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Abstract 

Understanding the behavior of ions at electrified interfaces is crucial for the vast majority 

of electrochemical processes, including energy storage, corrosion, and catalysis. The 

electric double layer (EDL), formed at the interface between an electrode and an 

electrolyte, plays a pivotal role in governing these processes. In particular, large ions with 

a weak charge, such as cesium, exhibit extraordinary behaviors in the EDL, rendering 

these ions a means to manipulate EDL properties such as solvation, potential drop and 

local hydrophilicity. In this study, we utilize X-ray and electron transmissive graphene 

electrodes to investigate the influence of cesium-ions within the EDL using advanced X-

ray spectroscopy techniques. By employing synchrotron-based operando X-ray 

photoelectron spectroscopy (XPS) and electron yield X-ray absorption spectroscopy 

(XAS), we determine the ion concentrations and elucidate the electronic structure and 

chemical environment of cesium-ions near the electrode surface. Our results reveal 

intricate ion-specific interactions within the EDL, shedding light on ion adsorption, 

desorption, and redistribution phenomena, in dependence of the interfacial cesium 

concentration. Furthermore, we explore the impact of electrolyte bulk processes, such as 

ion pairing and surface charge density on the EDL structure and dynamics. 

Understanding this ion behavior in the EDL is vital for designing electrochemical 

processes from the electrolyte side. Ease in applicability, high degree of control and 

dynamic manipulation of this approach, renders it vital for the electrochemistry driven 

energy revolution. 

 

Introduction 

The molecular behavior of solvated species at electrolyte/electrode interfaces is dictated by the 

electrical double layer (EDL)1. This EDL is a response of the mobile electrolyte to screen the 

surface charge of the solid part of the electrode, ruled by electrostatic effects. The EDL is 

mathematically described by the Helmholtz model and Gouy-Chapman models2. The Gouy-

Chapman model provides a theoretical framework for understanding the electrical double layer 

at charged interfaces and has been foundational in colloid and surface science3,4. It assumes a 

diffuse layer of ions surrounding a charged surface, with ions distributed according to Boltzmann 

statistics, and predicts the distribution of ions in solution and their influence on surface charge5. 

Despite its utility, the model has limitations in accounting for specific ion-surface interactions, 

neglecting ion correlations, and may not fully capture the behavior of highly concentrated 

electrolytes6. The implicit accumulation of ions at the interface influences critical parameters of 

the electrolyte such as the Debye screening length, viscosity, and hydrophilicity. Due to this 

influence, the nature of the EDL decides over the success of a material as catalyst in 

electrochemistry or as pseudo capacitor in energy storage applications7,8,9.  

In the last years, new spectroscopic methods, such as sum frequency generation10,11 and 

sophisticated ab-initio molecular dynamics simulations12,13 have shown that the behavior of the 
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double layer is not purely driven by electrostatics but it is often dominated by formation of chemical 

bonds and van der Waals interactions, by the free energy of solvation of interfacial species and, 

for water, by the formation of a so called bound interfacial layer14. Therefore, the nature of the 

electrical double layer, and hence the solid/liquid interface, can be influenced by both the nature 

and the concentration of dissolved species14
. 

In electrocatalysis the best studied examples of such influences on the electrical double 

layer are the so-called cation effects15. By exchanging the cation, typically within the group of 

alkali metals, while maintaining all other experimental properties, researchers could modify the 

overpotential and the selectivity of catalytic reactions such as the CO2 reduction reaction (CO2-

RR)16, and the hydrogen evolution reaction (HER)17. Different reasons have been proposed for 

these effects that can be categorized in three main groups: First, the co-catalyst effect, where the 

presence of cations in the solution or adsorbed on the catalyst, can stabilize transition states of 

the catalysis process18. Second, field driven effects, where different sizes and solvation states of 

cations at the interface lead to a variety of length scales in the first electrolyte layer and therefore 

induce strong changes in the potential drop19.  Strong electric fields can promote adsorption, 

stabilize charged transition states, or lead to the retention of competing electrochemical species20. 

Third, the presence of the cations influences the microenvironment at the solid liquid interface by 

either breaking the structure of bound interfacial solvents, change the pH at the interface, or lead 

to a phase separation at the electrode21.These effects can influence mass transport, the free 

energy of solvation, and also stabilize transition states22.  

Exceptionally, in most of these studies the cesium cation exhibits by far the strongest 

influence on the observed catalytic reaction, as it leads to a highly increased turnover number for 

CO2-RR and selectivity to higher C products on Cu catalyst23, while boosting HER on gold 

catalysts17. This Cs behavior has been ascribed to its hydrophobic nature24, small hydrodynamic 

radius25, and its “soft” cloud of positive charge26. Despite numerous publications on cesium and 

of similar ions, crucial information, like concentration at the interface, solvation state, and its 

influence on the interfacial water layer, is sparse and mostly of theoretical nature.  

In the present work we present an in-situ spectroscopic study of these effects, using 

interface-sensitive X-ray photoelectron spectroscopy (XPS), at a photon energy of 1000 eV, to 

determine the concentration of cesium ions within the first few nanometers adjacent to a 

suspended graphene electrode that acts also as a membrane that closes a flow cell. In the 

experiment we vary the cesium sulfate concentration in the electrolyte solution under open circuit 

potential (OCV). The XPS data are analyzed using the SESSA simulation package27. We also 

use X-ray absorption spectroscopy (XAS), to confirm the depletion of sulfate at the interfacial 

layer and its concentration dependence between interface and bulk regions. Lastly, using 

electrochemical impedance spectroscopy (EIS) we verify the high interfacial capacity due to 

excess concentration cesium ions at the interface. Ex-situ TEM, Raman, SEM and XPS were 

utilized after the experiments to assess the potential formation of graphene oxide, intercalation of 

cesium, and delamination of the graphene. 

We observed an extraordinary behavior of Cesium ions in the EDL that can provide an 

explanation to the influence of cesium on electrocatalysis. Furthermore, it provides a guideline for 

the choice of electrolyte bulk concentration to reach maximum efficiency. We found that the 

interfacial behavior changes dramatically for Cs concentrations between 120 and 200 mM in 

aqueous solutions. This phenomenon opens new prospects to tailor interfacial parameters such 
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as hydrophilicity, pH, and potential gradient, with only minor changes to the system. Our study 

can inspire a new generation of electrolyte-driven techniques to control interfacial properties in 

electrocatalytic, energy storage and colloid chemistry applications.   

 

Results 

 

Methods 

In-situ XPS experiments were performed in a custom-built electrochemical flow cell at the 

ambient pressure XPS endstation at beamline 11.0.2 of the Advanced Light Source (ALS) in 

Berkeley. The flow cell is sealed by a 200 nm thick Si3N4 holey membrane, fabricated with a 

rectangular array of circular holes of 485 nm diameter, spaced by 1300 nm, leading to a total open 

area of ~11 %. The Si3N4 membrane is covered with a 10 nm gold film to ensure electrical 

conductivity and it is sealed with three layers of graphene transferred individually onto the holy 

membranes utilizing the established direct wet transfer (see Figure 1). The graphene film closes 

the channels and is impermeable to liquids, but transmissive for electrons of relatively low kinetic 

energy. The graphene membranes can withstand pressure differences of several bar, as shown 

by Weatherup et al. and Yi Hsien et al.28,29 

A Pt wire from Goodfellow and a leakless miniatureAg/AgCl from Mengel Engineering 

were utilized as a counter and reference electrodes, respectively. The flow cell volume is around 

250 μl and can be operated at a flow rate of 1.5 ml/min in the vacuum environment (~1x10-6 Torr) 

of the AP-XPS chamber, leading to a fully refreshed solution every 10 seconds. A Cs2SO4 stock 

solution of 200 mM concentration was injected and diluted with deionized water to create the 

reported concentration series. Pump-derived bulk concentrations, electrochemical sensitivity of 

the flow cell, and reference potential and impedance measurements were calibrated utilizing the 

redox ferricyanide pair utilized as internal standard in aqueous electrochemistry (for additional 

information on the flow cell and the calibration procedure see SI I).  

Electrochemical impedance spectroscopy measurements were performed utilizing the 

same graphene window, flow cell setup, and similar electrolyte conditions, as in the XPS 

measurements, but with the cell outside the vacuum chamber.  

XAS data were collected at beamline B07 of the Diamond Light Source in Oxford, UK, 

using an in-house electrochemical flow cell, with a Pt wire counter electrode and AgCl coated Ag 

wire reference electrode. The cell X-ray transmissive window was similar to that in the ALS 

experiments, but without holes and similarly covered 10 nm thick gold with 3 layers of graphene 

on top. TEM, Raman, XPS, SEM and electrochemistry were utilized after the XPS experiments to 

verify the presence of three layers of graphene, with an estimated 0.033 nm-2 density of defects, 

such as sp3 carbon, C-OH and C=O groups. The results indicate the absence of significant 

amounts of contamination (see SI II).  
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Figure 1: Schematic of the sample geometry. A, left): Electrochemical flow cell featuring a Pt counter electrode, a 

Ag/AgCl reference electrode and an X-ray transmissive graphene-covered Si3N4 membrane as working electrode. The 

liquid volume is around 500 ul. X-rays from the 11.0.2 beamline at the advanced light source with an energy of 1000 

eV illuminate the working electrode, in the high vacuum chamber, with a 55o degree incidence angle. B, center): TEM 

image of the region of interest in the 200 nm thick Si3N4 membrane, with 500 nm wide holes covered with a triple layer 

of graphene. The ratio between suspended graphene (over the holes) and graphene supported on a 10 nm Au layer is 

1 to 9. C, right) Schematic of the X-ray and electron transmissive working electrode, based on the holey Si3N4 

membrane (purple) covered with 2.5 nm Cr and 10 nm Au (yellow) to ensure good in-plane conductivity. The open 

holes and the gold coated parts are covered with a triple layer of graphene (thick black line). Aqueous solutions of 

Cs2SO4 of different concentrations flow through cell after introduction via capillary tubes. 

 

Interfacial cesium signal vs bulk concentration  

Operando experiments were conducted in the three-electrode flow cell described above 

(Fig.1). During measurements, the sample was left at open circuit potential (OCP) and the working 

electrode was grounded. The OCP, measured against the Ag/AgCl reference electrode, was 

0.225 VAg/AgCl. Interfacial Cs 4d photoemission spectra acquired as a function of Cs2SO4 

concentration, from pure water to 200 mM, are shown in Figure 2A. The term interfacial will be 

used in the following to refer to information gathered for the Cs 4d peaks at kinetic energies of 

920 to 935 eV, which have mean free paths of around 3.5 nm in water30. A plot of the Cs 4d peak 

areas vs bulk concentration is shown in Figure 2B. For concentrations up to ~100 mM, the 

interfacial cesium signal increases in a Langmuir-type fashion (see fit in Figure 2B). In a linear 

regression of the isotherm, the slope is 0.78 and deviates from the slope 1 expected for Langmuir 

isotherms. The lower slope indicates attractive behavior of Cs+ ions towards the graphene 

surface.31 The increase of peak intensity of interfacial Cs+ is accompanied by a decrease in 

binding energy of 0.05 eV and an increase in peak width of ~1eV between 20 and 120 mM. 
Unexpectedly, at 200 mM Cs2SO4 bulk concentration the Cs signal drops below the value 

measured at 40 mM. Since the signal intensity of reference C 1s and Au 4f XPS peaks did not 

change, the drop of the cesium signal is not accidental and can only be explained by a decrease 

in interfacial Cs+ concentration, indicative of an intrinsic interaction between the Cs2SO4 

electrolyte and graphene. Such extraordinary behavior of interfacial cesium ions when the bulk 

concentration increases above 120 mM is accompanied by a reversal of the trends in binding 
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energy and peak width changes: the first increasing by 0.13 eV from around 100 mM to 200 mM, 

and the width increasing from ~1.8 to 2.2 eV (Figure 2D). 

The measured intenisty profile and the shift in binding energies32 of the Cs 4d electrons 

can be explained by the adsorption of Cs+ ions at the interface, as suggested earlier from the 

Langmuir isotherm fitting. Since the graphene electrode is grounded, we can use the binding 

energy of adsorbed cesium as our zero-shift reference. At 20 mM concentration, the interfacial 

signal is fully dominated by adsorbed cesium, hence displaying nominally minimal BE shift and 

minimal FWHM. At higher bulk concentrations, an increasing signal from fully solvated Cs cations 

shifted Cs doublet to lower binding energies due to the negative potential drop at the interface. 

The electrostatic gradient across the double layer potential drop then leads to the increases of full 

width half maximum (FWHM) with increasing Cs2SO4 concentration, as Cs species with different 

electrostatic contributions influence the measured spectra. (see Figure 2 D).  

Apart from the dramatic decrease of the intensity, the FWHM data also show a deviation 

from the broadening trend as the values jump from 2.0 to 2.2 eV between 120 and 200 mM. This 

implies a correlation between the sudden decrease of cesium concentration at the interface and 

its change in electrostatic behavior. Displacement of Cs+ by SO4
2-

 and formation of Ion pairs 

between cesium and sulfate ions is the most likely explanation for all three observed phenomena 

(sudden decrease in intensity, decrease in BE and increase in FWHM of Cs 4d doublet), as 

caused by decrease of the interfacial Cs+ concentration by replacement of adsorbed Cs+ by 

sulfates. The ion pairs of Cs+ and SO4
2- ions share a solvation shell, decreasing the formal charge 

of the cluster33,34 This leads to a decrease of the iterfacial e-field and therefore halts accelation of 

kinetic electrons that escape the electrolyte, leading to an apparent increased binding energy. 

Baldelli et al35. observed such clustering of cesium and sulfate and consequential 

decrease of the induced electric field at the air-water interface utilizing sum frequency generation 

at high Cs2SO4 bulk concentrations of 3 M. To verify if the interfacial concentration of cesium at 

the electrolyte/graphene interface is sufficiently high to facilitate ion pairing and to validate the 

assumed Cs ion adsorption, we used the photoelectron spectroscopy simulation package SESSA 

(Simulation of Electron Spectra for Surface Analysis) to quantify the amount of cesium ions at the 

interface.  
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Figure 2: In-situ XPS measurements of cesium ions adjacent to the suspended graphene electrode as a function of 

Cs2SO4 bulk concentration. A Recorded Cs 4d spectra of DI water and Cs2SO4 solution of different concentrations. 

Spectra are fitted with a Voigt doublet, branching ratio and spin-orbit splitting are fixed at 1.5 and 2.36 eV, respectively. 

B Concentration dependent intensity of the interfacial Cs 4d signal (blue squares). The increase in intensity between 

20 mM and 120 mM Cs2SO4 bulk concentration can be expressed by the Langmuir isotherm (red dotted line). Drop in 

Cs intensity at 200 mM Cs2SO4 concentration contradicts established models. C Shift in Cs 4d5/2 binding energy with 

Cs2SO4 bulk concentration. D Full-width half-maximum of the Cs 4d signal as a function of bulk concentration.  

 

Measuring interfacial concentrations 

To determine the amount of interfacial Cesium ions, the experimental spectra were 

simulated using peak fits from the SESSA package, photoemission, and Monte Carlo electron 

trajectory modeling software. The simulation process accounts for the sample and experimental 

geometry, the photoionization cross-sections, and the attenuation of photoelectron intensity due 

to depth of origin.36,37 The ratio between Cs 4d and Si 2p (Si 2s) XPS signals from the substrate 

material was used for a comparison between the simulated and experimental spectra, to minimize 

effects of the analyzer transmission function, which we assumed to be constant within a narrow 

energy range of ~25 eV. The C 1s and O 1s XPS peak intensities were used as references to 

assess any attenuation of the signal due to the accumulation of adventitious carbon (see SI IV for 

the calibration of the SESSA model). Here C 1s originates from the measured graphene and 

carbon contaminations, O 1s is dominated by an interfacial layer of SiO2 in the Si3N4 membranes 

and includes minor contributions from H2O, Hydrocarbons and oxidated defects in graphene. 

The graphene triple-layer electrode and the subsequent attenuation of Cs 4d signal were 

simulated by a carbon layer of 1.3 nm thick, as reported for individually transferred 3 layers of 

graphene by Zhou et al.38 caused by grain boundaries and wrinkles, which are lying flat due to our 

high-vacuum annealing above 200ºC 39. The graphene thickness was calibrated using ex-situ XPS 

data collected from the graphene window rotated by 180 degree to monitor the attenuation of 

substrate signals by the layer (see SI V for more information).   

Since the experiment uses a single photon excitation energy, the depth information from 

the Cs 4d intensity requires using a depth distribution model. Three models that capture the main 

outcome of our measurements are: a bulk model (constant concentration vs depth), a slice model 

(gradual decrease in concentration), and an adsorption model (step-like drop in concentration), 

as shown in Figure 3 A, B and C, respectively.   
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In the bulk model, we assume a constant bulk concentration throughout the EDL all the 

way to the interface (see Figure 3B). As depicted in Figure 3D? and Table 1, the simulated 

intensities at the experimental concentration for this model are an order of magnitude smaller than 

the measured intensities (0.02 vs. 0.26 at 40 mM) and the effect is more pronounced towards 

lower concentrations. In other words, the bulk concentration in the model matching the 

experimental data would have to be an order of magnitude larger than actual values. According 

to the widely accepted Gouy-Chapman Stern model2, such increased ion concentration due to 

electrostatic interactions with the electrode, can only be found within the first few electrolyte layers 

(up to 1.3 nm), as the Debye screening length is below 1.3 nm under the experimental conditions. 

Therefore, another model with strong surface enrichment is needed to explain the measured data.  

 
Figure 3: Assumed interfacial structure for three different concentration profile simulations, the gray bar represents 

suspended graphene, green spheres represent positively charged Cs+ cations, blue spheres represent twice negatively 

charged sulfate anions, the water molecules from the solvent are represented in orange (oxygen) and gray (hydrogen). 

Black bars represent the separation between inner and outer Helmholtz layer. A Bulk representation, no Cs+ is 

adsorbed to the graphene, Cs+ and SO4
2- concentration is constant over the solution. B Sliced representation, Cs+ ions 

are adsorbed in the inner Helmholtz plane, Cs+ concentration is exponentially reduced with increasing distance to the 

electrode, reaching bulk concentration between 3 and 5 nm into the electrolyte. C Adsorption layer model, the electrode 

is fully covered by partly solvated Cs+ ions, corresponding to an occupancy of 1 followed by a depletion layer and a 

direct transition to bulk concentrations after the first two layers. D Concentration profiles of the three different models 

with respect to the bulk concentration in dependence of distance to the electrode. E Comparison between simulated 

Cs 4d peak intensities of the adsorption model (black) the slice model (red) and the bulk model (cyan) to the 

experimental data (black squares) at 40 mM Cs2SO4 concentration and a simulated concentration of 40 mM Cs2SO4 

(gray dotted line). F Estimated occupancy of a unit cell with a radius of 0.62 nm at the graphene/electrolyte interface in 

dependence of nominal concentration (black squares). Occupancies between 20 and 120 mM follow an extended 

Langmuir adsorption model (red dotted line). Occupancy at 200 mM drops to 50 % of the estimated Langmuir maximum. 

 

The adsorption model is constructed from a densely packed hexagonal 2D lattice of 

adsorbed cesium at the interface and a constant background concentration (see Figure 3 A left 
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schematic and Figure 3 E black curve), effectively creating a step-function concentration drop. 

Adsorbed cesium is assumed to shed half of the solvation shell it had in the bulk, so that each 

cesium atom is left with four 40 water molecules. The equivalent Cs2SO4 bulk concentration with 

the same water-to-cesium ratio is 4.5 M.  

The Cs–O–Cs distance in the hexagonal lattice is twice the Cs–O distance in bulk 

solutions (3.07Å)40 and the thickness of the layer was estimated as the sum of the Cs–O distance 

and the radii of Cs+ (1.7 Å)40 and water (1.7 Å), or 6.47 Å in total. Partial occupation of this layer 

was calculated by filling the vacancies with background concentration, i.e. statistical occupation 

as in the bulk. The Cs coverage θ (a number between 0 and 1) fitted to the experimental intensity 

is given in Table 1. It ranges from a coverage of 0.2 at 20 mM to 0.75 at 120 mM, with an area 

per unit charge of 160 and 41 Å2/e, respectively (see Figure 3 F). At full occupation the model 

gives a relative intensity of Cs 4d to Si signal equal to 1.0%. 

The slice model (Figure 3B. Figure 3 E and D red curves) serves as a comparison between 

adsorption and bulk model. It mimics a Gouy-Chapman-like exponential decrease of the Cs+ 

concentration with a slice thickness of twice the Cs-O distance in bulk solutions. Comparison of 

the slice and adsorption layer model show that the interfacial Cs signal is dominated by the first 

densely packed layer, leading to a maximum decrease in occupancy by only 18 % when utilizing 

the different models. Therefore, the slice model effectively converges to the adsorption model and 

the claim of a Cs+ interfacial layer enriched by at least 30 times the bulk concentration is valid 

under all simulated conditions. Further elucidating on this enrichment, the highest difference 

between simulated Cs4d intensity and measured interfacial intensity is found for 40 mM Cs2SO4 

bulk concentration. Utilizing the three different models fitted to the measured data, a coverage of 

0.57 is reached for the adsorption model and a coverage of 0.39 for the exponential mode. The 

above defined unit cell was used to calculate molarity and density of these adsorbed first 0.614 

nm of electrolyte. At intensities fitted to 40 mM data, this first layer exhibits a Cs+ concentration 

of 6.4 M for the adsorption model (see Table 1), of 4.3 M for the slice model and 1.4 M for the 

bulk model. This equals excess concentrations of 80, 54 and 18 times the expected 80 mM Cs+ 

bulk concentration (Figure 3 D). Similar to the interfacial Cs+ intensity, the estimated occupancy 

drops by about 30 % when the bulk concentration is increased from 120 mM to 200 mM.  

Table 1: Results from experiments and the SESSA bulk and adsorption model simulations; for the bulk model the 

simulated Cs 4d / (Si 2s + 2p) intensity ratios (ICs / ISi) are given for the experimental concentrations (cexp), and the 

model concentrations (cmod) at the experimental intensity ratios (Iexp) are given next to it; the scaling factors to the 

respective experimental values are given in brackets; for the adsorption model the occupancy (θmod) at experimental 

intensity ratios (Iexp) are given next to the respective area per charge.  
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Based on quantitative analysis of the XPS measurements, the enhancement in interfacial 

cesium concentrations creates suitable conditions for the appearance of ion-pairing. To confirm 

these findings, we employed interface and bulk sensitive XAS measurements to investigate the 

role of sulfate during the decrease of interfacial Cs+ signal. 

 

 

 

Depletion of interfacial cesium and accumulation of interfacial sulfate at 200 mM 

A liquid cell with a working electrode made of three layers of graphene (TLG) was used for X-

ray absorption spectroscopy of the sulfate anions at 40, 120, and 200 mM concentrations. The 

fluorescent yield (FY) and electron yield (EY) 41–43 cesium M edge and sulfur K-edge are shown 

in figure 4. The two signals have very different probing depths. While FY stems largely from the 

first 30 µm (the attenuation length at the edge in ice),44 the EY has a probing depth estimated to 

be below one nanometer41. As expected, the bulk sensitive FY signal scales linearly with 

concentration for both sulfate anions and cesium cations (see Figure 4 A and C).  In stark 

contrast, the EY signal intensity, which is nonlinear for both. While the XPS peak intensities 

decrease change by a factor of 1.5, the interfacial Cs M edge white-line intensity decreases by a 

factor of 0.77 (instead of the 1.5x increase observed in bulk) between concentrations of 120 and 

200 mM (see Figure 4 B). In contrast, when increasing the Cs2SO4 concentration from 120 to 

200 mM, the white-line intensity of the sulfur K-edge increases by a factor of 2.5 (instead of 1.7, 

as expected from the increase in bulk concentration). This suggests that the decreased 

concentration of cesium is accompanied by an increase in interfacial sulfate concentration, 

which strongly implies an interface specific ion pairing. The overall reduced intensity of the 

interfacial sulfur K-edge signal can be attributed to several factors. First, the flux of photons, 

which is proportional to the upstream drain current in the Kirkpatrick-Baez mirrors (I0) of the B07 

beamline in the diamond light source, is more than an order of magnitude smaller at 2465 eV 

than at 738 eV. Second the absorption cross section of the S K-edge is 43 times smaller than 

Cs M edge and the concentration of sulfate is half the concentration of cesium 45. Together with 

the decay of photoelectric relaxation with higher photon energies, this leads to a strongly 

reduced amount of photoionization of sulfate K-edge close to the interface compared to that in 

Cs. The high signal to noise ratio of the FY K-edge signal can be assigned to the strongly 

increased probing volume. Kinetic electrons with 2465 eV exhibit an inelastic mean free path in 

cexp  Iexp = ICs / ISi  θmod fit to Iexp   c(Cs+) adsorbed layer area / charge  

Experimental  Adsorption model  

mM  %   M  Å2 / e  

20  0.26  0.22  2.6 

6.4 

7.3 

8.4 

141  

40  0.61  0.57  57  

80  0.71  0.65   50  

120  0.84  0.75  43  

200 0.58 0.45 5.2 72 
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water that is about 7.5 nm, which is 2.6 times higher than at 738 eV for the Cs M-edge30 and 

thus generate many more secondary electrons. Additionally, a major contribution of the TEY 

signal is generated by Auger and secondary electron emission, with kinetic energies that do not 

scale with incident photon energy, effectively reducing the difference in probing dept further. In 

comparison the attenuation length of photons at 2465 eV in water is 12.1 times higher than for 

photons at 1000 eV46. Lastly, under the assumption of a sub nanometer probing depth, 

proposed by Velasco Velez et al.41 and further demonstrated by van Spronsen et al,43, the small 

electron yield response of the sulfur K-edge suggests that the ion clusters formed from Cs+ and 

SO4
2- are not directly adsorbed on graphene and therefore their signal is more attenuated. 

 
Figure 4: XAS at the graphene/electrolyte interface in an electrochemical flow cell. No potential control applied, OCV 

was 0.225 V vs. Ag/AgCl. Cs2SO4 concentration dependent bulk sensitive fluorescence yield spectra of the Cs M edge 

(A) and S K-edge (C) probe around 30 µm deep into the solution and show a linear increase in intensity. Interface 

sensitive electron yield spectra of the Cs M edge (B) and S K-edge (D) collected through drain current at the working 

electrode probe the first few nm adjacent to the electrode and show a decrease in Cs signal accompanied by a 

significant increase in S signal between 120 and 200 mM bulk concentration. 

 

The spectral shape of both the Cs M-edge and the sulfur K-edge in the bulk sensitive 

fluorescence measurements for 120 mM and 200 mM shows no dissimilarities suggesting no 
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detectable ion pairing within the bulk electrolyte. The interfacial Cs M-edge shows a slight 

broadening of the peak which might be indicative of the changed electronic environment as the 

cesium ions form pairs with sulfate in the electrical double layer. Unfortunately, the interfacial S 

K-edge data is too noisy for any shape related interpretation.  

It is worth noting that, as explained before, the XAS measurements were conducted on a 

fully continuous gold film, therefore the observed excess cesium concentration is not exclusive to 

suspended triple layers of graphene. 

As spectroscopic data from both techniques suggest an adsorbed cesium layer, 

electrochemical impedance spectroscopy was utilized to understand whether the formation of this 

layer is accompanied by partial charge transfer. 

 

 

Electrochemical characterization of the Cs+/graphene double layer  

To assess the likelihood of Cs adsorption, the electrode capacitance and electrical 

resistance against Faradaic processes was measured using electrochemical impedance 

spectroscopy (EIS). A potential variation of ±5 mV and decreasing frequencies from 50 kHz to 50 

mHz were used during the measurements. EIS was performed on the TLG-Pt with the cell exterior 

held under ambient conditions to minimize the pressure difference across the SiNx membrane 

and consequential stress, reducing the possibility of leakage. Impedance data of 120 mM and 

200 mM Cs2SO4 bulk concentrations are shown in the Bode (Figure 6 A) and the Nyquist (Figure 

6B) representation.  

The Bode plot at 120 mM exhibits a low impedance at high frequencies, rapidly rises at 

intermediate frequencies, and levels out at low frequencies. This behavior is representative for 

bulk concentrations of 40, 80, 120 and 160 mM (shown in Figure SI V) and is indicative of Faradaic 

and non-Faradaic contributions. Similarly, the Nyquist plot (Figure 6B) consists of one dominant 

semicircle, characteristic of one process dominating cell impedance. Our results contrast with 

literature reports on graphene and graphene oxide samples that used typical supporting 

electrolyte solutions, which report a closing semicircle on lower frequencies, indicating a non-

capacitive process.38 These non-capacitive currents can be caused by Faradaic processes, such 

as a redox process or by the modification of the electrode excess charge, due to adsorption, 

intercalation or chemical modifications of graphene.40 Non cesium related Faradaic processes 

and graphene modifications can be assumed to be negligible, as polished Pt electrodes exhibit a 

blocking electrode behavior in the same setup and under the same conditions (see SI V for more 

information). Comparable EIS with KCl did not exhibit Faradaic behavior on comparable graphene 

electrodes as reported by Bonanni et al.47 and Angizi et al.48, implying that the observed effects 

(per Figs. 6A and 6B) are indeed specific to Cs ions and suspended graphene electrodes.  
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Figure 5: Electrochemical impedance measurements on the TLG sample at different bulk concentrations of Cs2SO4 at 

open circuit potential and under static conditions. Voltage modulation is 5 mV, shown data are averaged over two 

consecutive scans. A Bode representation of the obtained data for 120 (blue) and 200 (purple) mM Cs2SO4 bulk 

concentrations. B Nyquist representation of the data shown in A. C Estimated capacity of the first high frequency circuit, 

corrected for electrode area, versus Cs bulk concentrations.  

At 200 mM Cs2SO4, the Bode plot shows resistive behavior with nearly linearly increasing 

impedance towards lower frequencies and the Nyquist plot shows a second smaller semicircle 

between 2 and 5 kΩ. Both changes suggest a transition from linear diffusion to a partly covered 

and inactive electrode.49,50  

To compare several measurements quantitatively, we will focus on the changes in double 

layer capacity with electrolyte concentration. The double layer is represented together with other 

resistive and capacitive elements in the cell by an extended Randles equivalent circuit model (R1-

(Q1,R2)-(Q2,R3-W1)), as depicted in Figure 5C. The equivalent circuit is used to deconvolute the 

overall permittivity into the bulk resistance of the cell (R1), the resistance and capacitance of the 

electric double layer (Q1&R2) and a circuit model typically used for porous electrode materials with 

intercalating ions, such as in Lithium-ion batteries (Q2, R3 & W1).51 The effective double layer 

capacitance Ceff is calculated using equation 1 from the respective constant phase element 

parameters. Y and RP represent the measured capacitance and the charge transfer resistance, 

respectively, and n is the exponential factor of the constant phase element:   

        Eq.1  
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Fitting the effective capacitance of the double layer for all concentrations shows significant 

variations for 20 and 200 mM Cs2SO4 in comparison with the almost linear dependency for other 

measured concentrations (see Figure 5D). This indicates a breakdown of the assumed model and 

a dramatic change in electrode/electrolyte behavior under these conditions. The trend of an 

increasing amount of charge carriers on the electrode with increasing Cs+ bulk concentration is 

broken between 160 mM and 200 mM. Therefore, our EIS data suggest in accordance with the 

spectroscopic results that between 20 and 160 mM bulk Cs2SO4 concentrations, Cs+ ions adsorb 

at the graphene surface, leading to a partial electron transfer. For higher concentrations, the 

model loses its validity, corroborating ion pairing as evidenced by spectroscopy. 

 

 

Discussion 

The quantitative analysis of in-situ XPS and XAS data suggests an accumulation of 

cesium ions within the first electrolyte layer by more than a factor of 60 compared to the bulk 

concentration. Furthermore, we observe a stronger Cs accumulation at lower bulk concentrations, 

leading to a Langmuir isotherm-like31 concentration dependence of the measured Cs signal. 

Another evidence of this behavior are the observed changes in electronic structure, most likely 

due to a change in solvation state, as the cesium ions adsorb on the graphene surface. This 

assumption is supported by the BE shifts and FWHM of the interfacial Cs 4d XPS signal (see 

section II), the narrowing of Cs M-edge (see section IV) spectra, and the high capacity of the 

electrochemical system (see section V).  

From an electrostatic point of view, the adsorption-based model is also the most 

appropriate to explain the measured interfacial Cs signal intensity, as it poses the lowest possible 

overcharging. A Cs ion closer to the electrode gives rise to a larger XPS signal, so a model 

reaching further into the bulk needs a larger ion excess for the same intensity. The excess charge 

estimated using the adsorption model at 120 mM is ~35 µC/cm2 , while the bulk model yields 109 

µC/cm2 excess charge. The charge expected from EIS is, at maximum, 10 µC/cm2, so both 

models would overcharge, leading to a reduced entropic cost for the adsorption model.  

In fact, cesium ions exhibit several properties that render a deviation from the Gouy-

Chapman model to a chemically driven adsorption likely. First, cesium does not fit into the 

dominant double layer models that are based on the Poisson-Boltzman distributions, which 

assume point-like, nonpolarizable charges that are non-correlated. Effects of solvation are also 

not considered. For Cs ions, these assumptions are incorrect. Cs ions have with 3.4 Å  a large ion 

diameter 41 that is highly polarizable, due to extended π-Orbitals, a property that has been shown 

to lead to stronger adsorption on graphite-like materials.52,53 Simultaneously, Cs ions are 

structure-breaking (lead to fewer hydrogen bonds), which causes a smaller hydration shell than 

that of Li or Na ions.54 Consequently, Cs ions and surrounding water molecules have a larger 

mobility than Li or Na,53,54 leading to a more positive entropic contribution.  

Secondly, cesium's hydrophobic nature leads to a decrease in free energy of solvation, 

when the solvating water molecules are released. Effects of this hydrophobicity leading to an 

excess of cesium ions around hydrophobic interfaces, as shown for ionic micelles by Joshi et al.55, 

for a liquid/liquid phase separation by Schnell et al.56. Recently, Serva et al.57 discussed the 

formation of hydrophobic water/water interactions in the first two electrolyte layers adjacent to 

hydrophobic surfaces. These interactions lead to the formation of hydrophobic cavities, effectively 
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reducing the free energy of solvation for hydrophilic ions close to such interfaces. In the case of 

the present work the highly hydrophobic water/graphene interface appears to form a huge 

hydrophilicity gap close to the electrode, for which the large cesium ions show a strong affinity.  

Lastly, the high polarizability of both Cs and the graphene electrode leads to a partial 

charge transfer between the ion and the surface47, which we detected in the Faradaic-like 

response during EIS measurements. This electron transfer leads to a decreased free energy of 

the graphene water interface and decreases the nominal charge of the adsorbed Cs layer, leading 

to a weakened electrostatic repulsion between solvated Cs+ and the electrode. Indeed, our 

molecular dynamic simulations show that the presence of adsorbed Cs with a nominal valency of 

0.92 at the interface facilitates a higher Cs+ density close to the electrode, while the highest SO4
2- 

density is observed at around 0.8 nm into the solution (see SI VI for molecular dynamics and DFT 

calculations). Additionally, to electrostatic and solvation effects, the presence of adsorbed Cs 

leads to the relaxation of the multilayer graphene structure in some of the simulated cases, further 

reducing the total free energy of the electrode system. In summary, all employed methods show 

a strong deviation for the observed interfacial behavior between bulk concentration of 120 and 

200 mM of Cs2SO4 as the Cs signal both in XPS and XAS-EY dramatically decreases. Coupled 

with the rapid increase of interfacial sulfate between these concentrations and a strong decrease 

of measured capacity in EIS, we conclude that the solvation behavior of cesium and sulfate 

changes around these concentrations. This phenomenon can be credited to an ion pairing 

between cesium and sulfate that creates uncharged clusters at the interface. This is observable 

in the blocking electrode-like behavior of 200 mM EIS, the steep increase of Cs binding energy 

and the increase in sulfate concentration at the interface.  

To explain these results, we compare the found interfacial layer to bulk concentrations 

with similar ionic strength, i.e. above 1 M. Literature reports from Lee et al and Gaddam et al. 

show that ions in such solution start to pair, effectively forming a charge neutral Cs2SO4 cluster in 

one single solvation shell.58,59 Additionally, Baldelli et al. showed that the induced electric field 

formed at the electrolyte/air interface, due to asymmetric ion adsorption, is fully screened in 1.7 

M Cs2SO4.60 In contrast, H2SO4 electrolytes at the same concentration exhibit a strong electric 

field perpendicular to the interface. Similar effects were observed by Lee et al.61 for the pairing of 

Cs+ with the surfactant dodecyl sulfate, leading to the intercalation of Cs into the polar micelle 

shell, forming layered shell structures. In contrast, similar micelles with Na+ as cations exhibit a 

clear separation between micelle and counterions. This pairing of ions can provide an explanation 

for the observed changes. When sulfate anions are paired with Cs cations, they would adsorb 

together, blocking the electrode and react less to the charge on the electrode, in turn reducing 

capacitance and XPS signal enhancement/suppression with varying potentials. Consequently, 

the interfacial intensity of sulfur increases. The ions are not as densely packed as Cs ions alone 

and the interfacial Cs intensity is reduced. The ion pairing also reduces the effective ion 

concentration and hence increases the debye length62,63.  

Measurements in bulk solutions or solution-vacuum interfaces usually see ion pairing at or 

above 1 M concentrations, so the transition between 160 and 200 mM Cs2SO4 in our study is an 

interfacial effect. Therefore, ion pairing in low concentrated electrolyte solutions in 

electrochemical processes cannot be excluded. This effect allows subtle adjustments in bulk 

concentration to exert profound control over the electrical double layer properties, pH, and 

electrode hydrophilicity64,65. 
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Conclusion  

We examined the interface between suspended few-layer graphene electrodes and 

Cs2SO4 electrolytes using in-situ X-ray spectroscopies. Our approach allows us to quantitatively 

probe the first few nanometers adjacent to the electrode using both core photoelectrons (XPS) 

and secondary electron yield (XAS). To quantify the Cs ion excess at the interface, we compared 

measured intensities to interfacial models with the electron photoemission simulation package 

SESSA. 

Two very distinctive EDL behaviors were observed for this system. For lower 

concentrations (interval of 20-120 mM), we determined that the interfacial Cs concentration within 

our probing depth of ~ 3 nm is at least 2.5 times the bulk concentration and at most 6.5 times the 

bulk concentration, depending on the utilized model. This surpasses the concentrations expected 

from the Gouy Chapman model for low-concentrated electrolytes and weakly polarized 

electrodes.  

From the experimental data obtained in our measurements and models discussed, an 

adsorbed layer of cesium ions that partly shed their solvation shells describes our experimental 

evidence the best. The reasons are manifold. Firstly, the concentration-dependence of interfacial 

cesium follows Langmuir-type behavior. Secondly, the Cs 4d line shape (broadening/asymmetry) 

and binding energy evolution indicates that Cs ions reside in a narrow distribution of potentials. 

The third reason is that interface-sensitive S K-edge absorption spectroscopy of the SO4
2- 

counterion shows that the excess of Cs ions in the double layer leads to a depletion of sulfate, as 

would be expected with an adsorbed layer of Cs ions. From the EIS results, we observed 

Faradaic-like behavior around the open circuit potential, indicating charge transfer between Cs 

ions and the graphene electrode. Lastly, the adsorption model minimizes overscreening by the 

ions, which was observed at all concentrations within 20-120 mM interval.  

An important driver of Cs ion adsorption on graphene is its colloidal behavior, based on 

the following reasons. Firstly, the overscreening of the electrode potential, as elucidated in the 

discussion section is a sign of specific interaction with the electrode and the ions. Secondly, a 

linear regression of the measured adsorption isotherm is below one, which is associated with an 

attractive tendency of the adsorbate. Another reason is that the sulfate signal remains barely 

observable by the interface-sensitive XAS measurements at potentials up to 0.3 V above the 

expected point of zero. This indicates an overpotential for anion attraction caused by cation 

interactions other than field-dependent ion accumulations. We attribute the colloidal behavior to 

the high polarizability of cesium combined with a recessed image charge on graphene, entropic 

increase by release of solvating water molecules, and ionic bonding with terminating carboxylic 

groups at grain boundaries. However, our methods do not allow any discrimination between these 

effects.  

The above adsorption model is no longer valid at 200 mM Cs2SO4, where we observed a 

very distinct EDL behavior: a strong increase of interfacial sulfur signal, a sharp drop of interfacial 

Cs concentration, and a sharp drop of double layer capacitance accompanied by blocking 

behavior of the electrode. We explain these observations by (interfacial) ion pairing, or ion 
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clustering: the presence of uncharged Cs2SO4 clusters serve as a vehicle for sulfate species to 

approach the interface and simultaneously reduce the density of interfacial Cs. Along similar lines, 

the energy of solvation of sulfate is larger than for Cs ions, leading to a better solvation of 

uncharged Cs2SO4 clusters. In turn, the tendency of Cs to accumulate at the interface is reduced. 

The clustering also lowers the effective charge carrier density, which is reflected in a reduced 

capacity to react to applied potentials. Interestingly, ion clustering to form uncharged solvated 

species behavior has not been observed in the bulk of 200 mM Cs2SO4 solutions66, so we expect 

this effect to be strictly interfacial. From our quantitative measurements and modeling, we 

estimated the local interfacial concentrations of up to 2 M within the first nanometer. This points 

out once again the importance of interface-specific probes applied to real electrochemical 

systems.  

Our findings hence indicate two distinct double layer behaviors on graphene, depending 

on the Cs2SO4 bulk concentration. Below 160 mM and below +0.3 V vs pzc, we find a Cs-

dominated adsorption model, while above 160 mM, ion pairing can explain the experimental 

results. This means that there is a relatively narrow concentration window for the observation of 

strong cation-specific effects in electrocatalytic applications. And although the cation effect on 

graphene has not been studied to our knowledge, the strong dependence on bulk concentration 

might be the reason for large variations in reports on cation effects, for example in CO2 reduction 

studies67. 
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