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Abstract 

A state-of-the-art experimental setup for soft X-ray photo- and Auger-electron spectroscopy from liquid 

phase has been built for operation at the synchrotron-light facility BESSY II, Berlin. The experimental 

station is named SOL³, which is derived from solid, solution and solar, and refers to the aim of studying 

solid–liquid interfaces, optionally irradiated by photons in the solar spectrum. SOL³ is equipped with a 

high-transmission hemispherical electron analyzer for detecting electrons emitted from small molecular 

aggregates, nanoparticles or biochemical molecules and their components in (aqueous) solutions, either in 

vacuum or in an ambient pressure environment. In addition to conventional energy-resolved electron 

detection, SOL3 enables detection of electron angular distributions by the combination of a +/- 11o
 

acceptance angle of the electron analyzer and a rotation of the analyzer in the polarization plane of the 
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incoming synchrotron-light beam. The present manuscript describes the technical features of SOL³, and 

we also report the very first measurements of soft-X-ray photoemission spectra from a liquid microjet of 

neat liquid water, and of TiO2-nanoparticle aqueous solution obtained with this new setup, highlighting 

the necessity for state-of-the-art electron detection. 

 

Introduction 

Within only one decade, photoelectron (PE) spectroscopy (also referred to as photoemission) from 

aqueous solutions has developed into a vivid field of research.1-10 The introduction of liquid microjets has 

enabled the application of PE spectroscopy to highly volatile liquid-phase samples under vacuum 

conditions. A sketch of the experiment is shown in Figure 1A. Liquid-jet valence PE spectra have been 

mostly measured from aqueous solutions,4 revealing lowest ionization and electron detachment energies 

which are key quantities for understanding aqueous-phase chemical reactions, and moreover the lowest-

energy PE peak from solution can be related to the reorganization energy connected with the change of 

the solute charge state.11,12 Liquid-jet core-level PE spectroscopy has been used to probe with large 

sensitivity the local chemical environment of solutes, which depends for example on solute concentration, 

counter ions, ionic strength, pH, and density depth-profile (typically across the solution – vacuum 

interface).13-16 Local structure variations reflect in changes of the respective core-level binding energies, 

the chemical shifts.15,17 A particularly vital application of core-level PE spectroscopy is the so-called 

depth-profile measurement.16,18,19 Here one exploits the electron-energy dependent travel length, the 

electron elastic and inelastic mean free paths in aqueous solutions, to tune the sensitivity of this method 

from an essentially surface-sensitive to a rather bulk-solution sensitive measurement. Less explored, but 

of large importance for understanding the effect of hydrogen bonding on solute electronic structure, and 

also for the characterization of molecular orientation at the solution interface, are photoelectron angular 

distributions (PADs),20 which will be described below in more detail. 

Liquid-jet photoemission also comprises the detection of electrons emitted due to second-order processes 

which are the electronic relaxations, resulting for instance in the emission of Auger electrons.2 These 

autoionization processes (of which Auger-electron decay is only the local case) were found to be of 

enormous importance for liquid water and hydrogen-bonded systems in general.21,22 Auger spectra, 

measured at a given core-level resonance, play a key role in identifying the bonding interactions in the 

case of strong hybridization, as in transition-metal (TM) – water complexes. Specifically, the electronic 

relaxations following X-ray absorption, metal 2p – 3d transitions, give rise to strong signal enhancements 

of peaks in the valence PE spectrum from which solute and solvent orbital mixing can be identified, 
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entirely based on experimental grounds.23,24 The enhancement results from the interference of electrons 

with the same kinetic energy, but originating from different processes, the (direct) photoionization and the 

Auger decay. The final (autoionization) states are indistinguishable. In the case of weak hydrogen-

bonding interactions, also non-local autoionization processes occur, revealing information on hydrogen-

bond geometry and strength. One process that has gained particular attention is the (core-level) 

ionization-induced Intermolecular Coulombic Decay (ICD), a non-local electronic relaxation pathway in 

which the two positive charges (corresponding to the Auger / autoionization final state) are delocalized 

over two neighboring molecular entities. 25-27 The usually reactive and short-lived di-cationic pairs can be 

identified by a high-kinetic energy shoulder in the respective Auger-electron spectra.22,28 Core-level-

induced ICD in aqueous solutions is an approximately 5% effect compared to the local Auger process, 

however, local and non-local processes become equally important in the presence of ionization-induced 

proton dynamics. The latter is true for strong hydrogen bonding as in H2O (aq) 21 and H2O2 (aq) 29, 

whereas proton dynamics is less important for weaker hydrogen-bonded NH3 (aq) and glycine 30 in basic 

aqueous solution. 

Several technical developments have paralleled the liquid-jet PE spectroscopy, most noticeably ambient-

pressure (AP) PE spectroscopy,31-35 i.e., PE spectroscopy at pressures above the vapor pressure of most 

common solvents (typically >5 mbar), as well as the detection of photoelectrons through a thin (typically 

few graphene layers) membrane. 36-38 These techniques, unlike the liquid-jet technique, enable PE 

spectroscopy studies from the solid–solution interface, and thus allow for operando studies of 

(photo)electrochemical processes occurring at electrodes in solution. As depicted in Figure 1B, AP-PE 

spectroscopy is applied to a thin water film deposited on top of the solid surface;31 often an electrode 

material such as TM-oxide. Two methods have been used for preparing liquid films of only few-layer 

thickness, i.e., smaller than the electron mean free path, even for electron energies near 100 eV kinetic 

energy. One approach is the so-called dip & pull method to create a stable nanometers-thick aqueous 

electrolyte film on a working-electrode surface.32,35 The other method is the condensation of a thin 

electrolyte film on a solid substrate, stabilized at suitable relative humidity and temperature.31,34,39 In the 

case of a photoelectron-transparent graphene membrane, sustaining pressure differences of six orders of 

magnitude,36,38 the membrane can simultaneously serve as a support for a thin film of the electrode 

material. Both types of film preparations will be used with SOL³. 

Our motivation for establishing SOL³ for photoemission studies from liquid phase at BESSY II was 

driven by the following quests: 

(1) Maximization of detection sensitivity in order to measure signal from poorly soluble molecules; 
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(2) Simultaneous detection of electrons emitted at different angles from the solution – air / vacuum 

interface; 

(3) Detection of electrons emitted from the solid–solution interface. 

(4) Detection of all photoemission channels, i.e., direct valence and core-level photoionization, as well 

as local and non-local autoionization channels upon core-hole ionization and excitation, from the 

solution – solid interface. 

(5) All of the above applied for vacuum and AP conditions. 

 

Valence and core-level PE spectra have been reported for many atomic ions and for a large number of 

most relevant organic and inorganic molecules which are sufficiently soluble in water.2,4 Typically, 

concentrations >0.1-0.5 M were needed in previous experiments; in the case of surface-active molecules 

much lower concentrations are sufficient.40 We were unable to obtain adequate signal-to-noise valence PE 

spectra from many molecular systems of biological and catalytic interest, including nucleobases, 

porphyrins, and hemin. Also, no electron signal from any TM-oxide nanoparticle (NP) dissolved in water 

has been detected with our previous LiquidPES setup. Below, we show that with SOL³ high-quality 

(resonant) PE spectra and the derived partial electron-yield X-ray absorption (PEY-XA) spectrum from 6-

nm diameter TiO2 NPs (5 wt% in water) can be obtained, using the identical X-ray photon flux and focal 

size as in previous experiments with the old LiquidPES setup, within an appreciably short collection time. 

Previously, core-level PE spectra from TM-oxide NPs have been reported for aqueous-phase TiO2 (20 nm 

diameter) 41 and SnO2 (20 nm) 42 using also state-of-the-art electron detection. The first photoelectron 

spectra from NPs (aq) were for SiO2 (10 nm)43 which can be prepared at rather high concentration, and 

signal is appreciably large. Photoelectron angular distributions from aqueous solution provide insight into 

the effect on hydrogen-bonding on the orbital structure, and in addition reveal information on electron 

scattering in solution.20 Specifically, the broadening of the PAD, and hence decrease of the anisotropy 

parameter β, with respect to the gas-phase distribution is directly connected with the electron elastic-to-

inelastic scattering cross-section ratio. For sufficiently small electron kinetic energies, <100 eV, for 

which a significant anisotropy in the PAD remains, information about the orbital characters can be 

extracted from the PE spectra. Reduction in the anisotropy with respect to the gas phase can be used to 

estimate the electron inelastic mean free path (IMFP) relative to the elastic mean free path (EMFP). 

Furthermore, if the kinetic energy is within the range of small inelastic mean free path, interfacial 
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molecular orientation can be revealed. To date, however, aqueous-phase PADs and their implications 

have been little explored. The one case for which βs have been determined based on the measurement of 

full PADs is the oxygen 1s ionization of neat liquid water, using a liquid microjet.20 In fact, the 

experimentally determined βs have provided insight into electron scattering, enabling an estimate of the 

related probing depth into water. Specifically, the related electron attenuation length (EAL) was found to 

not exhibit the minimum near 100 eV kinetic energy of the universal mean free path curve; values for < 

100 eV stay low, at least down to approximately 20 eV kinetic energy. 19,20 The electron analyzer used 

with SOL³ can be operated in a so-called angular mode which enables the simultaneous detection of 

photoelectrons within +/- 11° angle. Due to the overall high electron transmission data-acquisition time 

for a full oxygen 1s water PAD (covering angles 0o to 90o) will be reduced by a factor of approximately 

20 as compared to earlier measurements.20 

In our previous photoemission studies from liquid microjets we have demonstrated that the complete 

understanding of the electronic structure of aqueous solutions requires the measurement of both 

photoelectron and autoionization spectra. These very powerful spectroscopic methods, including 

aforementioned non-local ICD, will be also extremely useful to apply to the solution – solid interface. The 

challenge here is to detect Auger electrons at their given kinetic energies (~500 eV for O1s core-hole 

relaxation, ~400 eV for N1s,30 ~700 eV for Fe 2p 23) which cannot be altered, and hence the electron 

probing depth into the solution is fixed, and it is rather small.19,20 To date, these second-order electrons, 

from which the PEY-XA spectra can be readily generated, have not been spectroscopically detected from 

any solid–solution interface. Such spectra have been instead approximated by measuring the electron 

current at an anode electrode within the electrolyte solution; the particular experiment was performed for 

neat water at a gold surface.44,45 Lacking the spectroscopic information though, electrons originating from 

different processes, and being emitted at a different distance from the electrode, cannot be distinguished. 

An exploration of the spectroscopic routes is a major goal once SOL³ is upgraded and equipped for 

preparing and characterizing thin water and electrolyte films on suitable substrates. Likewise, for the 

study of electro(photo) chemical reactions at the electrode–solution interface, particularly water splitting, 

a suitable flow cell will be implemented. 

The following section is a technical description of SOL³, presently equipped for conducting liquid-jet soft 

X-ray photoemission studies. First measurements with the new setup, exemplified for neat water and TiO2 

NP aqueous solution are presented, highlighting the efficient electron detection using SOL³. 

 

SOL³ – Description and specifications 
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SOL³ consists of three main components, the interaction chamber (IC), the electron detector, and a 

differential pumping unit (DP), all shown in Figure 2. The setup can be easily moved between different 

beamlines at BESSY II. 

Interaction chamber: The 27 x 27 x 42 cm3 cube of non-magnetic stainless steel houses the liquid jet 

mounted on an x-y-z manipulator, holds the hemispherical electron analyzer (EA), and provides a port for 

the X-ray beam entering the chamber. Additional ports accommodate cooling traps, observation windows, 

ion gauges, and simple diagnostics to facilitate positioning of the X-ray beam. Spare ports are available 

for future installation of crystal holders, gas inlets, (photo)electrochemical cell, for adaption of a load-

lock chamber, and for feeding in UV/optical light. The chamber is evacuated down to 10-6 mbar within 20 

minutes by a 1600 l/s non-corrosive turbomolecular pump; this pump is mounted on a separate 300 mm 

diameter stainless-steel cylinder connected to the interaction chamber. When running the liquid jet 

(typically 10-25 �m diameter) experiment the pressure in the IC is as low as 10-4 mbar, using one or more 

cold traps (metal cylinders with approximately 1000 cm2 surface area each) filled with liquid nitrogen. 

Studies from liquid jets in a higher vapor-pressure environment, or any liquid-surface (stabilized at the 

respective relative humidity) ambient-pressure studies can be performed up to pressures equivalent to 20 

mbar H2O or 50 mbar N2 at the sample position. 35,46 

Emitted electrons can be detected at any angle between 90° to 0° (one quadrant), including the magic 

angle 54.7°,47 with respect to the polarization vector of the synchrotron light which is typically in the 

floor plane. For that SOL³ is equipped with an easy-to-use swing mechanism, allowing for quick rotation 

of the EA about the synchrotron-light beam (see Figure 2). Rotation is done manually, using a pulley. To 

rotate the analyzer, breaking the vacuum is necessary. 

The IC is mounted on an adjustable aluminum frame, designed to achieve maximal mobility and 

flexibility in terms of experimental needs. This enables to operate SOL³ at different beamlines to match 

the given experimental requirements. The whole setup is on wheels, allowing for easy relocation. Once 

the setup is connected to the beamline port, and anchored on four solid pillars, the �m-fine-positioning 

can be carried out. Rails (in x- and y-direction) and a swivel joint are mounted for translation in x- and y 

directions and for rotating the whole chamber in the x-y-plane; see Figure 2. Threads at the pillars allow 

for height adjustment (z direction) and for rotating in the x-z- and y-z-plane.  

Unwanted magnetic fields, in particular the earth magnetic field, are compensated by a Helmholtz-coil 

arrangement. Each of the three pairs of coils is powered separately. Currents are optimized to yield zero 

magnetic field, measured with a Hall sensor in front of the electron analyzer. The dimensions of the coils 

are: pair 1 (with magnetic field along the beamline axis) has 54 cm diameter and 27 cm distance from the 
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point where electrons are detected; pair 2 (along the analyzer axis) has 24 cm diameter at 27 cm distance; 

coil pair 3 (along jet axis) has 21 cm diameter at 27 cm distance.  

Electron analyzer: The electron spectrometer Scienta Omicron R4000 HiPP-2 is a high-resolution 

hemispherical electron energy analyzer developed for photoelectron spectroscopy using excitation 

energies ranging from UV to hard X-ray, suited for operation under ambient-pressure conditions up to 

tens of millibars. Detailed specifications can be found in reference 46 and on the Scienta Omicron website: 

http://www.scientaomicron.com/en/products/354/1179 (date: June 2017). Our spectrometer consists of a 

pre-lens and an electrostatic lens system for imaging electrons of different energies (5 - 6000 eV) which 

are then guided into the section containing the two electrostatic hemispheres (radius of the outer 

hemisphere 200 mm). Electrons with a given preset pass energy (+/- 8% distribution) are imaged onto a 

2D detector, consisting of a micro-channel plate and CCD camera. AP-operation of the R4000 HIPP-2 

analyzer is accomplished with the help of multi-stage pumping. Below, the most important features and 

specifications of the analyzer are described. 

Lens modes: The Scienta R4000 HiPP-2 offers two data acquisition modes: transmission mode and 

angular mode. Transmission mode is the standard method of lens operation. It produces an image of the 

sample at the detector, and is intended for large-spot analysis of relatively homogeneous samples. 

Transmission mode maximizes the total transmission through the lens at a constant magnification of 

about 5. The spatial resolution in transmission mode is approximately 300 μm. Angular mode is a special 

way of lens operation in which the emission angle distribution is imaged. The novel refocusing design of 

the pre-lens enables the simultaneous detection over 22 degrees. The angular resolution is dependent on 

the emission spot size, with smaller spot sizes giving the highest resolution. At 0.1 mm spot size the 

angular resolution is better than 0.3°.  

Energy range and resolution: The total energy detection range is 5 – 10000 eV in transmission mode, and 

10-10000 eV in angular mode. Nine different sizes of the entrance slit to the hemisphere are available: 0.2 

x 25 mm2 (curved), 0.3 x 30 mm2 (straight), 0.3 x 25 mm2 (curved), 0.5 x 30 mm2 (straight), 0.5 x 25 mm2 

(curved), 0.8 x 25 mm2 (curved), 1.5 x 30 mm2 (straight), 2.5 x 30 mm2 (straight), and 4.0 x 30 mm2 

(straight). The best energy resolution is 15 meV at 500 eV kinetic energy, using a 10 μm beamline slit, 

and 70 meV at 10 000 eV kinetic energy. 

Ambient-pressure operation: Three aperture cones, of 300, 500, and 800 μm pinhole diameter, can be 

mounted in front of the analyzer entrance (the section housing the electrostatic lenses), serving as 

differential pumping stage. The larger angle acceptance in the case of larger diameters allows for higher 

electron transmission but leads to higher pressure in the region of the first imaging lens system, ruling out 
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measurements under AP conditions. The entire analyzer unit comprises four separately pumped sections, 

three of which are part of the lens system, and the fourth is the hemisphere chamber. Each lens section is 

equipped with two 250 l/ s turbo pumps, and a single turbo pump is mounted at the analyzer chamber; 

turbo pumps are backed up by 10 l/s scroll pumps.  

Detector unit: The final detector producing electron signal consists of two multichannel plates (MCPs) 

and a 40 mm-diameter phosphorous screen which generates a 2D (energy by position/angle) image of the 

electrons. This image is recorded by a CCD camera which is mounted on a viewport on the non-vacuum 

side. The detector image registered by the CCD camera corresponds to a rectangle of 560 simultaneous 

energy channels and 460 channels in the spatial/angular dispersion, and is controlled by the choice of lens 

mode. 

 

Differential pumping unit: A (15 cm)3 cubic three-compartment chamber connects the IC with the 

refocusing chamber (RC) of the X-ray beamline; see Figure 2. Both connections are via flexible bellows. 

The compact design of the DP allows for use of SOL³ at beamlines with different focal lengths; minimum 

length between the exit flange of the last beamline chamber and the point of light interaction with the 

sample is 65 cm. The purpose of the DP is to maintain a <10-8 mbar pressure in the RC for any pressure in 

the IC. In the extreme case of ambient-pressure conditions this is accomplished with the help of three 250 

l/s turbo pumps, one for each compartment, and in addition the compartment closest to the IC is equipped 

with a liquid nitrogen cold trap. Small apertures aligned along the light path connect the compartments; 

pinhole sizes are 1, 2 and 3 mm (from IC to RC). To further assist in guiding the light beam through the 

DP small areas around the pinhole are covered with a film that fluoresces when hit by the X-ray beam. 

 

Photoemission measurements 

This section presents two liquid-jet PE measurements obtained with SOL³ during a dedicated 2-weeks 

commissioning period in 2016. Photoelectron spectra from both neat liquid water (with 0.05 M NaCl 

added to increase conductivity) and aqueous 6-nm TiO2 NPs (anatase phase, 5wt%) were measured by 

introducing a 24-μm liquid jet into the IC. Experiments were conducted at the U49/2-PGM-1 undulator 

beamline of BESSY II, Berlin. This beamline provides a reasonably small focal size of 20 x 80 μm2 at 

high photon flux/intensity (5·1013 ph/s/0.1A/0.1% band width at 150 eV photon energy) and assures that 

the (water) gas-phase signal contribution to the total (photo)electron signal is much smaller than the 

signal from aqueous phase. The jet velocity was approximately 60 ms-1, and the jet temperature was 12 
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°C, similar to our previous studies.3 Electrons were detected with the R4000 HIPP-2 electron analyzer, 

where we used a 500-μm diameter orifice (entrance to the EA) at approximately 500 μm distance from the 

liquid jet. These distances and apertures are found to be a good balance between electron collection 

efficiency, determined by the solid angle, and the pumping efficiency in the lens region. While the 

electron-collection efficiency increases with aperture size, and decreases with aperture distance, the 

pumping efficiency increases with aperture distance and decreases aperture size. 48,49 A pressure of 10-7 

mbar was obtained in the lens region, and 10-8 mbar in the MCP region, while the pressure in the IC was 

5·10-4 mbar. 50 The detection angle was set to 90° with respect to the light polarization vector. Further 

details are described below for each experiment. 

 

We first present in Figure 3 the valence PE spectrum of neat liquid water, exhibiting signals from all three 

outer-valence orbitals, 1b1 (11.31 eV binding energy (BE)), 3a1 (~13.5 eV BE), and 1b2 (17.4 eV BE). 51 

The spectrum has been collected within only 200 s. The photon energy was 165 eV (in the 300 mA 

BESSY II top-up mode), and the energy resolution of the beamline was 10 meV. The detector slit of the 

electron analyzer was set to 0.5 x 30 mm2, corresponding to 25 meV nominal energy resolution for 20 eV 

pass energy used here. Under the given experimental conditions, the signal contribution due to ionization 

of gas-phase water to the total signal is approximately 10% which is best seen when considering the 

ionization of the water 1b1 orbitals (see labels in the figure); these two contributions have only little 

spectral overlap. In all our previous measurements 4 it was impossible to obtain an as smooth line 

spectrum within reasonably short collection time. Not only were collection times long, on the order of one 

hour, also the energy resolution of both X-rays and the electron analyzer had to be fairly small in order to 

obtain sufficiently large photon flux and electron transmission, respectively. To be more specific, the 

count rates in Figure 3 are approximately a factor of 30 larger than in previous measurements from a 

water liquid jet, for a comparable liquid-to-gas signal ratio and similar experimental settings. And at the 

same time the large transmission of the EA, even at the chosen moderate energy resolution of 25 meV for 

20 eV pass energy, is sufficient to well resolve the vibrational states of gas-phase water; these are the 

distinct peaks between 12-13 eV BE for water 1b1, and the comb-like structures on the high-BE sides of 

the water 3a1 and 1b2 orbitals. Although the water spectrum in Figure 3 does not provide any new 

information on the electronic structure of liquid water, the spectrum gives an idea how the increased 

detection sensitivity can be exploited for future photoemission studies from low-concentration (aqueous) 

solutions. We also anticipate that low electron signal from the solid–solution interface can be detected 
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with fair statistics in cases where the electron inelastic mean free path is small. To illustrate the new 

possibilities offered by SOL³ we next present photoemission spectra from TiO2 NPs in aqueous solution.  

The main challenge in performing photoemission studies from aqueous-phase metal-oxide NP is to 

identify a spectral signature of the NP – solution interface. Titanium dioxide NPs are of particular 

importance because of the central role this material plays for artificial photosynthesis, capable to perform 

catalytic water splitting. A yet debated issue is the exact nature of the immediate interface, and there is 

accumulating evidence that both dissociated and molecular water exist in the first monolayer. One picture 

that arises is that the energetic cost of water dissociation is reduced via the formation of some hydrogen-

bonded hydroxyl – water complex, 31,52 HO···H2O. These strongly bound complexes act as nucleation 

centers for water adsorption. Experimentally, one thus anticipates observing at least three different types 

of signal in the O1s photoemission spectra, from NP lattice oxygen, from the HO···H2O interfacial 

complex, and from bulk water, both in direct and resonant photoemission (RPE). No solute-derived TiO2 

NP signal from on- and off-resonant measurements has been detected in our earlier attempts. 

Figure 4 A shows a series of photoemission spectra from a 5 wt% aqueous solution of 6-nm TiO2 anatase 

NPs measured across the onset of the oxygen 1s resonance. Total collection time was only 30 minutes. 

NPs were stabilized by adding nitric acid (0.1 M). The bottom spectrum, measured at 529 eV photon 

energy, which is just slightly below any O 1s resonance, is essentially the valence spectrum of neat water 

shown in Figure 3. That is, contributions from solute ionization are very small, almost unnoticeable. A 

strong peak at ~520 eV KE is due to ionization of the water O 1s orbital with second-order light (1058 

eV) which was deliberately used here for an unequivocal energy calibration. When increasing the photon 

energy to 530.5 eV the appearance of new small spectral features in the 504 - 511 eV KE range can be 

noticed (highlighted in red (1), green (2), and light-blue (3)). Near 533.5 eV photon energy a strong signal 

increase indicates the onset of the X-ray absorption pre-peak of bulk water with maximum at 535 eV. 53 

This energy corresponds to the water O 1s → 4a1 excitation, and the observed electron signal is due to the 

subsequent Auger decay.54  

We have demonstrated in several previous studies on TM atomic ions (aq) that electron-signal 

enhancements in the valence photoelectron spectra at resonant 2p core-level excitation can identify 

otherwise undetectably small signals.23,24 This is also the case here, reflected in aforementioned peaks 1, 

2, and 3. Peak 3 can be assigned to a spectator Auger decay of the stabilizing NO3
- (aq) anions; there is 

also a contribution from NO3
- spectator Auger electrons at 515 eV kinetic energy. The assignment to NO3

- 

photoemission is based on comparative measurements at the oxygen 1s edge from HNO3 aqueous 

solutions, presented in Figure 4B for 0.5 M concentration. Below we provide evidence that NO3
- in bulk 
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aqueous solution, and NO3
- adsorbed at the NPs have slightly different electronic structures. Peak 2 in 

Figure 2A is due to Auger-electron emission from the (lattice) oxygen coordinated to the titanium atoms, 

in agreement with a previous assignment from experimental oxygen 1s absorption spectra from crystalline 

TiO2 in contact with water; see e.g. reference 55. One notices that peak 2 moves to larger kinetic energies 

with decreasing photon energy, appearing at similar binding energies as peak 3 once the excitation photon 

energy is below 531.5 eV. This suggests that peak 2 is not due to a single species, and it cannot be the 

signature of a given species in an identical chemical environment. The weak peak 1 can be assigned to an 

interfacial species, resulting from the interaction of water molecules with the TiO2-NP surface, as will be 

detailed with the help of the O 1s PEY-XA spectra.  

PEY-XA spectra from the 5 wt% TiO2 NP and the 0.5 M HNO3 aqueous solutions are presented at the 

right side of panels A and B of Figure 4. These spectra were obtained by integration of the signal 

intensities of each RPE spectrum, in the 529 – 534 eV photon-energy region. The occurrence of two 

maxima in the PEY-XA spectrum from the NP aqueous solution at 530.8 (peak A) and 532.2 eV (peak B) 

photon energy, which are absent for neat liquid water (spectra not shown here; see e.g., ref 53), is 

unequivocally assigned to the photoemission from solute. These signals correlate with peaks 1-3 in the 

RPE spectra. Peak A is hence primarily due to lattice oxygen, peak 2, and peak B largely arises from 

adsorbed NO3
-, peak 3, and from adsorbed OH-, peak 1. Our assignment to adsorbed NO3

- is based on the 

fact that at the low concentrations of the present study all HNO3 molecules will dissociate into NO3
-(aq) 

and H+(aq) (H3O
+(aq)).17 A large fraction of the nitrate anions will inevitably interact with the positively 

charged NP surface, for which we have measured a positive zeta potential. A more direct experimental 

distinction between absorbed and fully hydrated NO3
- is an observed 150-meV energy difference of peak 

B (Figure 4A) and the corresponding peak B’ (Figure 4B); the larger energy is measured for the fully 

hydrated NO3
-. The qualitative explanation for adsorbed OH- is the low pH, such that free OH- molecules 

do not exist in solution. Also, our O 1s RPE spectra from NaOH aqueous solution (see e.g. reference 54) 

exhibit OH- signal in the very similar energy range as observed for the NP solutions. 

Our preliminary measurements from TM-oxide NPs in aqueous solution clearly demonstrate the great 

value of RPE spectroscopy for future studies on the behavior of water adsorption on metal oxides for an 

advancement of engineering molecular systems in energy and materials research. 

In summary, SOL³ is a well suited tool to address many of the current scientific and technological 

challenges which are based on processes in aqueous phase. For that an understanding of the various 

aspects of electronic-structure interactions is required, exploiting the unique versatility, design, and 

parameters of SOL³. 
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Figure captions 

 

Figure 1 Different methods to investigate liquid samples in the SOL³ interaction chamber. (A) 

Liquid-microjet technique using a capillary for creating a laminar flow which is irradiated by soft X-rays. 

(B) Liquid layer condensed on an electrode surface; the film is equilibrated under ambient-pressure 

conditions. Soft X-rays are used for the photoemission experiments from the liquid–solid interface. 

 

Figure 2 SOL³ setup with the hemispherical electron analyzer in two different detection positions 

(90° and 15° emission angle). Components for (fine-) adjusting of the frame and the analyzer are 

indicated. (A) Interaction chamber. (B) Sketch of the analyzer and electron lens (e. g. L1) and pre-lens (e. 

g. L1p) systems. Typical pressures are shown. (C) Top view of the three-component differential pumping 

unit. This unit is mounted on the backside of the main vacuum chamber, and cannot be seen in the main 

Figure 2. 

 

Figure 3 Valence photoelectron spectrum of neat liquid water measured at 165 eV photon energy. 

Emission contributions from the three valence orbitals, 1b1, 3a1, and 1b2, are labeled. Subscripts l and g 

indicate the contributions from liquid and gas-phase ionization, respectively. Binding energies are with 

respect to vacuum. 

 

Figure 4 A) Oxygen 1s resonant photoelectron spectra from 6-nm diameter TiO2 NP (anatase 

phase) aqueous solution. The fraction of the partial electron yield X-ray absorption (PEY-XA) spectrum 

obtained by integration of the intensities of the respective PE spectra is shown at the right side. The 

contribution from the TiO2 NPs is highlighted in red and green, the contribution from the HNO3 stabilizer 

is marked in blue. B) Oxygen 1s RPE spectra and derived PEY-XA spectrum from 0.5 M HNO3 aqueous 

solution.  
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