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CONSPECTUS: The liquid-microjet technique combined with soft A

X-ray photoelectron spectroscopy (PES) has become an exception- Liquid

ally powerful experimental tool to investigate the electronic structure microjet

of liquid water and nonaqueous solvents and solutes, including
nanoparticle (NP) suspensions, since its first implementation at the
BESSY II synchrotron radiation facility 20 years ago. This Account

focuses on NPs dispersed in water, offering a unique opportunity to #%/%
access the solid—electrolyte interface for identifying interfacial .
species by their characteristic photoelectron spectral fingerprints. S
Generally, the applicability of PES to a solid—water interface is LL

hampered due to the small mean free path of the photoelectrons in
solution. Several approaches have been developed for the electrode—
water system and will be reviewed briefly. The situation is different
for the NP—water system. Our experiments imply that the transition-metal oxide (TMO) NPs used in our studies reside close
enough to the solution—vacuum interface that electrons emitted from the NP—solution interface (and from the NP interior) can be
detected.

We were specifically exploring aqueous-phase TMO NPs that have a high potential for (photo)electrocatalytic applications, e.g., for
solar fuel generation. The central question we address here is how H,0O molecules interact with the respective TMO NP surface.
Liquid-microjet PES experiments, performed from hematite (a-Fe,0;, iron(III) oxide) and anatase (TiO,, titanium(IV) oxide) NPs
dispersed in aqueous solutions, exhibit sufficient sensitity to distinguish between free bulk-solution water molecules and those
adsorbed at the NP surface. Moreover, hydroxyl species resulting from dissociative water adsorption can be identified in the
photoemission spectra. An important aspect is that in the NP(aq) system the TMO surface is in contact with a true extended bulk
electrolyte solution rather than with a few monolayers of water, as is the case in experiments using single-crystal samples. This has a
decisive effect on the interfacial processes that can occur since NP—water interactions can be uniquely investigated as a function of
pH and provides an environment allowing for unhindered proton migration. Our studies confirm that water is dissociatively
adsorbed at the hematite surface and molecularly adsorbed at the TiO, NP surface at low pH. In contrast, at near-basic pH the water
interaction is dissociative at the TiO, NP surface.

The liquid-microjet measurements presented here also highlight the multiple aspects of photoemission necessary for a full
characterization of TMO nanoparticle surfaces in aqueous environments. For instance, we exploit the ability to increase species-
specific electron signals via resonant photoemission, so-called partial electron yield X-ray absorption (PEY-XA) spectra, and from
valence photoelectron and resonant Auger-electron spectra. We also address the potential of these resonance processes and the
associated ultrafast electronic relaxations for determining charge transfer or electron delocalization times, e.g., from Fe** located at
the hematite nanoparticle interface into the aqueous-solution environment.
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Figure 1. The traveling path of photoelectrons in liquid water depends on their kinetic energy. (A) Mean free paths for electrons in liquid bulk
water. (B) Photoelectrons released from the NP into bulk water can escape into vacuum, provided the NP resides near the solution—vacuum
interface. The electron attenuation, i.e., the fraction of electrons that escape without any inelastic scattering, is dependent on the kinetic energy of
the electrons: the higher the energy, the more electrons from deeper layers can be detected. Adapted with permission from ref 7. Copyright 2020

American Physical Society.

by resonant liquid-microjet photoelectron spectroscopy at the
oxygen 1s and iron 2p resonances.

Ali, H.; Seidel, R.; Bergmann, A.; Winter, B., Electronic
structure of aqueous-phase anatase titanium dioxide
nanoparticles probed by liquid jet photoelectron spec-
troscopy. J. Mater. Chem. A 2019, 7, 6665—6675.” A pH-
dependent mechanism of TiO, nanoparticle—water inter-
action is proposed based on the observed associated and
dissociative water electronic structure on the TiO, nano-
particles surfaces in different chemical environments by
resonant liquid-microjet photoelectron spectroscopy.

Ali, H.; Golnak, R.; Seidel, R.; Winter, B.; Xiao, J., In-
Situ X-ray Spectroscopy of the Electric Double Layer
around TiO, Nanoparticles Dispersed in Aqueous
Solution: Implications for H, Generation. ACS Appl.
Nano Mater. 2020, 3 (1), 264—273.> Combined liquid-
microjet photoemission and photon-emission spectroscopy
study provides insight into the composition and the
dimension of the electric double layer surrounding TiO,
nanoparticles in an aqueous basic solution.

Bl INTRODUCTION

Knowledge of the electronic-structure interactions at the
solid—liquid interface is of large relevance for many fields of
technologzr, especially for the development of novel energy
materials,” for our understanding of corrosion and dissolution,”
and for photocatalysis,® e.g., (sun)light-induced water-splitting.

Experimentally, electronic-structure information, and specif-
ically electron binding energies, can be uniquely accessed by
photoelectron spectroscopy (PES) from both gas-phase and
condensed matter. Yet the application of PES to condensed
matter is limited by a rather small information depth of a few
nanometers into the sample, determined by the (total)
electron mean free path (MFP). In fact, the probing depth is
adjustable over some range by variation of the electron kinetic
energy (eKE) through the applied photon energy, as depicted
in Figure 1A for liquid water, showing on a double-logarithmic
scale the latest data on the electron MFP.”® The important
observation is a transition from electronic (ionization,
dissociation, excitation) to vibrational inelastic quasi-elastic
(meV-loss) scattering channels, the latter contributing to the
10—14 eV eKE range.” There is growing consensus that for
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eKEs < 100 eV the largest sensitivity for surface probing is
obtained, corresponding to approximately eight layers (~2
nm) of water. For eKEs above 100 eV the probing depth in
water increases, e.g., for 700 eV eKE the total electron MFP is
~6 nm.”® However, even when using tender X-rays
(approximately 2—5 keV'®) for ionization, the associated
total MFP is still too small to detect photoelectrons emitted
from a solid sample (e.g., an electrode) fully embedded in bulk
(aqueous) solution. Decreasing the solution-layer thickness to
match the length scale of the total MFP is currently not
feasible. This explains why PES studies from the solid—liquid
(aqueous) interface remain challenging, and several alternative
approaches have been developed, including, to name a few, (i)
solid surfaces prepared under ultrahigh vacuum conditions and
subsequently exposed to water molecules via a leak valve,"" (ii)
freezing water layers on single-crystal surfaces,'” (jii) ambient-
pressure photoelectron (AP-PE) measurements of solid
surfaces covered by few monolayers of liquid water stabilized
via relative humidity,"* and (iv) liquid cells introduced into the
vacuum chamber to record signals through an ultrathin
membrane.'*'> All these attempts deal with either a membrane
barrier or with (too) few molecules or layers of liquid water/
aqueous solution on the solid surface, which impair the ion
dynamics and reactivity and are far from the realistic solid—
bulk solution condition.

A special case of an AP-PE technique is the dip-and-pull
technique,'®™"® where a thin liquid film is prepared by pulling
up an electrode from a (degassed) solution beaker within a
“vacuum” chamber and stabilized under equilibrated water
vapor pressure (~10 mbar at 10 °C). Films inevitably exhibit a
thickness §radient as a function of distance from the solution
reservoir.'°~'® A potential drawback of this technique is that
the electrolyte films are still too thin for carrying out practical
electrochemical experiments. One concern is that in the case
where chemical reactions involve solutes within the thin
solution film, solute replenishing would require long diffusion
times from the reservoir to the meniscus films. Such a problem
would not occur when using a microfluidic cell equipped with a
bilayer of graphene. Using such a two-dimensional photo-
electron-transparent material, PE spectra from species close to
the graphene—water interface have been measured.'” However,
the graphene membranes are not sufficiently robust, especially
when the graphene coverage is not 100%. Depending on the

https://doi.org/10.1021/acs.accounts.2c00789
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Figure 2. The potential curve of the electric double layer (EDL) around a nanoparticle depends on the electrolyte concentration. For high
electrolyte concentrations, exemplified for TiO, NPs in 0.3 M NH,OH aqueous solutions, NH," counterions are adsorbed at the NP surface,
forming the Stern layer (SL). In contrast to low electrolyte concentration, the diffuse layer has reversed parity relative to the SL. Reproduced from

ref 3. Copyright 2019 American Chemical Society.

cell design, gas evolution upon X-ray exposure will occur,
which can be minimized by using a flow-cell scheme.
Furthermore, applying voltages above 1.6 V versus the
reversible hydrogen electrode for operando measurements
will lead to irreversible graphene oxidation that will lower the
membrane stability even further. Note also that with current
cell designs, electron spectroscopy studies from a specific
desired electrode surface in contact with bulk aqueous solution
are not feasible, limited by the fact that photoelectrons must
traverse the electrode material and the cell membrane.

Here we review and discuss a different approach, mimicking
the solid—liquid interface and probin% its electronic structure,
namely, liquid-microget PES (LJ-PES)***" from NPs dispersed
in aqueous solution.' In the NP solutions considered in this
Account, hematite (a-Fe,Os, iron(III) oxide) and anatase
(TiO,, titanium(IV) oxide) NPs in water, some fraction of the
NPs reside close enough to the solution—vacuum interface that
electrons emitted from the NP—solution interface and even
from the NP interior reach and cross the solution—vacuum
interface and can be detected. This is illustrated in Figure 1B,
showing that the experimental probing depth is large enough
to detect electrons emitted from the solvent, the NP—solution
interface, and even the NP (near-surface) interior. For our
studies we used soft-X-rays to ionize and electronically excite
the NP aqueous solutions. An advantage of fast-flowing liquid
microjets is their insensitivity to beam damage because of the
fast material replenishing and the short exposure time to the
environment, also minimizing contaminations of the
liquid.zo’21 In addition to detecting direct photoelectrons,
also resonant photoemission was applied, which leads to
unique resonant Auger electron fingerprints that increase
valence-orbital-specific electron signals, as we will explain. We
briefly note here the large potential of FTIR measurements for
identifying hydroxylated and hydrogenated surface spe-
cies.””~** The present Account yet focuses on the associated
electron energetics accessed from photoemission.
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Although the photoemission spectra from NP solutions
appear to capture well the occurring molecular species at this
interface as well as helping to advance our understanding of the
conditions and mechanism for water dissociation, the approach
lacks the ability to directly measure the transition-metal oxide
(TMO) surface structure in solution. This is furthermore
impeded by the fact that some fraction of the NP surface must
be covered by suitable molecular stabilizers to hinder NP
aggregation. In our studies, we dispersed the NPs in inorganic
aqueous solutions containing CI7, NH,*, and NO;~ ions,
respectively, which adsorb at the NP surface. Only when the
surface of the nanoparticles is charged can they repel each
other and be stabilized in solution. The challenge thus is to
charge the surface of the NPs while providing enough free
surface sites for the liquid water molecules to interact. To solve
this, we performed several explorative studies, varying the NP
size and their concentration relative to the concentration of the
stabilizer ions. In that way we also vary the zeta potential and
the associated solution pH to capture changes in the surface
chemistry as a function of the latter.

B EXPERIMENTAL SECTION

Hematite and Anatase

Experiments reported here have been performed with both
hematite (a-Fe,0;) and anatase (TiO,) NPs due to their
potential use in photo(electro)catalytic water splitting”~>" as
well as their role in many technological, environmental, and
biological applications.”® Both materials are inexpensive and
abundant. Hematite is the thermodynamically most stable iron
oxide and has a band gap of 2.2—2.7 eV> (ie, it absorbs
visible light). During the catalytic processes, the TMO surfaces
directly interact with liquid water or electrolytes. This has led
to several theoretical and experimental studies to determine
the surface structure and termination and to unveil the nature
of water interaction with these surfaces in the absence of an

https://doi.org/10.1021/acs.accounts.2c00789
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applied potential and without photoactivation.’® There is an
overall consensus in the literature that water interacts
dissociatively with hematite, regardless of its surface termi-
nation. However, it should be noted that all the experimental
investigations so far have studied the surface interaction with
few molecules of water vapor only, with the exception of one
study from Yamamoto et al. using AP-PE spectroscopy.13
These latter authors concluded that hydroxyl groups
accommodate within the first monolayer on the iron oxide
surface, and when the relative humidity is increased, molecular
water starts to form the second monolayer on the surface. Note
that the few-water-monolayer system stabilized by relative
humidity is unsuited for variation of pH.

Anatase is the most active and abundant form of TiO,. It
absorbs UV light due to its wide band gap of 3.2 eV and has
been intensively studied experimentally”' and theoretically.”
(Doped) TiO, is used as photoanode material in photo-
electrochemical cells for solar hydrogen generation, but its
solar-to-hydrogen conversion efficiency is much lower than the
desirable threshold for industrial and commercial applications
due to the unwanted back-reaction (ie. catalytic water
formation).*® There are three proposed mechanisms for the
TiO,—water interaction reported in the literature. In
mechanism (1), water interacts dissociatively with TiO, defect
surface sites. These defects correspond to a missing oxygen
atom in the TiO, surface crystal structure associated with a
reduction from Ti** to Ti**.** Mechanism (2), for a defect-free
surface, involves the molecular water adsorption at the surface,
where the oxygen atom of water binds to Ti*" and the water
hydrogen atoms bind to neighboring lattice oxygen atoms.*
Mechanism (3) assumes a mixed adsorption behavior
identifying ~0.47 monolayer of OH versus ~0.8 monolayer
of H,O in the first water monolayer on a defect-free anatase
TiO,(101) surface.®® Our own findings from LJ-PES from
TiO, NP aqueous solutions to be presented below are
consistent with mechanism (3).

Stabilization of Hematite and Anatase NPs in Aqueous
Solution

Dispersing NPs in water inevitably results in their aggregation,
and this can be avoided by charging the NP surface by adding
suitable stabilizing ions, as depicted schematically for the case
of TiO, NPs in 0.3 M NH,OH aqueous solution in Figure 2.
The NH,* co-ions are chemically adsorbed on the surface of
the nanoparticles, forming a Stern layer.”” This layer is
followed by the diffuse layer, in which the concentration of
mobile ions follows the Boltzmann distribution. Together, the
Stern layer and the diffuse layer form the electric double layer
(EDL); the full length of the EDL is called the Debye length.
Depending on the type and concentration of the electrolyte,
the stability and the parity of the EDL vary according to the
theory of Derjaguin, Landau, Verwey, and Overbeek
(DLVO).**~* The DLVO theory describes the net electro-
static force between the NPs as a function of their mutual
distance. It is the sum of the Coulombic repulsion by adsorbed
ions and the van der Waals attraction between the free sites on
the NPs surfaces. At low electrolyte concentration, the parities
of the Stern layer and the diffuse layer are the same; see curve
(A) in Figure 2. At high electrolyte concentration, which is the
case in the present study, the parity of the diffuse layer is
reversed relative to that of the Stern layer; see curve (B) in
Figure 2. At charge balance (zero net charge), ie, at the
isoelectric point (IEP), the repulsive electrostatic forces are
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reduced, and the attraction forces predominate, causing NP
aggregation and precipitation. In addition, the IEP is the pH
value at which the zeta potential value is zero, implying no
electric charge on the surface of a particle. It is the electric
potential at the boundary between the Stern layer and the
diffuse layer and relates to the mobility of the NP in solution;
the square of the zeta potential is proportional to the force of
electrostatic repulsion between two charged particles. The zeta
potential thus senses the specific surface chemistry of a given
NP solution, affected by changes in pH and salt (stabilizer)
concentration. At solution pH that is above the IEP, the
surface of the NP is predominantly negatively charged; this is
the case for the stabilization of an anatase NP dispersion by
NH,*, with a pH value larger than the IEP (close to 6). We
measured TiO, NPs in several solutions using different
stabilizing ions and concentrations, with different particle
diameters ranging from 3 to 20 nm, and at different pH values;
see Table 1 for an overview of all investigated NP solutions.

Table 1. Summary of the NP Sizes, NP Concentrations,
Molecular Stabilizers Used, Their Respective
Concentrations, Resulting pH of the Solutions, and the
Ratio of Free Surface Sites to Stabilizer Molecules for Our
Liquid-Microjet Photoelectron Measurements

NP NP stabilizer
NP size conc.  stabilizer conc. ;
composition (nm) (wt %) ion (M) pH  [ay]c
anatase 10 20 cr- 1.00 070  [1:2]%"
TiO, 0.50 120 [1:1]9°
6 NO,;~ 0.50 120 [1:1]N%
0.25 090  [2:1]NO
3 0.60 070 [4:1]NO
20 NH,* 0.30 780  [2:1]V
hematite a- 6 5 NO;~ 0.10 155 [1:1]N%
Fe,0; 10 0.10 190 [2:1]N0
0.05 2.00  [4:1]NOs

“x:y denotes the ratio of surface sites to stabilizer ions, and the
superscript indicates the stabilizer ion used.

That table also has an entry of the available and experimentally
variable free surface sites for a given NP dispersion system,
correlating with the stability in solution through electrostatics.
These values can be determined from an estimate of the
surface area of all contained NPs and the stabilizer
concentration.

In the case of hematite, the NP diameter was 6 nm, and the
concentration of the NPs as well as the stabilizing NO;™ co-
ions, from HNO; added to the aqueous solution, was varied.
We dispersed S wt % 6 nm hematite NPs in 0.1 M aqueous
HNO; solution (pH = 1.55) and 10 wt % NPs in 0.1 M
aqueous HNO; solution (pH = 1.9) and in 0.05 M aqueous
HNO; solution (pH = 2). It is reminded that pH is not an
independent variable in all our experiments but rather results
from the stabilizer and its concentration used. For our
experiments it is crucial that the NPs can be stabilized at a
surface coverage well below monolayer coverage, which we
determine from the NP and stabilizer concentrations and from
the NP bulk and surface density. The first solution of Table 1
contains NPs that have a surface completely covered with
NO;~, denoted as [1:1], where no free surface sites are
available for water interaction, while the second and the third
solutions exhibit NP surfaces that contain 50%, [2:1], and
25%, [4:1], NO;~ coverage, respectively. The “[4:1] solution”

https://doi.org/10.1021/acs.accounts.2c00789
Acc. Chem. Res. 2023, 56, 1687—1697
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indicates by the superscript the stabilizer ion used, and the brackets state the free TiO, surface sites to stabilizer ratio. Also

shown are the O 1s spectra from 0.05 M NaCl and 0.5 M NH,OH aqueous solutions. From ref 2. CC BY 3.0.

has the highest ratio of free hematite surface sites to stabilizer
that we could realize to run a stable vacuum laminar liquid
microjet. The anatase NPs studied had diameters of 3, 6, 10,
and 20 nm. We prepared aqueous solutions containing 20 wt %
anatase NPs stabilized by three different anions, Cl~, NO;",
and NH,*. Two Cl -stabilized samples are acidic solutions
without free surface sites, and the TiO, NPs are fully covered

[1:1]" and doubly covered [1:2]°'. They are used as a
reference for the signal from TiO, aqueous NPs without water
interaction or interfacial oxygen species. All NO; -stabilized
samples are acidic solutions with free surface sites where the
TiO, surface sites to stabilizer ions ratio changes from

[1:1]1N% to [2:1]V% and [4:1]N9 . In the [4:1]N9 solution,
75% of the TiO, surface sites are interacting with liquid water.
In addition, we explored stabilization by 0.3 M NH,OH,
resulting in a basic solution (pH = 7.8) with a free-surface-site

ratio of [2:1]N% i.e,, approximately half of the TiO, surface
sites are available for a reaction with water.

B LIQUID-MICROJET PES MEASUREMENTS

The following paragraphs review several important findings for
anatase and hematite NP aqueous solutions. Our focus is on
core-level PE spectra and the potential of resonant valence PES
for detection of low signal intensity from the NP—solution
interface that would otherwise stay undetected. We also discuss
the sensitivity of partial electron yield (PEY) measurements to
distinguish between bulk and interfacial electronic structure as
well as to provide insight into the electron delocalization,
exemplified for hematite, from core-excited iron into its
aqueous-phase environment. All LJ-PES studies were con-
ducted at the undulator beamline U49/2-PGM-1 at the
synchrotron radiation facility BESSY II, Berlin, using the
SOLPES setup.”'

Anatase NP—Water Interface

Exemplified for 20 wt % anatase TiO, NP aqueous solutions,
Figure 3 presents the regular oxygen 1s PE spectra obtained for
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different surface free areas (adjusted by stabilizer concen-
tration, ie. surface site-to-stabilizer ratio), with Figure 3A
referring to acidic pH and Figure 3B to near-neutral solution
pH (compare Table 1). Spectra from neat water (0.05 M NaCl
added to increase the conductivity’®) are shown as well for
reference. Measurements were performed at 1200 eV photon
energy, i.e., O 1s photoelectrons with kinetic energies of about
650 eV are generated, which corresponds to probing
approximately 5.5 nm into neat liquid water (compare Figure
1A) and sufficiently deep into the NP solution to even detect
TiO, PES signal (compare Figure 1B). In fact, the spectra
identify the main oxygen-containing species from the NP—
solution interface. The peak at 538.1 eV corresponds to the O
1s binding energy of liquid water, the asymmetric shoulder at
540 eV binding energy represents the oxygen 1s signal of water
vapor, and the peaks at 536.0 and 534.7 eV binding energy are
assigned to OH™ and TiO, lattice oxide, respectively. We note
that NO; (aq) is undetectable due to its overlap with the
liquid water peak at 538.1 eV binding energy. Due to missing
OH™ signal under the conditions of Figure 3A, we conclude
that water is molecularly adsorbed, i.e., not dissociated at the
TiO, surface at acidic pH. On the other hand, at pH 7.8
(Figure 3B), we observe a large OH™ photoelectron signal

contribution at 536.0 eV binding energy for the [Z:I]NH4+ TiO,
NPs aqueous solution. It is important to note that no OH™
signal is observed from a 0.5 M NH,OH aqueous solution of
pH 11.7 (containing no NPs) because ~107> M free OH™ is
below our detection limit. It is therefore surprising to observe a

very strong OH ™ signal in the [2: 1]V NPs aqueous sample at
even lower pH, with only 1077 M free OH™ from self-
ionization of water. As we propose below, this large OH™
signal arises from the dissociative water interaction with the
TiO, NPs free surface sites, with OH™ staying trapped around
the NPs. At the defect-free TiO, surface, water dissociates into
H* and OH~,* the latter detaching from the surface and
chemically interacting with the surrounding species. Whether
OH is being stabilized depends on the availability of nearby
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H* species, as previously detailed using DFT calculations.*” In
an acidic environment, on the other hand, the recombination
of OH™ with a short-lived free proton H, which is locally
confined due to surrounding charges, is likely to happen.
Alternatively, a proton transfer from hydronium would also be
possible. In both cases, the OH™ species will not last long
enough to be detected with our spectroscopic techniques. On
the other hand, at above-neutral pH, the OH™ and H* would
diffuse sufficiently away from each other, increasing the
probability of hydroxyl species to survive. This is illustrated
in Figure 4 for the acidic (top) and basic (bottom)

Figure 4. Proposed TiO, NP—water interaction in acidic (top) and
basic (bottom) aqueous solutions. Water, hydroxide, and hydronium
oxygens are shown in red, bonded hydrogen atoms are shown in
white, and a single free hydrogen (proton) in solution is shown in
gray. The hydroxyl stability on the NP surface depends on its
probability of forming a water molecule by capturing a free H* or via
proton transfer from a surrounding hydronium. This probability is
largest in the acidic environment, either by recombination of the
dissociated H* and OH™ pairs or by proton transfer from the
surrounding hydronium. Such recombination and proton transfer
processes do not occur in a basic chemical environment. From ref 2.
CC BY 3.0.

environments. The left parts show an initially intact water
molecule attached to the TiO, NP in both environments. The
respective center images show dissociated water along with the
mentioned recombination processes to form water in the acidic
case, and the final products are shown at the right.

However, these considerations are insufficient to explain the
apparent discrepancy of the large OH™ signal at the slightly
basic pH of 7.8 (Figure 3), which requires insight into the
structure and the dimension of the EDL surrounding the NPs
sample. Referring to Figure 2, at high electrolyte concentration,
in the case of the 0.3 M NH,OH stabilizer concentration, the
EDL consists of a Stern layer where the NH,* counterions are
accumulated at the surface and a diffuse mobile layer where the
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co-ions are diffusing away from the Stern layer. Based on a
combination of oxygen K-edge partial fluorescence yield and
nitrogen K-edge partial electron yield X-ray absorption (PEY-
XA) as well as nitrogen 1s photoelectron measurements, as
exemplarily shown for the nitrogen spectra in Figure S1 (from

ref 3) for the [2:1]N% TiO, solution (corresponding to 50%
freely available TiO, surface sites for water molecules), we
have concluded that most of the OH™ molecules in the NP
solution must be trapped around the TiO, NPs by the
associated positive Stern layer, forming the diffuse layer
(estimated 0.8 nm thick) of the EDL. Importantly, these
confined OH™ species make no contribution to the pH
measurement, thus explaining the unexpectedly low pH value;
an estimate of the molar OH™ concentration is provided in the
caption of Figure 5. Specifically, because of the limited number

¢

M Stabilizer ions
mm H,0 dissociated ions

@l?ﬁ/@]@@ ﬂ@y Bk

Figure S. Schematic representation of the EDL and its formation
around TiO, NPs in 0.3 M NH,OH aqueous solution. H" (gray
spheres) from the water dissociation partially escape into the bulk
solution, preventing unwanted H*—OH recombination. From the
quantitative analysis of complementary partial fluorescence yield XAS
measurements (see ref 3, not further detailed here), enabling probing
of the bulk aqueous NP solution, we determined that 0.6 M H,O is
dissociated, which creates 0.6 M OH™ ion in the diffuse layer. Given
that at 0.3 M NH,* concentration approximately half the TiO, NP
surface sites are covered, 0.6 M OH™ would be enough to exceed one
monolayer coverage, forming the diffuse layer. Of the corresponding
0.6 M H', approximately half of the H" are bound to the TiO, surface,
and the other fraction quickly diffuse into the bulk solution,
neutralizing the solution. Adapted from ref 3. Copyright 2019
American Chemical Society.

$Siteln)

of anchoring oxygen sites for water on the TiO, surface, the
excess of OH™ can be rationalized when assuming that some
fraction of H" ions produced at the interface migrate through
the diffuse layer, recombining with the original free OH™ from
the 0.3 M ammonia solution to form water. The other fraction
of H* will however inevitably recombine with OH™ within the
diftuse layer, and the resulting loss of OH™ molecules can be
replenished because the H' release from the TiO, surface
vacates adsorption sites for further water dissociation reaction,
which in turn generates additional OH™ in the diffuse layer.

https://doi.org/10.1021/acs.accounts.2c00789
Acc. Chem. Res. 2023, 56, 1687—1697


https://pubs.acs.org/doi/suppl/10.1021/acs.accounts.2c00789/suppl_file/ar2c00789_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig4&ref=pdf
https://creativecommons.org/licenses/by/3.0/
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig5&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

This proposed mechanism is illustrated in Figure S along with
details on the relevant partial concentrations. Even if we do not
understand the detailed mechanism of such efficient proton
transfer through the diffuse layer, OH™ in the bulk solution as
well as in the diffuse layer must play an important role in
initiating the release of H' from the TiO, surface. This
dynamical cycle of continuous freeing of surface sites for water
adsorption and the subsequent release of H' followed by
recombination will reach an equilibrium once the bulk solution
is nearly neutralized.

Hematite NP—Water Interface
We first consider the valence PE spectra from a 5 wt %

hematite NP aqueous solution, measured off-resonantly at
704.5 eV photon energy (blue spectrum in Figure 6A) and at
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Figure 6. (A) Valence PE spectra from a S wt % hematite NP aqueous
solution measured at the Fe 2p;,, — VB resonant excitation energy of
710.5 eV (black) and at the off-resonant energy of 704.5 eV. A
background has been subtracted in both spectra. Water orbital
contributions are labeled in blue. (B) Decomposition of the black
resonant PE spectrum from (A) into the off-resonant water
contributions (blue Gaussians) and the resonant PE contributions
from iron (green Gaussians). (C) The green curve represents solute-
only spectral contributions and is the sum of the green Gaussians in
(B). Spectral differences to the measured PE spectrum from solid
hematite in ultrahigh vacuum (from ref 4S) reveal strong iron 3d—
oxygen 2p hybridization that causes a ligand-to-iron charge transfer
between water and iron at the NP surface. From ref 1. CC BY 3.0.

710.5 eV (black spectrum), which is the resonance energy to
excite an Fe 2p;, electron into the e, valence level. In both
spectra, a Shirley background has been subtracted, and the
relative intensities of the two spectra are normalized to the 2a,
peak of water, which is the inner-valence peak that remains
unaffected by the resonant excitation. The off-resonant blue
spectrum in Figure 6A is essentially the spectrum of neat water,
not exhibiting solute signal. This absence of the low-energy
metal-related 3d emission (the e, and t, bands near 8.5 eV
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binding energy) in the off-resonant spectrum directly illustrates
the strength of resonant PES (RPES). The large signal
enhancement in RPES results from the coherent superposition
of the outgoing electron waves for two different channels,
direct photoionization and resonant Auger decay (see Figure
7C for more details).***

Figure 6B presents a fitting analysis of the resonant PE
spectrum from Figure 6A. Using the known peak positions and
widths of the water valence features*® (blue-shaded contribu-
tion) we can determine the additional spectral contributions
from ionization of the NP (green curves).! This latter signal
well resembles the previously reported valence PE spectrum of
crystalline hematite measured in ultrahigh vacuum, reproduced
in Figure 6C (gray curve). The extra PE signal near 14.5 eV
binding energy in the aqueous-phase spectrum arises from the
Fe 3d—O 2p hybridization with water and hydroxide which
causes a strong ligand-to-iron charge transfer*’ at the hematite
NP surface. We refer to Figure S2 and to ref 1, where we also
discuss spectral fingerprints for water dissociation on hematite
NPs, as concluded from valence band spectra measured at the
oxygen ls core-level excitation.

Additional electronic-structure information can be obtained
from PEY-XA spectra, which are the integrated PE intensities
in a specific energy region that contains resonant Auger
electron peaks. In Figure 7 we present two contour plots of a
series of resonant PE spectra for 10 wt % hematite NPs in 0.1
M HNO; aqueous solution for varying photon energies
between 706 and 716 eV near the Fe Lj-edge. Signal
integration of the individual PE spectra results in the PEY-
XA spectra shown on the right-hand side of the contour plots.
PCEY-XA and PVEY-XA refer to integration over the core-level
(iron 2p3p3p and 2p3s3p resonant Auger electron decay) and
valence (iron 2p3d3d Auger electron decay region) spectral
regions, respectively.' These different transitions are depicted
in Figure 7C. The crucial aspect is that while the 3d orbitals
carry information on the mixing with the ligand-centered
orbitals, the 2p3p3p and 2p3s3p integration (P“EY) does not
contain any ligand-interaction contributions and should
therefore be a closer representative of a true absorption
spectrum measured in transmission.”” Both PEY-XA spectra in
Figure 7 exhibit two peaks at ~709 and 710.5 eV photon
energy representing the Fe’* transitions 2p;, — 3d ty, and
2p3,— 3d e, respectively. When normalizing the PEY-XA
spectra to the 710.5 eV peak height, we observe a lower signal
intensity in the prepeak for the PYEY XA spectrum. This is due
to the quenching of the 2p3d3d Auger decay channel, where
the excited 2p;,, electron in the 3d valence band delocalizes
during the ~1.8 fs iron 2p core-hole lifetime*® and has
therefore a lower probability to refill the 2p core hole. There is
considerable mixing with the water lone-pair orbitals as well as
with the NP lattice oxygen 2p bands. This mixing varies in
strength for the e, and the t,, resonances. We also refer to
Figure S3 (from ref 1), which compares the spectra in Figure 7
with PEY-XA spectra from Fe’* monomers in 1 M FeCly
aqueous solution and with a total electron yield (TEY) XA
spectrum from solid hematite to extract further information
from the ligand-field splitting and the relative charge-transfer
probability between iron and oxygen ligands.

We also use the PEY-XA spectra to quantify the charge
transfer, or electron delocalization rate, between hematite NPs
and solution, specifically from the t,, orbital into the
surrounding oxygen orbitals (see Figure 8). This charge-
transfer time (7cr) is controlled by the Fe 2p;,, core-hole
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Figure 7. (A, B) Contour plots of the Auger signal intensities from a 10 wt % hematite NPs in 0.1 M HNO; aqueous solution, detected near the Fe
2p3), to valence excitation energy: (A) presents the measured core-to-core relaxation, while (B) shows the valence-to-core relaxation, as detailed in
(C). The green and red curves in (A) and (B) are the resulting Fe 2p;, partial electron yield (PEY) X-ray absorption spectra.

lifetime, 7., and by the exponential electron delocalization.*’
It can be expressed by Ter = Teore(fauger | — 1), Where fyyge; is
the ratio between normal Auger electron signals and signals
from nonlocal decay processes. We extracted this ratio from
the t,; XA peak areas from the PVEY- and PEY-XA spectra in
Figure 7. With fyyee = 0.6, and 7c,,e = 1.8 fs from ref 48
(another work has reported 7, = 1.6 fs°°); we then calculate
tcr ~ 1 fs. To our knowledge, this quantity has not been
experimentally revealed by other techniques, as it would
require subfemtosecond laser pulses. Similar measurements
could not have been done for TiO, NPs because Ti** has no
valence 3d electrons, and hence, resonant 2p3d3d Auger decay
(i.e, PYEY-XAS) is not possible.
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B CONCLUDING REMARKS AND OUTLOOK

We have demonstrated the unique potential of liquid-jet
photoemission spectroscopy to characterize the electronic
structure of Fe,O; and TiO, nanoparticle—aqueous solution
interfaces as a function of pH. Specifically, the technique is
capable of quantifying water dissociation at the NP(aq) surface
to identify OH™ recombination with H* and characterize the
associated electric double layer. Exploiting the various aspects
of photoemission, including the detection of direct photo-
electrons as well as Auger electrons and associated electron
yield absorption spectra, we also identified NP electronic
structure changes arising from the interaction with the aqueous
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Figure 8. Identifying the ratio of local and nonlocal (Auger decay)
contributions to the Fe 2p PEY-XA spectra from hematite NP(aq)
enables the determination of the electron delocalization time of core-
excited Fe’* into the surrounding aqueous solution. The process
requires suitable orbital overlap, as depicted.

solution. Our experiments furthermore allow quantification of
an ultrafast electron delocalization from the NP into the
aqueous environment. In the longer perspective, it is desirable
to apply this set of spectroscopic tools to the electrode—
electrolyte interface under operando conditions, as typically
realized with a (photo)electrochemical cell. However, further
development of suitable sample designs is needed for
compatibility with the short electron probing depth in water
and aqueous solutions.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789.

N 1s PEY-XAS and N 1s PES data for TiO, [NH,*]
NPs, resonant photoelectron spectra of a-Fe,O; NPs
aqueous solutions, and PEY-XAS of hematite NPs
(PDF)

B AUTHOR INFORMATION
Corresponding Author

Robert Seidel — Helmholtz-Zentrum Berlin fiir Materialien
und Energie, 14109 Berlin, Germany; Department of
Chemistry, Humboldt-Universitit zu Berlin, 12489 Berlin,
Germany; © orcid.org/0000-0003-2613-4106;

Email: Robert.Seidel@helmholtz-berlin.de

Authors

Hebatallah Ali — Physics Department, Women Faculty for Art,
Science and Education, Ain Shams University, Cairo 11757,
Egypt

Bernd Winter — Molecular Physics Department, Fritz-Haber-
Institut der Max-Planck-Gesellschaft, 14195 Berlin,
Germany; © orcid.org/0000-0002-5597-8888

Complete contact information is available at:

1695

https://pubs.acs.org/10.1021/acs.accounts.2c00789

Author Contributions

CRediT: Hebatallah Ali conceptualization (supporting), data
curation (equal), formal analysis (equal), investigation (equal),
methodology (supporting), software (equal), validation
(equal), visualization (equal), writing-original draft (equal),
writing-review & editing (equal); Bernd Winter conceptual-
ization (equal), funding acquisition (equal), investigation
(equal), methodology (equal), project administration (lead),
resources (equal), supervision (equal), validation (supporting),
writing-original draft (supporting), writing-review & editing
(equal); Robert Seidel conceptualization (equal), data
curation (equal), formal analysis (equal), funding acquisition
(equal), investigation (equal), methodology (equal), project
administration (supporting), resources (equal), supervision
(equal), validation (equal), visualization (equal), writing-
original draft (equal), writing-review & editing (equal).
Notes

The authors declare no competing financial interest.
Biographies

Hebatallah Ali received her B.Sc. of Physics and Pure Mathematics in
2008 and her M.Sc. of Spectroscopic Physics in 2013 from Ain Shams
University in Cairo, Egypt. In 2016 she joined the group of Bernd
Winter at Helmholtz-Zentrum Berlin (HZB) and at Fritz-Haber-
Institut (FHI) in Berlin. She received her Ph.D. in physics from the
Freie Universitit Berlin in 2020. She then returned to Ain Shams
University, where she became an assistant professor in the
Department of Physics.

Bernd Winter received his doctoral degree in physics from the Freie
Universitdt Berlin for experimental research conducted at FHI. He
then was a postdoc at Argonne National Laboratory and at the
Institut fiir Plasmaphysik in Garching, Germany. In the mid-1990s, he
joined the Max Born Institute for Nonlinear Optics in Berlin, where
he was a staff researcher until 2009, when he transferred to HZB.
Since 2017, he has been a group leader at FHI, and his research
interests include ground- and excited-state electronic structure of
aqueous solutions.

Robert Seidel received his Ph.D. in physics from the Technical
University Berlin in 2012 and worked in the group of Bernd Winter at
HZB/BESSY II. He then joined Prof. Stephen E. Bradforth at the
University of Southern California, Los Angeles, as a DFG-funded
postdoc. In 2017 he became an Emmy Noether junior research group
leader at HZB. Since 2022 he has been an independent group leader
in the Department of Atomic-Scale Dynamics in Light—Energy
Conversion at HZB. His research interests include (resonant) PES
investigations of solute—solvent interactions and solid—liquid
interfaces.

B ACKNOWLEDGMENTS

We thank our colleagues and collaborators that are listed as
coauthors in the relevant (key) references for their tremendous
support during the past decade. We deeply thank the staff at
FHI Berlin and at HZB for their assistance and help prior to
and during the beamtimes at BESSY II. Part of the work was
funded by the German Research Foundation (DFG) within the
Collaborative Research Center “SFB 1109” and by an Emmy
Noether Grant (SE 2253/3-1), by the Egyptian Ministry of
Higher Education and Ain Shams University, and by the Max
Planck Society.

https://doi.org/10.1021/acs.accounts.2c00789
Acc. Chem. Res. 2023, 56, 1687—1697


https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.accounts.2c00789/suppl_file/ar2c00789_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Seidel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2613-4106
mailto:Robert.Seidel@helmholtz-berlin.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hebatallah+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernd+Winter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5597-8888
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00789?fig=fig8&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

B REFERENCES

(1) Ali, H,; Seidel, R;; Pohl, M. N.; Winter, B. Molecular Species
Forming at the a-Fe,O; Nanoparticle—Aqueous Solution Interface.
Chem. Sci. 2018, 9, 4511—4523.

(2) Ali, H.; Seidel, R.; Bergmann, A.; Winter, B. Electronic Structure
of Aqueous-Phase Anatase Titanium Dioxide Nanoparticles Probed
by Liquid Jet Photoelectron Spectroscopy. J. Mater. Chem. A 2019, 7,
6665—667S.

(3) Ali, H.; Golnak, R.; Seidel, R.; Winter, B.; Xiao, J. In-Situ X-ray
Spectroscopy of the Electric Double Layer around TiO, Nano-
particles Dispersed in Aqueous Solution: Implications for H,
Generation. ACS Appl. Nano Mater. 2020, 3, 264—273.

(4) Zhang, Q.; Uchaker, E.; Candelaria, S. L.; Cao, G. Nanomaterials
for Energy Conversion and Storage. Chem. Soc. Rev. 2013, 42, 3127—
3171.

(5) Kosmulski, M. Isoelectric Points and Points of Zero Charge of
Metal (Hydr)Oxides: SO years after Parks’ Review. Adv. Colloid
Interface Sci. 2016, 238, 1—61.

(6) Hashimoto, K; Irie, H.; Fujishima, A. TiO, Photocatalysis: A
Historical Overview and Future Prospects. Jpn. ]. Appl. Phys. 20085, 44,
8269.

(7) Signorell, R. Electron Scattering in Liquid Water and
Amorphous Ice: A Striking Resemblance. Phys. Rev. Lett. 2020, 124,
205501.

(8) Signorell, R.; Winter, B. Photoionization of the Aqueous Phase:
Clusters, Droplets and Liquid Jets. Phys. Chem. Chem. Phys. 2022, 24,
13438—13460.

(9) Malerz, S.; Trinter, F.; Hergenhahn, U.; Ghrist, A; Ali, H;
Nicolas, C.; Saak, C. M.; Richter, C.; Hartweg, S.; Nahon, L.; Lee, C,;
Goy, C,; Neumark, D. M.; Meijer, G.; Wilkinson, I; Winter, B.;
Thiirmer, S. Low-Energy Constraints on Photoelectron Spectra
Measured from Liquid Water and Aqueous Solutions. Phys. Chem.
Chem. Phys. 2021, 23, 8246—8260.

(10) Tsunekawa, S.; Yamamoto, F.; Wang, K. H.; Nagasaka, M.;
Yuzawa, H.; Takakusagi, S.; Kondoh, H.; Asakura, K; Kawai, T,;
Yoshida, M. Operando Observations of a Manganese Oxide
Electrocatalyst for Water Oxidation Using Hard/Tender/Soft X-ray
Absorption Spectroscopy. J. Phys. Chem. C 2020, 124, 23611-23618.

(11) Kurtz, R. L.; Henrich, V. E. Surface Electronic Structure and
Chemisorption on Corundum Transition-Metal Oxides: a-Fe,O;.
Phys. Rev. B 1987, 36, 3413.

(12) Shimizu, K; Shchukarev, A,; Kozin, P. A.; Boily, J.-F. X-ray
Photoelectron Spectroscopy of Fast-Frozen Hematite Colloids in
Aqueous Solutions. 4. Coexistence of Alkali Metal (Na*, K, Rb*, Cs*)
and Chloride Ions. Surf. Sci. 2012, 606, 1005—1009.

(13) Yamamoto, S.; Kendelewicz, T.; Newberg, J. T.; Ketteler, G.;
Starr, D. E,; Mysak, E. R; Andersson, K. J.; Ogasawara, H.; Bluhm,
H.; Salmeron, M.; Brown, G. E.; Nilsson, A. Water Adsorption on a-
Fe,0; (0001) at near Ambient Conditions. J. Phys. Chem. C 2010,
114, 2256—2266.

(14) Kerherve, G.; Regoutz, A.; Bentley, D.; Hood, C.; Feeley, K;
Knight, S.; Robson, A.; Turner, C.; Singh, N.; Pontefract, J.; Ahlund,
J.; Kahk, J. M; Villar-Garcia, 1. J.; Payne, D. J. Laboratory-Based High
Pressure X-ray Photoelectron Spectroscopy: A Novel and Flexible
Reaction Cell Approach. Rev. Sci. Instrum. 2017, 88, 033102.

(15) Velasco-Velez, J. J.; Pfeifer, V.; Havecker, M.; Weatherup, R. S.;
Arrigo, R;; Chuang, C.-H.; Stotz, E.; Weinberg, G.; Salmeron, M.;
Schlégl, R,; Knop-Gericke, A. Photoelectron Spectroscopy at the
Graphene—Liquid Interface Reveals the Electronic Structure of an
Electrodeposited Cobalt/Graphene Electrocatalyst. Angew. Chem., Int.
Ed. 2015, 54, 14554—14558.

(16) Axnanda, S.; Crumlin, E. J; Mao, B.; Rani, S,; Chang, R;
Karlsson, P. G.; Edwards, M. O. M.; Lundqvist, M.; Moberg, R.; Ross,
P.; Hussain, Z.; Liu, Z. Using “Tender” X-ray Ambient Pressure X-ray
Photoelectron Spectroscopy as a Direct Probe of Solid-Liquid
Interface. Sci. Rep. 2018, S, 9788.

(17) Crumlin, E. J.; Liu, Z; Bluhm, H.; Yang, W. L.; Guo, J. H;
Hussain, Z. X-ray Spectroscopy of Energy Materials under in Situ/

1696

Operando Conditions. J. Electron Spectrosc. Relat. Phenom. 2018, 200,
264—273.

(18) Temperton, R. H.,; Kawde, A; Eriksson, A; Wang, W,;
Kokkonen, E.; Jones, R.; Gericke, S. M.; Zhu, S.; Quevedo, W.; Seidel,
R.; Schnadt, J; Shavorskiy, A.; Persson, P.; Uhlig, J. Dip-and-Pull
Ambient Pressure Photoelectron Spectroscopy as a Spectroelectro-
chemistry Tool for Probing Molecular Redox Processes. J. Chem. Phys.
2022, 157, 244701.

(19) Kolmakov, A.; Dikin, D. A.; Cote, L. J.; Huang, J.; Abyaneh, M.
K.; Amati, M.; Gregoratti, L.; Giinther, S.; Kiskinova, M. Graphene
Oxide Windows for in Situ Environmental Cell Photoelectron
Spectroscopy. Nat. Nanotechnol. 2011, 6, 651—657.

(20) Winter, B.; Faubel, M. Photoemission from Liquid Aqueous
Solutions. Chem. Rev. 2006, 106, 1176—1211.

(21) Dupuy, R; Richter, C.; Winter, B.; Meijer, G.; Schlogl, R;
Bluhm, H. Core Level Photoelectron Spectroscopy of Heterogeneous
Reactions at Liquid-Vapor Interfaces: Current Status, Challenges, and
Prospects. J. Chem. Phys. 2021, 154, 060901.

(22) Bieberle-Hiitter, A.; Bronneberg, A. C.; George, K; van de
Sanden, M. C. M. Operando Attenuated Total Reflection Fourier-
Transform Infrared (ATR-FTIR) Spectroscopy for Water Splitting. J.
Phys. D: Appl. Phys. 2021, 54, 133001.

(23) Belhadj, H.; Hakki, A.; Robertson, P. K. J.; Bahnemann, D. W.
In Situ ATR-FTIR Study of H,0 and D,0 Adsorption on TiO, under
UV Irradiation. Phys. Chem. Chem. Phys. 2015, 17, 22940—22946.

(24) Petit, T.; Puskar, L. FTIR Spectroscopy of Nanodiamonds:
Methods and Interpretation. Diamond Relat. Mater. 2018, 89, 52—66.

(25) Ni, M; Leung, M. K;; Leung, D. Y.; Sumathy, K. A Review and
Recent Developments in Photocatalytic Water-Splitting Using TiO,
for Hydrogen Production. Renewable Sustainable Energy Rev. 2007, 11,
401—425S.

(26) Cao, Y.-Q; Zi, T.-Q.; Zhao, X.-R;; Liu, C.; Ren, Q.; Fang, J.-B;
Li, W.-M,; Li, A.-D. Enhanced Visible Light Photocatalytic Activity of
Fe,0; Modified TiO, Prepared by Atomic Layer Deposition. Sci. Rep.
2020, 10, 13437.

(27) Sivula, K; Le Formal, F.; Gritzel, M. Solar Water Splitting:
Progress Using Hematite (a-Fe,0;) Photoelectrodes. ChemSusChem
2011, 4, 432—449.

(28) Asif, A. H; Wang, S. B; Sun, H. Q. Hematite-Based
Nanomaterials for Photocatalytic Degradation of Pharmaceuticals
and Personal Care Products (Ppcps): A Short Review. Curr. Opin.
Green Sustainable Chem. 2021, 28, 100447.

(29) Zimmermann, R.; Steiner, P.; Claessen, R.; Reinert, F.; Hiifner,
S.; Blaha, P.; Dufek, P. Electronic Structure of 3d-Transition-Metal
Oxides: On-Site Coulomb Repulsion Versus Covalency. J. Phys.:
Condens. Matter 1999, 11, 1657—1682.

(30) Kiejna, A.; Pabisiak, T. Mixed Termination of Hematite (a-
Fe,0,)(0001) Surface. J. Phys. Chem. C 2013, 117, 24339—24344.

(31) Schneider, J.; Matsuoka, M.; Takeuchi, M.; Zhang, J.; Horiuchi,
Y.; Anpo, M.; Bahnemann, D. W. Understanding TiO, Photocatalysis:
Mechanisms and Materials. Chem. Rev. 2014, 114, 9919—9986.

(32) Diebold, U. The Surface Science of Titanium Dioxide. Surf. Sci.
Rep. 2003, 48, 53—229.

(33) Gritzel, M. Photoelectrochemical Cells. Nature 2001, 414, 338.

(34) Thompson, T. L.; Yates, J. T. TiO,-Based Photocatalysis:
Surface Defects, Oxygen and Charge Transfer. Top. Catal. 2005, 35,
197-210.

(35) He, Y.; Tilocca, A.; Dulub, O.; Selloni, A.; Diebold, U. Local
Ordering and Electronic Signatures of Submonolayer Water on
Anatase TiO, (101). Nat. Mater. 2009, 8, 58S.

(36) Walle, L.; Borg, A.; Johansson, E.; Plogmaker, S.; Rensmo, H.;
Uvdal, P.; Sandell, A. Mixed Dissociative and Molecular Water
Adsorption on Anatase TiO, (101). J. Phys. Chem. C 2011, 11§,
9545-9550.

(37) Stern, O. The Theory of the Electrolytic Double-Layer. Z.
Elektrochem. 1924, 30, 1014—1020.

(38) Derjaguin, B.; Landau, L. Theory of the Stability of Strongly
Charged Lyophobic Sols and of the Adhesion of Strongly Charged-
Particles in Solutions of Electrolytes. Prog. Surf. Sci. 1993, 43, 30—59.

https://doi.org/10.1021/acs.accounts.2c00789
Acc. Chem. Res. 2023, 56, 1687—1697


https://doi.org/10.1039/C7SC05156E
https://doi.org/10.1039/C7SC05156E
https://doi.org/10.1039/C8TA09414D
https://doi.org/10.1039/C8TA09414D
https://doi.org/10.1039/C8TA09414D
https://doi.org/10.1021/acsanm.9b01939?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b01939?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b01939?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b01939?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cs00009e
https://doi.org/10.1039/c3cs00009e
https://doi.org/10.1016/j.cis.2016.10.005
https://doi.org/10.1016/j.cis.2016.10.005
https://doi.org/10.1143/JJAP.44.8269
https://doi.org/10.1143/JJAP.44.8269
https://doi.org/10.1103/PhysRevLett.124.205501
https://doi.org/10.1103/PhysRevLett.124.205501
https://doi.org/10.1039/D2CP00164K
https://doi.org/10.1039/D2CP00164K
https://doi.org/10.1039/D1CP00430A
https://doi.org/10.1039/D1CP00430A
https://doi.org/10.1021/acs.jpcc.0c05571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c05571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c05571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.36.3413
https://doi.org/10.1103/PhysRevB.36.3413
https://doi.org/10.1016/j.susc.2012.02.018
https://doi.org/10.1016/j.susc.2012.02.018
https://doi.org/10.1016/j.susc.2012.02.018
https://doi.org/10.1016/j.susc.2012.02.018
https://doi.org/10.1021/jp909876t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp909876t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4975096
https://doi.org/10.1063/1.4975096
https://doi.org/10.1063/1.4975096
https://doi.org/10.1002/anie.201506044
https://doi.org/10.1002/anie.201506044
https://doi.org/10.1002/anie.201506044
https://doi.org/10.1038/srep09788
https://doi.org/10.1038/srep09788
https://doi.org/10.1038/srep09788
https://doi.org/10.1016/j.elspec.2015.06.008
https://doi.org/10.1016/j.elspec.2015.06.008
https://doi.org/10.1063/5.0130222
https://doi.org/10.1063/5.0130222
https://doi.org/10.1063/5.0130222
https://doi.org/10.1038/nnano.2011.130
https://doi.org/10.1038/nnano.2011.130
https://doi.org/10.1038/nnano.2011.130
https://doi.org/10.1021/cr040381p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr040381p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0036178
https://doi.org/10.1063/5.0036178
https://doi.org/10.1063/5.0036178
https://doi.org/10.1088/1361-6463/abd435
https://doi.org/10.1088/1361-6463/abd435
https://doi.org/10.1039/C5CP03947A
https://doi.org/10.1039/C5CP03947A
https://doi.org/10.1016/j.diamond.2018.08.005
https://doi.org/10.1016/j.diamond.2018.08.005
https://doi.org/10.1016/j.rser.2005.01.009
https://doi.org/10.1016/j.rser.2005.01.009
https://doi.org/10.1016/j.rser.2005.01.009
https://doi.org/10.1038/s41598-020-70352-z
https://doi.org/10.1038/s41598-020-70352-z
https://doi.org/10.1002/cssc.201000416
https://doi.org/10.1002/cssc.201000416
https://doi.org/10.1016/j.cogsc.2021.100447
https://doi.org/10.1016/j.cogsc.2021.100447
https://doi.org/10.1016/j.cogsc.2021.100447
https://doi.org/10.1088/0953-8984/11/7/002
https://doi.org/10.1088/0953-8984/11/7/002
https://doi.org/10.1021/jp406946s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp406946s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5001892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5001892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-5729(02)00100-0
https://doi.org/10.1038/35104607
https://doi.org/10.1007/s11244-005-3825-1
https://doi.org/10.1007/s11244-005-3825-1
https://doi.org/10.1038/nmat2466
https://doi.org/10.1038/nmat2466
https://doi.org/10.1038/nmat2466
https://doi.org/10.1021/jp111335w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp111335w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1016/0079-6816(93)90013-L
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(39) Polte, J. Fundamental Growth Principles of Colloidal Metal
Nanoparticles—a New Perspective. CrystEngComm 2015, 17, 6809—
6830.

(40) Guo, D.; Xie, G.; Luo, J. Mechanical Properties of
Nanoparticles: Basics and Applications. J. Phys. D: Appl. Phys. 2014,
47, 013001.

(41) Seidel, R.; Pohl, M. N.; Ali, H.; Winter, B.; Aziz, E. F. Advances
in Liquid Phase Soft-X-ray Photoemission Spectroscopy: A New
Experimental Setup at Bessy Ii. Rev. Sci. Instrum. 2017, 88, 073107.

(42) Cheng, J.; Sprik, M. Acidity of the Aqueous Rautile TiO, (110)
Surface from Density Functional Theory Based Molecular Dynamics.
J. Chem. Theory Comput. 2010, 6, 880—889.

(43) Thiirmer, S.; Seidel, R.; Eberhardt, W.; Bradforth, S. E.; Winter,
B. Ultrafast Hybridization Screening in Fe** Aqueous Solution. J. Am.
Chem. Soc. 2011, 133, 12528—12535.

(44) Seidel, R.; Atak, K.; Thiirmer, S.; Aziz, E. E; Winter, B. Ti*"
Aqueous Solution: Hybridization and Electronic Relaxation Probed
by State-Dependent Electron Spectroscopy. J. Phys. Chem. B 2018,
119, 10607—10615.

(45) Lad, R. J.; Henrich, V. E. Photoemission Study of the Valence-
Band Electronic Structure in Fe,O, Fe;O4 and a-Fe,O; Single
Crystals. Phys. Rev. B 1989, 39, 13478.

(46) Winter, B.; Weber, R.; Widdra, W,; Dittmar, M.; Faubel, M.;
Hertel, I. Full Valence Band Photoemission from Liquid Water Using
EUV Synchrotron Radiation. J. Phys. Chem. A 2004, 108, 2625—2632.

(47) Golnak, R.; Bokarev, S. L; Seidel, R.; Xiao, J.; Grell, G.; Atak,
K,; Unger, L; Thiirmer, S.; Aziz, S. G.; Kuhn, O.; Winter, B.; Aziz, E.
F. Joint Analysis of Radiative and Non-Radiative Electronic Relaxation
Upon X-ray Irradiation of Transition Metal Aqueous Solutions. Sci.
Rep. 2016, 6, 24659.

(48) Krause, M. O.; Oliver, J. Natural Widths of Atomic K and L
Levels, Ko X-ray Lines and Several KLL Auger Lines. J. Phys. Chem.
Ref. Data 1979, 8, 329—338.

(49) Bjorneholm, O.; Nilsson, A.; Sandell, A; Hernnis, B;
Mrtensson, N. Determination of Time Scales for Charge-Transfer
Screening in Physisorbed Molecules. Phys. Rev. Lett. 1992, 68, 1892.

(50) Campbell, J.; Papp, T. Widths of the Atomic K—N7 Levels. At.
Data Nucl. Data Tables 2001, 77, 1-56.

1697

https://doi.org/10.1021/acs.accounts.2c00789
Acc. Chem. Res. 2023, 56, 1687—1697


https://doi.org/10.1039/C5CE01014D
https://doi.org/10.1039/C5CE01014D
https://doi.org/10.1088/0022-3727/47/1/013001
https://doi.org/10.1088/0022-3727/47/1/013001
https://doi.org/10.1063/1.4990797
https://doi.org/10.1063/1.4990797
https://doi.org/10.1063/1.4990797
https://doi.org/10.1021/ct100013q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100013q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja200268b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b03337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b03337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b03337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.39.13478
https://doi.org/10.1103/PhysRevB.39.13478
https://doi.org/10.1103/PhysRevB.39.13478
https://doi.org/10.1021/jp030263q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp030263q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep24659
https://doi.org/10.1038/srep24659
https://doi.org/10.1063/1.555595
https://doi.org/10.1063/1.555595
https://doi.org/10.1103/PhysRevLett.68.1892
https://doi.org/10.1103/PhysRevLett.68.1892
https://doi.org/10.1006/adnd.2000.0848
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00789?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

