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information on the solid–liquid interface is crucial but remains extremely challenging. Here, X-

ray absorption spectroscopy (XAS) is used to study the solid–liquid interface between TiO2 and 

H2O. A thin film (6.7 nm) of TiO2 is deposited on an X-ray transparent SiNx window, acting as 

the working electrode in a three-electrode flow cell. The spectra are collected based on the 

electron emission resulting from the decay of the X-ray-induced core-hole-excited atoms, which 

we show is sensitive to the solid–liquid interface within a few nm. The drain currents measured 

at the working and counter electrodes are identical but of opposite sign. With this method, we 

found that the water layer next to anatase is spectroscopically similar to ice. This result 

highlights the potential of electron-yield XAS to obtain chemical and structural information with 

a high sensitivity for the species at the electrode–electrolyte interface. 
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Solid–liquid interfaces are ubiquitous and involved in numerous natural processes and 

practical applications, such as wetting, corrosion, (electrochemical) catalysis, energy storage, etc. 
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Determining the composition, structure, and chemical state of interfaces, in particular the 

structure of liquids near electrodes, is crucial to obtain a molecular/atomic understanding of the 

interfacial processes needed to further improve their applications. Currently, this is hampered by 

the shortage of appropriate characterization tools.1,2 Tools based on electrons are powerful but 

suffer from impedingly strong attenuation by the liquid phase, whereas those based on photons 

typically provide mostly information on the bulk phases.    

Soft X-ray absorption spectroscopy (XAS) can provide information on both bulk phases 

of most materials and on their interface with the surrounding environment, i.e. vacuum, gas, or 

liquid. X-ray absorption can be measured directly by attenuation of the primary photons during 

transmission or indirectly by measuring decay products, fluorescent photons or electrons, 

produced by the decay of excited core-hole states of the atoms absorbing the X-ray photons. 

XAS is bulk sensitive when measured in transmission or via fluorescence. Conversely, in the 

electron yield mode XAS can be highly interface sensitive. 

For the solid–vacuum interface only electrons excited near the surface contribute to the 

measured signal. Soft X-ray absorption leads to the emission of Auger electrons with kinetic 

energies of hundreds of eV, generating a cascade of secondary electrons as they propagate 

through the material. Near the interface they can escape into the vacuum. Deeper in the sample 

the electrons and ions recombine before the electrons reach the surface. The electrons that escape 

into the vacuum can be measured directly or the so-called drain current is measured, flowing to 

the sample to neutralize it. Because electron-yield XAS in vacuum gives information on the 

(near) surface, electron-yield XAS within a liquid cell has also been expected to be sensitive to 

the solid–-liquid interface.3,4 
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XAS combined with liquid cells enclosed by pressure-resistant, X-ray transparent 

membranes hold the promise of being an excellent technique to probe solid–liquid interfaces. 

The first XAS experiments on solid–liquid interfaces with the current measured at the sample 

(working electrode) were performed on H2O–Au and H2SO4(aq)–Pt interfaces by probing the O 

K-edge excitation at different bias potentials.3,4 Interface sensitivity was assumed from the short 

inelastic mean free path in water for electrons excited near the interface, hence molecular level 

understanding of the water–Au adsorption structure and the chemical species near the Pt 

electrode were derived. In addition to O K-edge spectra, L-edge spectra of Ni and Cu at the 

interfaces of Ni–NaHCO3(aq) and Cu–CH3OH(aq) were reported,5 further supporting that 

electron-yield XAS provides information on the solid–liquid interface.  

 Recently, an alternative configuration was introduced based on measuring the ionic 

current at the counter electrode,6,7 connected to the positive end of the ammeter with its negative 

end connected to the working electrode (the sample). This configuration was thereafter referred 

to as “total ion yield”. Based on the macroscopic travel distances of ions in liquids, it was 

claimed that the total ion current contains information predominantly from the bulk liquid rather 

than the interface.7 This total ion yield was afterwards used alongside fluorescence yield to probe 

the L edge of Fe(NO3)2(aq),6 the C K edge of aqueous dispersions of carbon quantum dots,8 and 

the Mn K edge of aqueous Mn salts.9 However, the spectra obtained via total ion yield differed 

significantly from the truly bulk-sensitive fluorescence yield spectra. 

 In this letter we show that: (a) the total electron yield and the total ion yield currents are 

identical but of opposite sign, as expected from charge conservation, and (b) both currents are 

very sensitive to the interface region extending a few nm into the liquid. The interface sensitivity 

allows us to reveal a thin ice-like water layer at the interface with anatase TiO2. 
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The electrochemical flow cell used in this study (Figure 1) was made of PEEK 

(polyether ether ketone), a highly electrically insulating material,10 and sealed by an X-ray-

transparent 100-nm-thick SiNx membrane. Onto this membrane, a layered structure comprising 

TiO2/Au/Cr was deposited with respective thicknesses of 6.6/10/2 nm, with TiO2 facing the 

water inside the cell. The TiO2 was deposited using plasma-enhanced atomic layer deposition 

after Au and Cr were deposited using thermal evaporation. Infrared spectroscopy (Section S2, 

supporting information) revealed that the structure of the TiO2 is that of the anatase phase. 

 The cell was loaded in the end station of the IOS beamline at the National Synchrotron 

Light Source-II, at the Brookhaven National Laboratory,11 and at beamline 8.0.1 at the Advanced 

Light Source, at the Lawrence Berkeley National Laboratory. Deionized H2O (Milli-Q 18.2 MΩ) 

was used without further degassing. As a reference, the X-ray absorption spectra for the same 

TiO2/Au/Cr stack on SiNx were also measured under ultrahigh vacuum (UHV), using total 

electron yield. 

Drain currents in this study were measured at the counter electrode with the working 

electrode grounded (Figure 1a), or at the working electrode with the counter electrode grounded 

(Figure 1b). The choice of electrode where the current is measured determines the name used: 

“total ion yield” if measured at the counter electrode (Figure 1a)6–9 and “total electron yield” if 

measured at the sample/working electrode (Figure 1b).3–5 To avoid confusion, here we refer to 

them as counter-electrode drain current (Figure 1a) and working-electrode drain current (Figure 

1b). Note that the total electron yield as depicted in Figure 1b is different from the “one-

electrode” total electron yield described in Ref.,12 in which, by keeping the counter electrode 

floating, no signal from inside the cell could be measured.  
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Figure 1. Electrochemical flow cell, filled with pure H2O, showing the sample (working 

electrode) comprising three layers: TiO2 (6.6 nm, white) facing the electrolyte, Au (10 nm, 

yellow), and Cr (2 nm, blue) on a free-standing, X-ray-transparent SiNx film (100 nm×1 mm2, 

green), supported on a Si frame (gray). Drain currents are measured at the counter electrode (a) 

or at the working electrode (b), each with the other electrode grounded. 

Comparison of the counter-electrode and working-electrode drain currents shows that 

they are inverted relative to each other but otherwise practically identical (Figure 2a). This is 

emphasized by the near complete overlap between the inverted working-electrode drain current 

and the counter-electrode drain current (Figure 2b), clearly showing that both signals contain the 

same information. 

Spectroscopically, the Ti L-edge spectra (Figure 2) contain all the features typically 

observed for TiO2, which are ascribed to Ti 2p→3d transitions. The L edge is split into two 

components because of spin-orbit coupling. These two are labeled L3 and L2 and related to 

excitation from Ti 2p3/2 and 2p1/2, respectively. Both components are further divided into two 

peaks, originating in the crystal-field splitting of the Ti 3d band and assigned to Ti 2p→t2g and 

2p→eg. Finally, the L3-eg peak comprises two closely spaced maxima with their relative intensity 

depending on, among other things, the TiO2 crystal structure.13,14 The origin for the L3-eg 

splitting is debated: short-scale distortions in the bonding in the TiO6,13,14 range distortions 
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between octahedrons,15,16 and dynamic coupling of electronic and vibrational states17,18 have 

been proposed.  

 

 

  

Figure 2. Ti L-edge spectra of TiO2 in deionized water (a), measured via the counter-electrode 

(black) or via the working-electrode drain current (blue). Similarities are highlighted by inverting 

and overlaying the working-electrode drain current (b).   

Both the counter and working-electrode drain currents originate in X-ray absorption at 

the working electrode–liquid interface because Ti is only present in the 6.6-nm-thick TiO2 film 

in the working electrode. The TiO2 film was stable for hours in the liquid under irradiation by the 

X-ray beam, indicating negligible leaching of Ti and/or redeposition on the counter electrode (a 

Pt wire). Furthermore, the soft X-rays are fully absorbed by the liquid and cannot reach the 

counter electrode (transmission of X-rays up to 1 keV through 0.15 mm H2O is less than a 

ppm,19 and the typical electrode separation is several millimeters). 
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It may seem counter-intuitive that the spectrum of the H2O–TiO2 interface can be 

measured via the counter-electrode drain current, given the short inelastic mean free path of 

electrons in liquids, around 1–2 nanometers.20 The mechanism of the charge transfer from 

working to counter electrode is not yet clearly understood. However, a crucial step is the 

emission of energetic Auger and secondary electrons from the working electrode into the liquid, 

ionizing the liquid, and leading to a multitude of positive ions and secondary electrons. As the 

electrons lose energy, they may recombine with cations, get attached to neutral molecules 

creating anions, or become solvated electrons. In this thermalization process, a cascade of 

charged species is generated, possibly with longer lifetimes and diffusion lengths. The transport 

pathway of these species is interesting and deserves careful investigation, likely needing 

additional experiments. This is, however, outside of the goals of this work.  

The observation that both drain currents carry the same signal is not unexpected because 

the cell walls are electrically insulated. To maintain charge neutrality, all electrons flowing into 

the liquid cell via one electrode must be balanced by the same number of electrons leaving the 

cell via the other electrode. The spectra are inverted because they represent the same current 

measured in opposite directions. In Figure 2, the current was such that electrons entered the cell 

via the counter electrode and left via the working electrode. Even though X-ray absorption 

initially leads to the emission of Auger (and secondary) electrons from the working electrode 

into the liquid, more secondary electrons generated in the liquid leave the cell via the working 

electrode. Because both drain currents are essentially the same signal, distinction between “total 

ion yield and “total electron yield” is not very meaningful. It is also confusing because total ion 

yield XAS is employed in liquid-jet experiments or in ionization chambers, where the primary 

ionized atom can actually be measured.21,22 The solid–liquid XAS measurements resemble more 
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the conversion electron yield detection, which has been established for XAS on the solid–gas 

interface.23  

Focusing on the O K-edge spectrum of the TiO2–H2O system (Figure 3a), the spectral 

features of TiO2 can be clearly recognized between 530 and 535 eV, partially overlapping with 

features from the oxygen of H2O above approximately 535 eV. Comparing the TiO2–H2O 

spectrum with that obtained from TiO2 alone, i.e. in UHV (Figure 3b), shows the H2O 

contribution to the TiO2–H2O spectrum is modest, further confirming the surface sensitivity of 

the spectra collected via the counter-electrode drain current.  

Both the spectra for TiO2–H2O and TiO2–UHV have two sharp peaks assigned to 

O 1s→t2g and O 1s→eg transitions in TiO2.24,25 These transitions are dipole-allowed through the 

hybridization of the O 2p and Ti 3d orbitals. The broad features above 535 are assigned to 

transitions to higher unoccupied orbitals, O 1s→a1g and O 1s→t1u.25  Some differences between 

the TiO2–H2O and TiO2–UHV spectra are visible, such as a weak shoulder around 535 eV, an 

increase in edge intensity starting at 537 eV, and a broad peak around 542.7eV. 



 10 

 

Figure 3. O K-edge spectra of (a) TiO2 in deionized water measured via the counter-electrode 

drain current (Figure 1a) and of (b) TiO2 under UHV measured via the conventional total 

electron yield.  

Subtraction of the TiO2–UHV spectrum from that of TiO2–H2O unveils the spectral 

contribution of H2O (black curve, Figure 4).  The difference spectrum shows a remarkable 

similarity with that of ice at 268 K (red curve, Figure 4). At this temperature, the surface of 

the ice is premelted and covered by a ca. 1-nm-thick layer of liquid water.26 Interestingly, ab 

initio molecular dynamics by Selloni et al. predict that water on anatase TiO2 forms a stable 

bilayer of molecules with ice-like dynamics.18 In addition to the ice similarity, close inspection 

of the difference spectrum reveals additional features between 529.5 and 533 eV, which cannot 

be attributed to H2O, hinting at other unique features of the TiO2–H2O interface. 

 

a 

 

 

 

 

b 
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Figure 4. Difference spectrum (black) obtained by subtracting the O K edge spectrum of TiO2 in 

UHV (Figure 3b) from that of TiO2 in H2O (Figure 3a), after scaling to match the O 1s→t2g 

peak intensity (531.1 eV). The difference spectrum has been corrected for X-ray absorption by 

the SiNx. The difference spectrum closely resembles the spectrum (red) of ice during the melting 

transition (reproduced with permission from Ref. 26 using webPlotDigitizer27). 

Comparing the relative contributions of TiO2 and H2O shows that TiO2 is the major 

contributor to the O K-edge spectrum of TiO2–H2O. Assuming that the intensity in the difference 

spectrum above 533.4 eV stems from H2O, yields a TiO2: H2O contribution ratio of 1.4. Since 

the TiO2 thickness (6.6 nm) is accurately known based on the self-limiting growth characteristic 

of atomic-layer deposition, this puts an upper limit on the probed H2O(l) region of ca. 10 nm 

extending from the TiO2–H2O interface, considering the 2.4-times higher atomic density of O in 

TiO2 compared to H2O(l). This estimation is supported by molecular dynamics simulations,28 
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which predicted that the thickness of the ice-like interfacial water is 2 layers. The clear 

contribution of this thin interfacial water to the spectrum suggests that only a few liquid layers 

are probed beyond the interfacial region, thus putting the interface sensitivity closer to 1–2 nm. 

A precise determination of the probed H2O(l) layer is complex and is likely to depend on 

the relative amplification of the signal by the generation of secondary electrons in the solid and 

liquid phases. Additionally, the separation of the O K-edge signal contributions from H2O and 

TiO2 will influence the analysis.  

In summary, our XAS work on the solid–liquid interface shows that the recently 

introduced6,7 total ion yield is essentially the same as the total electron yield reported earlier,3,4,29 

and both are highly surface sensitive. This encouraging result shows that drain-current XAS is a 

promising tool to study interface phenomena and provides the first experimental confirmation of 

the presence of ice-like interfacial water near TiO2, predicted to be only two layers thick.  
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