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Probing liquid interfaces with
photoelectron spectroscopy

Interfaces in aqueous systems are central to many processes
in chemistry, biology, and energy conversion. They govern ion
transport, solvation, chemical reactivity, and radiation response.
Liquid-jet photoelectron spectroscopy (LJ-PES) is a powerful
technique that enables the electronic-structure characterization
of bulk solvents and diverse solvated species [1, 2]. Over the
past 20 years, LJ-PES has regularly been applied to probe lig-
uid-specific phenomena, including surface aggregation of ions
and solvated electrons [3, 4], solvent-driven scattering of photo-
electrons [5, 6], and ultrafast electronic-relaxation processes in
solution [7]. Here, we highlight recent advances in LJ-PES and
discuss how these developments enable new perspectives for
the study of liquid—liquid and liquid—gas interfaces.
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Formation of stable liquid—liquid and liquid—gas interfaces
using liquid flat jets

LJ-PES is primarily performed using cylindrical microjets in-
jected into vacuum through suitable nozzles. However, more
advanced liquid targets may be prepared through the impinge-
ment of two cylindrical jets, including free-flowing liquid sheets
known as flat jets (FJs). These FJs consist of consecutive flat lig-
uid “leaves”, oriented perpendicular to one another, with their
dimensions determined through the balance of fluid flow and
solution parameters (Fig. 1, left). For the case of a FJ formed
by the impingement of aqueous sodium iodide (Nal) and water,
we took advantage of the inherent surface sensitivity of LJ-PES
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Fig. 1: Left: Experimental setup for photoelectron spectroscopy (PES) using a liquid flat jet (FJ). The FJ is created by the collision of two cylindrical jets, providing
a large liquid surface for PES. It can be rotated around the downstream axis by an angle 6, to probe both faces. We here define 6, = 0° when the first leaf is
perpendicular to the detector axis, illustrated by the electron skimmer orifice. Electrical connections for applying accelerating voltages V,..* and V, 2 to the jets
are shown at the top left. Right: Photoelectron spectra measured from each of the two faces of the first (top) and second (bottom) leaf of a mixed FJ formed by
the impingement of aqueous sodium iodide (Nal) and water, with clear features corresponding to water (2a,, 1b,, 3a,, and 1b,) and to Nal (Na* 2s, I 4d, Na* 2p,
and I~ 5p). Nal features are only visible on one side of the first leaf, indicating that turbulent mixing there is minimal following initial impingement. Within the
second leaf the two faces are indistinguishable. The figures are taken from Ref. [8] (Open Access).
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to demonstrate that each face of the first liquid leaf retains the
characteristics of the constituent solutions [8]. In other words,
the first liquid leaf appears spectroscopically to be water when
viewed from one side and aqueous Nal when viewed from the
other (Fig. 1, right). These observations indicate that turbulent
mixing within the first leaf is minimal, giving rise to a relatively
well-defined liquid—liquid interface that becomes progressively
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blurred along the flow direction as interdiffusion occurs. These
liquid structures are useful templates for the characteriza-
tion and control of interfacial reaction dynamics, for example,
through the application of a suitable electric field gradient. The
flat surface of the FJs also provides ideal opportunities for the
study of oriented molecules at the liquid—vapor interface with
particular relevance for interfacial chemistry. We have also
demonstrated that the impingement of liquid jets enables the
formation of more complicated liquid structures, for example
“sandwich” geometries [8], in which an aqueous solution is
fully encapsulated by organic solvent layers, thereby providing
experimental access to buried aqueous—organic interfaces.

Physics at liquid—gas interfaces

While tailored liquid targets provide a natural means to ac-
cess interfacial chemistry, we are also able to leverage unique
physical processes to distinguish signals arising from the lig-
uid vs. the surrounding gas formed by evaporation, a key con-
sideration for the study of interfaces. In our recent work [9],
we identified and characterized radiationless electronic-relax-
ation decay following the creation of oxygen 1s double core
holes (DCHs, Fig. 2, left) in liquid water. We found a significant
shift of 12.5 eV to higher kinetic energies in our data for lig-
uid water compared with published results for gaseous water
[10] (Fig. 2, right). This clear distinction between gas-phase
and liquid-phase water, which can be rationalized by the Born
solvation model and induced polarization of the surrounding
water molecules following secondary photoemission [9], es-
tablishes DCH spectroscopy as a powerful tool for exploring
interfacial phenomena.
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Additionally, by comparing H,0 and D,0, we observed a strong
isotope effect, demonstrating that DCH spectroscopy is sensi-
tive to the delicate interplay between proton vs. deuteron mo-
tion and electronic decay. These highly excited DCH states (life-
time of ~1.5 fs) thus provide a unique opportunity to explore
ultrafast nuclear dynamics on the few-femtosecond timescale
without the need for femtosecond light pulses. This work es-
tablishes DCH spectroscopy as a sensitive and novel probe of
nuclear dynamics at the liquid—gas interface, with particular
application to systems where gas- and liquid-phase signals
are not readily resolvable using standard observables such as
binding energy (e.g., benzene [11]).

From liquid—gas to liquid—liquid interfaces:
Expanding the frontier

Taken together, these developments expand the experimental
frontier of PES from liquid interfaces. Liquid flat jets enable
the preparation of stable and well-defined liquid—liquid and
liguid—gas interfaces and are particularly relevant for studies
of solvation, ion transport, and surface and interface chem-
ical reactivity. They provide significant opportunities for both
miscible and immiscible solutions, with the latter in particular
offering a novel experimental approach to study phase-trans-
fer-catalysed reactions. At liquid—gas interfaces, ultrafast
electron and nuclear dynamics can now be tracked through
hypersatellite Auger electron emission features, providing
unique benchmarks for theory and insights into photon-im-
pact-driven processes in water. The combination of these
two developments could enable new insights into radiation
chemistry at electrolyte—water or water—organic boundaries,
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Fig. 2: Left: Schematic of the simultaneous ejection of two core (K) electrons (left) and the first radiationless electronic-relaxation decay step via valence-shell
(V) rearrangement (right). E,;, denotes the resultant electron kinetic energy and E, the corresponding binding energy. Right: Auger hypersatellite spectra of O 1s
DCHs in (a) gaseous and (b) liquid water. The gas-phase data (dotted line, shifted by 12.5 eV [10]) are shown for comparison. Liquid spectra were measured for
normal and deuterated water; the shaded band indicates experimental error across datasets, with the average for normal water shown as a thin dotted line. The

figures are taken from Ref. [9] (Open Access).
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advancing our understanding of interfacial chemistry relevant
to biology, catalysis, and energy research.
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