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ABSTRACT
Ambient pressure x-ray photoelectron spectroscopy (APXPS) can provide a compelling platform for studying an analyte’s oxidation and
reduction reactions in solutions. This paper presents proof-of-principle operando measurements of a model organometallic complex, iron
hexacyanide, in an aqueous solution using the dip-and-pull technique. The data demonstrates that the electrochemically active liquid
meniscuses on the working electrodes can undergo controlled redox reactions which were observed using APXPS. A detailed discussion
of several critical experimental considerations is included as guidance for anyone undertaking comparable experiments.

© 2022 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/10.1063/5.0130222

I. INTRODUCTION

The capability of performing photoelectron spectroscopy (PES)
measurements of a sample under electrochemical control has been
realized by several approaches to electrochemical cell design, each
with competing advantages and disadvantages.1 The dip-and-pull
method2 is becoming an increasingly used approach, with instru-
ments now available at numerous synchrotron radiation facilities.2–5

It has also been demonstrated recently using an x-ray anode source.6
The typical objective for dip-and-pull experiments has been to probe
electrochemically controlled solid–liquid interfaces, for which ambi-
ent pressure x-ray photoelectron spectroscopy (APXPS) can provide

insight into the interfacial chemistry.7 Some studies have focused
on the liquid film itself, where kinetic energy shifts have been
used to infer information about the electrochemical double layer,8
band alignment,9 and charge transfer reactions.10,11 There have,
however, been no papers using dip-and-pull APXPS to study the
electrochemical properties of a complex analyte in solution.

More generally, spectroelectrochemical techniques are pow-
erful for researching charge transfer processes where properties
such as oxidation state and electronic structure are critical.12,13 One
application of spectroelectrochemistry has been the development
of efficient organometallic complexes for a range of photofunc-
tional applications, including light harvesting.13 The capabilities of
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PES for the characterization of photofunctional complexes has been
repeatedly demonstrated, for example as a probe of surface chem-
istry, electronic structure, and charge transfer.14–20 Applying PES to
electrochemically induced oxidation state changes could elucidate
critical processes that underpin the functionality of a complex in
molecular devices.

This paper presents a proof-of-principle study demonstrating
the feasibility of studying molecular redox processes using dip-and-
pull APXPS. We achieved this through operando PES measurements
of an aqueous solution of the model complex [Fe III

(CN)6]
3− (iron-

III hexacyanide). While using water as the solvent poses several
experimental challenges, which we discuss later, the ubiquity of
water makes it ideally suited for a proof-of-principle experiment.
Iron hexacyanide was selected as it is a commercially available, low-
cost, and well-studied complex that has been previously measured
using PES in both aqueous solution21,22 and in the solid/crystalline
form.23,24 This complex’s electrochemistry is well understood, and it
can be repeatably cycled between the FeII and FeIII oxidation states,
as has been studied with operando x-ray absorption spectroscopy.25

We additionally include a detailed discussion of several experimental
considerations that will be of value to anyone wanting to use APXPS
as a spectroelectrochemical method.

II. METHODS
Spectroelectrochemistry measurements were carried out at

the MAX IV Laboratory using the electrochemistry cell at the
HIPPIE beamline.4 This is equipped with a Scienta HIPP-3 analyzer
(with a ∼0.15 mm diameter entrance cone) positioned in the hor-
izontal plane at 55○ from the x-ray beam (set to linear-horizontal
polarization). A photon energy of 1420 eV was used. The pro-
jected x-ray spot size on the sample is ∼100 × 25 μm2 (horizontal
× vertical). The overall photoelectron kinetic energy resolution of
measurements is estimated to be ∼0.5 eV.

The working electrode was a 7 nm film of TiN, grown by atomic
layer deposition on fluorine-doped tin oxide (FTO) coated glass,
which was found to be electrochemically and mechanically stable.
It was positioned ∼0.3 mm from the analyzer cone at normal emis-
sion. The counter electrode was a 0.3 mm diameter Pt wire and the
reference electrode was a leakless Ag/AgCl (eDAQ ET072). All three
electrodes were held on a manipulator from the top of the cham-
ber. A beaker containing a 0.2 M aqueous solution of K3Fe(CN)6
(from Sigma-Aldrich) was supported on another manipulator from
the bottom of the chamber. The beaker holder was cooled slightly to
∼15 ○C, reducing the vapor pressure of the solution such that the
equalized chamber pressure was ∼ 17 mbar after pumping down.
The solution was thoroughly degassed in a separate chamber prior
to use.

The dip-and-pull technique2 was used to create a thin film of
electrolyte solution on the surface of the working electrode. This
liquid film was then studied using PES. A scheme of the setup is
included in Fig. 1. First, the electrodes were dipped into the beaker
of electrolyte solution, which was positioned just below the entrance
to the analyzer. The electrodes were then pulled out of the beaker,
producing a thin and electrochemically active liquid film at the mea-
surement position. The three electrodes were in permanent electrical
contact with the solution in the beaker, with the relative potentials
controlled by a Biologic SP-200 potentiostat. The working electrode

FIG. 1. (a) Scheme of the dip-and-pull setup, where WE, RE, and CE are the work-
ing, reference, and counter electrodes, respectively. (b) Photograph of the setup.
The white dashed circle highlights the evolution of a mist of small hydrogen bub-
bles at the counter electrode. (c)–(e) Scheme of the dip-and-pull process. The
electrodes are first “dipped” [position (c)] before being “pulled” up, with measure-
ments taken while slowly moving between positions shown in (d) and (e). (f) A
photograph of the working electrode in the measurement position.

was grounded together with the hemispherical analyzer to allow
PES measurements. Therefore, an applied working electrode poten-
tial, EWE, represents the potential difference between the working
electrode and the reference electrode, the latter of which is con-
trolled by the potentiostat relative to the external ground. Setting
the potentiostat to increase EWE therefore increased the electro-
chemical potential of the liquid, causing the photoelectron spectra
of the liquid to shift toward higher kinetic energy. Theoretically,
assuming no charge transfer, electrochemical reactions, or voltage
losses, the kinetic energy shift of the bulk liquid should be 1 eV
per 1 V of applied potential. Detailed discussion of how the liquid
electrochemical potential impacts photoelectron kinetic energies in
this dip-and-pull configuration can be found elsewhere.8,10 Unless
explicitly stated, the applied working electrode potential, EWE, is
given vs the Ag/AgCl reference.

Beam damage was avoided by continually moving the sample
during measurements (the sample was continually pulled upward
at a velocity of 0.02 mm s−1). Given the vertical spot size at HIP-
PIE of ∼25 μm, each position on the sample was therefore exposed
to the x-ray beam for ∼1 s. This velocity was determined from a
series of fast measurements (using the snapshot mode of the hemi-
spherical analyzer) of the Fe t2g derived highest occupied molec-
ular orbital (HOMO) using resonant photoelectron spectroscopy,
which has been well characterized for both [Fe II

(CN)6]
4− and

[Fe III
(CN)6]

3− solutions and is a clear indicator of the complex’s
electronic structure.21 Radiation damage was observed via a kinetic
energy shift of the HOMO feature and a subsequent disappearance
of the HOMO signal. This happened when the same portion of the
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sample was exposed to the x-ray beam for over one second. Our
sample movement entirely mitigated this damage.

Liquid-jet measurements were carried out with the SOL3PES
experimental station26 at the U49/2-PGM-1 beamline27 at the BESSY
II synchrotron radiation facility. The Scienta HIPP-2 hemispheri-
cal analyzer angle was set at 54.7○ relative to the linear-horizontal
polarization axis of the x-ray beam. A photon energy of 1270 eV
was used. The overall kinetic energy resolution was estimated to be
∼0.5 eV. For the liquid-jet experiments, K3Fe(CN)6 and K4Fe(CN)6
(from Sigma-Aldrich) were dissolved in de-ionized water to con-
centrations of 0.3 and 0.4 M, respectively. These solutions were
degassed using an ultrasonic bath and then supplied using a high-
performance liquid chromatography (HPLC) pump through a fused
silica capillary (30 μm inner diameter), forming a liquid micro-
jet. We cooled the jet assembly to 10 ○C to reduce the water vapor
pressure in the chamber. Measurements were conducted ∼1 mm
downstream of the jet nozzle, which was at a distance of 0.5 mm
from the analyzer entrance (a 0.5 mm diameter orifice). The pres-
sure in the vacuum chamber during the measurements was better
than 2 × 10−4 mbar, which was achieved by a combination of cold
traps and a turbomolecular pump.

For the liquid-jet measurements, the relative calibration of the
kinetic energy scale was confirmed using the O 1s spectra originating
from the water solvent (no shift had to be applied). For the dip-and-
pull measurements, the kinetic energies presented are as measured
by the analyzer with no offset applied. A raw kinetic energy scale
is chosen over a more traditional binding energy scale because
binding energy values, calculated from the difference between pho-
ton energy and kinetic energy, loose meaning when voltages are
applied to the electrochemical cell, causing the photoelectron kinetic
energies to shift in response. A detailed discussion of the possible
kinetic energy shifts for a gas–liquid–semiconductor system can be
found elsewhere.28 Peak fitting was done using a linear background
and Voigt functions with the Lorentzian width fixed to 0.4 eV.
Other parameters were allowed to vary. The full fits are included
in the supplementary material, whereas only the highest kinetic
energy components are included in the manuscript as an indica-
tor of spectral shifts (the multiplet structures are not relevant to this
discussion).

III. RESULTS
This paper uses Fe 2p PES to demonstrate the switching of iron

hexacyanide between the FeII and FeIII oxidation states. Figure 2
presents the Fe 2p PES of the chemically generated [Fe II

(CN)6]
4−

and [Fe III
(CN)6]

3− dissolved in water, measured using a liquid
microjet. These provide radiation-damage-free references of the
spectral shape of the complexes in the FeII and FeIII oxidation states.
In both cases, the Fe 2p3/2 (between 550 and 560 eV kinetic energy)
and Fe 2p1/2 (between 540 and 545 eV kinetic energy) spin–orbit
components are shown, with no obvious other structures observ-
able within the noise level. For [Fe II

(CN)6]
4−, the Fe 2p3/2 feature

resembles a single peak, whereas the FeIII spectrum shows a multiplet
structure with a clear shoulder on the lower kinetic energy side of the
peak. These line shapes are similar to Fe 2p PES measurements of
the solid/crystalline powder form as K3Fe(CN)6.23,24 However, we
observe a larger shift of ∼1.9 eV between the two main Fe 2p3/2 peaks

FIG. 2. Liquid microjet, Fe 2p, PES measurements of aqueous solutions of
K4Fe(CN)6 (top, blue spectrum) and K3Fe(CN)6 (bottom, orange spectrum).
These provide reference spectra of the iron hexacyanide complex in the FeII and
FeIII oxidation states, collected with 1270 eV excitation energy. The solid peaks
correspond to the highest kinetic energy component from peak fitting.

in the liquid-jet measurements in contrast to ∼1.2 eV as reported for
solid samples.23,24

A cyclic voltammogram of K3Fe(CN)6, measured in situ (using
the dip-and-pull configuration) prior to the PES measurements, is
presented in Fig. 3(b). The two cycles, measured at a scan rate of
100 mV s−1, are shown over the selected potential range between
−1 and 1 V, which covers both the reduction and oxidation peaks.
The 1.4 eV splitting between the reduction and oxidation poten-
tials is consistent with other measurements at this scan rate.29 The
apparent linear background in the cyclic voltammogram is likely
caused by sizable ohmic currents, the relatively high scan rate and
large ∼2 cm distance between working and counter electrodes. It is

FIG. 3. (a) Fe 2p spectra of an aqueous solution of K3Fe(CN)6 using the dip-
and-pull method measured before (top, orange), during (middle, blue), and after
(bottom, green) a reductive potential hold of −1 V. For each spectrum, the elec-
trodes were dipped and pulled to refresh the sample. The solid peaks show the
highest kinetic energy component from peak fitting. For the blue spectra at the
reductive potential, the peak is additionally shown to be shifted by 1.3 eV in accor-
dance with the applied potential. The photon energy was 1420 eV. (b) Cyclic
voltammogram of the K3Fe(CN)6 solution immediately prior to the PES measure-
ments, starting at OCV and first sweeping in the reductive direction. The first two
cycles are shown.
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worth noting that in this experiment, no buffers were used to sta-
bilize the pH of the solution. We thus observed potential drift over
time (offline tests of a significantly smaller volume of similar solu-
tion showed a change from pH7 to approximately pH10 after 15
cyclic voltammogram cycles). However, the presented cyclic voltam-
mogram was measured immediately prior to the presented PES mea-
surements and the potentials are therefore representative. The open
circuit voltage (OCV) of the working electrode was measured to be
∼0.3 V vs the Ag/AgCl reference electrode throughout the presented
experiments.

Figure 3(a) shows Fe 2p3/2 PES measurements of a liquid film
produced by the dip-and-pull method, first with the cell under open
circuit conditions (orange spectrum), then with the working elec-
trode held at a reduction potential of EWE = −1 V vs the Ag/AgCl
reference electrode (blue spectrum) and finally a repeat measure-
ment under open circuit conditions (green spectrum). Between
each measurement, the electrodes were redipped into the electrolyte
refreshing the liquid film on the electrode. The same dip-and-
pull motions and velocities were used for all three measurements
to ensure repeatability of the liquid film and the measurements
were taken over the same area of the electrode surface. Each spec-
trum represents a cumulative measurement time of ∼75 s. The
two spectra measured at OCV in Fig. 3 are similar in shape to
the [Fe III

(CN)6]
3− spectra in Fig. 2, which can be expected due

to the natural FeIII oxidation state of the complex in K3Fe(CN)6.
The middle spectra measured with an applied reductive potential of
EWE = −1 V vs Ag/AgCl is similar to the [Fe II

(CN)6]
4− reference

spectra, demonstrating that we are able to successfully change the
oxidation state of the complex from FeIII to FeII.

The working electrode OCV of 0.3 V and an applied poten-
tial of EWE = −1 V, both relative to the Ag/AgCl reference electrode,
implies a ∼1.3 V difference in the electrochemical potential of the
liquid with and without the applied potential. One would expect
this difference in electrochemical potential to manifest in the spectra
as a proportionate kinetic energy shift, assuming a minimal poten-
tial drop between the bulk liquid (for which the electrochemical
measurements are representative) and the liquid film (which we are
measuring). In Fig. 3, the main component of the reduced FeII spec-
trum (blue filled peak obtained from peak fitting) is therefore also
shown to be shifted by 1.3 eV to facilitate comparison with the FeIII

spectrum. This implies a ∼1.5 eV offset between the center of main
FeII and FeIII peaks, which is ∼0.4 eV smaller than the liquid-jet
measurements in Fig. 2.

Figure 4 shows an operando experiment during a single “pull”
of the electrodes from the electrolyte solution. The three traces rep-
resent consecutive PES measurements/sweeps, each with a duration
of ∼25 s. The first PES sweep was under the reductive potential hold
condition of EWE = −1 V vs Ag/AgCl, which is consistent with the
previous in situ measurement. During sweep 2, a voltage sweep was
applied, changing the potential difference between the working and
reference electrodes to the oxidative potential of 1 V vs Ag/AgCl,
where the potential was held during sweep 3. In sweep 2, where
the potential was changing during the measurement, the shift of the
peak toward higher kinetic energies is consistent with the direction
of the voltage sweep with no change in shape. We tentatively inter-
pret it to represent a shift in the solution’s electrochemical potential
without any change in the oxidation state. However, we would like
to stress that the precise electrochemical conditions at the time

FIG. 4. Consecutive Fe 2p PES measurements/sweeps on the K3Fe(CN)6 solu-
tion during a single “pull.” The working electrode was initially at a reductive
potential of −1 V. During the second measurement/sweep, the voltage was
changed to the oxidizing potential of +1 V and held there for the final sweep.
The solid peaks show the highest kinetic energy component from peak fitting. For
the blue spectra at the reductive potential, the peak is additionally shown to be
shifted by 2 eV to compensate for the difference in applied potential. The photon
energy was 1420 eV.

when the photoelectron peak was acquired are not known and that
definitive conclusions should not be drawn from this spectrum. The
discussion will therefore focus on spectral changes between sweeps
1 and 3.

Again comparing the spectra in Fig. 4 to the reference spectra
in Fig. 2, sweep 1 looks like the single peak attributed to FeII, while
the broader structure in sweep 3 is more like the FeIII line shape.
We do however note that in the latter case, the intensity ratios of the
multiplet structure do not appear to be correct (see the discussion
section). We additionally note that broadening of the liquid’s pho-
toemission peaks can arise in this dip-and-pull geometry, especially
when the electrode is moving during measurement and the poten-
tial is changing. The probing volume is therefore ill defined relative
to the electrode surface, which can affect the electrostatics and thus
spectral shape.8

In this experimental configuration, the measured region of
the liquid film was ∼3 mm above the bulk liquid in the beaker.
While the working electrode and the electron analyzer are kept
at the same absolute potential (they share the same ground), the
change in kinetic energy from the electrons originating from the
solvated molecules shows that the relative potential of measured liq-
uid meniscus is electrochemically active. This also means that the
relative potential between the liquid and the working electrode is
adapting fast and we can treat the interaction as in a normal elec-
trochemical cell. While these data have a worse signal-to-noise ratio
than Fig. 3 (each spectrum here was collected in one-third of the
time), Fig. 4 shows that after reducing the molecule, we are able to re-
oxidize it and thus perform operando measurements of the process
without refreshing the liquid.

Sweep 1 was measured at EWE = −1 V and sweep 3 at
EWE = 1 V, both relative to the same Ag/AgCl reference, represent-
ing a 2 V difference in the applied potential. We can again attempt
to compensate for this difference by shifting the reduced (blue) peak
relative to the oxidized (orange) spectrum by 2 eV (as labeled in
Fig. 4). This implies a kinetic energy offset of ∼1.5 eV between the
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main FeII and FeIII components, the same offset as was observed in
Fig. 3 dataset.

The above dip-and-pull measurements were repeatable.

IV. DISCUSSION
The interpretation of electrochemical PES data is nuanced and

requires careful consideration. First, we note that the absolute bind-
ing energy position of the peaks cannot be used as a reference. For
dip-and-pull measurements of liquids, it is well understood that
while the working electrode is grounded to the analyzer, the liq-
uid film is not necessarily at the same potential. This is because
in this electrochemical configuration, the potentiostat controls the
potential of the bulk liquid relative to the working electrode. How-
ever, a change in the applied potential does not necessarily result
in an equal kinetic energy shift in PES measurements of the liq-
uid. A simple example of particular relevance to dip-and-pull is
ohmic iR drop up the thin liquid meniscus due to insufficient ion
transport. Other examples include the influence of electrochemical
double layer and charge transfer reactions.8,10 It is also worth noting
that we are using the word “potential” empirically in this context,
mainly based on the observed shifts in spectra and the potential
differences applied/measured by the potentiostat. Physically, how-
ever, there are many types of potentials relevant to the interfaces
between the electrode, the electrolyte solution, and gaseous envi-
ronment where the electrode potential, chemical potential, electric
potential, and electrochemical potential formally have very differ-
ent definitions.30 A helpful guide of how various types of poten-
tial can be combined with APXPS can be found in the thesis of
Källquist.31

With regard to the kinetic energy shifts we observed between
[Fe II

(CN)6]
4− and [Fe III

(CN)6]
3−
(ΔKE), we note that the liquid-

jet measurements of the chemically induced FeII and FeIII species
(ΔKE = 1.9 eV) do not match the existing measurements in the
solid phase (ΔKE = 1.2 eV).23,24 With regard to spectroelectrochem-
ical measurements, the two experiments give ΔKE ∼ 1.5 eV after
accounting for the difference in applied potentials. The difference
in applied potential was different for these two spectroelectrochem-
ical experiments, yet ΔKE remained the same. There was therefore
minimal ohmic iR drop up the meniscus/liquid film. This sup-
ports the conclusion that the measured liquid was electrochemically
active. As such, the system behaved like a standard electrochemical
cell where, to a reasonable approximation, only the potential dif-
ference between the working and reference electrode needed to be
considered. The variation in ΔKE for the different forms/sample-
environments (solid crystal, solvated thin film and liquid-jet) likely
originates from screening effects due to different electrostatic and/or
chemical environments around the central iron atom. This however
warrants further investigation.

The experiment presented a serious challenge of unwanted
hydrogen evolution reactions, which in low pressure environments
produced violent bubbling. This was even problematic when the
applied working electrode potential (relative to Ag/AgCl) was within
the operational electrochemical window of water. This is because
under oxidizing working electrode potentials, the compliance poten-
tial on the counter electrode would far exceed the onset potential for
hydrogen evolution (in order to sustain current flow through the cir-
cuit). This problem was exacerbated by the high conductivity of the

solution, which is unavoidable in order to have a sufficiently high
concentration of the analyte for practical measurement times. The
evolution of hydrogen bubbles disrupted the stability of the liquid
surface during measurement and impacted the spectral shape, even
when they were only produced at the counter electrode. We sus-
pect this is why the spectrum in Fig. 4, where we operated the cell
with the working electrode at an oxidizing potential, has an incon-
sistent shape. The bubbling was minimized by using only a thin wire
as counter electrode, which resulted in smaller and more manage-
able bubbles [visible in Fig. 1(b) as a light mist around the counter
electrode, indicated with a dashed circle]. However, its smaller sur-
face area can result in the potentiostat generating higher compliance
voltages to maintain a current-free reference electrode. Balancing all
of these factors requires careful consideration.

The evolution of hydrogen also caused the pH of the unbuffered
solution to change, thus impacting the electrochemical potentials.
To our knowledge, there has been no systematic investigation of the
impact of pH on the photoelectron spectra of a complex analyte in
solution. There are examples where spectral shifts have been mea-
sured when pH differences induce a substantial chemical change.
This includes the conversion between an anion, zwitterion, and
cation, where the spectral effect is largely localized to the atoms at
which the charge is changed.32 For the case of iron hexacyanide
presented in this paper, any pH effect would be substantially more
minor and we would therefore not expect changes in pH to have a
notable impact on the kinetic energies of the Fe 2p photoelectrons
(especially given the energy resolution of ∼0.5 eV). The electrostatic
environment of the Fe 2p electrons is likely dominated by the for-
mal oxidation state of the Fe atom and its highly covalent interaction
with the cyanide ligands that produce a strong ligand-field.

We successfully mitigated radiation damage by constantly
moving (“pulling”) the sample during measurements. The require-
ment for high x-ray flux, which makes radiation damage such an
issue, originates from factors including the desire for fast acquisi-
tions for operando measurements and compensating for the scatter-
ing the photoelectrons by the gas phase water molecules. The latter is
significant at the relatively high ambient pressure of ∼ 17 mbar. Con-
tinually moving the sample during measurements does require the
use of a very flat and straight working electrode in order to remain
in the focal spot of the analyzer and the incident x-ray beam. We
would like to emphasize that the high probability of radiation dam-
age, especially at modern beamlines on 4th generation light sources,
cannot be overlooked. For these fragile complexes, it can manifest
strongly within a single second of exposure. Thus, without very fast
measurements and a robust strategy for assessing the damage, it
could easily be missed and distort the results.

The issue of hydrogen production that we attributed to the use
of water as solvent could be aided by using other electrodes or by
instead using an organic solvent with a wider electrochemical win-
dow. Lower vapor pressure solvents, in the low or sub-mbar range,
would additionally allow the beamline to be operated at a signif-
icantly lower flux. Solvents such as propylene carbonate10,11 and
3-methoxypropionitrile meet these requirements and both work well
with dip-and-pull experiments.

Future developments will target the use of smaller quantities of
liquid in the milliliter range. This will allow the study of more pre-
cious analytes by using the dip-and-pull method instead of the more
demanding flow cells or liquid microjets that typically require larger

J. Chem. Phys. 157, 244701 (2022); doi: 10.1063/5.0130222 157, 244701-5

© Author(s) 2022

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

volumes of liquid. Characterization using “soft” x rays, in contrast
to the “tender” photon energies more commonly used for dip-and-
pull experiments, allows access to many transition metal L-edges for
x-ray absorption spectroscopy and/or resonant PES. Such experi-
ments would allow for an electronic structure analysis of solvated
analytes in exotic oxidation states that are not stable if produced
ex situ. Such studies could include the experimental validation of
theoretically predicted intermediates in electrochemical reactions.

V. CONCLUSIONS
We have demonstrated that it is viable to use dip-and-pull

APXPS for studying molecular redox processes in metal–organic
complexes using the model system of K3Fe(CN)6 in aqueous solu-
tion. Under static potential conditions, we evidenced the conversion
of the [Fe III

(CN)6]
3− analyte into [Fe II

(CN)6]
4− and performed

in situ characterization of the metal center. Operando measurements
show that we reverse this change back into the FeIII form, high-
lighting that the film of liquid on the electrode is electrochemically
active such that the relative potential difference between the work-
ing electrode and the solution can be controlled to a large extent.
However, measurements of this type are experimentally challenging,
and we tried to highlight many of the practical considerations nec-
essary as a useful guide for users of this emerging and exciting type
of spectroelectrochemical characterization.

SUPPLEMENTARY MATERIAL

The full peak fitting of the spectra is included in the supplemen-
tary material.
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