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ABSTRACT

We demonstrate liquid-jet photoelectron spectroscopy from a flatjet formed by the impingement of two micron-sized cylindrical jets of
different aqueous solutions. Flatjets provide flexible experimental templates enabling unique liquid-phase experiments that would not be
possible using single cylindrical liquid jets. One such possibility is to generate two co-flowing liquid-jet sheets with a common interface in
vacuum, with each surface facing the vacuum being representative of one of the solutions, allowing face-sensitive detection by photoelectron
spectroscopy. The impingement of two cylindrical jets also enables the application of different bias potentials to each jet with the principal
possibility to generate a potential gradient between the two solution phases. This is shown for the case of a flatjet composed of a sodium iodide
aqueous solution and neat liquid water. The implications of asymmetric biasing for flatjet photoelectron spectroscopy are discussed. The first
photoemission spectra for a sandwich-type flatjet comprised of a water layer encapsulated by two outer layers of an organic solvent (toluene)
are also shown.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155182

I. INTRODUCTION

The development of liquid-jet photoelectron spectroscopy
(LJ-PES) about 30 years ago made it possible to study the ground-
and excited-state electronic structure of liquid water, as well
as aqueous and organic solutions, with chemical-state specificity1–5

— including electronic decay pathways,6,7 nuclear dynamics,8 and
interfacial interactions.9–12 Valence and core-level LJ-PES have been
reviewed several times over the past 15 years.13–15

With a single exception,16 previous LJ-PES studies have exclu-
sively utilized cylindrical liquid jets (LJs) of typically 10–50 μm in
diameter, which are injected into vacuum through a suitable nozzle.
In contrast to cylindrical jets, liquid flatjets (FJs) have recently
begun to attract considerable attention due to their thin and nearly

planar target geometry, which promises to enable many unique
experiments. FJs are typically generated by the impingement of two
cylindrical jets (the most common approach),17–20 by the injection
of a single solution through a slit-shaped orifice,21–24 or by the
compression of a cylindrical jet by a transverse gas flow.25

Among the most salient advantages of a FJ over a cylindrical
LJ is the possibility to generate extremely thin liquid-phase targets.
As mentioned, LJs tend to have thicknesses of 10–50 μm, while
FJs may be readily generated with thicknesses ranging from 50 nm
to 5 μm, depending on the approach used and the position on
the FJ probed.21,24,25 Extremely thin liquid targets enable a wide
range of previously inaccessible liquid-phase experiments based on
transmission spectroscopy, including X-ray absorption spectroscopy
(XAS) of neat liquid water and aqueous solutions.19,23,25,26 With
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cylindrical jets, such absorption-based experiments were generally
only possible below (within the so-called water window) or far above
(hard X-rays) the O 1s core-level absorption edge due to the intense
absorption of light over the relatively long liquid-phase path length.

In addition to tunable thickness, the flat surface of the FJ is a
crucial advantage for experiments requiring a well-defined planar
geometry, for example, molecular-beam scattering off of a liquid
target.27 Another exciting possibility is the potential to measure pho-
toelectron angular distributions (PADs) for oriented molecules at
the liquid–vapor interface. The curved sample geometry of a typical
LJ is a critical drawback in this context, due to the averaged take-off
angle, with respect to the surface normal, of the photoelectrons upon
photoionization. Indeed, despite the preference of water molecules
at the liquid–vapor interface to orient with their dipole axis close to
the interfacial plane,28,29 previous PAD studies of liquid water using
cylindrical jets have not observed orientational effects.30,31 A flat sur-
face, which can also be freely oriented with respect to the light and
detection directions, would constitute amore appropriate sample for
studies focused on characterizing the presence and degree of molec-
ular orientation at the interface. It should be noted, however, that the
higher gas pressure associated with evaporation from the planar sur-
face of FJs may complicate experiments due to a larger prominence
of undesired scattering of electrons with (water) vapor, which would
tend to smear out an original angular distribution.30–32

Beyond serving as a convenient platform to measure
orientation-induced effects, a FJ may also be useful for inducing
the orientation of molecules at the liquid–vapor or liquid–liquid
interface through the application of an asymmetric bias potential,
with potential implications for controlling interfacial reaction
kinetics. Such an orientation of water molecules may be readily
achieved at the liquid–solid interface through the application
of a suitable electric potential to the solid surface, as has been

confirmed by a variety of experimental approaches, including X-ray
scattering,33 surface-enhanced infrared absorption spectroscopy,34

and vibrational sum-frequency spectroscopy.35,36 A recent study
suggests that similar effects may also occur at the liquid–vapor
interface,37 indicating that induced orientation may be achievable in
a FJ system as well, if a suitable voltage gradient could be generated
across the first FJ leaf.

FJs take the form of a thin fluid sheet, followed by a succession
of mutually orthogonal links, each composed of a thin leaf-shaped
sheet bounded by relatively thick fluid rims. This shape results
from the combined influence of surface tension and fluid inertia
(see Fig. 1). The dimensions of the leaves depend on multiple para-
meters, including fluid viscosity, flow rate, impinging angle, and
jet-nozzle diameter.18 In the specific case where a FJ is generated
from the impingement of two cylindrical microjets of different
solutions, our recent study based on chemiluminescence from two
reacting solutions revealed that, under laminar flow conditions, the
first generated leaf is composed of two distinct co-flowing liquid
sheets that share a liquid–liquid interface. This interface only blurs
slightly along the flow direction as a result of solution interdif-
fusion.20 This sort of mixed FJ constitutes a unique and flexible
experimental template for X-ray studies of liquid–liquid interfaces,
as well as for the reactions that take place there, as different positions
along the reaction coordinate may be accessed simply by focusing
on different spatial coordinates along the FJ’s downstream coor-
dinate. This system is also exceptionally suitable for the study of
reactions with fast kinetics, enabling the probing of reacting species
as soon as they come into contact and of products immediately upon
formation.20,38 Due to the buried nature of the liquid–liquid inter-
face, we anticipate that X-ray emission spectroscopy (XES), X-ray
absorption spectroscopy (XAS), and nonlinear optical spectroscopy
will greatly complement PES studies of mixed FJs.

FIG. 1. Experimental schematic for photoelectron spectroscopy (PES) measurements from a liquid flatjet (FJ, left) with photographs of our FJ in operation (right). The FJ is
formed via the impingement of two cylindrical jets and provides a sufficiently large surface for PES measurements. The FJ may be rotated about the downstream propagation
axis (here the y-axis) around the angle θleaf using a suitable manipulator such that both faces of each leaf may be probed. We define θleaf = 0○ such that the surface of the
first leaf is perpendicular to the detector axis (the x-axis), here exemplified by the orifice of the detector (electron skimmer). The electric connections enabling the application
of accelerating bias voltages V

A

Acc
and V

B

Acc
to each cylindrical jet are sketched at the top left.
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Here, we apply flatjet photoelectron spectroscopy (FJ-PES) to
study the two faces of a mixed FJ generated by the impingement
of dissimilar aqueous solutions and organic liquids. Driven by our
recent work on the determination of accurate and absolute electron
energetics from aqueous solutions, as measured from electrically
biased cylindrical LJs, we utilize PES as a sensitive probe of effective
(real) surface potentials.39,40 We also exploit the fact that differ-
ent bias voltages can be applied to the two cylindrical jets prior to
impingement. We explore the possibilities of this new asymmetric
biasing scheme, with implications for the generation of an electric-
potential gradient across the thickness of the FJ leaf itself. Finally, we
investigate a unique sandwich-style FJ comprised of a central water
sheet fully encapsulated by two outer sheets of an organic liquid.

II. METHODS

We developed a custom impingement-based FJ system involv-
ing the use of two independent cylindrical liquid microjets, each
driven by their own high-performance liquid-chromatography
(HPLC) pump (Shimadzu LC-20AD). We injected the two solutions
into vacuum through either PEEK tubing or quartz capillaries with
equal inner diameters of 64 μm at an impingement angle of 35○–
45○. This approach enabled us to generate FJs composed of two dis-
similar solutions or even two immiscible liquids. Each of the two
microfluidic lines can be independently biased via the connection
of DC power sources (Delta Elektronika ES 0300) to embedded tita-
nium electrode sheaths located 33mmupstream of the impingement
point. These voltage supplies allowed the application of up to±300 V
on each microjet prior to impingement. We monitored the applied
potentials using voltmeters (Fluke 289 and Keithley 199) connected
in parallel to each solution line. The precision of the voltmeters was±0.01 V below 200 V and ±0.1 V above. These electrode sheaths also
enabled grounding of the solutions when no bias voltage was desired.
The entire FJ assembly can be rotated about its downstream axis
(y-axis, as shown in Fig. 1), thereby enabling angle-dependent mea-
surements with respect to the liquid surface, e.g., for depth-probing
applications as mentioned earlier. Rotation also changes the illu-
minated/probed area with respect to the incident radiation and the
detector, respectively.

We primarily conducted FJ-PES experiments at the U49-
2_PGM-141 and UE-52_SGM42 beamlines at the BESSY II syn-
chrotron light facility in Berlin. Here, the entire FJ assembly was
mounted via a rotatable xyz-manipulator onto the SOL3PES end-
station.43 Themeasurements of organic-aqueous FJs were conducted
at the P04 beamline44 at the PETRA III synchrotron light facility in
Hamburg, utilizing our custom experimental setup EASI (Electronic
structure from Aqueous Solutions and Interfaces).16 Prior to PES
measurements, we adjusted the alignment (relative position) of the
two impinging jets and considered the jets to be well aligned when
the resulting FJ face lies entirely in the plane perpendicular to that
defined by the microjets prior to impingement. To align the cen-
ter of the FJ relative to the detection system, we oriented the first
FJ leaf to the desired measurement angle (in our case, generally,
θleaf = 45○, except for measurements conducted at P04, where θleaf
was set to 0○; see Ref. 16 for details). We then swept the FJ perpen-
dicular to the light axis until we identified the leaf edges on each side
by monitoring the rapidly decreasing liquid-phase water 1b1 signal

intensity. Finally, we maneuvered to the midpoint location between
the identified rim positions.

To characterize the electric potential on either face of the FJ
as a function of the applied bias voltage, we took advantage of the
direct relationship between the applied sample bias and the shift in
the as-measured kinetic energy of emitted photoelectrons. As dis-
cussed in detail in our previous work,39 the application of a negative
electric potential VAcc to a liquid microjet of sufficiently conductive
solution leads to a rigid shift of all liquid PE features on the as-
measured kinetic-energy scale relative to a grounded sample, i.e., the
photoelectrons accelerate in the electric field between the liquid jet
and the analyzer orifice. Note that the potential difference between
the jet and the analyzer can be of a smaller magnitude than the
externally applied voltage (e.g., by a power source) due to internal
resistances resulting in potential gradients between the outlet and
the in vacuo liquid surface. The change in the kinetic energy relative
to a grounded sample withVAcc = 0 V (or spectral shift, as we denote
it here) is, thus, a direct measure of the potential experienced by the
sample at the location of photoionization.

For measurements involving organic liquids, we utilized
commercial pre-fabricated microfluidic borosilicate chip nozzles
(Micronit BV) with three individual colliding channels: two outer
40 μm channels at an impingement angle of 80○ and one cen-
tral bisecting 20 μm channel. These nozzles were used as all three
channels can be run in the impingement mode simultaneously, a

FIG. 2. Oxygen 1s photoelectron spectra obtained from a 30 mM NaCl aqueous
flatjet as a function of rotation angle θleaf (defined in Fig. 1), featuring signal con-
tributions from both the gas and liquid phases. We first maneuvered the ionization
point to the center of the first leaf and then conducted measurements at different
angles. The inset figure plots the liquid-to-gas signal ratio as a function of θleaf in
degrees. A sin(θ) function is a good fit to the data and can be seen as a trade-off
between the surface component exposed to the light beam and to the detector axis.
Thus, the highest ratio of liquid- to gas-phase peak areas was found when the flat-
jet face was oriented at an angle between the incident light and the analyzer, which
in this case corresponded to θleaf = 45○. All measurements were conducted at hν
= 640 eV photon energy with both single jets electrically grounded. Spectra were
aligned to the liquid-phase 1b1 peak position to emphasize the small apparent
differences in the gas-phase 1b1 peak position, potentially caused by the inhomo-
geneous electric field between the grounded jet and the electron analyzer resulting
from the anisotropic target geometry.
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necessary capability for experiments involving encapsulated solu-
tions,45 as discussed below.

For the perpendicular arrangement of the photon beam and
analyzer axis primarily employed in these experiments, we found
that the rotation angle that maximizes the liquid-phase to gas-phase
signal ratio corresponds to the angle at which the surface of the
FJ lay in between the axis of light propagation and the detector
(see Fig. 2); this happens to be approximately θleaf = 45○ in the
arrangement shown in Fig. 1. Although we attempted to control for
positional drift accompanying the rotation of the FJ by monitor-
ing the jet position using cameras at each angle, the actual position
on the jet being probed was likely slightly different for each angle.
Nevertheless, given the large beam spot size used for these measure-
ments (larger than the width of the FJ leaf), we anticipate that the
positional drift had a minor influence on the observed liquid- to
gas-phase signal ratio. Note that the optimal orientation will depend
on the specifics of the desired measurement. Here, we optimized for
maximum liquid-phase to gas-phase signal to showcase the signal
dependence on the rotation angle, but one might want, instead, to
look at shallow surface species where a grazing angle of incidence
might be preferred. Similarly, the configuration used in this work
would not be ideal for studies of molecular orientation on the FJ
surface. Whatever the case, the clear communication of this rota-
tion angle will be critical for subsequent FJ-PES work to enable
comparison between different studies.

III. RESULTS AND DISCUSSION

A. Mixing within a flatjet

The production of a FJ by the impingement of two cylindrical
LJs of different solutions immediately raises the question of where
along the FJ and on which time scales these solutions mix. We
recently employed optical means to measure chemiluminescence
upon impingement of two reacting aqueous solutions (luminol and
hydrogen peroxide) using a comparable FJ assembly (with 50 μm
inner diameter microjets, likely yielding a slightly thinner leaf com-
pared to the 64 μm inner diameter jets used in the present work).20

These experiments revealed that mixing between the two solutions
in the first leaf is minimal and suggested that a FJ formed by the
impingement of two different solutions can reasonably be thought
of as two co-flowing laminar sheets sharing a liquid–liquid inter-
face, which becomes slightly less defined along the length of the
leaf as interdiffusion takes place. In contrast, on the rims of the
first leaf and in the entirety of the second leaf, substantial turbu-
lent mixing occurs. While these insights are generally valuable, it
is important to keep in mind for the present work that the chemi-
luminescence that we observed upon the mixing of luminol and
hydrogen peroxide aqueous solutions was inherently sensitive to the
liquid–liquid interface and provided little information regarding the
degree of interdiffusion and mixing near the liquid–vapor interfaces
of the FJ. Due to the short mean free path of photoelectrons gen-
erated by the soft X-ray radiation used in our present work, our
FJ-PES measurements are surface sensitive and probe only the first
few nanometers into the liquid. These two approaches, thus, probe
distinct yet complementary regions of the FJ.

To assess whether mixing at the liquid–liquid interface can
affect the near-surface region probed by PES, we generated a mixed

FJ using two different aqueous solutions. The first was a low-
concentration (25 or 50 mM) NaCl(aq) solution containing just
enough electrolyte to be conductive for biasing (this solution is spec-
trally indistinguishable from neat water and will be referred to as
“neat water” throughout). This small salt concentration served to
compensate for the streaming potential of the liquid jet, associated
with charge build-up resulting from unequal shearing of the inner
and outer Helmholtz layers along the liquid–solid interface within
the microfluidic tubing prior to injection into vacuum.46,47 The sec-
ond solution was a high-concentration (1 or 2 M) NaI(aq) solution
with distinctive solute PES features separate from the valence band
of water. In particular, Na 2p and I 4d features appear at 38 and
55 eV binding energies, respectively.48 We measured the valence-
band PE spectra (hν = 310 eV) from the middle of both faces of the
first and second leaves of this mixed FJ, looking for NaI signatures
on the low-concentration face that would indicate mixing or signif-
icant interdiffusion within the nanometer-scale probing depth near
the liquid–vapor interface. To ensure identical probing in the cen-
ter of the FJ leaf on both faces, we interchanged the sample solution
lines rather than physically rotating the jet by 180○.

As shown in the top panel of Fig. 3, solute features are com-
pletely absent in the spectrum measured at the water face. Note that
PES is generally insensitive to small bulk concentrations (≤10 mM)
unless the solute is strongly surface-active.49 This demonstrates that
mixing in the first leaf is negligible for PES applications.We repeated
these measurements using 600 eV photon energy, corresponding to
a probing depth of 2–4 nm,30,50 with the same result. In the second
leaf, however, signatures of NaI(aq) were found on both faces with
comparable intensity (Fig. 3, bottom panel).

Based on our recently developedmethod of calibrating FJ thick-
ness using an IR camera, we estimate that the thickness of the FJ
studied here was 3 μm in the middle of the first leaf,51 where we
conducted FJ-PES measurements. While the present measurements
did not reveal any spectroscopic signatures of interdiffusion near the
liquid–vapor interfaces at this location, such interdiffusion would
likely significantly affect the surface concentration of solute in a
much thinner FJ leaf. This could open up the possibility to study
reactions at the liquid–liquid interface by simply scanning the first
leaf along its length.38 For now, we provide a simple estimate of
the concentration of NaI at the NaCl face, using the relation for
one-dimensional diffusion, as derived from Fick’s second law,

n(x, t) = n0

2
erfc( x

2
√
Dt
), (1)

with x denoting the spatial distance from the liquid–liquid interface
at x = 0 and t denoting the time. As mentioned above, we estimate
the FJ thickness to be 3 μm, resulting in a distance of x = 1.5 μm
between the liquid–liquid interface and the FJ surface. The initial
source concentration n0 was 2 M on the NaI face (x < 0). The fluid
velocity was estimated as 15 m/s, calculated from an HPLC pump-
ing rate of 3 ml/min and a jet-nozzle diameter of 64 μm. At the
measurement location, ∼1 mm below the impingement point, this
corresponds to a diffusion time of roughly 70 μs. The diffusion con-
stantsD of Na+ and I− ions in water are ∼2 × 10−5 cm2/s (at 25 ○C).52

Using these values, we calculate a small surface concentration of less
than 10mM at the NaCl face, which is below our detection threshold
under the employed measurement conditions.
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FIG. 3. Photoelectron spectra obtained from either face of a 2 M NaI (Face A) / neat
water (Face B) aqueous flatjet at the center of both the first (top) and second (bot-
tom) leaves. Mixing in the first leaf is below detection threshold as observed by
the absence of solute features on the neat-water face, whereas in the second
leaf, signatures of NaI are observed on both faces with approximately equal signal
strength, indicating complete mixing from the first node (above the second leaf)
onward. Spectra obtained from either face were normalized to the liquid water
1b1(l) signal. The larger background signal apparent in the Face A spectrum
compared to the Face B spectrum from the first FJ leaf is due to the scattering of
Na+ 2p, Na+ 2s, and I− 4d photoelectrons in solution. As the second leaf is per-
pendicular to the first, the naming convention is arbitrary, i.e., the jet was simply
rotated +90○ with respect to measurements of the first leaf. All water valence and
solute core-level contributions are assigned in the top panel. All measurements
were conducted with hν = 310 eV photons and an electrically grounded flatjet.

Note that our estimation does not capture the full complexity
of the system. The flow-rate estimation does not account for the
impingement angle of the jets used. In reality, following impinge-
ment, only a cos(ϕ/2) component (where ϕ is the impingement
angle) of the fluid velocity is in the direction of fluid flow. More
importantly, we know from infrared-camera measurements that the
FJ cools rapidly in vacuum, with a temperature of about 15 ○C, 1mm
below the impingement point, rather than the initial sample tem-
perature of 25 ○C.53,54 This indicates that the diffusion of ions would
likely be slower than we have assumed. We also ignore the reality of
NaCl diffusion from the water into theNaI sheet. Nevertheless, given
that the estimated concentration here is on the order of what can
be detected with PES, we anticipate that a much thinner jet would
exhibit detectable levels of interdiffusion, even in the first leaf, if the
solution concentrations are high enough. Repeating the same calcu-
lation for a FJ with a total leaf thickness of 1 μm yields an expected
surface concentration of NaI on the water face of a few hundredmM,
which would be easily detectable.

B. Biasing of a flatjet

Having confirmed that mixing between the two solutions is
minimal within the first leaf and that the FJ is composed of two free-
flowing sheets with a shared liquid–liquid interface, we attempted
to generate a measurable potential gradient across the FJ leaf by
applying a different bias voltage to each solution line prior to
impingement. Here, we defineVA

Acc andV
B
Acc as the accelerating volt-

ages applied to the solution lines that constitute Face A and Face B of
the FJ following impingement (with respect to the analyzer), respec-
tively. It is important to note that these voltages are not applied
directly to the faces but rather 33 mm upstream, as detailed earlier.
In addition, we introduce two additional terms that will be useful for
the analysis of asymmetrically applied voltages;ΔVAcc = ∣VA

Acc −VB
Acc∣

is the magnitude of the difference in voltages applied to the micro-
jets constituting Face A and Face B of the FJ, and eUEff is the spectral
shift (in eV) measured at the FJ and is the representative of the local
electrical potential at the surface of the first leaf. We clarify that we
use eUEff rather than VEff because we are not directly measuring
a voltage at the surface but rather inferring a potential based on a
change in the kinetic energy of water’s 1b1 feature relative to the
reference case of a grounded FJ with VAcc = VA

Acc = VB
Acc = 0 V.

As is the case for a cylindrical LJ, the application of a symmet-
ric bias voltage (VAcc = VA

Acc = VB
Acc) to a FJ causes a spectral shift(eUEff ) that scales linearly with the applied bias voltage [Fig. 4(a)].

In addition, the gaseous water 1b1 signal decreases in intensity and
broadens with increasing applied bias [Fig. 4(b)]. These trends are
consistent with measurements from biased cylindrical jets and have
extensively been discussed in earlier works.39,40,54 The small differ-
ences in bias-voltage-subtracted peak position in Fig. 4(b) are within
the error of applied voltages (see Sec. II for more details on the pre-
cision of the power sources). Photoelectrons originating from the
gas phase experience only a fraction of the net accelerating field
between the liquid surface and the analyzer orifice, depending on
the exact location of ionization; thus, gas-phase signals are shifted
somewhat less and significantly broadened upon biasing. At signif-
icantly high applied bias voltages, the gas-phase signal contribution
is completely smeared out and an essentially gas-free liquid PE spec-
trum can be obtained. A closer look at the bias-voltage-subtracted
spectra in Fig. 4(b) reveals that, in this case, an accelerating voltage
of approximately −80 V was necessary to completely suppress the
gas-phase signal (at around 12.6 eV, seen as a sharp dip between
the liquid 1b1 and 3a1 features), which is much higher than is
typically necessary for cylindrical LJs. This is likely due to the lack
of surface curvature, which in combination with a high surface area
leads to a large vapor density directly above the liquid surface, where
almost the full potential gradient acts on photoelectrons from the
gas phase.

For a FJ generated from two independent LJs, the question
of applying asymmetric bias voltages (VA

Acc ≠ VB
Acc) naturally arises.

Holding VB
Acc constant at −50 V and setting VA

Acc to −250 V results
in ΔVAcc = 200 V (here, VB

Acc is chosen for convenience but has
no influence on the result as we see later, i.e., only ΔVAcc is rel-
evant). Measuring valence-band photoelectron (PE) spectra in this
configuration from both faces of the FJ in the middle of the first leaf
revealed that, within the error of our measurement, there was no
difference in eUEff as measured from Face A vs from Face B, i.e., the
relative shift in kinetic energy was indistinguishable (UA

Eff = UB
Eff ).
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FIG. 4. Measured valence-band spectra for a FJ composed of a 30 mM aque-
ous solution of NaCl as a function of symmetrically applied bias. Analogously to
cylindrical jets, the water valence band shifts (a) and the gas-phase signal is sup-
pressed (b) proportionally to the magnitude of the negative potential applied. The
observed increase in PE signal upon bias application also occurs in experiments
with cylindrical jets and is likely due to a focusing effect of the negative poten-
tial, drawing electrons toward the analyzer orifice. The bottom spectra have been
normalized to the liquid water 1b1 signal intensity and are offset for clarity. All
measurements were conducted with hν = 150 eV photons.

This indicates that the applied voltage is likely dropping along the
solution lines rather than across the FJ leaf, as a large voltage drop
across the FJ would lead to a difference in potential observed on each
face. To better understand the voltage evolution from the points of
application, we measured eUEff at three different locations using the
same applied biases: first at microjet A prior to the point of impinge-
ment, then at the point of impingement, and finally at Face A of the
FJ (Fig. 5, red, purple, and blue traces, respectively). We observe a
somewhat larger value of eUEff of a few eV prior to impingement,
while the impingement point and the Face A of the FJ appear to be at
the same potential. These measurements confirm that the bias volt-
age drops almost entirely along the individual cylindrical jets, with
only a small fraction likely to drop across the FJ leaf itself. We note
that, although the solutions studied are ionically conductive, we do
not anticipate that the applied voltages will drive net ion transport
between the two electrodes. The drift velocity of the ions under the
studied conditions is on the order of hundreds of μm/s,52 while the
solution velocity is on the order of tens of m/s. Rather, the current is
likely driven by charge transfer at the titanium electrodes.

To fully characterize the voltage drop from the titanium elec-
trodes to the FJ, we conducted a series of eUEff measurements with

FIG. 5. Photoelectron spectra from a conductive aqueous flatjet (50 mM NaCl)
under asymmetric biasing conditions. The bottom axis indicates the kinetic
energy of liquid water 1b1 peak positions relative to a grounded-jet spectrum
(VA

Acc
= −250 V, V

B

Acc
= −50 V, and ΔVAcc = 200 V) at different measurement posi-

tions: at a single jet prior to impingement (red), directly at the point of impingement
(purple), and on the first FJ leaf (blue, see main text and inset). All measurements
were conducted with hν = 150 eV photons. The sketch of quartz capillaries with
embedded electrodes, cylindrical microjets, and the resulting flatjet in the inset is
not drawn to scale.

different asymmetric bias voltages (0 V ≤ΔVAcc ≤ 250 V) for mixed
FJs composed of either low-conductivity 25 mM NaCl(aq), high-
conductivity 1 M NaI(aq), or a combination thereof. This resulted
in four distinct (Face A/Face B) FJ configurations, for which the
results are summarized in Fig. 6: (1) 1 M NaI/1 M NaI (red circles),
(2) 25 mM NaCl/25 mM NaCl (blue circles), (3) 1 M NaI/25 mM
NaCl (green triangles), and (4) 25 mM NaCl/1 M NaI (black trian-
gles). All measurements of eUEff were conducted using Face A. In
each case, we found that UA

Eff scales linearly with ΔVAcc and that the
slope of the relationship is determined by the ratio of the conductiv-
ities of the solutions on the two faces of the FJ. For the homogeneous
FJs—(1) and (2)—UA

Eff was the average of the two applied bias volt-
ages. No differences were observed to arise due to the differences in
the net conductivity for these FJs. For the heterogeneous FJs—(3)
and (4)—the bias voltage applied to the more conductive solution
line determined UA

Eff nearly entirely, regardless of the bias voltage
applied to the other solution line. This can be seen from the steep
slope when measuring from (3), while the slope of (4) is nearly zero,
indicating that the majority of the voltage is dropping across the less
conducting solution line.

These results are not surprising when picturing the FJ as a set
of resistors in series with a net applied voltage of ΔVAcc. In our
experiment, the bias voltage was applied via titanium electrodes in
contact with the liquid roughly 33 mm upstream of the impinge-
ment point outside of the vacuum chamber; the liquid has no contact
with any metallic surface beyond this point. The entire circuit can
then be considered as three elements in series— constituting the two
solution lines and the impinging region/FJ— each with an associ-
ated impedance. Given the geometry of the system, the relatively
short impinging region should constitute a vanishingly small part

J. Chem. Phys. 158, 234202 (2023); doi: 10.1063/5.0155182 158, 234202-6

© Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/5.0155182/18005147/234202_1_5.0155182.pdf



The Journal
of Chemical Physics

ARTICLE scitation.org/journal/jcp

FIG. 6. Spectral shift eU
A

Eff
measured at Face A of the flatjet (FJ), compensated

for the minimum applied voltage of V
B

Acc
, of the water 1b1 peak position for various

compositions of homogeneous and heterogeneous aqueous FJs under different
asymmetrically applied bias conditions. The slope of the relationship between
spectral shift and difference in applied bias is entirely dependent on the ratio of the
solution conductivities. The dashed lines were calculated using Eq. (2) and experi-
mentally determined conductivity values. For all of these measurements, V

B

Acc
was

held at a constant value of −50 V such that a value of ΔVAcc = 0 V corresponds
to V

A

Acc
= V

B

Acc
= −50 V.

of the total system impedance and, to a first approximation, may
be neglected. Assuming that the system behaves in accordance with
Ohm’s law, the FJ can be modeled as the midpoint of a basic two-
element voltage divider. As the electrolyte solutions are conductive
and constantly replenished, and there are no expected capacitive
contributions, the system may be treated as a purely resistive volt-
age divider, with RA and RB corresponding to the resistance of the
two solution lines. If the solution lines are of equal length (from
the point of voltage application to the impingement point) and
inner diameter, then the resistivity (inverse of the conductivity) of
each solution may be substituted for each element. In this case, the
expected voltage measured at the impinging point or at the first leaf
of the FJ (as seen from Face A) is given by

VFJ = −ρA
ρA + ρBΔVAcc −VB

Acc, (2)

where ρA and ρB correspond to the resistivity of the solutions
that constitute Face A and Face B of the FJ, respectively, and
ΔVAcc = ∣VA

Acc −VB
Acc∣ as defined above. For homogeneous FJs

(ρA = ρB), the equation simplifies to VFJ = − 1
2ΔVAcc −VB

Acc. To cal-
culate the expected VFJ for the heterogeneous case, the relative
resistivities/conductivities of the solutions used must be known. We
measured the 1 M NaI solution to be 31 times as conductive as the
25 mM NaCl solution. The calculated values of VFJ based on mea-
sured conductivities are overlaid on themeasured eUEff data in Fig. 6
and demonstrate excellent agreement, indicating that the mixed FJ
may indeed be accurately modeled as a voltage divider. Considering
the thickness of the FJ relative to the distance between the electrodes
(3 μm vs 66 mm), and assuming a linear voltage drop across the
system with ΔVAcc = 200 V, we would expect a difference in eUeff

of ∼10 meV as measured from Face A and Face B. The resolution of
such small energetic differences pushes the limits of LJ-PES and was
not possible in the present study.

Additional challenges preclude the observation of effects of
suchmagnitude at the moment. If one is simply to switch the applied
voltages VA

Acc and VB
Acc to measure eUEff from each face, it must

be assumed that each solution line is of the exact same length and
inner diameter such that the FJ is at exactly the resistive center
of the circuit. However, the resistive path length may be slightly
different depending on the exact distance between each titanium
electrode sheath and the impinging region, depending on the spe-
cific FJ assembly. We found that this effect alone can lead to an
asymmetric potential drop toward one specific (physical) side of the
FJ assembly, i.e., the spectral shift is always a bit larger on one side,
independent of the biasing configuration or solution. This strongly
hints at intrinsic, unequal resistive paths on each side of the assem-
bly. Indeed, this is shown in Fig. 5, where the relative kinetic energy
of the spectrum measured at Face A of the FJ is 151 eV rather than
150 eV, as would be expected if both sides of the assembly were
equally resistive.

It is challenging to ensure equal length in solution lines at the
required few-micron scale, to not even mention the manufacturing
tolerances of the PEEK tubing used and the precision of the volt-
meters. Thus, the measurements of effective bias voltages should be
checked by using both sides of a FJ to circumvent systematic errors,
i.e., onemust physically rotate the FJ by 180○ about its axis. However,
unless the flow axis is exactly centered and perpendicular to both the
light-propagation and detection axes, such a rotation will inevitably
lead to offsets in the measured position from each side. While the FJ
can be subsequently realigned to minimize this effect, we observed
that even very small changes in the measured position can lead to
shifts in the measured value of eUEff on the order of 100 meV, likely
due to the inhomogeneity of the potential-energy landscape above
the FJ as a consequence of its unusual shape.

Nevertheless, these challenges are not insurmountable in the
long term, and we close this section by discussing possible appli-
cations of asymmetric biasing and ideas for how a larger potential
gradient across the FJ leaf could be generated and detected. A sim-
ple approach would be to increase the relative impedance of the FJ
with respect to the total impedance of the circuit, e.g., by shortening
the length of the entire circuit, such that the FJ thickness consti-
tutes a large fraction of the path length between the two electrodes.
For example, if the length between electrodes could be shortened to
6 mm, the expected linear voltage drop across the FJ would increase
correspondingly to 100 mV. This would correspond to a voltage
gradient of ∼300 V/cm across a 3 μm thick FJ leaf, which, while
significant, is still well below the anticipated voltage gradient of>107 V/cm required for the static orientation of water molecules
near room temperature.55,56 In addition, this approach clearly has
geometric limits. Another interesting approach would be to alter the
characteristics of the circuit to achieve the equivalent of a sandwich-
style FJ in which one central layer has amuch higher impedance than
the outer two layers. We will discuss this approach in greater detail
below. In addition to potential-induced orientation in molecules at
the liquid–vapor or liquid–liquid interface, as discussed earlier, a
larger voltage difference could be used to drive increased ion diffu-
sion across the liquid–liquid interface, which could be used to tune
reaction kinetics if two reacting solutions are impinged.
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C. Aqueous–organic solution interfaces

Having independent control of two distinct free-flowing sheets
may be exceptionally useful in the study of ionically mobile species
in solution and, in particular, for complex or amphiphilic species, or
for phase-transfer catalysts, in the instance where one of the aque-
ous solutions is substituted by an organic liquid.57–60 In particular
for chiral phase-transfer catalysts, which are critical for determin-
ing the stereospecificity of chiral reaction products, open questions
remain regarding the degree to which ion-pairing or hydrogen-
bonding mechanisms dominate or coexist in directing reagents, and
correspondingly, the protonation state of reaction intermediaries
is not well understood.61 Such systems are not often investigated
using vacuum-based UV or x-ray spectroscopy, in large part due
to the general difficulty of preparing stable aqueous–organic inter-
faces in vacuum. Instead, reactant yield is often used as a primary
metric, and catalytic mechanisms are subsequently inferred. In
principle, however, chemical activity at the liquid–liquid interface
should be accessible by employing liquid-FJ techniques in com-
bination with photon-out spectroscopic methods (such as XAS),
scattering-based approaches,62 or, if the FJ can be made sufficiently
thin, PES.

In the context of generating potential gradients across the
liquid–liquid interface, organic–aqueous FJs also constitute a unique
avenue toward locally tuning the FJ impedance relative to that of the
entire system. Recently, the generation of aqueous–organic–aqueous
and organic–aqueous–organic sandwich-style heterostructures has
been demonstrated through the impingement of three cylindrical
microjets.45 Two jets are run in the standard impingement con-
figuration, with a third in the plane of the FJ (bisecting the angle
between the other two). If the outer jet solutions are miscible with
one another but not with themiddle jet solution, then the inner solu-
tion can be encapsulated as a sheet within the outer solutions. If,
for example, a high-impedance thin film of an organic liquid were
introduced between two aqueous sheets (or vice versa), the local
impedance within the FJ will change relative to the total impedance
of the circuit. To determine the encapsulating behavior of such FJs,
we generated a toluene-aqueous solution-toluene FJ heterostructure
and conducted core-level PES measurements on the outer surface
of the FJ leaf, looking for (toluene-originating) carbon and (water-
originating) oxygen signatures. The results of these measurements
are shown in Fig. 7. With the toluene enveloping the aqueous solu-
tion, the spectra revealed traces of neither liquid nor gaseous water
oxygen 1s core-level signals, indicating that there was no leakage of
water from between the toluene sheets and that not even water vapor
could escape encapsulation.

By moving the jet away from the ionization point and, thus,
exposing only the vapor layer surrounding the jet, we were able to
measure the pure gas C 1s toluene spectrum. We noted a 300 meV
energy shift in the gas-phase C 1s peak position between the gas-
only and the liquid-and-gas spectra, indicating that some surface
charging may occur upon photoionization of the non-conductive
toluene. This is expected given that toluene is electrically insulating,
and we did not add any salt to the sample prior to the measure-
ment (due to the poor solubility of common salts in toluene). We
note that pure water exhibits a pronounced charge-up when exposed
to synchrotron radiation as well, actually leading to unstable and
broadened spectra.39 It is rather surprising that the observed shift
due to charge-up in toluene is so small and that it was possible

FIG. 7. Core-level photoelectron spectra obtained from a toluene–1 M
NaCl(aq)–toluene encapsulated flatjet. O 1s (blue) and C 1s (green) spectra were
measured with hν = 738 eV and hν = 495 eV photons, respectively, ∼200 eV
above the threshold ionization energy in each case. The gas-only toluene spec-
trum was measured by moving the flatjet out of the path of the synchrotron
radiation such that only gaseous molecules were photoionized. Whereas the
C 1s signal is clearly present for both liquid- and gas-phase toluene, O 1s signal
originating from the encapsulated solution is completely absent. All measurements
were done with electrically grounded solutions.

to measure a stable spectrum from the insulating liquid directly.
One may speculate that charge compensation is provided by the
highly conductive aqueous solution inside the core of the FJ, which
provides a kind of back contact; however, the exact mechanisms
enabling these experiments remain unclear at the moment. Never-
theless, some precedent exists for this behavior and it was previously
found that other insulating organic liquids, for example, nonane and
benzene, also yield well-defined PE spectra without requiring the
addition of salt.1,5 Our results demonstrate the ability to generate
a stable FJ with a well-defined liquid–liquid interface even from two
immiscible liquids with different physical properties. We are cur-
rently building upon this approach to develop a biased version of
such a sandwich structure, which we anticipate will be a critical ele-
ment for the generation of a measurable potential gradient across
the FJ.

IV. CONCLUSIONS

We have demonstrated the versatility of FJ-PES to study free-
flowing liquid flatjets, formed through the impingement of two
independent cylindrical jets in vacuum. We have reported PE spec-
tra from mixed FJs and found that the two faces of the first FJ leaf
retain the characteristics of the individual impinging jets. While
some interdiffusion is likely to take place along the liquid–liquid
interface within the FJ, the concentration of diffused ions is below
the detection limit of PE spectroscopy within the surface region
probed but may be greatly increased if the FJ were made thinner. In
contrast, we found that the second leaf of the FJ is homogeneously
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mixed. These observations highlight FJs as an attractive experimen-
tal target for the study of chemical dynamics in systems of reacting
solutions, especially those with fast reaction kinetics.

We have also conducted experiments with asymmetrically
biased FJs, where we applied a different bias voltage to each of the
two cylindrical jets prior to impingement. Our work reveals that the
voltage drop across the individual solution lines up until the point
of impingement is largely determined by the ratio of the conduc-
tivities of the two solutions impinged and that the entire system
is electrically equivalent to a voltage divider. We were unable to
observe a potential gradient across the FJ (defined as a different
effective potential measured at either face) under present conditions;
however, we hypothesize that with improvements to the FJ, such a
gradient could be generated and observed. Given that the applica-
tion of an asymmetric bias across the FJ should drive an ionic current
across the thickness of the FJ leaf, such a systemmay be useful for the
characterization of ionically mobile species in solution, in particular
for complex ions or amphiphilic species.

Finally, we have demonstrated the generation of stable FJs
composed of immiscible liquids in impingement. Due to the
minimal degree of interdiffusion between immiscible liquids, the
liquid–liquid interface in these FJs should be especially stable. Such
FJs constitute a unique template, enabling the application of x-ray-
based techniques to elucidate phase-transfer mechanisms or identify
evidence of interfacial molecular orientation or accumulation.

ACKNOWLEDGMENTS

The authors thank the mechanical workshop of the Fritz-
Haber-Institute (FHI) and the Helmholtz-Zentrum Berlin (HZB)
staff for their assistance prior to and during the beamtime at BESSY
II, as well as Aaron M. Ghrist for his assistance with prelimi-
nary measurements. The authors also acknowledge the beamtime
at BESSY II provided through user proposals under Grant Nos.
191-08169, 221-11064, and 222-11554, and at PETRA III pro-
vided through a user proposal under Grant No. II-20210015. B.W.
acknowledges the support from the Deutsche Forschungsgemein-
schaft (Grant No. Wi 1327/5-1). F.T. and B.W. acknowledge the
support by the MaxWater initiative of the Max-Planck-Gesellschaft.
D.S., T.B., K.M., M.P., B.C., U.H., and B.W. acknowledge the fund-
ing from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and investigation program (Grant
Agreement No. 883759). BC acknowledges the funding from the
EPFL-MPG doctoral school. S.T. acknowledges the support from
JSPS KAKENHI Grant No. JP20K15229.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Dominik Stemer: Conceptualization (equal); Formal analysis (lead);
Investigation (equal); Writing – original draft (equal); Writing –
review & editing (equal). Tillmann Buttersack: Conceptualization
(equal); Formal analysis (equal); Investigation (equal); Writing –
review & editing (equal). Henrik Haak: Conceptualization (equal);

Investigation (equal); Writing – review & editing (equal). Sebastian
Malerz: Conceptualization (equal); Investigation (equal); Writing –
review & editing (equal). Hanns Christian Schewe: Formal analy-
sis (equal); Investigation (equal); Writing – review & editing (equal).
Florian Trinter: Investigation (equal); Writing – review & editing
(equal). Karen Mudryk: Investigation (equal); Writing – review &
editing (equal). Michele Pugini: Investigation (equal); Writing –
review & editing (equal). Bruno Credidio: Investigation (equal);
Writing – review & editing (equal). Robert Seidel: Investigation
(equal); Writing – review & editing (equal). Uwe Hergenhahn:
Investigation (equal); Supervision (equal); Writing – review & edit-
ing (equal).GerardMeijer: Supervision (equal); Writing – review &
editing (equal). Stephan Thürmer: Conceptualization (equal); For-
mal analysis (equal); Investigation (equal); Supervision (equal);
Writing – review & editing (equal). Bernd Winter: Conceptualiza-
tion (equal); Investigation (equal); Supervision (equal); Writing –
review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are openly
available in Zenodo at http://doi.org/10.5281/zenodo.7806035.

REFERENCES

1M. Faubel, B. Steiner, and J. P. Toennies, J. Chem. Phys. 106, 9013 (1997).
2B.Winter, R.Weber,W.Widdra, M. Dittmar, M. Faubel, and I. V. Hertel, J. Phys.
Chem. A 108, 2625–2632 (2004).
3T. Buttersack, P. E. Mason, R. S. McMullen, T. Martinek, K. Brezina, D. Hein,
H. Ali, C. Kolbeck, C. Schewe, S. Malerz, B. Winter, R. Seidel, O. Marsalek,
P. Jungwirth, and S. E. Bradforth, J. Am. Chem. Soc. 141, 1838–1841 (2019).
4S. Thürmer, T. Shinno, and T. Suzuki, J. Phys. Chem. A 125, 2492–2503 (2021).
5H. C. Schewe, K. Brezina, V. Kostal, P. E. Mason, T. Buttersack, D. M. Stemer,
R. Seidel, W. Quevedo, F. Trinter, B. Winter, and P. Jungwirth, J. Phys. Chem. B
126, 229–238 (2022).
6I. Unger, R. Seidel, S. Thürmer, M. N. Pohl, E. F. Aziz, L. S. Cederbaum,
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