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The element-sensitivity of X-ray spectroscopies offers the potential to disentangle the individual chemistries of
water, ions, and adsorbates at the electrode-electrolyte interface in an element-by-element manner. However,
targeted experimental design is needed to establish interface-sensitive in situ X-ray spectroscopy in a realistic
electrochemical environment. Here, we demonstrate how electrochemical X-ray photoelectron spectroscopy (EC-
XPS) in the dip-and-pull geometry can be used to specifically probe the behavior of ions in the electrical double
layer. Taking the case study of a polycrystalline Au foil in 50 mM KClO4 electrolyte, we tracked the electro-
chemical response of interfacial K* cations across a broad potential range. We show how, in combination with
modeling, key parameters such as the potential of zero charge (PZC), ion packing behavior, dielectric saturation,
and the electrostatic potential decay in the double layer can be extracted from the data. Importantly, we also
analyze how the experimental conditions and non-idealities can influence the results and put forward criteria for

reliable experimentation and data analysis.

1. Introduction

The chemistry that takes place at the electrode-electrolyte interface
is at the heart of both charge storage and electrocatalytic processes.
Consequently, methodologies capable of probing this interfacial chem-
istry are instrumental for advancing our understanding and engineering
capabilities of electrochemical systems. A major current challenge in
such characterization is resolving the properties of the interfacial elec-
trolyte, i.e. the electrical double layer (EDL). This limitation is particu-
larly significant because the interfacial solvent molecules and ions play a
central role in the electrochemistry of numerous systems [1-3]. To take
full advantage of these electrolyte effects, it is critical to understand
what interfacial electrolyte structure is formed and how it is related to
the composition of the bulk electrolyte, motivating continued develop-
ment of spectroscopic [4] and [5] microscopic tools that can deliver such
insight.

Properties that are high on the “wish list” for an EDL characterization
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technique are 1) a high interface sensitivity with respect to the bulk
electrode and electrolyte, 2) the capability to individually track the
chemistries of the interfacial solvent, cations and anions, and 3) the
capability to quantify interfacial ion concentrations. A promising tech-
nique to fulfill this list is electrochemical X-ray photoelectron spec-
troscopy (EC-XPS). XPS traditionally requires ultra-high vacuum,
making it inherently incompatible with the study of solid-liquid in-
terfaces. However, the development of differentially pumped X-ray
sources and electron analyzers, combined with tailored spectro-
electrochemical cell design, has opened up the way to interface the
vacuum required for XPS with aqueous electrochemical environments.
The key attraction of this EC-XPS approach is that it facilitates analysis
of the electrode-electrolyte interface in an element-by-element manner.
For example, the Pt|0.1 M KOH interface can be characterized using the
Pt 4f core level for the electrode surface, the K 2p core level for the K™
ions, and the O 1s core level for the water molecules and oxygenated
adsorbates [6]. In this way, EC-XPS has been used, amongst others, to
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analyze the dynamic surface composition of alloys [7], to resolve the
potential profile of the EDL [8], to identify adsorbed catalytic in-
termediates [9], and to track surface redox chemistry [6,7,10-12].

Here, we further extend the use of EC-XPS to analyze the concen-
tration and electrostatic potential of ions in the EDL. Using the dip-and-
pull EC-XPS approach, we analyze the case study of K™-Au interactions
at the Au|50 mM KClOy interface. This interface is chosen specifically
because of its broad double-layer-dominated potential range without
interference from faradaic processes or specific adsorption. The analysis
is backed by Poisson-Boltzmann modeling and ab initio molecular dy-
namics simulations, providing a thorough evaluation of what insights
can be reliably extracted from the EC-XPS data. Apart from showing the
proof-of-concept of using EC-XPS to analyze interfacial ion concentra-
tions and potentials, we provide a technical guide on how to carefully
perform the measurements, how to assess the reliability of the data, and
which information can be gathered from its analysis.

2. Methods
2.1. Materials

The 50 mM KClO4 electrolyte was prepared using MilliQ water (DI,
p=18.2 MQ cm) and KClO4 (99.99%, Aldrich). For the working and
counter electrode, we used a 0.5 mm thick Au foil (0.7 cm x 3 cm,
99.995%, Mateck) and a 0.5 mm diameter Au wire (99.99%, Mateck),
respectively. A 0.5 mm diameter Pt wire (99.99%) was used as a pseudo-
reference electrode (RE). Note that a pseudo-RE electrode was used here
because vacuum-compatible Ag/AgCl electrodes displayed Cl~ leakage,
causing XPS-observable chloride contamination in the double layer
(Fig. S1). The Au foil working electrode was mechanically roughened
with sandpaper and cleaned along with the glassware used for all ex-
periments. In the cleaning procedure, they were stored in an oxidizing 1
g/L KMnOy solution acidified with ~1 mM HSO4 (95-97%, for analysis,
Emsure). The storage solution was poured out and rinsed before adding
a dilute solution of piranha. After 20-30 min, the dilute piranha was
discarded and the glassware rinsed with ultrapure water. The glassware
was then sequentially boiled 5 times in ultrapure water.

2.2. EC-XPS measurements

The EC-XPS experiments were carried out using the “dip-and-pull”
method at beamline 9.3.1 of the Advanced Light Source, Berkeley,
United States [13]. In this method, a 150 mL glass beaker filled to the
rim with electrolyte is placed on a motorized stage inside the XPS
measurement chamber. The cleaned working, counter, and reference
electrodes are mounted on a separate manipulator (Fig. 1 and S2),
enabling free movement of the electrodes with respect to the beaker and
the electron analyzer. For the measurement, the electrodes are dipped
into the electrolyte and then pulled up to establish a thin electrolyte film
on the working electrode, through which the XPS measurements are
conducted.

Prior to loading the electrolyte into the chamber, it was degassed
thoroughly in a vacuum chamber. To limit the rate of evaporation from
electrolyte once placed in the XPS vacuum system, an additional small
beaker of degassed water was also placed inside the XPS chamber. The
chamber was pumped down slowly to minimize the risk of bubble
nucleation from gases still trapped inside the electrolyte. Once the
chamber pressure drops below 20 mbar, the electrode holder was moved
to align the working electrode (WE) with the beam. Throughout the
experiment, the chamber pressure was maintained at roughly the water
vapor pressure (~20 mbar) to ensure that the electrolyte does not
become more concentrated over time due to evaporation, especially in
the electrolyte film at the measurement spot.

To minimize the distance between the wetted WE and the analyzer
nozzle, while ensuring the measurement of a stable wet electrolyte film,
the edge of the beaker was placed as close as possible to the analyzer
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nozzle while the WE was placed as close as possible to the edge of the
beaker facing the nozzle. In this configuration, the Au foil WE was
dipped about 2-3 cm into the beaker containing the prepared electro-
lyte. After performing several cyclic voltammograms (CVs) between
—1.0 Vand 0.6 V vs. Pt pseudo-RE to ensure the proper electrochemical
response of the WE, a potential was held. Under potential control, the
WE was pulled about 1 cm out of the electrolyte for every EC-XPS
measurement. The identification of a “wet film” was determined when
the Au 4f counts dropped by an order of magnitude during this “pull”
step. The focus was re-determined using the Au 4f counts before
measuring other elements. Once a wet film was identified, a O 1s scan
was measured. The electrochemical connectivity of the film was deter-
mined by tracking the O 1s peak positions when the applied potential
was changed. When the O 1s peak position shifts ~—1 eV for every 1 V, K
2p was measured (Table S1 and Fig. S3). The BE shift reversibility of the
O 1s was also verified to rule out any time-dependent effect (Fig. S4). C
1s was also measured to ascertain the contribution of adventitious car-
bon in the system and was found to be minimal with a distinctly lower
potential-dependence than the other electrolytic species, i.e., H,O and
K" (Fig. S5). A Au 4f spectrum was recorded before and after each series
of spectra to track changes in the electrolyte film thickness (Fig. S3). A 4
keV X-ray was used and the pass energy was set to 100 eV for all mea-
surements. An energy step of 0.1 eV and step time of 250 ms were used
for all measurements used for peak integration. O 1s, Au 4f, and K 2p
were obtained in 1, 3, and 20 sweeps, respectively. No apparent
oxidation of the Au foil was observed in the studied potential range
(Fig. S6).

Given the long exposure to a focused X-ray beam in the experiments,
consideration was given to possible beam-induced effects due to, e.g.
water radiolysis [14]. However, while several works have reported clear
beam-induced changes in their system [14-16], we did not observe a
noticeable BE or peak width change for the O 1s, Cl 2p, or Au 4f signals
measured before and after 1-2 h at the same spot. Only a change in
relative intensity for O 1s and Au 4f, which we associate with the
thinning of the electrolyte film, could be clearly observed (Fig. S3).
Although ClOzdegradation into Cl~ could have been expected under
beam exposure, neither the Cl 2p (Fig. S7) nor the CV of the system
suggests any significant Cl~ accumulation, which, in the presence of Au
at more positive potentials, is expected to adsorb strongly. Therefore, we
consider that within the scope of our measurements, the beam-induced
effects, although likely present, do not significantly perturb the
measured Au|50 mM KClO,4 EDL.

2.3. Electrochemistry

All electrochemical measurements were managed using a Biologic
SP-300 potentiostat. Once the electrodes were submerged in the
degassed electrolyte, several cyclic voltammograms (CV) were collected
to check the electrochemistry of the Au foil. Although degassed, the first
few CVs exhibit reductive currents, a signature of the presence of O. The
O, reducing currents eventually subsided, leaving a broad double layer
region typical of Au. The potential measured against the Pt pseudo-RE
was calibrated by comparing the CVs to those recorded on poly-
crystalline Au in 50 mM KClO4 in our home lab using a reversible
hydrogen electrode (RHE) Hydroflex (Gaskatel). In the measured po-
tential range of —1.0 to 0.6 V vs Pt pseudo-RE, we observe a shift of
approximately 0.72 V between the potential vs Pt and the potential vs
RHE. It’s worth noting that the correspondence between the pseudo-RE
and the RHE potential windows is approximate because the chemical
stability of Pt as a pseudo-RE can fluctuate, especially at the lower/
upper potential bounds. To ensure experimental consistency, the CV was
regularly measured in between each set of dip-and-pull XPS scans to
track the stability of the pseudo-RE. Regular CVs also helped track
possible contaminant accumulation.
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2.4. SESSA modeling

Signal attenuation due to photoelectron scattering was modeled
using the SESSA 2.2.2 simulation package [17]. The model was con-
structed with an Au substrate of infinite depth, covered with a 1 nm film
of 2 M K" ions in water and a bulk 50 mM K in water film of varying
thickness (4-36 nm). Input parameters are the atomic densities of H, O,
K, and Au in the layers, the bandgap of each layer (0 eV for Au, 6.9 eV for
the water-based layers), and the surface roughness of the Au substrate
(relative surface area = 0 for simulations on the flat surface and relative
surface area = 2.2 for the rough surface). SESSA uses the TPP-2 M for-
mula to calculate the inelastic mean free path and the scattering cross
sections of photoelectrons based on these parameters. Using those pa-
rameters, a large number of photoelectron trajectories are generated to
determine the expected intensities of XPS signals for different core levels
(Text S1).

2.5. Modified Poisson-Boltzmann model

The continuum model of the EDL consists of a modified Poisson-
Boltzmann equation with appropriate boundary conditions. Both are
outlined below.

The modified Poisson-Boltzmann equation, including finite ion size
effects and dielectric saturation, was previously derived by Abrashkin
et al. [18] and Gongadze and Iglic [19,20]. For a univalent electrolyte, it
can be written in terms of dimensionless variables X = x /A with A =1 A
and the potential relative to the bulk electrolyte ¢ = feg, as

V(eVp) = —x(n. —ng)

Bars here denote dimensionless variables and x = fe2(Ago) . The
relative permittivity ¢ depends on the local electric field —V¢ via
Z(pV9)

€ = Emin + KPZﬁSpT@

where enin is the relative permittivity at strong electric fields, #(x) is
the Langevin function, and the dimensionless effective dipole of water
p ~ 0.99 is set such that ¢ ~ 78.4 when V¢—0. In correspondence with
traditional double layer models [21], ey = 5 is chosen.

To model excluded volume effects, the dimensionless cation, anion,
and solvent bulk number densities 7., fi,, and n; are written as

- bk,
i = Mmaxs—pulkgy
Zi:a,c,s?’ini e

where y; denotes the number of lattice sites occupied by a single particle
of species i, and fix = 0.0333 is the lattice site density, which is chosen
such that bulk water has a density of ny =55 M when y, = 1. The
Boltzmann factors ©; are given by

O, =exp— ¢
8, = expg
__sinh pVg
Y pVe

For the ions, values of y, =5 and y, = 2 are chosen, respectively,
slightly smaller than the bulk hydrated ion sizes used in the imple-
mentation of Zhen et al. [22] to account for desolvation in the double
layer.

The model is solved for an infinite planar electrode. The potential at
the right boundary (water-air interface) is set to ¢ = 0. The left
boundary is set at the plane of closest approach for electrolyte ions
(outer Helmholtz plane, OHP), a distance of Soup from the working
electrode. Requiring continuity of the electric displacement and
assuming that the permittivity is continuous across the OHP,
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dorr — o = (V) oppdorp

where ¢ is the potential at the electrode. The polarization of interfacial
water is included only through the field-dependent permittivity func-
tion, corresponding to a simplification of the model of Zhen et al. [22],
who include interfacial water in the boundary condition explicitly.
Based on the molecular dynamics simulations by Guo et al. [23], a value
of Soup = 4 A is chosen.

An overview of model parameters is given in Table S4. The ion
concentration is fixed to the experimental one. The chosen model pa-
rameters allow for a reasonable representation of the double layer
capacitance (see Fig. $9). The numerical implementation is available
online, see [24].

The signal intensity from the K 2p state is predicted from the ion
concentration c¢(z), obtained from the modified Poisson-Boltzmann
model, using the straight-line attenuation model:

L
Ioc/c(z) e 1-9/2dy,

0

where z is the distance from the surface, L the thickness of the water
layer, and 4 is the attenuation length. The experimental data and SESSA
simulations were used to set L and A. L = 12.8 nm was determined based
on the average value from the measurements for the 3 most positive
potentials, and 1 = 4.52 nm is determined from a fit of the K 2p atten-
uation versus film thickness in the SESSA model over the film thickness
range of 0-19 nm.

To predict the peak-shift of the K 2p signal, we assume that the shift
in binding energy of an ion residing at position z is determined only by
the mean-field potential ¢(z). The expected peak shift is obtained by
binning the potential energies e(¢(2) — ¢,) in a histogram, weighted by
the local ion concentration c(z) and attenuation factor exp| — (L — 2)/4].
Shifting the potentials by ¢¢ is necessary to simulate the experimental
setup, in which the working electrode is grounded.

2.6. Ab initio molecular dynamics

Ab initio molecular dynamics (AIMD) simulations were used to
investigate the electronic energy levels of the K* ions at the Au(111)/
electrolyte interface.

Our models consist of a 6 x 6 atom slab with six layers and an
optimized lattice constant of 4.216 A, in close agreement with the
experimental value for gold (4.08 [o\) [25]. An electrolyte consisting of
215 water molecules and either no (PZC) or 4 K' cations was placed
above the interface, leading to a water thickness of around 25 A. To
prevent interaction between the periodic images normal to the interface,
an additional 20 A of vacuum was added, leading to a final cell
dimension of 17.887 x 15.491 x 59.671 A® (see Fig. $10).

All calculations were carried out with the CP2K Quickstep code [26],
which uses the Gaussian and plane wave (GPW) approach to compute
electronic structure efficiently. Core electrons were modeled with Goe-
decker, Teter, and Hutter (GTH) pseudopotentials [27]. Valence states
were described with a double zeta basis including one set of polarization
functions (DZVP). For O, H, Au, and K we used the standard
DZVP-MOLOPT-SR-GTH basis set together with the GTH-PBE pseudo-
potentials g6 (0), q1 (H), q11 (Au), and q9 (K). Exchange and correla-
tion were described using the revised Perdew-Burke-Ernzerhof (RPBE)
functional [28], and dispersion interactions were included via the
Grimme D3 correction [29]. The plane wave cutoff was 500 Ry for AIMD
and 800 Ry for single point calculations. AIMD was performed using
second-generation Car-Parrinello molecular dynamics (SGCPMD) [30].
A Langevin thermostat maintained the system at 320 K [31]. We applied
a global friction coefficient y,= 0.001 fs™! [32]. Region dependent
intrinsic friction coefficients y, were used, with a value of 5.0 x 107>
fs! for the mobile Au atoms, which was found to be similar to that of Pt
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[32], and 1.0 x 1074 fs~! for the electrolyte species (water and KM,
determined by equilibration tests. Brillouin zone sampling was
restricted to the I" point. The four bottom Au layers were held fixed at
bulk positions, whereas the two upper layers evolved dynamically.

Starting structures for AIMD were generated from 5 ns of classical
molecular dynamics. Water, Au, and K were described with TIP3P [33],
Heinz 2008 [34], and Joung 2008 [35] force fields, respectively. The
classical MD equilibration was followed by AIMD to further equilibrate
the system for approximately 5 ps. Subsequently, 13.5 ps of AIMD were
used for analysis in the presence of K™ ions, while 5 ps were used for the
Au-water system. All AIMD simulations employed a 0.5 fs time step to
properly resolve O H vibrational motion [32].

To follow the electronic structure along with the trajectories, single
point calculations were carried out every 50 fs. Self-consistent field
convergence was set to 3.0 x 1077 Hartree, with up to 500 SCF iterations
allowed per snapshot to ensure robust convergence. Electronic occupa-
tions were handled using Fermi-Dirac smearing at an electronic tem-
perature of 300 K. Electrode potentials were obtained for each single
point calculation using the computational standard hydrogen electrode
(cSHE) approach [36]. The potential difference between our 4 ion
calculation to our 0 ion calculation is —1.26 V.

To obtain the binding energy shift, the projected density of states
(PDOS) of each K' ion was computed for every snapshot and referenced
to the Fermi level of the snapshot in question. The ion-surface distances

CE RE WE

Detector
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Az were extracted as the distance between the ion z coordinate and the
mean z coordinate of the topmost Au layer. Since the core levels are not
accessible in pseudopotential calculations, the PDOS-weighted mean
energies were computed for the 3 s and 3p PDOS. We take the peak of the
3 s PDOS as representative of the core level binding energy. By plotting
peak-averaged PDOS energy as a function of ion-surface distance Az, one
can visualize trends for the shifts of the 3 s level binding energy.

3. Results and discussion

The electrochemical interface formed between a polycrystalline Au
foil and a 50 mM KClO4 electrolyte was studied using EC-XPS. This
system was chosen to minimize chemical interactions over the widest
possible potential range, so that the EDL is the only potential-dependent
aspect of the system. In the case of Au, the adsorbate-free region is
typically found between 0 and 1.0 V vs RHE, where its potential of zero
charge (PZC) also lies. At pH 7, the latter is expected to span between 0.6
and 0.9 V vs RHE, depending on the facets of the Au surface [37,38].
Among the anions, ClOy is considered non-specifically adsorbing on Au.
Without specific adsorption, we can investigate the potential-dependent
response of the ions where the charging of the double layer is the
principal electrochemical event. In this work, the ion distribution in the
EDL is monitored below and within the region of PZC.

The measurement first requires that the electrodes are dipped in the
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Fig. 1. Chemical overview of an electrochemical interface through EC-XPS. (a) Schematic of the dip-and-pull geometry for XPS measurements. WE, CE, and RE
denote the working, counter, and reference electrode, respectively. The inset shows the 10-40 nm electrolyte film on the WE that is probed by the XPS, with the
electrical double layer noted as EDL (b) Photo of the dip-and-pull setup. (¢) Survey spectrum of the Au-KClO, interface showing peaks of varying intensities related to
ions (K 2p, Cl 2p), water (O 1s), and the electrode surface (Au 4f) at —0.1 V vs RHE. (e-f) Show high-resolution spectra of these core levels. All spectra were acquired

with an X-ray energy of 4 keV.
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electrolyte and then pulled up to form the thin electrolyte film necessary
to measure the elements present at the interface (Fig. 1a—b). The film can
be formed and remains stable in the vacuum chamber for at least 1 hour
and up to 2 h because the chamber pressure is held at water vapor
pressure, ~20 mbar. The elemental sensitivity of the method allows us
to separately track the chemistry of the different components coexisting
at the formed interface (Fig. 1c). From this measurement, we seek to
simultaneously obtain information about the water via O 1s spectra
(529-539 eV) (Fig. 1d), K™ ions via K 2p spectra (291-300 eV) (Fig. 1le),
and ClOy ions via Cl 2p (194-204 eV) spectra, the latter which was not
detected (Fig. S7). Finally, we can track the Au 4f (80-92 eV) signal
(Fig.1f) to probe the electrode surface, completing the overview of all of
the interface components.

A critical factor in the measurements is the electrolyte film thickness
on the electrode at the focal point. It should be thick enough to form a
complete electrical double layer, but thin enough to facilitate photo-
electrons generated at the electrode-electrolyte interface to reach the
electron analyzer. These conditions are generally met when the film
thickness is 10-40 nm over the entire probed area. This stringent
requirement is one of the main challenges of the dip-and-pull method.
To monitor if this requirement is met, the electrolyte film thickness L can
be determined from the attenuation of the Au 4f signal (Fig. 2c), or the
ratio between the liquid (H2Oyq) and gaseous water (H20gas) O 1s peak
(Fig. 2a; b). Because the Au 4f attenuation responds significantly more
strongly to the electrolyte film thickness, we focus on the Au 4f
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o data
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[’
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0 = T T T T T
538 536 534 532 530
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c 12’(106 T T T T T T T
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attenuation method here. The attenuation of the signal intensity should
stem principally from photoelectron scattering in the electrolyte film,
which becomes stronger (more attenuation) for thicker electrolyte films.
Most commonly, this attenuation is modeled using the straight-line
approximation:

I=Iet"* (@]

where the signal intensity I is related to the signal intensity of the dry
surface Ip (in 20 mbar HO vapor) and the inelastic mean free path
(IMFP) 4 of the Au 4f photoelectrons through the electrolyte film (Text
$2). Using 11.45 nm as the IMFP of liquid water [39] and the experi-
mental I/Ij ratios, a film thickness range of 28-40 nm is obtained for our
experimental conditions.

However, several factors are not considered in this simple model.
First, it does not consider the presence of the K ions in the electrolyte
film. Secondly, it does not weigh in the effect of surface roughness,
which was purposely increased in this study to promote wetting. The
roughness is known to have a big impact on the signal attenuation as it
increases the average path length that electrons must travel through the
electrolyte, overall diminishing the signal intensity [40-42]. To
acknowledge the impact of these factors, along with any (usually small)
elastic scattering effects, we conducted a simulation of electron spectra
for surface analysis (SESSA) for the Au 4f attenuation as a function of the
electrolyte film thickness. When comparing these SESSA simulations to

b T T T T T
2.0x106] — Thin
—— Thick
1.5%10°
(%]
o
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2
0 1.0x10%4
5.0x10°
T T T T T
538 536 534 532 530
BE (eV)
d 0.8
07 =o— Flat SLA
7 Flat SESSA
0.6 Rough SESSA
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L (nm)

Fig. 2. Monitoring electrolyte film formation during dip-and-pull XPS. (a) O 1s spectra features two distinct peaks for gaseous water (H2Og,s) at ca. 536 eV and
liquid water (HOy;q) at ca. 533.5 eV. A Shirley background (bkgd) was used to integrate the respective HyOy;q and HoOgy,s peaks. (b) The relative peak height ratio
between HyOg,s and HyOyq is sensitive to the electrolyte film thickness. (c) The Au 4f attenuation varies with the electrolyte film thickness. (d) Simulation of electron
spectra for surface analysis (SESSA) of Au 4f I/I, as a function of electrolyte film thickness L shows a greater attenuation for a rough (square) compared to a flat
(circle) surface, simulated either with a straight-line approximation (SLA) or SESSA.
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the results from the straight line approximation (Fig. 2d), it can be
observed that while the effect of K is modest, surface roughness is a
critical factor to consider for estimating the correct electrolyte film
thickness. Assuming a high surface roughness (relative surface area =
2.2), we obtain a film thickness range of 12-17 nm. We consider this the
lower bound estimate of the film thickness range. Overall, our analysis
thus shows that the electrolyte film thickness under our experimental
conditions falls within the suitable range for in situ measurements of the
EDL.

In addition to measuring the electrolyte film thickness, we verified
whether the measured signal originated from an electrochemically
connected film and not an isolated droplet. This can be done by tracking
the shift in the O 1s liquid peak with applied potential. As shown in
previous works, the observed binding energy (BE) of electrolyte species
varies with the potential applied to the WE [8,43]. This shift originates
from the shift of the Fermi level of the electrolyte with respect to the
electrode when a potential is applied (Fig. 3a). Since the WE is grounded
to the electron analyzer, this means that the electrolyte Fermi level also
shifts with respect to the analyzer, which directly affects the apparent
BE. Hence, although the real BE (BEeq) of the electrolyte species may
remain unchanged, the apparent BE (BE;ppareny) measured by the elec-
tron analyzer will exhibit a potential dependence. This is indeed
observed for the O 1s signal of water (Fig. 3b).

The BEapparent Of O 1s is expected to shift by —1 eV for every 1 V
applied. Our experiments closely match this with a slope of —0.89+0.04
eV/V (Fig. 3c) in the potential region from —0.2 to 0.7 Vgryg, indicating
that (nearly) the entire probed area is properly electrochemically
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connected [44]. However, above the PZC region, the BE does not follow
the expected behavior anymore (gray points). This suggests that the
wetting behavior on the electrode changes above the PZC region,
creating a poorly connected electrolyte film. To avoid misinterpretation
of results, we therefore focus on potentials below and up to the PZC
region. Electrochemically, the Au foil studied inside the XPS chamber
appears to behave similarly to the polycrystalline Au foil studied in a
regular glass cell purged with Ar (Fig. 3d). Measured in the same po-
tential range, the cyclic voltammogram (CV) reveals a similar double
layer-dominated potential region in both measurement conditions.
Although the i-V features do not align perfectly, especially below 0.0
Vrue and above 1.0 Vgyg, a small broad peak is observed around 0.85
Vrueg in both conditions. This feature is often observed for Au (111) and
polycrystalline Au surfaces in non-specifically adsorbing ClO4 based
electrolytes [45-47]. Contributing factors to the small differences be-
tween the CV in the regular and the XPS cell could come from traces of
O(g in the electrolyte and uncompensated resistances induced by the
electrode holder and the thin film thickness.

The analysis above verifies that our experimental conditions were
suitable for probing a properly electrochemically responsive electrode-
electrolyte interface. However, a critical question that remains is
whether the XPS signals of ionic species mainly originate from the EDL
or from the bulk part of the electrolyte film. To address this question, we
used our SESSA model to compare the expected signal intensity coming
from ions in the double layer and bulk electrolyte ions based on the ion
concentration at the interface. We modeled the expected ion concen-
tration profile using a modified Poisson-Boltzmann model (Fig. 4a) that
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Fig. 3. Effect of potential on the binding energy of electrolyte species. (a) Schematic showing how the apparent BE (BEapparent) Of an electrolyte species, e.g.,
H,0, changes when moving from a high (red) to a low (maroon) potential. BE,., denotes the real BE. The effect is shown experimentally using the O 1s spectra of
water in (b) for three selected experiments. (¢) Summary of measured O 1s peak position as a function of the applied potential. For experiments performed below the
PZC region, a slope of —0.89:+0.04 eV/V, close to the theoretical —1 eV/V is observed (red points). Above the PZC region, the expected trend is not observed (grey
points). (d) Comparison of the cyclic voltammogram recorded in the XPS chamber (red, right y-axis) and in a regular Ar-purged glass electrochemical (echem) cell
(blue, left y-axis) at a scan rate of 50 mV/s. The expected PZC region is highlighted in grey.
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Poisson-Boltzmann model with PZC = 0.7 V vs RHE and 50 mM K'. (b)
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of electrolyte thickness assuming EDL = 1 nm, (C4) = 2 M, and Cp,x = 50 mM.
The difference is greater for an electrolyte film 10-20 nm thick. The experi-
mental average film thickness region is highlighted in blue.

is parameterized in such a way as to reasonably reproduce experimental
capacitance curves (see SI). For use in the SESSA model, this concen-
tration profile is approximated by a step profile capturing the average
concentration in the double layer (Cq4) (set as the first nm here) and in
the bulk Cpy.

Using this model, the fraction of double layer K 2p signal was
calculated as a function of film thickness, both for the case of a flat and a
rough electrode surface (Fig. 4b). For the experimental film thicknesses
(12-17 nm for the more realistic rough surface, 28-40 nm for an
idealized flat surface), the SESSA model predicts that a significant
fraction of the signal originates from the EDL. When moving the po-
tential from the PZC region ((Cy) = Cpux = 50 mM) to —0.1 Vgyg
((Ca) =~ 2 M, Cpyx = 50 mM), we may expect the total K 2p signal to
increase by a factor 1.25-2. Therefore, based on our modeling, one may
expect that our experimental conditions are suitable for tracking the
dynamic behavior of the EDL as a function of potential.

To verify our sensitivity to the double layer experimentally, we
recorded K 2p and O 1s spectra as a function of potential (Fig. 5). The
spectra were recorded in a random order to avoid time-dependent effects
(Fig. S11). Upon fitting the K 2p doublet, we found most spectra yielded
good residual standard deviation (Fig. S12). Additionally, we found that
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K™ cations as a function of the applied potential. The absolute signal is shown
(in counts per second, CPS) so that intensity changes vs. potential can
be assessed.

for K 2p peaks integrated between —0.1 and 0.7 V, the signal-to-noise
ratio was ~10, confirming the reliability of the data quality for
further analysis (Fig. $13). Upon inspection of the resulting data in
Fig. 5, we can see that the intensity of the bulk-dominated O 1s signal
remains constant (Fig. 5a and S14), while the intensity of the K 2p
doublet clearly exhibits a potential dependence (Fig. 5b), with more ions
approaching the negatively charged electrode, as expected. The data, in
fact, shows a 1.5-fold increase in signal intensity (see also Fig. 6d) when
going from 0.7 V vs. RHE (expected to lie close to PZC) to —0.1 V vs.
RHE, in rough agreement with the model above. Overall, this shows that
the dip-and-pull EC-XPS approach can probe the potential-dependent
structure of the EDL.

When analyzing the K 2p trend in more detail, it is important to
consider experimental factors that could impact the K 2p intensity, such
as variation in chamber pressure, alignment, electrolyte film thickness,
and inhomogeneity of the electrolyte film. Below, we will show that such
non-idealities can be analyzed and corrected using the combination of
Au 4f (electrode), O 1s from H20yiq (O 1sjiq, bulk electrolyte), and K 2p
(ion) spectra, combined with SESSA modeling. The first step in this
procedure is to correct the effects of chamber pressure and alignment
variation. This can be done using the O 1sj;q intensity, which is unaf-
fected by the applied potential and electrolyte film thickness within our
experimental range (see Fig. 6a), and therefore reflects only the effects
of alignment/chamber pressure variation. Alignment/pressure-
corrected K 2p and Au 4f spectra can therefore be obtained by normal-
izing to the corresponding O 1sjjq intensity. As shown in Fig. 6d, this
correction has a modest but observable effect on the signal-to-noise in
our K 2p trend.

Another source of non-ideality could be that the electrolyte film is
not homogeneous over the measurement spot and that this in-
homogeneity changes as a function of potential. In Fig. 6b, we modeled
several inhomogeneity scenarios that would lead to the same Au 4f
attenuation and would therefore go unnoticed in our Au 4f attenuation
analysis. For most cases, Fig. 6b shows that the variation in electrolyte
film inhomogeneity hardly impacts the K 2p signal. Only completely dry
surface patches would distort the K 2p signal. We believe this was not
the case in our experiments, because such dry patches would contain
accumulated dry residual KClO4 after the dip and pull procedure. Dry
salts would produce a strong, unattenuated K 2p signal that would not
exhibit a BE shift with applied potential since no longer part of the
electrolyte. Since neither an unattenuated K 2p contribution nor a
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Fig. 6. Modeling of electrolyte film thickness effects on the K 2p/Au 4f signal. (a) Electrolyte film thickness effect on the modeled K 2p intensities from the
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M. (c) Electrolyte film thickness as a function of potential determined with SESSA from the experimental Au 4f assuming a rough electrode surface. (d) Comparison of
the raw, O 1s normalized, and film thickness corrected K 2p intensities as a function of the applied potential. Each dataset is normalized by the bulk intensity
estimated as the average of the 3 most positive potentials, i.e., in and positive of the PZC region.

potential-independent component is observed in our spectra, dry salt
artifacts can be excluded, indicating that the measurement area is
largely covered by electrolyte. Overall, our analysis thus shows that the
K 2p trend as a function of potential genuinely reflects changes in the
interfacial K* ion concentration but can be made more accurate by
appropriate correction for alignment, chamber pressure, and electrolyte
film thickness variation. This also emphasizes the importance of sys-
tematically checking for non-linear potential-dependent BE shifts
[14-16].

With the optimized K 2p data, we now analyze the behavior of K*
ions in the double layer by comparing the XPS data to results from the
modified Poisson-Boltzmann model and AIMD simulations. First, we
analyze the K 2p intensity variation in Fig. 7. The region of PZC is readily
extracted from the data as the lowest potential where the K 2p intensity
reaches its minimum value, i.e., where the K ions are no longer
attracted to the double layer. This occurs at 0.5-0.7 Vgyg, which

corresponds to a PZC region in good agreement with the literature [37,
38]. Considering the roughened polycrystalline nature of the Au elec-
trode, the measured minimum does not correspond to this surface’s true
PZC, but rather, to the average contributions from the PZC of different
coexisting Au orientations. This apparent PZC measured by EC-XPS
seems to agree best with the model when using a PZC = 0.7 Vgyg.

The second aspect that can be analyzed from the K 2p intensity is the
potential dependence of the interfacial ion concentration. As can be seen
in Fig. 7, K ions are attracted to the electrode when the potential is
moved below the PZC region, and the cation signal increases at more
negative potentials. However, the signal levels off at ~0.3 Vgyg, sug-
gesting a reduced increase in the interfacial K concentration at more
negative potentials. This trend is reproduced by the modified Poisson-
Boltzmann model. As shown in Fig. S16, this leveling-off likely re-
flects a reduced capacitance caused by saturation of the orientational
polarization of water molecules [22], i.e., the reduction of the dielectric
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Fig. 7. Determination of the local K+ cations concentration in the double
layer by fitting the EC-XPS with a modified Poisson-Boltzmann model.
Comparison of the experimental (spheres) film thickness corrected K 2p in-
tensity as a function of the applied potential with that predicted by the Poisson-
Boltzmann model in combination with a straight-line approximation for the
attenuation in the liquid (line). The dependence of these results on the exact
parameter choices made in the model is shown in Fig. S11. The simulated in-
tensities were scaled such that the predicted intensity at 1 V vs. RHE (a po-
tential considerably above the set PZC) matches the mean measured intensity
obtained at the 3 most positive potentials. Experimental and modeled data are
normalized between 0 and 1 using their respective minimum and maximum.

response at the interface due to a strong local electric field. We chose to
compare the normalized model-derived and experimental K 2p data here
because converting experimental data into absolute ion concentrations
is challenging. While it is theoretically possible to establish an absolute
scale using the K 2p intensity above PZC, which corresponds to the bulk
50 mM concentration (no K™ accumulation in the EDL), this approach is
likely unreliable. This conversion would be inaccurate due to (1) noise in
the signal and (2) perturbations of the "bulk" concentration from the
possible contribution of ion accumulation at the gas-liquid interface.

Apart from the K 2p signal intensity, we can also analyze the po-
tential experienced by the interfacial K™ ions using the K 2p peak po-
sition. In the double layer, the electrostatic potential transitions from
0 at the (grounded) electrode to the value for the bulk electrolyte, as
schematically depicted in Fig. 3a. EDL ions located within this potential
decay region will therefore experience a BE shift smaller than that of the
bulk electrolyte. However, the K 2p signal is found to shift by —1.03
+0.14 eV/V (Fig. 8a), i.e. the BE shift is equal to the —1 eV/V expected
for the bulk electrolyte. Indeed, the shift is very similar to that of the
bulk-dominated O 1sjjq peak (remaining differences are within the
measurement uncertainty). This suggests that the potential decay
through the double layer mainly occurs close to the Au surface in a re-
gion that is not accessed by (large amounts of) ions. Further confirma-
tion for this comes from analysis of the peak width (FWHM) of the K 2p
data. If double layer ions experience a different BE shift than ions in the
bulk of the electrolyte, the K 2p peak would broaden. However, as
shown in Fig. S18, no significant broadening is observed.

The potential presence of a rapid potential decay at the interface has
been discussed based on AIMD and density functional theory calcula-
tions in the work of Zhu et al. [48]. Our modified Poisson-Boltzmann
model also suggests such a rapid potential decay (see Fig. 8c), which
largely occurs in the region close to the electrode surface where no ions
are present yet. Fig. 8b shows that as a result of this, the ions should
indeed exhibit a BE shift close to that of the bulk ions (—0.83 eV/V. for
the EDL vs. —1 eV/V for the bulk). Since the modified
Poisson-Boltzmann model makes rather crude approximations and since
the behavior can depend crucially on the behavior of the dielectric
constant at the interface, we additionally performed AIMD simulations
and tracked the potential shift experienced by the individual ions via the
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3s peak in the projected density of states (results for the 3p peak are
shown in Fig. $19).

As shown in Fig. 8d the AIMD simulations also indicate that the EDL
ions residing between 3 A and 6 A experience nearly the same electro-
static potential: In this range, we find a potential shift of only about 0.12
eV, much smaller than the potential applied. Given additionally the
strongly localized ion distribution suggested by our simulations to occur
at —1.26 V vs. PZC (see Fig. $20), these results clearly support that a
steep potential drop is present in the first molecular layer near the
electrode’s surface, as already suggested by the modified Poisson-
Boltzmann model. This suggests that even ions in closest proximity to
the electrode experience only a small potential difference relative to
bulk ions. In other words, although part of the EDL, the charge screening
of these ions is mediated by interfacial water molecules that “buffer” the
potential the cations experience. Our analysis thus highlights the
effectiveness of potential screening in the double layer at potentials far
from PZC, even at a modest ion concentration of 50 mM.

4. Conclusion

Overall, our work highlights how EC-XPS in the dip-and-pull geom-
etry is an effective, semi-quantitative methodology for the study of
interfacial ion behavior. Key double layer parameters, such as the PZC,
interfacial ion concentrations, and the potential experienced by ions in
the EDL can be directly accessed or estimated from the XPS spectra of ion
core levels as a function of applied potential. Caution is necessary,
though, as we note that these extracted parameters can be readily per-
turbed by variations in electrolyte film thickness, lack of (full) electro-
chemical contact, and dry spots on the surface. Accordingly, ensuring
reproducible and complete electrode wetting, as well as applying
appropriate corrections for remaining electrolyte film variations, is
crucial to attain reliable data. Key points in the methodology presented
here, therefore, are the practical indicators and corrections used in the
data analysis that ensure that meaningful insight is extracted.

After validating our data with these indicators and corrections, we
have analyzed the case study of the Au-50 mM KClO4 interface. We find
a PZC in the range of 0.5-0.7 Vgyg, in agreement with the literature.
Moving to more negative potentials, K* ions are readily attracted to the
interface. Based on our data, we find a decrease in capacitance occurring
already at ~0.3 Vgyg (~0.4 V lower than PZC). Using a modified
Poisson-Boltzmann model, we find the capacitance decrease (and hence
slower cation signal increase) to be caused by dielectric saturation ef-
fects. Finally, our data suggests that despite the modest ion concentra-
tion used here, the electrolyte is extremely effective in screening the
potential applied to the electrode, with most of the potential drop
already occurring in or below the first water layer. Thus, our EC-XPS
data provides direct atomic-scale insight, both in terms of structure
and potential. We anticipate that such insight will provide useful guid-
ance for understanding the charging mechanisms of supercapacitors and
electrolyte effects in electrolysis.
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