aqueous
solutions at the present KEs;*>** this will be detailed later. The
lowest-ionization energy peak in Fig. 1B (due to the highest-
occupied molecular orbital, HOMO, which is of metal 3d
nature) of the solution cannot be fit by a single peak. We assign
the two Gaussians, at 8.2 eV and 9 eV BE, to the t,, (with 3-
electron occupancy) and e, (2 electrons) levels which arise from
the iron 3d> high-spin levels in an octahedral ligand field.”* To
support this assignment, we need to collect more electronic
structure information though, for instance from the PEY-XA
spectra which provide the 10D, values. Moreover, we must
explore whether the observed energies are due to electrons
emitted from the NP surface or the interior. It should be noted
that the 8.2 and 9 eV energy positions are smaller than the
respective iron t,, and e, energies, 8.9 and 10.2 eV, reported for
aqueous Fe®" cation.”® On the other hand, a single peak at
10.3 eV BE was observed in a later liquid-jet PE study.” Such
differences between the iron-oxide NP and the iron hexa-aqua
complex can be attributed to the different ligand fields arising
from the specific local environments. Previously reported
valence PE spectra from the a-Fe,0; (1012) crystalline surface in
ultra-high vacuum also exhibit a broad unresolved HOMO peak
near 8.5 eV,” similar to the spectrum in Fig. 1A. Also, a very
recent valence PE spectroscopy study from a powder of 7 nm
diameter iron-oxide NPs exhibits a single broad Fe 3d derived
peak.” Yet, theoretical calculations”™ do reproduce the split as
shown by the sticks in Fig. 1C.

O 1s resonant photoemission and partial-electron-yield XA
spectra

We now explore the photoemission spectra measured for
photon energies near the oxygen 1s core-level ionization
threshold. These (valence) RPE spectra contain contributions
from direct valence photoionization and from non-radiative
relaxation channels, associated with the oxygen 1s core-hole
refill. Results from 5 wt% o-Fe,O; NPs of 6 nm diameter,
dispersed in 0.1 M HNO; aqueous solution (same solution as in
Fig. 1), are presented in Fig. 2A. At photon energies <528.0 eV
one essentially measures the valence PE spectra from neat
water; compare our discussion on Fig. 1A. All spectral changes
occurring for increasing photon energies are then associated
with the oxygen 1s electron promotion into the partially occu-
pied (O 2p)/(Fe t,g, €,) hybridized molecular orbitals, and empty
valence orbitals. The first absorption peak of neat water (O 1s —
4a,; pre-peak) occurs at 535.0 eV photon energy,””’® with an
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Fig. 2 (A) Series of oxygen 1s resonant photoelectron (RPE) spectra

from 5 wt% a-Fe,Oz NPsin 0.1 M HNO3z aqueous solution. (B) Resulting
partial electron yield X-ray absorption (PEY-XA) spectrum. Peak
a (532.2 eV) is the absorption of NOs~. Bands b (531.5 eV) and ¢ (530.0
eV) are absorptions by lattice oxide of the hematite NPs. (C) Contour
map of the oxygen 1s RPE spectra shown in (A); spectral intensities are
given by the color code on the right side. Absorptions a—c, are marked
by the three black circles. (D) RPE spectrum from Fig. 2A for photon
energy 530.0 eV (c resonance) together with the off-resonant valence
PE spectrum measured at 529.0 eV. Important to notice is the slightly
larger intensity in the 530 eV spectrum at 17.5 eV BE (bottom tier)
which is the same contribution that gives rise to the weak signal
enhancement, labeled c, in Fig. 2C. More details are provided in Fig. SI-
1 of the ESI.+

absorption onset at approximately 533.0 eV. In order to accu-
rately determine the full absorption spectrum, we look at the
respective O 1s PEY-XA spectrum, presented in Fig. 2B, which
was obtained by integrating the signal intensity of each RPE
spectrum between 15 and 27 eV BE. The steep water absorption
onset at 533.0 eV is clearly visible. All other features, at 532.2 eV
(peak a), 531.5 eV (small shoulder b), and 530 eV (peak ¢) must
arise from oxygen-containing species other than bulk-phase
H,0, and these are of particular interest here.

The origin of the absorption peaks a-c can be explained by
an analysis of the accompanying changes among the respective
RPE spectra. For convenience, we project the RPE spectra in
Fig. 2A onto a color-coded 2-dimensional representation. The

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc05156e

Open Access Article. Published on 20 April 2018. Downloaded on 11/29/2025 10:42:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

resulting photon-energy versus electron BE map is shown in
Fig. 2C. In addition, we present in Fig. 2D the single RPE
spectrum measured at resonance c, as this helps to better
visualize this small feature. Absorption peak a is caused by an
intensity increase near 17 eV BE, and also by a band of at least
six overlapping peaks in the 21.0-24.5 eV BE range, as can be
seen by the changing color at 532.2 eV excitation photon energy
in the encircled area. These energies correspond to spectator
Auger electrons from aqueous-phase NO;~ as has been
measured previously for HNO; aqueous solutions.®® The PE
spectrum at 532.2 eV resonance (peak a) from a 0.5 M HNO;
aqueous solution will be shown later, when we determine the
spectral contributions from surface-adsorbed species.

Since the hematite-NP surface is positively charged, as
inferred from the measured zeta potential of +30 mV, NO;~
molecules will inevitably bind at the surface. Evidence for that is
indeed found in the O 1s X-ray absorption spectrum, shown in
Fig. 3, where we present results from 10 wt% NP/0.1 M HNO;,
0.5 M HNOg3, 0.5 M NaOH aqueous solutions, and from neat
liquid water; in addition, the O 1s XA spectrum from gas-phase
H,O is shown. The liquid water spectrum (blue line), presented
in the inset figure, is a PEY-XA spectrum which was previously
measured in our laboratory with a smaller capillary (15 pm
diameter compared to 35 um here) to form the liquid jet.
Furthermore, in that study a smaller (23 x 12 um? compared to
60 x 60 pm*) X-ray focus was available. Both effects are the
reason for a large contribution of gas-phase H,O to the aqueous
solution XA spectra in the present study, which is clearly seen in
Fig. 3A displaying the spectra from the NP solution (in red) and
from water (from inset figure), for both gas-phase (gray-shaded
peak) and liquid water (blue line) on top of each other. The large
shoulder at 534.4 eV observed in Fig. 3A is thus the signal from
gas-phase water, and from comparison with the XA spectrum
from 0.5 M NaOH (light blue line in Fig. 3B) which exhibits
small signal near 533 eV, we see that contributions from
gaseous water and OH~ (aq) strongly overlap. Since the
hydroxide concentration in the NP solutions is so small,
a meaningful quantification of its signal on the large water
background thus seems unreasonable. Yet, an attempt to single
out OH signal based on subtraction of gas-phase signal from the
NP (aq) XA spectrum is presented in Fig. SI-2 of the ESL} It
shows measurements from three different NP solutions, each
representing a different fraction of surface sites available for
H,0 adsorption. The analysis indeed suggests a small signal
from hydroxide at 533 eV, and there is also an indication that
the signal intensity may increase with the available surface
sites. More details on the data analysis are provided in the ESL.{
Unlike the OH™ X-ray absorption, NO; ™ absorbs at considerable
lower energies than water, near 532.3 €V, as can be seen from
the XA spectrum from 0.5 M HNO; aqueous solution in Fig. 3B.
Hence, NO;™ can be easily identified in the NP (aq) XA spectra.

In order to obtain a more significant spectroscopic signature
from hydroxide adsorbed at the NP-solution interface we next
consider the RPE spectra measured at the X-ray absorption
maximum, 532.2 eV (peak a; Fig. 2). These spectra are barely
affected by gas-phase water, and we can detect adsorbed
hydroxide and nitrate simultaneously. Results are shown in

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (A) Oxygen 1s PEY-XA spectra from 10 wt% NP/0.1 M HNOs
aqueous solution (in red) and from neat water measured under
conditions that considerably suppress the spectral contributions from
gas-phase water; see discussion in the text. Spectral intensities are
adjusted to yield the same heights of the water pre-edge peak, at
535.0 eV. The gray-shaded peak is the leading absorption of gas-phase
water; the full spectrum is presented in the inset figure where we also
show an extended range of the liquid water spectrum. The latter was
obtained from signal integration of the leading Auger peak that
overlaps with the valence PE band; the procedure has been discussed
in ref. 99. (B) Oxygen 1s PEY-XA spectra from 0.5 M NaOH (light blue),
from 0.5 M HNOs (purple), and from 10 wt% NP/0.1 M HNO3z aqueous
solutions. All spectra in (B) were measured using the same large-
diameter glass capillary. Note that under these experimental condi-
tions the absorption peak of hydroxide is not resolved (reported near
533 eV (ref. 90 and 100)), and furthermore the small signal
from hydroxide strongly overlaps with the large water gas-phase
absorption.

Fig. 4 for the same solutions briefly mentioned in the previous
paragraph where we discussed the XA spectra. As introduced
along with Fig. SI-27 the NPs in the different solutions differ by
the amount of adsorbed nitrate, and hence the fraction of
available adsorption sites for water varies, which is controlled
by the concentrations of (HNO;) stabilizer relative to the NPs in
the solutions. The nitrate-to-free surface sites ratios studied
here are approximately 1 : 1 (labeled [1 : 1] in Fig. 4) for 5 wt%
NP in 0.1 M HNO3, 1 : 2 ([1 : 2]) for 10 wt% NP in 0.1 M HNO;,
and 1:4 ([1: 4]) for 10 wt% NP in 0.05 M HNO;. For reference,
Fig. 4 also includes the spectra from 0.5 M HNO; and 0.5 M

Chem. Sci,, 2018, 9, 4511-4523 | 4515
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Fig. 4 Photoelectron spectra at resonance a (532.2 eV) from three o-
Fe,O3z NPs aqueous solutions, as well as from 0.5 M HNOz and 0.5 M
NaOH (measured at 532.8 eV, near a) aqueous solutions. In all cases
the respective off-resonant photoelectron spectrum has been sub-
tracted. Results for the following NP solutions are shown: purple:
0.5 M HNOs. Black: 5 wt% NP in 0.1 M HNOs [1 : 1]. Red: 10 wt% NP in
0.1 M HNOgz [1: 2]. Green: 10 wt% NP in 0.05 M HNO3 [1: 4]. The
additional spectrum from 0.5 M NaOH is shown in blue. The shaded
areas mark spectral regions which are dominated by contributions
from a single species: blue region: OH ™. Grey region: lattice oxide. Red
region: NOz ™. In square brackets the ratios of humber of adsorbed
NO3z~ to number of available surface sites of the hematite NPs are
shown. These ratios are estimates based on the total surface of the NPs
in a given volume, and assuming a density of adsorption sites of 5.6
nm~2 which is the value reported for crystalline hematite;* see also
description of Fig. SI-21 where we analyze the XA spectra from the
same solutions.

NaOH aqueous solutions, the latter is measured at 532.8 eV
excitation energy (close to peak a). All spectra are displayed with
the corresponding off-resonant spectra subtracted which
singles out the spectral features that get enhanced. Note that
subtraction of the large water signal is the reason for the rather
poor signal statistics. As-measured RPE spectra are shown in
Fig. SI-3 of the ESI.T One important observation from Fig. 4 is
that the RPE spectrum for highest NO;~ (ads) concentration
(ratio 1:1) is almost the same as the one from bare HNO;
aqueous solution. In both cases four main photoemission
bands are observed, at approximately 16.0, 18.0, 22.5, and
24.5 eV BE (all within the red-shaded area), arising from various
Auger-electron decays upon O 1s — valence excitation at
532.2 eV photon energy. The fact that the spectra present close
resemblance indicates that the electronic structure of NO;™ (aq)
changes little upon adsorption at the NP surface. The 4-peak
structure of the HNO; (aq) spectrum can be qualitatively
attributed to Auger processes that involve orbitals with NO;™
character. These have energies of approximately 9.5, 16.0,
19.5 eV BE, as determined from an (off-resonant; 200 eV photon
energy) valence PE spectrum from 1 M HNO; aqueous solution
presented in Fig. SI-4.7 The leading peak at 15.5 eV is due to
a participator Auger decay. A more accurate assignment of the
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NO; Auger-electron spectrum would require quantification of
screening effects of the core hole, and also consideration of the
nitrogen versus oxygen characters of the orbitals.”

With increasing number of available H,O adsorption sites on
the NP surface (ratio 1 : 4) the RPE spectrum (green in Fig. 4)
still exhibits a similar overall shape as the one from NO;~ (aq)
but relative peak intensities in the 15-20 eV BE range change,
and peak energies tend to shift slightly. In addition, peaks seem
to broaden but this effect cannot be quantified due to insuffi-
cient signal statistics. These changes are attributed to the
occurrence of signal from adsorbed OH which is concluded
from comparison with the 0.5 M NaOH aqueous solution. The
respective RPE spectrum (in blue) exhibits a rather similar
overall shape as the one from the 1 : 4 NP solution (green). We
particularly point out the appearance of a 28.5 eV BE peak (blue-
shaded area) for the latter solution which is an unequivocal
signature of OH (compare blue spectrum). Occurring differ-
ences of all spectral intensities are argued to arise primarily
from the varying relative ratios of adsorbed NO;~ over OH. But
we also expect small energy differences between free and
adsorbed hydroxide, and we also note that in the NP spectrum
the 28.5 eV OH peak overlaps with the electron emission from
NP lattice oxygen (23-28 eV BE region; grey-shaded), although
this signal has larger intensity at the slightly lower absorption
energy corresponding to peak b (531.5 eV) in Fig. 2C.

We return to Fig. 2 to discuss X-ray absorption peaks b and c.
Both oxygen-1s excitations must arise from the Fe,O; NPs (aq),
and we will now differentiate between the contributions from
the NP-solution interface versus those from the NP interior
(bulk). As seen from Fig. 2C absorption b (see also Fig. SI-1t)
correlates with a signal increase in the RPE spectra near 23 eV
BE, whereas c correlates with a very small increase of the 17.5 eV
BE peak. In an attempt to somewhat enhance the visibility of
absorption c, we have displayed in Fig. 2D the relevant single
RPE spectrum, at 530.0 eV excitation energy, selected from
Fig. 2A. This spectrum is compared with the off-resonant PE
spectrum measured at 529.0 eV, and one notices a small signal
increase at the 17.5 eV BE. In Fig. SI-1 of the ESIt we show that
this increase vanishes when the photon energy is raised slightly
above the c resonance.

From comparison with L-edge X-ray absorption spectra from
hematite crystal measured at ~10~* mbar water pressure,’® we
assign absorptions b and c to the O 1s — t,, (at 530.0 €V) and O
1s — e, (at 531.5 eV) transitions, respectively. The energy
difference yields 10D = 1.5 €V. Previous XA spectroscopy
studies from o-Fe,O; (ref. 48) have reported very similar
absorption energies of 530.2 and 531.6 eV, respectively, ie.,
10D, = 1.4 eV.*»”** Another study, of supported 8 and 30 nm
hematite NPs* finds absorption maxima at 530.4 (for O 2p-Fe
t,,) and 531.8 eV (for O 2p-Fe e,) photon energies. In the same
work, also crystalline hematite has been investigated, and the
authors observed the identical 10D value of 1.38 €V, concluding
that there is no evidence for a size-driven effect. The slightly
larger 10D (1.5 eV) in the present study is thus argued to result
from the hematite NP's modified electronic structure in the
presence of an aqueous solution. This conclusion will be
corroborated by our RPE measurements at the iron 2p;/, (L)
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edge. With above assignments to electron promotion into t,,
and e, states, which are separated by 1.5 eV, one would expect
similar RPE spectra for b and c excitations. But this is not
observed experimentally. Referring to the computed electronic
states of (FeOg)°,**”* and considering solely involvement of tog
states the peak at 17.5 eV BE (corresponding to ~512 eV kinetic
energy) could be qualitatively understood as arising from O*~
1s-1ty.1t,, spectator Auger decay. Here, excitation from the
oxygen 1s core-level into the empty 2t,, (spin down) level is
followed by core-hole refill from the 1t,, level, and electron
release from 1t,,. Similarly, for the 0>~ 1s — 4e, excitation at
531.5 eV the peak at ~22.5 eV BE (corresponding to ~509 eV
kinetic energy) can be explained by O’ 1s-3e,3e, spectator
Auger decay. We are unable though to provide a more quanti-
tative explanation based on the available data.

O 1s core-level photoelectron spectra

In the previous section surface bound NO;~ and OH species
were shown to give rise to characteristic signals in the O 1s RPE
valence spectra. We now explore the signature of these species
in the non-resonant O 1s PE spectra, shown in Fig. 5A. The
spectra were obtained from the 6 nm diameter Fe,O; NPs
(10 wt% aqueous solutions) for the two HNO; concentrations
0.1 M (in red) and 0.05 M (in green). For comparison, the
spectrum from 0.05 M NaCl aqueous solution containing no
NPs, and essentially representing neat water, is presented as
well (in blue). The spectra are normalized to their peak maxima,
as shown in the inset of Fig. 5A. A photon energy of 1200 eV was
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used to deliberately generate O 1s photoelectrons with approx-
imately 650 eV KE, which is similar to the electron energies
detected in case of the Fe 2p RPE spectra shown in Fig. 1. This
assures a comparable probing depth into the solution for both
cases. And more important, the inelastic mean free path of the
~700 eV photoelectrons is obviously large enough to detect
electrons born at the NP (aq) surface and even originating
inside the NPs (aq). However, the exact probing depth into the
particles as well as the distance of the NPs from the solution
surface cannot be quantified here. For recent estimates of
electron mean free paths in liquid water and aqueous solutions
we refer to ref. 60 and 61.

PE spectra from the two NP solutions (Fig. 5A) are seen to be
by far dominated by photoelectrons from liquid water, giving
rise to the strong peak at 538.0 eV BE.* A small shoulder at
540.0 eV BE arises from ionization of gas-phase water. The
photoelectron signal contributions from oxygen species,
primarily OH bound to the NP (aq), appear at lower BE than
water, and the intensity is very small, slightly greater than the
baseline signal. An enlarged view of the spectral region of
interest (with the water spectrum subtracted) is presented in
Fig. SI-5A (NP/0.1 M HNO3) and SI-5BT (NP/0.05 M HNO3). These
spectra exhibit very poor statistics though, and in order to
demonstrate that the data are yet statistically significant the as-
measured individual data points (of Fig. SI-51) were binned and
the resulting error bars have been determined. Results for five-
point binning are presented in Fig. 5B and C, where we also
provide error bars and Gaussian fits to reproduce the observed

542 540 538 536 534
Electron binding energy [eV]

PE intensity [arb.u.]

ORE

Water subtracted
5 point binned

== 5 point binned+smoothed I

§ point binned+smoothed+fitted

. - - NP (aq) [1:4]

Lattice oxide

T T T

T T
544 540 536 532 537 535 533
Electron binding energy [eV] Electron binding energy [eV]

Fig. 5 (A) Oxygen 1s photoelectron spectra from the 10 wt% hematite NPs in 0.1 M HNO3 aqueous solution (corresponding to [1 : 2]; red curve),
and in 0.05 M HNOz aqueous solution (corresponding to [1 : 4]; green curve). For reference, the spectrum from 0.05 M NaCl aqueous solution
(blue curve) is also shown. Photon energy was 1200 eV. In the main figure, the O 1s peak has been cut at about 25% of its intensity. The full peaks,
and the intensity normalization is seen in the inset figure. (B and C) Oxygen 1s photoelectron spectra in the 538-532 eV binding energy region
which covers the O 1s photoelectron peaks from OH™ (536.1 eV) and lattice oxide (534.7 eV). (B) shows results for the 10 wt% hematite NPs/
0.05 M HNO3 aqueous solution (corresponding to [1 : 4]), and (C) for 10 wt% hematite NPs/0.1 M HNO3z aqueous solution (corresponding to
[1: 2]) after subtraction of the 0.05 M NaCl aqueous solution spectrum (red dots). Black dots in (B) and (C) result from five-point-binning of the
red dots, and the green line results from additional smoothing. Error bars, representing the standard deviation from five-point-binning, are still
fairly large. They are too large to reveal the expected increase in the OH-to-lattice oxide signal ratio when going from [1 : 2] to [1 : 4] solution. See
also Fig. SI-51 for the raw data.
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double-peak spectrum. A more detailed description of the data
handling is given in the caption of Fig. 5. The higher-BE peak at
536.1 eV (1.0 eV width), which is 1.9 eV smaller BE than liquid
water, can be assigned to adsorbed OH, in agreement with
several reported surface hydroxyl species formed on the hema-
tite crystal surface."***”* Note that NO;~ can be ruled out
because its O 1s signal contributes to the O 1s (aq) peak at
538.1 eV and cannot be deconvoluted due to the high concen-
tration of bulk water.®*® Our assignment also agrees with
a previous liquid-jet PE measurement from 4 molal NaOH
aqueous solution, reporting a 536.0 €V O 1s BE of OH™ (aq).” As
in the case of the O 1s RPE spectra (Fig. 4), a distinction between
aqueous-phase OH ™ and the adsorbed hydroxide is not possible
on the grounds of the PE spectra of Fig. 5. However, our assign-
ment of adsorbed OH is justified by the acidic pH of the NP
solutions. Perhaps another indication is the slight increase of OH
signal for the [1: 4] solution in qualitative agreement with the
resonant O 1s photoelectron spectra of Fig. 4. The lower-BE peak
at 534.7 eV (ie, 3.3 eV smaller BE than liquid water) and
approximately 1 eV width is attributed to the O 1s BE of the lattice
oxygen of the hematite NPs (aq). This is in agreement with the
energy difference found in an ambient-pressure PE study of a few-
monolayer liquid water film on top crystalline a-Fe,O3 (0001).>” A
remaining and somewhat puzzling observation from Fig. 5B and
C is that the O 1s signal intensities from the lattice oxide and
from surface OH are rather similar. Our explanation is that at the
electron kinetic energies relevant here the electron inelastic mean
free path approximately matches the distance between NP surface
and the solution surface. This is a reasonable assumption, based
on reported estimates of the mean free path in aqueous solu-
tions®” which strongly encourages liquid-jet PE spectroscopy
studies with tender X-rays to probe deeper into both the solution
and into the NPs.

Fe 2p photoemission and PEY-XA spectra

In the following we explore the photoemission spectra for
excitation energies resonant with the Fe 2p — valence transi-
tions. The idea of these measurements is analogous to the
oxygen 1s excitation discussed along with Fig. 2. We are thus
interested in the evolution of the RPE spectra when varying the
photon energy across the Fe 2p (only 2ps,, ie., the Ly edge is
considered here) resonance, and how this reflects in the Fe L;-
edge PEY-XA spectra. XA spectra will be obtained for two
different relaxation channels, one corresponding to the refill of
the 2p core-hole by a valence electron, and in the other case the
refill is by another core-level electron. The specific Auger decay
channels are 2p-3d3d and 2p-3p3p which lead to electron
emission in the 672-715 eV and 560-600 eV kinetic energy
ranges, respectively. Hence, signal integration of the RPE
spectra within these boundaries yields the respective PEY-XA
spectra. In (2p-3d3d) PEY the electron refilling the core hole
originates from an iron 3d valence orbital (spectra are denoted
as P'EY). The 3d orbitals carry information on the mixing with
ligand-centered orbitals. On the other hand, in (2p-3p3p) PEY
the core-hole is refilled by electrons from the deeper Fe 3p
orbitals which only weakly interact with the ligands (spectra are

4518 | Chem. Sci,, 2018, 9, 4511-4523

View Article Online

Edge Article

denoted as P°EY). Here we use the same nomenclature as in our
previous study from FeCl, aqueous solutions.’* Illustrations of
the two Auger processes will be presented in Fig. 6.

Fig. 6A and C present Fe 2p RPE maps from 10 wt% a-Fe,0;
NPs in 0.1 M HNO; aqueous solution, covering the 2p-3p3p and
2p-3d3d Auger decay channels; individual spectra were recorded
for photon energies between 707 and 717 eV. Fig. 6B and D
display the respective P°EY- and P'EY-XA spectra. Note that
Fig. 6A displays data as KEs while Fig. 6C presents BEs in the 5-
25 €V range energy, which corresponds to 682-712 eV KE. Valence
spectra in Fig. 6C are dominated by an off-resonant water-signal
background, appearing as vertical bands. The spectra in Fig. 6A
have no off-resonant signal contribution, and solely exhibit
resonant signals from 2p-3p3p and in part from 2p-3s3d Auger
emissions. Therefore, in the latter case the KE axis is more
appropriate since Auger electrons do not depend on the photon
energy. Both PEY-XA spectra exhibit a pre-peak at 709 eV photon
energy, and a main peak at 710.5 eV. These are the Fe 2p3;, — ty,
and Fe 2p3;, — e, resonances characteristic for Fe**.

Fig. 7 presents the P'EY- and P°EY-XA spectra on top of each
other, and one observes a considerably smaller pre-peak in the
PYEY-XA spectrum; intensities are displayed such that the ey
peaks have the same height (to be discussed later). In addition
to the different intensities of the pre-peaks, one notices
a somewhat smaller intensity in the post-edge region at 709-
714 eV. The pre-peak arises from the electronic interactions
between the iron site and the local environment, i.e., with the
solvation-shell water molecules and the lattice oxygen atoms of
the hematite NP. The excited electron can thus engage in
additional relaxation processes such as electron delocalization
and energy transfer.”>*> As a consequence, the P'EY-XA spec-
trum may differ considerably from the P°EY-XA spectrum which
is in fact a better representation of the true X-ray absorption
spectrum that would be obtained in a transmission measure-
ment. The delocalized excited electron has a lower probability to
refill the Fe 2p hole within its lifetime (sub-10 fs), and hence the
PEY is state-dependent, scaling with the extent of delocaliza-
tion. The observed differences between the P'EY- and P°EY-XA
spectra (Fig. 7) thus correlate with the orbital extensions.®* Core-
level 3p orbitals are strongly localized and are not or barely
involved in iron-ligand orbital mixing. In contrast, 3d orbitals
are large, and there is considerable mixing with water lone-pair
orbitals as well as with the NP lattice oxygen-2p orbitals which
was already seen from Fig. 1. Our interpretation is corroborated
by the changes that occur in the RPE spectra measured at the e,
versus the t,, resonance. These two RPE spectra are shown in
Fig. 8. In both cases the off-resonant valence PE spectrum,
measured at 707 eV (bottom tier in Fig. 8), has been subtracted.
To quantify the spectral changes that occur for the two reso-
nances we fit the spectra (center and top tiers in Fig. 8) using the
same Gaussians as in Fig. 1B, i.e., energy positions and peak
widths are kept constant, and the only free fit parameter is the
intensity. The most noticeable observation is the decrease of the
t,g signal intensity relative to the e, signal which is exactly what
one expects. Due to the overlap of the metal t,, levels with the O
2p levels of hematite (already seen in Fig. 1C) the electron
excited into t,, appears to relax by a different path, thus

n

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc05156e

Open Access Article. Published on 20 April 2018. Downloaded on 11/29/2025 10:42:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

Electron kinetic energy [eV]
530

550 570 590

Photon energy [eV]
708 710 712 714 716

Electron binding energy [eV]
8

24 20 16 12

Photon energy [eV]

610

100

@ PSEY-XA
S e
@~
>
o)~
S~
O N
cC
c ]
g5
£ R
£~

04 08 1.2 1.6
Intensity [arb.u.]

@ P'EY-XA
eg
tis
S'e]
g.‘::
>q- 2ps,
S
QO N
c X
c e %
N~
£ R
o

0?5 1?0 1:5 2f0 2?5
Intensity [arb.u.]

Fig. 6 Fe 2pz,, resonant photoelectron spectra from 10 wt% a.-Fe,Oz NPs in 0.1 M HNOs aqueous solution, covering the 2p-3p3p (A) and 2p-
3d3d (C) Auger-electron emissions after Fe 2pz;» — tog and 2pz;» — €4 excitation, respectively. Spectra were recorded for photon energies
between 707 and 716 eV. The respective PEY- and PVEY-XA spectra, and illustrations of the relevant energies, excitations and the relaxation

channels are displayed in (B) and (D).

quenching the 2p-3d3d Auger channel. On the other hand,
when populating the e, states, which have less overlap with the
oxygen orbitals, the excited electron promptly refills the Fe 2p
hole via the 2p-3d3d Auger channel. These qualitative consid-
erations are in agreement with theoretical calculations, report-
ing for bulk hematite stronger hybridization between Fe t,, and
O 2p orbitals than between e, and O 2p, 48% versus 35% oxygen
character.”

We can go a step further and quantify the observed electron
delocalization to estimate the charge transfer, or electron delo-
calization rate. Fast charge transfer, which inhibits the charge
recombination at the surface (for instance of a transition-metal-
oxide electrode), is crucial for efficient device performance
under photoelectrochemical conditions. With the Fe 2p;, life-
time, Teore, assuming an exponential Auger decay rate, and an
exponential electron delocalization governed by the charge
transfer time, tcr, the latter can be expressed as tcr = Teore(-
fAuger_l — 1).° Here, fauger is the fraction of normal Auger-

This journal is © The Royal Society of Chemistry 2018

electron signal with respect to the signal from non-local decay
processes, the charge-transfer channels of autoionization. t.ore =
1.6 fs (1.8 fs) as calculated from the natural line width of Fe 2p;),,
I' = 0.41 eV (ref. 95) (0.36 €V (ref. 96)). We determine the normal
Auger fraction from the local and non-local signal contributions.
Disentangling these signals from Fig. 8 is not straight-forward
because both e, and t,, mix with ligand orbitals, and hence
there is no obvious way of scaling the relative spectral intensities.
Arguably, the more accurate procedure is to use the peak areas of
the P°EY- and PVEY-XA spectra of Fig. 7. In this case, assuming
that the intensity normalization at the e, peak is reasonable, the
difference in the pre-peak intensity of the t,, absorption does
scale quantitatively with the electron delocalization. To be more
accurate, we argue that the P°EY-XA spectrum is a very good
representation of an actual X-ray absorption spectrum.”** Any
difference between P°EY- and PYEY-XA spectra must thus be due
to delocalization of the 3d electrons. From the areas of the t,; XA
peaks we then find fjuger = 0.6 which yields tcr ~ 1 fs. We are not

Chem. Sci, 2018, 9, 4511-4523 | 4519
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Fig. 7 Comparison of the Fe Lz-edge PCEY- and PYEY-XA spectra (in
green and red) from 10 wt% a-Fe,Oz NPs in 0.1 M HNOs aqueous
solution (of Fig. 6) with the Fe Ls-edge PVEY-XA spectrum from 1 M
FeClz aqueous solution (in blue),®® and with the total-electron-yield
spectrum from solid hematite sample (in black).*® Spectra are displayed
to yield the same height of the most intense absorption band, at
710.5 eV photon energy.
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Fig. 8 Fe 2ps,, resonant photoelectron spectra from 10 wt% a-Fe,Osz
NPs in 0.1 M HNO3 aqueous solution measured at the e4 (710.5 eV) and
the toq (709.0 eV) resonances, (A) and (B), respectively. In both cases
the off-resonant photoelectron spectrum obtained at 706.0 eV
photon energy, shown in (C), has been subtracted. Green curves in (A)
and (B) are the Gaussians that represent the spectral contributions
from the NPs; compare Fig. 1B.

aware of a previous report of this quantity which would be very
difficult to access by other experimental techniques, requiring
sub-femtosecond laser pulses.

4520 | Chem. Sci,, 2018, 9, 4511-4523

View Article Online

Edge Article

A question that arises is how 10D (the e,-t,, energy differ-
ence) from NPs (aq) (see Fig. 7) compares with values for atomic
Fe*" in aqueous solution (blue) and bulk-solid-phase hematite
(black) under high-vacuum conditions; the XA spectra for the
latter are also presented in Fig. 7. In all cases the iron charge-
state is Fe*". For nanoparticles in aqueous solution we derive
from Fig. 7 a 10D value of 1.5 eV (the same is obtained for the O
1s edge XAS) which is slightly larger than for crystalline hema-
tite, 10D, = 1.38 eV,* but it is smaller than for the Fe*" atomic
ions in aqueous solution, where 10D, = 1.8 eV. A quantitative
interpretation of the different values would be difficult but we
argue that the main effect is due to the NP-solution interface.
This is because aforementioned previous O 1s absorption
studies have found an identical 10D, value (1.38 eV) for bulk-
solid hematite and for dry 8 and 30 nm diameter hematite
NPs.* Hence, the smaller 10D, is a property of the surface of the
aqueous-phase NPs. The Fe 2p;, PEY-XA spectra are thus
sensitive to the interfacial structure, and yet the quantitative
characterization of the ligand field, without a good under-
standing of the surface structure and the existing molecular
species, is elusive. A similar qualitative argument probably
holds to explain the intensity variation in the 711-714 eV
photon-energy region (Fig. 7) - the spectral fingerprint region of
excited-state charge transfer.®” Intensities follow the same trend
as the t,, absorption intensity, although the effect is negligibly
small when comparing P'EY compared to P°EY. The latter
would be expected if we assume that the ground-state iron t,,—
oxygen 2p orbital overlap is only little affected by the electron
excited into a higher lying state. This assumption also justifies
aforementioned normalization of the spectra at the 2p — e,
absorption in Fig. 7. The observed considerably larger intensity,
near 712 eV absorption energy, for crystalline hematite
compared with the NP solutions, and even more so Fe’" (aq),
suggests that ground-state charge transfer from the ligand to
the iron cation is smaller in solution, implying less orbital
overlap. Arguably, water or hydroxide, either absorbed at the
nanoparticle surface or located within the first hydration shell
in case of the Fe** (aq) monomer, have a smaller charge-transfer
probability compared to O®>~ ligands in the bulk hematite. To
confirm this interpretation theoretical calculations are needed
to quantify charge transfer, including electron donation and
back-donation between the different electronic ground-state
configurations.

Conclusions

We have demonstrated that liquid-jet soft-X-ray PE spectroscopy
is a powerful method that enables the detailed investigation of
the electronic-structure interaction of hematite nanoparticles
with an aqueous solution. This is a remarkable result because of
the rather short probing depth of the emitted (photo)electrons
in aqueous solutions. An experimental challenge of the present
work has been to stabilize hematite NPs at sufficiently large
concentration with an as small as possible number of stabi-
lizing molecules adsorbed at the NP surface. Using a combina-
tion of soft-X-ray photoemission techniques (direct and
resonant ionization, and autoionization) electrons from both
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the surface and the interior of the aqueous-phase NPs can be
detected. From the oxygen 1s PE spectra we obtain the electron
binding energy from dissociated water, at 536.1 eV, which is in
good agreement with the energies of hydroxyl species reported
in an ambient-pressure PE-spectroscopy study of the
Fe,05(0001) hematite-liquid water interface.”” However, the
new spectroscopic information from our NP study is revealed
from resonant PE spectra at the oxygen 1s and iron 2p;,, edges.
The former spectra provide a complementary and very sensitive
electronic structure signature of oxygen-containing molecules
adsorbed at the NP surface. Performing photoemission
measurements at the iron 2p;, edge we were able to detect the
lowest ionization energy of the solution, which corresponds to
the ionization of the iron 3d-derived e, and t,; orbitals. This is
an important quantity for understanding chemical reactions in
aqueous solution. We also determined the e,-t,, energy differ-
ence (10D value) from the partial-electron yield iron 2p;, XA
spectra obtained from an analysis of the Auger electron signal.
10D, is a measure of the Fe*" local environment, which is found
here to be uniquely sensitive to the iron interactions with both
hematite oxygen and water/oxygen interfacial species. Unfor-
tunately, we cannot provide a quantitative interpretation of the
energy shifts. But we expect that our experimental findings will
motivate theoretical modeling of the rather complex hematite—
water interface, taking into account iron spin interactions. An
aspect related to the iron 2p RPE measurements is the possi-
bility to obtain (PEY) XA spectra for different autoionization
channels which can be used to estimate the ultrafast electron
delocalization times of electrons excited into metal 3d orbitals.

One promising future experimental route is the application of
tender X-rays in liquid-jet photoemission which allows probing
deeper into solution and into the NPs (aq). This will greatly
enhance the signal intensity detected from the NP-solution
interface, enabling further characterization of the dissociated
water species and their interactions with the NPs. With regard to
the latter point it will be also interesting to explore non-local
relaxation processes upon water O 1s ionization with their large
sensitivity to hydration structure and hydrogen-bond strength.*®
The presented liquid-jet studies demonstrate promising applica-
bility for the investigation of the electronic structure of other NPs,
including transition-metal-oxide, also noble metals and other
materials, dispersed in various electrolyte solutions over a large
range of concentrations.
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