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ABSTRACT 

 

INVESTIGATION OF ION DYNAMICS OF DEVICES WITH IONIC 

LIQUID MIXTURE ELECTROLYTES USING X-RAY 

PHOTOELECTRON SPECTROSCOPY WITH ELECTRICAL 

BIASING 

 

Ezgi Kutbay 

M. Sc. in Chemistry 

Advisor: Prof. Dr. Şefik Süzer 

July, 2025 

 

X-ray Photoelectron Spectroscopy (XPS) has long been used to investigate surface 

composition, chemical states, and electronic environments in materials. In this study, 

XPS is employed not only for these traditional roles but also to extract local electrical 

potential profiles by monitoring shifts in core-level binding energies under applied DC 

and/or AC biases. Two complementary device architectures are utilized to achieve this 

objective: (i) platinum–platinum (Pt–Pt) coplanar capacitors, which are well-suited for 

investigating frequency-dependent charge screening, potential drop across the ionic 

liquid (IL) layer, and circuit modeling under square-wave excitation; and (ii) 

multilayer graphene–multilayer graphene (MLG–MLG) devices, which are employed 

to explore electrosorption dynamics, open-circuit potential (OCP) effects, and residual 

charge behavior after shorting. A Square Wave (SQW) AC signal with varying 

frequencies was employed to resolve dynamic charging and discharging processes in 

these systems. 
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The co-planar capacitor configuration used was featuring a polyethylene membrane 

(PEM) coated with either the ionic liquid N,N-Diethyl-N-methyl-N-(2-

methoxyethyl)ammonium bis(trifluoromethanesulfonyl)imide (DEME-TFSI) alone, 

or a ~1:1 volume mixture of DEME-TFSI and N,N-Diethyl-2-methoxy-N-

methylethanaminium tetrafluoroborate (DEME-BF4). The measurements were 

conducted under operando conditions, allowing simultaneous acquisition of XPS 

spectra and current data. Although ionic liquids offer advantages such as wide 

electrochemical windows and thermal stability, their high viscosity and cost can hinder 

ionic mobility and conductivity. A promising approach to address these limitations 

involves mixing different ILs to tailor their properties; for example, adjusting the ratio 

of DEME-TFSI and DEME-BF4 alters electrolyte characteristics. The pronounced size 

difference between the TFSI and BF4 anions provides an opportunity for detailed 

investigation via XPS. Additionally, a DEME-TFSI system containing ~10% rubidium 

bis(trifluoromethanesulfonyl)imide (Rb-TFSI) was explored to assess the influence of 

a small, mobile alkali cation (Rb⁺) on surface composition and charge storage. XPS 

revealed polarity-sensitive surface accumulation of Rb⁺, correlating with a sharp 

increase in currents. Overall, this non-invasive methodology, leveraging both Pt–Pt 

and MLG–MLG architectures, demonstrates that XPS is a powerful tool for probing 

local electrochemical processes. The technique offers valuable insights that can 

contribute to the development of next-generation energy harvesting and storage 

systems. 

Key Words: operando X-Ray Photoelectron Spectroscopy, Ionic liquids, AC/DC 

modulation 

 

 



v 
 

ÖZET 

 

ELEKTROLİT OLARAK İYONİK SIVI KARIŞIMI İÇEREN 

CİHAZLARDAKİ İYON DİNAMİKLERİNİN ELEKTRİKSEL 

MODÜLASYON ALTINDA X-IŞINI FOTOELEKTRON 

SPEKTROSKOPİSİ İLE İNCELENMESİ 

 

Ezgi Kutbay 

Kimya, Yüksek Lisans 

Tez Danışmanı: Prof. Dr. Şefik Süzer 

Temmuz, 2025 

 

X-Işını Fotoelektron Spektroskopisi (XPS), uzun zamandır malzemelerin 

yüzey bileşimi, kimyasal konumları ve elektronik ortamlarını incelemek için 

kullanılmaktadır. Bu çalışmada ise XPS, yalnızca bu geleneksel amaçlar için değil, 

aynı zamanda uygulanan AC ve/veya DC gerilimleri altında iç yörüngelerindeki 

elektronların bağlanma enerjilerindeki kaymaları izleyerek yerel potansiyel profillerini 

ortaya çıkarmak amacıyla da kullanılmıştır. Bu hedefe ulaşmak için iki tamamlayıcı 

cihaz mimarisi seçilmiştir: (i) frekansa bağlı yük taramasını, iyonik  sıvı tabakası 

boyunca potansiyel düşüşünü ve kare dalga uyarımı altında devre modellerini 

oluşturmak için uygun olan platin-platin (Pt -Pt) düzlemsel elektrot kapasitörler; ve 

(ii) elektrosorpsiyon dinamiklerini, açık devre potansiyeli (OCP) etkilerini ve kısa 

devre sonrasında kalan yük davranışını incelemek için kullanılan çok katmanlı grafen 

– çok katmanlı grafen (MLG-MLG) elektrot içeren aygıtlar. Bu sistemlerdeki dinamik 

şarj ve deşarj süreçlerini çözümlemek için değişen frekanslarda kare dalga (SQW) AC 

sinyali uygulanmıştır. 
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Düzlemsel kapasitör yapılandırması, iki elektrotu birleştiren polietilen 

membran (PEM) üzerine N,N-Dietil-N-metil-N-(2-metoksietil)amonyum 

bis(triflorometansülfonil)imid (DEME-TFSI) iyonik sıvısı veya DEME-TFSI ile N,N-

Dietil-2-metoksi-N-metiletanamonyum tetrafloroborat (DEME-BF4) iyonik sıvısının 

~1:1 hacim karışımı ile kaplanarak elde edilmiştir. Ölçümler XPS spektrumları ile 

akım verilerinin eşzamanlı olarak kaydedilmesini sağlayan in-operando koşullarda 

gerçekleştirilmiştir. İyonik sıvılar, geniş elektrokimyasal pencere ve termal ve 

kimyasal kararlılık gibi avantajlar sunar, ancak yüksek viskoziteleri iyon 

hareketliliğini ve iletkenliğini kısıtlamaktadır. Bu olumsuzlukları aşabilmek için farklı 

iyonik sıvıların karıştırılması ve özelliklerinin istenilen şekilde ayarlanması 

planlanmıştır. Bu amaçla, DEME-TFSI ve DEME-BF4 karışımı hazırlanmış ve TFSI 

ile BF4 anyonları arasındaki belirgin boyut farkının cihaz davranışına etkileri XPS 

yoluyla ayrıntılı olarak incelemiştir. Ayrıca, küçük bir katyon olan Rb’un yüzey 

bileşimi ve yük depolama üzerindeki etkisini değerlendirmek amacıyla yaklaşık %10 

oranında Rb-TFSI içeren bir DEME-TFSI karışımı incelenmiştir. XPS ölçümleri, Rb+ 

iyonlarının uygulanan voltajın polaritesine duyarlı şekilde yüzeyde biriktiğini 

göstermiştir. Bu durum, akımda gözlenen artış ile de uyumludur. Sonuç olarak, hem 

Pt-Pt hem de MLG-MLG mimarilerini kullanan bu metodoloji, XPS’in yerel 

elektrokimyasal süreçleri incelemede güçlü bir araç olduğunu göstermiştir. Bu teknik, 

gelecek nesil enerji toplama ve depolama sistemlerinin geliştirilmesine önemli 

katkılarda bulunabilecek yeni bilgiler sunmaktadır.  

Anahtar Sözcükler: operando X-Işını Fotoelektron Spektroskopisi, İyonik sıvılar, 

AC/DC modülasyonu 
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Chapter 1 

1. Introduction 

1.1 X-Ray Photoelectron Spectroscopy 

1.1.1 Principles of X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) is a quantitative surface analysis 

technique that relies on the photoelectric effect to investigate the elemental 

composition, chemical states, and local electronic environments of material surfaces.1–

4 XPS, also known as ESCA (Electron Spectroscopy for Chemical Analysis), was 

developed in Sweden at the University of Uppsala by the group of Kai Siegbahn during 

the 1950s. Their pioneering work between the years 1955 and 1970 laid the foundation 

for electron spectroscopy. For this contribution, Siegbahn was awarded the Nobel Prize 

in Physics in 1981.5,6 With its high resolving power, XPS enabled scientists to analyze 

core-electron energies with an unprecedented level of detail. Since the 2000s, 

improvements have been made to X-Ray sources, detectors and fast electronics that 

have pushed the energy resolution under 200 meV while shortening the data 

acquisition time, giving platform for new time-resolved experiments.7–10 The 

technique has since evolved significantly, both in terms of instrumentation and 

application, and has become an essential tool for understanding the chemical and 

electrical properties of surfaces and interfaces across a wide range of disciplines.11,12 

Modern instruments – from time-of-flight and imaging analyzers to ambient pressure 

cells have broadened the reach of XPS, making it available for use in materials science, 

catalysis, energy storage and biology.13,14 
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The foundational advantage of XPS lies in its ability to probe the chemical state 

and composition of a material’s surface by measuring the kinetic energies of core 

electrons ejected upon X-ray irradiation, a process enabled by the photoelectric effect. 

When a sample is irradiated with a monochromatic X-ray source, such as Al Kα 

(1486.6 eV) or Mg Kα (1253.7 eV), photons interact with core-level electrons in the 

atoms throughout the top few nanometers. If the photon energy exceeds the binding 

energy of a core electron, the electron is ejected from the atom and its kinetic energy 

is measured by a hemispherical kinetic energy analyzer, yielding precise binding 

energy measurements.1 

The binding energy (BE) of each ejected photoelectron is determined by the 

following relation: 

𝐵𝐸 = ℎ𝜗 − 𝐾𝐸 −  𝜑 

where hν is the incident photon energy, KE is the measured kinetic energy of the 

detected electrons, and φ is the spectrometer’s work function.  Since each element has 

a characteristic set of core-level binding energies, and these energies shift slightly 

depending on the chemical and physical environment (e.g., oxidation state, local 

bonding, liquid and/or solid environment etc.), XPS can provide highly specific 

chemical and electrical information.15,16 
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Figure 1. Schematic representation of the basic working principle of X-ray 

Photoelectron Spectroscopy (XPS). 

XPS is particularly powerful because it can detect nearly all elements in the 

periodic table—excluding hydrogen, which lacks core electrons that can be accessed 

by typical laboratory X-ray sources. Moreover, the technique is inherently surface-

sensitive. Although X-rays can penetrate into the bulk of the material (micrometer 

penetration depth), the emitted photoelectrons are strongly scattered by inelastic 

interactions as they travel through the solid, liquid or gaseous environment. As a result, 

inelastic scattering enforces detection (i.e. without any loss of energy) to the top 1-10 

nm.17 Therefore, only the photoelectrons in this depth can escape without energy loss 

and contribute to the characteristic sharp peaks observed in an XPS spectrum, allowing 

accurate determination of elemental identity and chemical state. Electrons that undergo 

inelastic scattering before escaping contribute to the spectral background rather than 

the well-defined peaks.  

Typically, two types of spectra are recorded in XPS measurements: survey and 

high-resolution scans. The survey spectrum, characterized by its broad energy range 

of 1 to 1400 eV, is taken at lower energy resolution and provides an overview of the 

surface composition, showing distinct peaks for each detectable element. In contrast, 
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high-resolution spectra focus on a narrower binding energy range to reveal fine details 

(such as peak area, height etc.) to provide information about the chemical states of 

specific elements. 

Figure 2 presents the survey spectrum of gold, acquired with a pass energy of 

200 eV, and the high-resolution spectrum of Au4f, acquired with a pass energy of 50 

eV. In the survey spectrum, emissions from core levels as well as X-ray induced Auger 

peaks at higher binding energies beyond 1200 eV are observed. The Auger electron 

emission occurs when an electron from a higher energy level fills a vacancy in a core 

level, created by the ejected photoelectrons. The energy released during this relaxation, 

is transferred to the “Auger” electrons which are emitted from the atom. The kinetic 

energy of Auger electrons is independent of the X-ray source energy, but their binding 

energy positions vary with the energy of the X-ray source used. 18 

 

Figure 2. XPS Survey Spectrum of gold (Au) displaying both core-level and Auger 

peaks, along with high resolution spectrum of the Au4f region. 
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To understand how binding energies are referenced in XPS, Figure 3 depicts 

the Fermi-level alignment that occurs when a conductive sample is electrically 

connected to the grounded spectrometer. Before connecting the sample to the 

spectrometer, the two possess different work functions. Upon electrical connection 

under ultra-high vacuum (UHV), electrons flow until the Fermi levels equalize and a 

uniform electrochemical potential is established so that the spectrometer’s work 

function is used to compute the binding energy. So, the binding energy is measured 

with respect to the Fermi level.19  

Figure 3. The energy level diagram showing that the Fermi levels of the sample and 

the spectrometer are aligned so that the work function of the spectrometer can be used 

to compute the binding energies from the measured kinetic energies. 

 

A critical requirement for accurate XPS measurements is the UHV conditions, 

typically in the range of 10⁻⁷ to 10⁻¹⁰ mbar.1 These low pressures are essential for 

ensuring that the emitted electrons from the sample can travel to the hemispherical 

kinetic energy analyzer without undergoing scattering by residual gas molecules. Such 

scattering would decrease the intensity and change the kinetic energy of the electrons, 
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compromising the accuracy of the binding energy calculation. Moreover, UHV 

conditions help preserve surface cleanliness by minimizing contamination, which is 

particularly important for studying sensitive or reactive surfaces. 

Due to its high energy resolution, surface specificity, and chemical sensitivity, 

XPS has become an essential tool for analysis of surface chemistry. Compared to other 

techniques such as Auger Electron Spectroscopy (AES) and Secondary Ion Mass 

Spectrometry (SIMS), XPS offers a non-destructive, quantitative analysis of the 

outermost atomic layers with higher chemical state resolution.20,21  Its surface 

sensitivity and elemental specificity make it very important in surface science, 

especially when complemented by other in-situ techniques. 

1.1.2 Common Applications of XPS 

Traditionally, XPS has been used to analyze elemental compositions, detect 

chemical shifts and map oxidation states at surfaces. It is widely used in materials 

science, chemistry, nanotechnology, and device engineering. 

In more recent years, XPS has become valuable for applications involving 

nanoscale systems, thin films and advanced functional materials. In catalysis research, 

XPS enables investigation of oxidation state distributions across catalyst surfaces, 

providing insight into active site speciation, catalyst aging, and regeneration 

mechanisms.22–26 For example, changes in the ratio of metal-to-metal oxide under 

reducing or oxidizing conditions can be monitored in situ, revealing how surface 

composition evolves during catalytic cycles.27,28 
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In study of polymers and soft matter, XPS is commonly used to evaluate the presence 

of specific functional groups and monitor degradation or crosslinking over time, often 

in tandem with complementary spectroscopies or microscopy methods. 29–33 

In semiconductor device fabrication, where surface cleanliness and chemical 

uniformity are paramount requirements, XPS is used not only to identify unwanted 

contaminants such as carbon or fluorine34 but also to map dopant distributions and 

evaluate thin dielectric layers like Al2O3 or HfO2.
35,36 Its nanometer surface sensitivity 

is crucial in resolving interfacial layers that influence device performance and 

reliability. 

XPS has also proven to be a crucial instrument in the development of advanced 

coatings,37 such as self-assembled monolayers (SAMs),38 passivation layers,39 and 

corrosion-resistant films.40 It allows researchers to confirm molecular orientation, 

packing density, and chemical termination at the outermost surface, which are all 

critical parameters for tailoring adhesion, wettability, or biocompatibility. 

Moreover, XPS is increasingly applied in the context of two-dimensional (2D) 

materials such as graphene,41,42 MoS2,
43 and transition metal dichalcogenides.44 In 

these systems, understanding defect chemistry, doping effects, and interlayer charge 

transfer is essential, and XPS can offer direct chemical insight into these nanoscale 

processes. 

Recent advances such as ambient pressure XPS (AP-XPS) and liquid-

compatible XPS setups have also extended the number of fields that can employ this 

technique, including the investigation of biological samples and their interfaces.13,45,46 
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With the growing demand for high-resolution, spatially specific 

characterization, the technique is increasingly applied to heterogeneous interfaces such 

as those found in batteries, capacitors, and fuel cells.47,48 

1.1.3 Local Potential Developments under DC/AC Bias 

A less conventional, yet powerful, use of XPS involves tracking electrical 

potential variations across a device or material. With the rising number of studies on 

energy storage and conversion systems, operando and quasi-operando XPS techniques 

have gained traction as discussed in section 1.1.2. In battery and supercapacitor 

research, XPS is used to track the formation and evolution of the solid-electrolyte 

interphase (SEI),49,50 a nanometer-thick layer that critically influences ion transport, 

stability, and capacity of the energy storage device.51 In particular, battery research 

increasingly uses XPS depth profiling (via gentle-beam Ar+ sputtering) to correlate 

SEI composition with cycling performance.52–55 Through careful measurement under 

controlled bias and environmental conditions, researchers can observe charge 

redistribution, decomposition of electrolyte additives, and the migration of species 

during charge–discharge cycles.56  

Under externally applied bias (DC or AC), the local potential landscape has an 

influence on the kinetic energy of photoemitted electrons, which manifests as binding 

energy shifts in the XPS spectrum.57 Since XPS spectra are recorded with high energy 

precision (typically ∼20 meV), these shifts can be used to extract information about 

electrical potential gradients at chemically distinct regions which can be used to infer 

the underlying electrostatic environment. Even mV scale deviations can be detected as 

asymmetric peak shape or peak broadening. 
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This phenomenon is illustrated in Figure 4, which shows the same energy 

diagram from Figure 3, now for a conductive sample under (DC) positive bias and zero 

bias. 

 

Figure 4. Energy level diagram showing that under positive bias, the measured binding 

energy is equal to the binding energy of the unbiased sample and the applied voltage. 

 

When a positive bias is applied to a conductive sample such as platinum, the 

kinetic energies of all levels are shifted downward compared to the spectrometer which 

results in a corresponding upward shift in the binding energy of the emitted electrons. 

The opposite is true for negative bias. For a conductive sample, the shift in binding 

energy under DC voltage is equal to the magnitude of the applied voltage, (e.g., a +3 

V bias will result in a 3.0 eV shift in binding energy) and resulting spectra for platinum 

(Pt4f) under ± 3 V DC bias are shown in Figure 5. Here, the magnitude of the binding 

energy shift is equal to the applied voltage, as described.  
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Figure 5. The XP spectrum of Pt4f at ground level (olive), under +3V(red) and under 

-3 V (blue) external DC bias. 

 

However, for poorly conducting or insulating materials, the observed binding 

energy shifts are smaller than the magnitude of the applied voltage. This difference is 

primarily due to charging and limited electronic compensation, leading to additional 

surface charging caused by the photoemitted electrons.58,59 Square-wave (SQW) as 

well as sinusoidal AC excitations can also be employed to probe time-dependent 

potentials; the practical implications and interpretations of SQW bias are detailed in 

section 1.4.  

This capability allows XPS to function as a minimally invasive, chemically 

specific oscilloscope. Moreover, since photoelectron generation involves negligible 

current (on the order of nanoamperes), the IR drop due to measurement across the 

system is minimal and does not interfere with measurement for typically non-
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conducting samples having active resistance values in MΩ range (10-9 nA x 10-6 Ω = 

10-3 mV – which is below the detection limit) , allowing us to observe the natural 

behavior of the system under bias. 

1.1.3.1 Operando-XPS 

Operando-XPS refers to simultaneous acquisition of XPS spectra while 

imposing another active operation to the sample. In our case, an external electrical bias 

is applied to a working system while spectral data is recorded in real time and the 

current response is simultaneously measured. Unlike ex-situ XPS, operando-XPS can 

give a direct correlation between surface chemistry and device response under realistic 

electrochemical operating conditions. This enables direct observation of changes in 

chemical states (if any), ionic distributions, and electrical potential profile 

developments. 

Recent implementations using coplanar capacitor geometries have expanded 

the applicability of operando-XPS to ionic liquids.11,12,60,61 Such geometries provide a 

clear path for the XPS beam to probe the electrode and electrolyte surfaces. Key 

spectral features such as binding energy shifts, peak broadening, appearance or 

disappearance of chemical species from the spectra can be monitored with high lateral 

and temporal resolution, providing valuable insight into both electronic and ionic 

transport mechanisms. Moreover, operando-XPS is unique in its ability to extract 

chemically specific electrical potential maps across complex interfaces. By recording 

spectra at spatially distributed points across the device, the voltage drop and the 

electric field profiles can be reconstructed, giving electrostatic potential maps of the 

surface of the working electrochemical system.62–65  
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These developments have positioned operando-XPS as a unique diagnostic 

tool, capable of probing spatially and temporally resolved voltage maps, characterizing 

interfacial behavior, impacting on design of energy storage and iontronic devices and 

neuromorphic applications.41,65–71 As it is a relatively non-invasive technique, it is also 

complementary to many traditional electrochemical methods such as cyclic 

voltammetry, chronoamperometry and electrochemical impedance spectroscopy, 

etc.11,12 

1.1.3.2 Electrical Double Layer: Concept and Significance 

The electrical double layer (EDL) is a fundamental concept in electrochemistry, 

and it plays a crucial role in capacitive energy storage, electrochemical sensing and 

ion transport at interfaces. It describes a structured charge distribution at the electrode-

electrolyte interface that spontaneously forms due to the accumulation of oppositely 

charged ions. When external bias is applied to an electrode, ions in the electrolyte 

reorganize at or near the surface to screen or neutralize charge, resulting in a layered 

charge distribution.  

The EDL is commonly modeled to be consisting of two regions, the Helmholtz 

layer and the diffuse double layer. Helmholtz layer is the compact inner layer 

containing adsorbed ions and the outer layer where ions are distributed according to 

electrostatic forces and thermal motion is the diffuse double layer. The structure and 

the dynamics of the EDL determine key electrical properties such as capacitance, ionic 

conductivity and kinetics. For systems containing ionic liquids, EDL is particularly 

important. As there is no solvent present in IL environments, highly concentrated and 
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structurally complex EDLs can form illustrating different behavior from that of a dilute 

aqueous solution.  

So, understanding this complex interfacial structure is very important to 

optimize the performance of supercapacitors, batteries, iontronic systems as well as 

for probing fundamental electrochemical processes such as ion screening and charge 

transfer in the system. The significance of EDL is well-established; however, it is hard 

to directly probe it due to its dynamic and nano-scale nature of the involved processes.  

XPS offers a unique advantage due to its intrinsic surface sensitivity in the 

nanoscale in investigating the outermost layer of EDL. By employing operando-XPS 

and applying DC or AC bias, the measured binding energy shifts can reflect the local 

electrostatic potential experienced by different ionic species on the surface enabling a 

chemically specific way to track the formation of EDL and its evolution.  

1.2 Analyzing Liquid Surfaces with XPS 

Despite its origins in solid-state analysis, XPS has been increasingly adapted 

to study liquid interfaces, particularly those involving ionic liquids (ILs) due to their 

negligible vapor pressure. Challenges in applying XPS to liquids include sample 

evaporation under high vacuum conditions and the instability of liquid films which 

make it hard to achieve reproducible surface positioning for analysis. Traditional 

solvents, e.g. aqueous or organic solvents, generally evaporate under UHV conditions, 

making them unstable for long-duration and/or high-resolution XPS studies. 

The foundation for analyses of liquids by XPS was also pioneered by Kai 

Siegbahn’s group. In late 1970s and the 1980s, they developed a technique which they 

called “liquid beam” with which they could stabilize the thin liquid layers against a 
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substrate.72 They had shown that liquid samples can also be investigated as long as the 

evaporation was minimized. However, this technique still required specially adapted 

vacuum chambers, difficult to incorporate to commercial instruments. 

Later, this approach evolved into what is called “liquid jet” technique in which 

a narrow, high-velocity stream of liquid is injected into the vacuum, allowing 

photoelectrons to escape before the liquid evaporates.73 This was also highly technical 

and could not be adapted to all XPS systems. However, this was a significant step in 

the development of XPS for studying aqueous chemistry, solvated ions and liquid 

interfaces. While these methods were groundbreaking, they required specialized 

instrumentation and vacuum adaptation strategies.72,73 

However, ionic liquids (ILs) offer a more straightforward path for liquid 

analysis in conventional UHV-based XPS setups. Thanks to their negligible vapor 

pressure and high thermal and chemical stability, -even under X-rays, they do not 

evaporate or degrade under typical UHV conditions. Unlike traditional solvents, they 

eliminate the need for continuous liquid flow, high pressure compensation etc., 

simplifying the experimental design. Their properties and applications are further 

discussed in Section 1.3. 

For systems that cannot be stabilized under UHV conditions even with 

specialized equipment, such as water, alcohols and biological fluids with high 

volatility, ambient pressure XPS (AP-XPS) offers an alternative solution. An extensive 

differential pumping system allows the sample to stay in ambient conditions and for 

the photoelectrons to travel in high vacuum. This technique has proved to be useful in 
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catalysis, corrosion and electrochemical research in particular since it is highly 

important to maintain the native environment.74,75 

While AP-XPS offers this alternative solution, the use of ILs in conventional 

UHV remains an advantage for long-term and high-resolution operando experiments. 

Especially in electrochemical systems involving ILs, XPS offers direct insight into the 

surface potential and interfacial charge distribution, especially when studied under 

bias. A critical advancement is the use of inclined substrates or confined geometries 

(e.g., porous membranes or coplanar configurations) to position ILs such that their 

surface can be reliably probed by the X-ray beam.76,77 This allows for tracking EDL 

formation and screening behavior through the binding energy shifts of constituent ions 

that may be present in the IL. 

With careful experimental design, XPS can also provide both chemical and 

electrical insight into liquid/solid interfaces, offering a valuable complement to 

electrochemical and spectroscopic tools. XPS stands out as one of the few techniques 

that can provide depth-resolved, high resolution, quantitative chemical analysis of 

liquids and their interfaces under operando conditions.  

1.3 Ionic Liquids: Structure, Properties and Applications 

Ionic liquids (ILs) are salts composed entirely of ions that remain in liquid form 

at or near room temperature.78 They typically consist of large, asymmetrical cations 

such as imidazolium, pyridinium, pyrrolidinium paired with anions like 

tetrafluoroborate (BF4
-), hexafluorophosphate (PF6

-) or amino acid species. Due to 

their steric hindrance, ion pairing in these systems is weak, resulting in disordered, 

fluid-like behavior at ambient temperature.79 Also, their melting points are typically 
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below 100°C, which grants them their “ionic liquid” identity. In Figure 6, some 

common cations and anions that make up ionic liquids are shown. 

Figure 6.  Some common cations and anions that are used by IL manufacturers. 

 

Ionic liquids have exceptional physical and chemical properties compared to 

traditional solvents: 

• A wide electrochemical stability window (often > 4 V), allowing them to 

operate under applied bias even under significant voltages without 

undergoing decomposition;80,81 

• Negligible vapor pressure, making them non-volatile and well-suited for 

vacuum environments such as for use in XPS;78,82 

• High ionic conductivity (~ 0.1 to 1 S/m);83 

• Chemical and thermal stability, even when exposed to high energy X-rays; 

as a result, samples prepared with ionic liquids can remain intact and stable 

for extended periods of time (in the order of weeks);79,84 
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• Non-flammable and non-toxic compared to traditional solvents, supporting 

their use in green chemistry and biomedical applications;85–89 

• Tunability through ion selection, allowing scientists to tailor ILs to fit their 

necessities (“designer solvents”).90,91 

Despite their many advantages, challenges about the ILs still remain, including 

high viscosity and relatively low ion mobility consequently.92 Strategies to mitigate 

these include modifying the ion structures, creating mixtures with organic solvents or 

using IL mixtures, particularly those with differing anion/cation sizes to tailor ionic 

dynamics and interfacial properties.93–96  

IL mixtures are prepared by combining two or more ILs often with different 

anion and cation sizes, to produce a medium that is altered to have improved transport 

and structural properties. Researchers can tailor physicochemical properties such as 

viscosity, conductivity and electrochemical windows and also manipulate interactions 

by tuning the size and structure of the constituent ions. These mixtures maintain the 

thermal and chemical stability of ILs while also benefiting from enhanced ion mobility 

due to lower viscosity.95,97–100  

IL mixtures are of interest to scientists for two main reasons. The first one is 

obvious as they provide a workable solution to device performance constraints in 

electrochemical systems. Another reason is that they provide a platform for 

investigating ion-ion interactions, molecular packing and dynamic screening under 

applied bias, indispensable in electronic corrosion and/or tribological applications. 

11,12,64,101–108 
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Several studies have been made to demonstrate the benefits of this strategy. IL 

mixtures have been employed to adjust the interfacial capacitance, improve low-

temperature performance, and modulate the electric double layer (EDL) structure for 

enhanced energy storage systems.109,110  

Combined XPS studies have shown that mixing ILs can change the surface 

composition and ion orientation at different interfaces, even in the absence of external 

bias.111,112 For example, it has been demonstrated that mixing pyrrolidinium and 

imidazolium based ILs can alter the abundance of cations, revealing preferential 

orientation effect at the interface, depending on the ion sizes and functional groups 

involved.113 Similarly, angle-resolved XPS (AR-XPS) has been employed to probe 

depth-dependent segregation in IL mixtures to provide information about how specific 

ions enrich the surface layer.114,115 

These findings show that IL mixtures can be valuable as model systems, for 

decoupling complex electrochemical phenomena. By varying the composition and 

structure of ions, the bulk transport properties and interfacial arrangements can be 

investigated and how they affect potential distribution and capacitive performance 

under external bias can be explored.116,117 

In the specific concept of XPS, IL mixtures offer us a platform for probing how 

modified structures can affect charge accumulation, screening and voltage distribution 

on the surface.118,119  

A representative XPS survey spectrum of DEME-TFSI, the pure IL used in this 

study is shown in Figure 7(a) and the structures of the DEME cation and TFSI anion 

are illustrated in Figure 7(b) and Figure 7(c). Comparative survey spectrum from the 
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1:1 (v/v) DEME-TFSI: DEME-BF4 mixture is also presented in Figure 7(d) with the 

structure of BF4 anion shown in Figure 7(c). 

Figure 7. (a) XPS Survey Spectrum of the IL, DEME-TFSI. (b) Structure of DEME 

cation. (c) Structures of TFSI and BF4 anions. (d) XPS Survey Spectrum of IL mixture, 

1:1 (v/v) DEME-TFSI: DEME- BF4. 

 

1.4 Frequency-Modulation Techniques in Electrochemical 

Probing 

Electrochemical processes in ionic liquids span a wide range of time scales, 

from sub-microsecond polarization to much slower ionic migration that occurs on the 

order of seconds.108,120 Disentangling these phenomena is crucial for understanding 

electrochemical device performance. Frequency-modulated techniques provide us 

with the means to selectively probe processes according to their inherent time 

constants. Among these, the application of AC bias — especially square-wave (SQW) 

signals — enables to distinguish between fast and slow components. 
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1.4.1 Square-Wave and Other AC Modulations 

AC excitation can also be employed in operando-XPS, and the dynamic 

voltage-induced responses can be recorded in temporally and spatially resolved 

fashions. Under AC bias, the potential alternates periodically between two voltage 

levels at a defined frequency. A square-wave (SQW) voltage signal, compared to 

sinusoidal waveform (SIN), induces sharp transitions between its maximum and 

minimum values, spending equal time at each level within a cycle. This kind of binary 

switching is well-suited for resolving the dynamic voltage response, as each state is 

well-defined and sustained. In other words, it imposes clear and instantaneous polarity 

reversals 

In the context of XPS measurements, when a SQW AC bias is applied at a 

relatively high frequency - such as 10 kHz - each individual XP spectrum acquisition, 

which takes on the order of seconds, during thousands of full bias cycles, are collected 

and stored. The resulting spectrum is a time-averaged response of both positive and 

negative voltage states.  

This temporal overlap is seen as two distinct peaks in the XPS spectrum which 

are referred as “twin peaks”, each peak corresponding to the potential-induced shifts 

of the photoelectron binding energy under the positive or negative bias states. The 

separation between these peaks is a direct measure of the full voltage applied to the 

system. For example, a ±3 V bias results in a 6.0 eV peak separation in the F1s peak 

of the IL, DEME-TFSI that is spread on a Pt-Pt coplanar capacitor device, as shown 

in Figure 8. 
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Figure 8. XPS Spectrum of the F1s region of a IL coplanar device under 3 V SQW 10 

kHz; the grounded spectrum splits into two and the characteristic “twin peak” structure 

is seen, where the separation between the peaks reflect the full bias voltage applied. 

 

This enables a straightforward mapping of the dynamic potential extremes 

across the device. Even in regions of the sample surface where the electric field has 

uneven distribution, due to factors such as but not limited to material conductivity, 

interfacial properties and/or geometry, the twinned peak separation still serves as a 

reliable indicator of the maximum voltage that is experienced locally.  

Beyond the peak separation, the frequency of the SQW bias fundamentally 

determines whether ions can move and respond to the alternating field for an 

electrochemical device. At low frequencies such as 0.1 Hz, the system has ample time 

within each voltage period to reach a different state during the XPS scan, capturing the 

influence of ionic migration and charge screening effect. In contrast, at a higher 

frequency such as 10 kHz, the ions cannot respond quickly enough and remain 

essentially “frozen” in place, leaving only electronic polarization effects to be 

detected. This frequency-dependent response provides a chemically specific window 
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into how electrochemical systems containing ionic liquids and their mixtures behave 

under dynamic fields, a capability that is not accessible by traditional impedance 

measurements. 

Figure 9 captures this frequency dependent behavior. Figure 9(a) shows the F1s 

XPS spectrum of the same electrochemical device, recorded at 3 V SQW bias at 10 

kHz (collected at point 1 specified in Figure 12), while Figure 9(b) presents the 

corresponding spectrum at 0.1 Hz. Additionally, the figure includes a schematic that 

compares the time spent at each voltage for the two frequencies, highlighting on the 

ionic rearrangement at 0.1 Hz. This visual comparison offers a clear view of how 

frequency fundamentally alters the dynamic response of the system. 

Figure 9. Comparison of XPS spectra of a IL coplanar device under 3 V SQW AC bias 

at (a) 10 kHz and (b) 0.1 Hz. The accompanying schematic highlights the time spent 

at each voltage level for these frequencies—while illustrating how at 10 kHz, the ions 

remain effectively immobile while the longer duration at 0.1 Hz allows ionic 

rearrangement on the surface. 
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1.5 Aim of the Study 

The aim of this study is to employ X-ray Photoelectron Spectroscopy (XPS), 

particularly under operando conditions, to probe local electrical potential distributions 

and interfacial charge dynamics in electrochemical devices containing ionic liquids 

(ILs). This work focuses on advancing the utility of XPS beyond traditional chemical 

and electrochemical analysis by leveraging its sensitivity to binding energy shifts 

caused by electrostatic potential variations under externally applied DC and AC biases.  

Two complementary device architectures are utilized to achieve this objective: 

(i) platinum–platinum (Pt–Pt) coplanar capacitors, which are well-suited for 

investigating frequency-dependent charge screening, potential drop across the IL 

layer, and circuit modeling under square-wave excitation; and (ii) multilayer 

graphene–multilayer graphene (MLG–MLG) devices, which are employed to explore 

electrosorption dynamics, open-circuit potential (OCP) effects, and residual charge 

behavior after shorting. The combination of these systems enables a detailed 

investigation of both steady-state and transient electrochemical responses. 

A key component of this study is the design and testing of ionic liquid mixtures 

with distinct anion and cation sizes—specifically, DEME-TFSI and DEME-BF₄—

selected to reveal how anion size disparity influences charge distribution, screening 

behavior, and overall impedance within the IL film. These insights are extracted 

through spatially resolved binding energy shifts, interpreted with the aid of equivalent 

circuit simulations using tools such as LT-Spice and Python. 

Ultimately, this work aims to establish operando-XPS as a reliable, non-

invasive method for studying the electrical behavior of complex electrochemical 
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systems. The findings are intended to impact on the design of more efficient ionic 

liquid formulations and device configurations for applications in energy storage, 

iontronics, and electrochemical sensing systems. 
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Chapter 2 

2. Experimental Methodology  

2.1 Materials 

All chemicals and components used in this study were of analytical and/or 

electrochemical grade and were used after heating, in vacuum, to 80°C to get rid of the 

residual water as it has an influence on the measured binding energy shifts. 121 

The electrochemistry-grade ionic liquid N,N-Diethyl-N-methyl-N-(2-

methoxyethyl) ammonium bis (trifluoromethanesulfonyl) imide (DEME-TFSI) was 

purchased from Sigma Aldrich (CAS Number: 464927-84-2) and used without further 

purification. DEME-TFSI was chosen due to its relatively large electrochemical 

window and strong F1s signal in XPS (6 F atoms/anion) for better data processing. 

For ionic liquid mixture experiments, the ionic liquid, N,N-Diethyl-N-methyl-

N-(2-methoxyethyl) ammonium tetrafluoroborate (DEME-BF4) was obtained from 

abcr GmbH (CAS Number: 464927-72-8) and it was used in a 1:1 volume ratio with 

DEME-TFSI. The mixture was prepared by combining 0.5 ml of the two ionic liquids 

and letting them mix in an ultrasonic bath for two hours while heating to 50°C. The 

formation of the mixture was confirmed both by XPS and ATR-IR measurements. Pure 

DEME-BF4 did not spread well on the device membrane so it could not be used by 

itself. 
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2.2 Device Design 

2.2.1 Coplanar Capacitor Geometry 

All devices that are used in this study were prepared in a coplanar capacitor 

geometry. In this configuration, two parallel electrodes are connected via a porous 

polyethylene membrane (PEM, from Gelon LIB), all positioned on the same plane and 

the ionic liquid is spread over the surface as the electrolyte. One of these electrodes is 

used as the source electrode and the other as the drain. This particular design allows 

for the application of in-plane electric fields across a 5 μL IL film that is dropped and 

spread over the whole surface. It is also a compatible design for studies with surface-

sensitive XPS measurements due to the open planar structure.  

2.2.2 Pt–Pt Devices 

In the platinum-platinum (Pt–Pt) configuration, two platinum electrodes were 

deposited on top of a PEM substrate (from Gelon LIB), leaving a fixed 5 mm gap 

between them. A 5 μL droplet of the ionic liquid DEME-TFSI or ionic liquid mixture 

was soaked onto the membrane with a micropipette and allowed to distribute evenly 

on the surface to form a continuous electrolyte film bridging the electrodes. One of the 

Pt electrodes was used as the working electrode for external biasing (the source) and 

the other counter electrode was kept at ground potential (the drain). This geometry was 

specifically used for evaluating the frequency-dependent electrical response, local 

voltage drop, and charge screening behavior of the IL under externally applied AC/DC 

modulation. In Figure 10, a schematic representation of this Pt-Pt coplanar device is 

illustrated. 
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Figure 10. Schematic representation of the Pt-Pt IL coplanar device used in this study. 

 

2.2.3 Multilayer Graphene–Multilayer Graphene Devices 

2.2.3.1 Pure DEME-TFSI Device 

Multilayer graphene (MLG) electrodes were prepared using chemical vapor 

deposition (CVD) on nickel foils (Alfa Aesar). The growth process employed a 

CH₄/H₂/Ar gas mixture at temperatures ranging from 850–1000°C at ambient pressure, 

with flow rates of 300/100/100 sccm and a 5-minute growth time. The resulting MLG 

films consist of 300–600 graphene layers. The MLG sheets were transferred onto a 

PEM support. These MLG materials, along with the subsequent transfer of the sheet 

onto a PEM support, were prepared Kocabaş and his research group.122  

For the coplanar structure, two pieces of MLG measuring 5 × 5 mm² were cut 

such that each piece had a 5 mm-long PEM extension from the edge of the MLG. 
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These pieces were placed on a glass substrate, aligned head-to-head with the PEM 

sections overlapping on top of each other. A droplet of the IL DEME-TFSI was 

introduced beneath the PEM such that the IL could permeate and uniformly wet the 

space between and beneath the electrodes. After placing the sample into the UHV 

environment, the whole system was heated up to 80°C overnight to remove any 

residual water. This assembly was designed for the investigation of ionic 

electrosorption, open-circuit potential and shorting effects. In Figure 11, a schematic 

representation of the MLG-MLG coplanar device. 

Figure 11. Schematic Representation of MLG-MLG IL coplanar device (side view). 

 

2.2.3.2 10% Rb-TFSI – 90 % DEME-TFSI Device 

To explore the effects of introducing a small alkali metal cation into the ionic 

liquid matrix, DEME-TFSI having ca. 10 % Rb-TFSI such that the electrolyte consists 

of one kind of anion and two kinds of cation were used in the same MLG-MLG 

coplanar capacitor configuration. The choice of rubidium as opposed to lithium as the 

cation was intentional as Rb has a larger photoemission cross-section compared to Li, 

meaning it has a more intense peak in XPS. 1 
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2.3 Instrumentation 

2.3.1 Characterization Techniques 

2.3.1.1 X-Ray Photoelectron Spectroscopy 

XPS measurements were conducted using a Thermo-Fisher K-Alpha X-ray 

Photoelectron Spectrometer equipped with a monochromatic Al Kα X-ray source 

(1486.6 eV). Survey spectra were collected at a pass energy of 200 eV, and high-

resolution spectra of individual elemental regions such as F1s and Sn3d5/2 were 

acquired at 50 eV pass energy. 

To extract circuit parameters, two known resistors - (150 kΩ each) were 

soldered in series to the Pt-Pt coplanar capacitor, with the grounded electrode serving 

as a stable reference point. XPS measurements were acquired at designated locations, 

Sn3d5/2 spectra were acquired at points a and b, corresponding to the soldering joints, 

while F1s spectra were collected at positions 1 through 5 along the coplanar device. 

Current measurements were acquired synchronously with XPS spectra. The spatial 

distribution of these points is illustrated in Figure 12. 

For the MLG-MLG device with DEME-TFSI as the electrolyte, C1s and O1s 

were acquired in the same manner rather than F1s since O1s peak is inherently 

narrower and so, binding energy shifts are more prominent. For single point 

measurements, an X-ray spot size of 200 µm was used, while 100 µm was employed 

for line scan measurements. Snapshot mode was used in place of scanning mode for 

time-resolved XPS, enabling faster data collection (~0.5 s for each spectrum) and the 
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acquisition of ~7000 spectra in each one-hour cycle. This high temporal resolution 

provides detailed insight into the dynamics of charging and discharging processes at 

different voltages. The pass energy in this mode is set to 150 eV.  

 

Figure 12. XPS data acquisition locations on the Pt-Pt device. Points are highlighted 

with red dots. a and b correspond to the soldering joints, while positions 1 through 5 

indicate the sites where F1s spectra were collected.  

 

Figure 13(a) shows the 2D map of these spectra at point 2 of the MLG-MLG 

device, capturing the shifts in the O1s region over 9000 iterations of data acquisition 

showing a compact view of the whole dataset. Figure 13(b) displays the corresponding 

3D plot, highlighting the dynamic evolution of the peak intensity and position over the 

acquisition period based on the applied voltage. 



31 
 

Figure 13. (a) Two-dimensional (2D) time-resolved color map showing the evolution 

of O1s core-level spectra over 9000 consecutive acquisitions with temporal resolution 

of 0.5 seconds collected at point NE. (b) Three-dimensional (3D) plot of the same 

dataset showing how the intensity and the position of the peak shift over the 9000 

iterations. 

 

For the MLG-MLG device with DEME-TFSI having ca. 10 % Rb-TFSI as the 

electrolyte, XPS measurements were performed in scan mode rather than snapshot 

mode to obtain more resolved and voltage-specific spectra. A pass energy of 50 eV 

was employed across all measurements. The following core-levels were monitored: 

C1s, F1s, N1s and Rb3d. Each scan has a dwell time of 50 ms. 10 scans were acquired 

for C1s, N1s and Rb3d whereas 4 scans were acquired for F1s due to its high signal 

intensity.  

The voltage ramping protocol involved a stepwise increase in the applied DC 

voltage from 0 V to +3.0 V, at each step (0 V, +1.0 V, +2.0 V, +2.5 V, +3.0 V), 3 scans 

were taken. After reaching +3.0 V, the device was grounded, and 5 scans were taken 

at 0 V to track relaxation and rebound effects.  
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An identical protocol was followed for the negative cycle, applying stepwise 

voltages of 0 V, -1.0 V, -2.0 V, -2.5 V, -3.0 V and then returning to grounded state. 

All measurements were performed at point 2 and point 4 (as seen in Figure 12), also 

addressed as the point near electrified electrode (NE) and point near grounded 

electrode (NG) respectively. 

The pressure in the analyzing chamber was maintained below 10⁻⁸ mbar during 

all measurements. After Shirley background extraction, spectral fitting was carried out 

using Thermo Avantage software that comes with the instrument, with a peak shape 

consisting of a 30% Gaussian and 70% Lorentzian product function.  

The state of any of the three samples inside the instrument can be seen in Figure 

14. 

 

Figure 14. Schematic representation of the XPS measurement configuration, with the 

source and drain electrodes identified. 

 

 



33 
 

2.3.1.2 Electrical Biasing and Current Measurement Set-up 

External DC bias was applied using a Keithley 2400 Source meter, controlled 

by a LabVIEW software developed in-house, for recording time-resolved current 

measurements. The current passing from the source electrode and the drain electrode 

was measured simultaneously with XPS data. For frequency dependent AC 

measurements, a Stanford Research Systems DS340 Function Generator was used. 

SQW modulation was chosen as described in section 1.4. 

Figure 15. Schematic of coplanar Pt–Pt device under applied voltage to point 2. F 1s 

XPS spectra collected at the source electrode under +3 V, –3 V DC bias, and 0 V (no 

bias). Voltage-dependent response is highlighted. 

2.3.1.3 Electrical Impedance Spectroscopy and Equivalent 

Circuit Modeling 

Electrochemical impedance spectroscopy (EIS) data of the Pt-Pt device was 

obtained by using a Gamry Reference 3000 instrument in potentiostatic mode. DC 

voltage was set to 125 mV, and 50 mV sine-wave AC voltage was applied between 

100 kHz and 0.1 Hz with 10 frequencies per decade. Cyclic voltammetry (CV) 
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measurements were also performed on the same device in the range of 0.125 V to 3.0 

V under linear voltage ramp that is completed in 200 seconds to match the current-

time measurements.  

  EIS data of the MLG-MLG device was collected with a Gamry Interface 1010E 

instrument in potentiostatic mode. DC voltage was set to 0 and 25 mV of AC voltage 

was applied between 10 kHz and 0.1 Hz with 10 frequencies per decade. 

The impedance data was analyzed and fitted to equivalent electrical circuit 

models using the Gamry Echem Analyst 2 software.  

LT-spice simulation program was employed to generate voltage output at 

different local positions along an equivalent circuit model at designated frequencies 

(10 kHz and 0.1 Hz). This output was then convoluted with the IL DEME-TFSI’s F1s 

region’s XP spectrum recorded under no bias to mimic the spectra obtained under AC 

modulations and compare them with XPS data. Initially, a preliminary model was 

proposed to reproduce the experimental data, which was subsequently refined to better 

portray the IL device.  
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Chapter 3 

3. Results and Discussion – Pt–Pt Devices 

3.1 Current Measurements 

3.1.1 Current-Time Measurements 

When voltage is applied to the source which we also call the electrified 

electrode, a potential difference between the two electrodes is created which allows 

for current to pass through the device to be measured. In Figure 16(a) the normalized 

current vs time measurements are presented. They are obtained under DC bias ranging 

from 0.125 V to 2.5 V. The same data is shown in Figure 16(b) in logarithmic scale 

for a duration of 300 seconds in the same voltage range. Analysis of these curves reveal 

that, at the very start, current is rapidly decreasing, a region that shows the fast, 

charging current decay.123 After about 100 seconds, at all potential values, a steady 

state current is reached. The current increases with increasing potential values, as 

expected.  

In an ideal capacitor, when voltage is applied and the resulting current is measured, 

the expectation would be that the current to decays exponentially over time, following 

the relation:51 

𝐼(𝑡) =  
𝑉0

𝑅
𝑒−𝑡/𝑅𝐶 
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where R is the resistance, C is the capacitance, V0 is the initial voltage, t is elapsed 

time after voltage step and RC is τ, the time constant of the system.  

Figure 16. Current-time Measurements. (a) Normalized current vs. time from 0.125 V 

to 2.5 V, (b) Normalized current vs. time in log-log scale at the same voltage values, 

(c) Accumulated Charge vs square root of time at same voltage values, (d) Same plot 

as in 12(c) but zoom in on 0-2 s interval. 

However, in Figure 16(b), a clean exponential decay is not observed as the 

slope of the log-log plot does not match an exponential shape due to the long “tail” of 

the decay curve. This indicates the presence of additional processes such as ionic 

migration, or Faradaic reaction that contribute to current response beyond purely 

capacitive charging. 
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To assess the diffusion properties of the system, in Figure 16(c), the 

accumulated charge was calculated from the integrals of normalized current-time 

curves for the various voltage values, and it was plotted with respect to the square root 

of time. According to the Cottrell equation, there is a 
1

√𝑡
 dependence of the transient 

current, which translates to a linear dependence of accumulated charge vs. √𝑡 for 

diffusion-controlled processes.51 This linear relation is evident in the 0-2 second 

interval, as illustrated in Figure 16(d). This confirms that in early stages (shorter time 

scales), the charge transport is dominated by diffusion-like behavior. However, there 

is a clear deviation from it in longer time scales. 

3.1.2 Current-Voltage Measurements 

The current-voltage behavior of the coplanar capacitor of Pt-Pt was 

investigated by performing cyclic-voltammetry measurements in the range of ±0.125 

V to ±3.0 V. under a linear voltage ramp that is always completed in 200 seconds. 

In Figure 17(a), the current-voltage behavior is summarized and Figure 17(b), 

the same graph is shown after normalization of measured current, obtained by dividing 

the current with the applied voltage, similar to those reported by Yin et al.124 It can be 

gathered from this data that the electrochemical behavior of this system resembles that 

of a supercapacitor125 but as confirmed by this technique as well, there are other 

electrochemical processes as well. 
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Figure 17. Cyclic voltammetry measured between ±0.125 V to ±3.0 V (a) Measured, 

(b) Normalized to 1 V. (Reprinted with permission from Karaoglu, G., Kutbay, E., 

Ince, S., Ulgut, B., and Suzer, S. Assessing Local Electrical Properties of Ionic 

Liquid/Metal Interfaces with Operando-XPS and by Incorporating Additional Circuit 

Elements. Anal Chem 2023, 95 (40), 14861–14869. Copyright 2023, American 

Chemical Society.) 

 

3.2 AC Biasing and Circuit Modelling 

This section discusses the electrical potential developments, circuit behavior, 

and electrochemical dynamics of Pt–Pt coplanar capacitor devices under square-wave 

(AC) modulation. The electrical properties were probed locally by tracking binding 

energy shifts of the F1s and Sn3d (from the soldering points on the external resistance 

joints that are incorporated) signal using operando-XPS, complemented with 

electrochemical impedance spectroscopy (EIS) and circuit simulations. 

3.2.1 High and Low Frequency AC Response 

To differentiate between fast polarization and slow ionic migration in the IL, 

two square-wave frequencies were selected: 10 kHz and 0.1 Hz. The 10 kHz 
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modulation samples rapid dielectric responses in the system, such as the electronic 

polarization of the IL bulk, while the 0.1 Hz modulation captures slower processes 

involving ion migration and screening behavior at the interface as discussed in section 

1.4.1. 

XPS measurements of the F1s region in point 1 (as determined in Figure 12), 

in Figure 18(b), under 2.5 V SQW AC bias at 10 kHz reveal peak splitting, 

corresponding to ±2.5 eV shifts, faithfully representing the full bias window (5.0 eV 

total separation) that disappears completely at the grounded electrode. This behavior 

reflects the absence of effective screening at this timescale i.e. ionic motion is 

effectively frozen.  

Line-scan XPS measurements across the device were also carried out, 

capturing the local potential variations at typically 70-100 discrete points along a 

single line across the coplanar capacitor device. Due to large number of data points, 

the spectrometer’s snapshot data acquisition mode was employed.  In Figure 18(b) and 

Figure 18(c), a set of these measurements is shown for a freshly prepared IL device 

that was subjected to outgassing and heating in vacuum to minimize contamination, at 

10 kHz and 0.1 Hz 2.5 SQW AC is respectively. 

In the 2D image of the line scan collected at 10 kHz, a V-shaped binding energy 

trend across the membrane to the grounded electrode is observed. This shows the 

steepest potential drop in the IL region between electrodes. 

In contrast, at 0.1 Hz, a Y-shape is observed. At this frequency, ions have 

sufficient time to redistribute, leading to partial or complete screening of the applied 
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field not only in the bulk of the IL film but also within the regions near both electrodes. 

The separation between the twinned F1s peaks at the same point 1, is smaller than 5.0 

eV, exactly 4.2 eV, indicating that the potential difference is reduced due to ionic 

relaxation. At point 4 (as determined in Figure 12), the binding energy difference 

between the twin peaks drop down to 1.3 eV which indicates that screening is observed 

not only between the two electrodes, but all over the coplanar device. 

Figure 18. (a) Schematic of the ionic liquid (IL) device with local points near the 

electrified electrode (NE) and near the grounded electrode (NG) highlighted in orange. 

(b) Local XPS response at NE and NG under ±2.5 V square-wave (SQW) bias at 10 

kHz, with the corresponding line scan profile shown in the center. (c) Local XPS 

response at NE and NG under ±2.5 V SQW bias at 0.1 Hz, with the corresponding line 

scan profile shown in the center. (Adapted with permission from Karaoglu, G., Kutbay, 
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E., Ince, S., Ulgut, B., and Suzer, S. Assessing Local Electrical Properties of Ionic 

Liquid/Metal Interfaces with Operando-XPS and by Incorporating Additional Circuit 

Elements. Anal Chem 2023, 95 (40), 14861–14869. Copyright 2023, American 

Chemical Society.) 

These spectral profiles help spatially map potential distributions and reveal that 

potential variation is strongest in the interelectrode IL region and less pronounced on 

the metal electrodes themselves, particularly at high frequency.  

3.2.2 Incorporating Series-Resistors: Quantifying R & C 

To gain quantitative insight into the impedance of the device, two 150 kΩ 

resistors were introduced in series with the Pt–Pt device and placed into the UHV 

chamber to perform similar line-scan and spectral mapping measurements. This 

modification enabled measurement of voltage drops across known resistances and 

provided an in-situ verification of the impedance behavior under operando conditions, 

bridging the gap between purely electrical measurements and chemically specific 

surface sensitive-characterization. 

It is important to highlight that these series resistors were not merely passive 

components but actively improved the precision and reliability of the electrical 

potential quantification in the XPS measurements. Their introduction allowed for 

direct comparisons between the known voltage drops across the resistors and the local 

potential variations measured via the binding energy shifts in XPS, effectively 

transforming the experimental setup into a localized Wheatstone bridge configuration. 

As stated in the literature, this comparative measurement approach is invaluable 

because it enables more accurate identification of impedance and voltage 

developments that cannot be captured by conventional measurements alone. 
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To understand how these resistors influence the electrical response of the 

system, Sn3d peaks at the soldering joints were investigated. Under AC modulation, 

the observed binding energy differences between the twinned peaks directly reflect the 

local voltage drops. Specifically, as shown in Figure 19(b), under 2.5 V SQW 10 kHz 

modulation, the measured Sn3d5/2 binding energy difference in position a decreased 

from 3.8 eV after the first resistor (R1) to 2.5 eV after the second resistor (R2) as 

measured in point b. This indicates two separate voltage drops for two resistors, 1.2 V 

across R1 and 1.3 V across R2, consistent with the resistor value of 150 kΩ. The 

remaining 2.5 V drop occurs across the IL device itself, allowing for a straightforward 

calculation of the AC current: 

𝐼𝐷𝑒𝑣 =
2.5 𝑉

300 𝑘𝛺
≈ 8.3 𝜇𝐴 

This consequently suggests an AC impedance of roughly 300 kΩ (2 x 150 kΩ) 

for the IL device at 10 kHz SQW modulation, a value that is notably different from 

EIS measurements. However, it is important to note that as opposed to EIS 

measurements which employ sine-wave excitation, we employ 2.5 V SQW modulation 

in XPS, that may be where the difference in the values comes from. 

A similar evaluation was done for 2.5 V SQW 0.1 Hz modulation at the same 

soldering points a and b in Figure 19(c). Now the binding energy difference decreased 

from 4.7 eV after the first resistor (R1) to 3.3 eV after the second resistor (R2). The 

voltage drop across the resistors at 0.1 Hz is smaller than the voltage drop at 10 kHz 

under the same voltage, indicating that the effective AC impedance had increased to:  
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3.3

1.7
× 300 𝑘𝛺 ≈ 580 𝑘𝛺 

This again differs from the EIS measurements, and it can be associated with 

the large amplitude of 2.5 V SQW and different modes of excitation between the two 

techniques. The impedance values calculated in this manner for a device with 2 

resistors at the front, for a device sandwiched between the two resistors and lastly for 

a device with two resistors placed at the end are tabulated in Table 1. 

 

 10 kHz 0.1 Hz 

2R + IL Device 300 kΩ 580 kΩ 

R + IL Device + R 284 kΩ 572 kΩ 

IL Device + 2R 315 kΩ 620 kΩ 

Table 1. Impedance values estimated from Sn3d binding energy differences at 

soldering points a and b at different frequencies, 10 kHz and 0.1 Hz. 
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Figure 19. (a) Schematic of the ionic liquid (IL) device with 2 additional resistors of 

150 kOhm resistance with local points near the electrified electrode (NE) and near the 

grounded electrode (NG) highlighted in orange. (b) Local XPS response at NE and NG 

under ±2.5 V square-wave (SQW) bias at 10 kHz, with the corresponding line scan 

profile shown in the center. (c) Local XPS response at NE and NG under ±2.5 V SQW 

bias at 0.1 Hz, with the corresponding line scan profile shown in the center. (Adapted 

with permission from Karaoglu, G., Kutbay, E., Ince, S., Ulgut, B., and Suzer, S. 

Assessing Local Electrical Properties of Ionic Liquid/Metal Interfaces with Operando-

XPS and by Incorporating Additional Circuit Elements. Anal Chem 2023, 95 (40), 

14861–14869. Copyright 2023, American Chemical Society.) 

 

Beyond providing quantitative information on AC resistance, these XPS 

measurements also reveal that the introduction of series resistors fundamentally alters 

the direction of the local AC electric field within the device. To see the effect of the 
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voltage on the position of the twin peaks more clearly, the voltage was increased to 

3.0 V. Figure 20 illustrates this effect: in the pristine IL device in Figure 20(a), the F1s 

spectra taken at position 1 and position 2 of the electrified electrode under 3.0 V SQW 

bias display consistent shifts, with the binding energy difference between the twin 

peaks at 0.1 Hz consistently being less than that at 10 kHz.  However, after adding the 

series resistors and applying 4 V SQW bias, shown in Figure 20(b), the direction of 

the binding energy shifts at position 1 reverses, illustrating a reversal in the local AC 

field direction. At 10 kHz, this reversal results from the resistors reducing the effective 

potential at the IL interface, while at low frequencies, 0.1 Hz, the ionic migration 

instead amplifies the imposed bias, causing ions to move in the opposite direction. The 

voltage was increased to 4.0 V to compensate for the voltage drop across the resistors. 

Figure 20. (a) F1s spectra of the IL device at points 1 and 2, without series resistors. 

(b) F1s spectra of the IL device, with two 150 kΩ series resistors integrated, in points 

1 and 2. (Adapted from Kutbay, E., Ince, S. and Suzer, S. AC-Modulated XPS Enables 

to Externally Control the Electrical Field Distributions on Metal Electrode/Ionic 

Liquid Devices. Journal of Physical Chemistry B 2024, 128 (17), 4139–4147. 

Copyright 2024, American Chemical Society.) 
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When one of the resistors was soldered in series to the end of the IL device and 

one was left soldered before the device, as shown in Figure 21(a), it was confirmed 

that different resistor configurations can create nuanced and spatially distinct electric 

field distributions, including regions of neutral electric field in Figure 21(b). 

Figure 21. (a) F1s spectra of the IL device at points 1 and 2, with one resistor placed 

before and one resistor placed after the IL device. (b) F1s spectra of the IL device, with 

two 150 kΩ series resistors placed after the IL device, collected in points 1 and 2. 

(Adapted from Kutbay, E., Ince, S. and Suzer, S. AC-Modulated XPS Enables to 

Externally Control the Electrical Field Distributions on Metal Electrode/Ionic Liquid 

Devices. Journal of Physical Chemistry B 2024, 128 (17), 4139–4147. Copyright 

2024, American Chemical Society.) 

 

These findings collectively highlight that the placement of external resistors is 

not a passive addition for impedance quantification but also a powerful tool to actively 

tune and manipulate the local AC electric field distribution across the device, offering 

a unique experimental handle for probing and understanding dynamic processes in IL 

devices under operando conditions.  

Given these results, a natural question arises: can a simple equivalent model 

capture the variable nature of the device impedance in a manner that reproduces the 
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XPS spectral features observed in the experiment? This question forms the foundation 

of the modelling efforts that aim to connect the measured binding energy shifts directly 

to the dynamic voltage distribution across the device.  

It is also important to point out that when the resistors were introduced through 

the power supply’s BNC connector instead of soldered and placed in the vacuum 

chamber, reliable XPS data under AC modulation could not be obtained as illustrated 

in Figure 22. 

Figure 22. F1s region’s XP Spectra. Under 2.5 V SQW Excitations and with the 

additional 150 kOhm Resistor: Inside and Outside the spectrometer, together with the 

grounded one. (a) 10 kHz, (b) 0.1 Hz. (Reprinted with permission from Karaoglu, G., 

Kutbay, E., Ince, S., Ulgut, B., and Suzer, S. Assessing Local Electrical Properties of 

Ionic Liquid/Metal Interfaces with Operando-XPS and by Incorporating Additional 

Circuit Elements. Anal Chem 2023, 95 (40), 14861–14869. Copyright 2023, American 

Chemical Society.) 
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3.2.3 Electrical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed on the IL 

device to quantitatively characterize its frequency-dependent impedance response. In 

Figure 23, the results for the pure IL device before XPS measurements, after 8 hours 

of X-ray exposure and after the addition of 2 150 kΩ resistors. EIS experiments 

showed that the device impedance varies significantly with frequency, ranging from 

~1.0 MΩ at 0.1 Hz to ~10 kΩ at 10 kHz, shown in Figure 23(b). 

The model used to fit the impedance spectra consists of a parallel resistor 

representing the Faradaic charge transfer resistance, RCT and the parallel capacitor CIL 

represents the double-layer capacitance of the ionic liquid as illustrated in Figure 23(c). 

The external resistor, RADD accounts for the resistors that are introduced in series in 

the experimental set-up in addition to any inherent resistances within the system. 

Finally, a small capacitance, Ccable, reflects the parasitic capacitance of the 

measurement set-up, including contributions from connectors and BNC cables linking 

the device to the measuring instrument. 

Based on the fitting results presented in Figure 23(c), the additional series 

resistance was determined as 290 kΩ from the Nyquist plot in Figure 23(a) which is in 

close agreement with the expected 300 kΩ, the sum of the two external resistors. CIL 

was found to be ~1.7 µF that matched well with known resistor values and literature 

expectations.126,127 A much smaller capacitance, 300 pF was found for Ccable and this 

can be attributed to parasitic capacitance rather than geometric capacitance as this 

small capacitance appears in parallel with the external resistor, RADD, and contributes 

to the high-frequency semi-circle in Figure 23(a).128  
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Figure 23. Electrochemical impedance spectroscopy (EIS) results for three distinct 

configurations of the device: (i) the IL device in its original state (black), (ii) after over 

8 hours of X-ray exposure (red), and (iii) after adding external resistors (blue). (a) 

Nyquist plots displaying the real and imaginary parts of the impedance, with the 

external resistors clearly identified as 290 kΩ. (b) Impedance magnitude as a function 

of frequency for the three configurations, showing a significant decrease from 1.0 MΩ 

at 0.1 Hz to 10 kΩ at 10 kHz. (c) The equivalent circuit model used and the electrical 

parameters for each of the device configurations. (Reprinted with permission from 

Karaoglu, G., Kutbay, E., Ince, S., Ulgut, B., and Suzer, S. Assessing Local Electrical 

Properties of Ionic Liquid/Metal Interfaces with Operando-XPS and by Incorporating 

Additional Circuit Elements. Anal Chem 2023, 95 (40), 14861–14869. Copyright 

2023, American Chemical Society.) 
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3.2.4 Equivalent Circuit Modelling 

LT-Spice simulations and python were previously used hand in hand to 

complement XPS measurements and gain deeper insight into the system’s dynamic 

electrical response in Suzer Research Group previously on studies on electrowetting 

and electrochemical behavior.129,130 The approach taken in this thesis involves first 

constructing an approximate equivalent circuit model, guided by measured current 

values and known device parameters such as capacitance and resistance. The output 

voltage profiles generated by the simulation, corresponding to different local positions 

along the device and at designated modulation frequencies, are then convoluted with 

the F1s region XPS spectrum recorded under no bias to generate synthetic spectra that 

can be directly compared to the experimental data. 

To align the simulated output with the XPS measurements, an additional 

parallel resistor of approximately 1 MΩ was included in the model. This adjustment 

aligns with the long-time limiting behavior (over 300 s) observed experimentally under 

2.5 V pulsed excitation, as well as the measured impedance values obtained in the 

presence of an external 300 kΩ resistor. Additionally, the serial resistance of the IL 

device itself was set to 450 kΩ to better replicate the real device impedance captured 

in the XPS experiments. 

For the more complex geometries investigated in this work—particularly 

configurations with series resistors introduced in different positions—results from our 

earlier electrochemical impedance spectroscopy (EIS) measurements were used to 

inform the model, using overall capacitance and resistance values of 1.7 μF and 450 

kΩ, respectively. Recognizing that the device capacitance is primarily dominated by 
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the two metal/IL interfaces, the circuit model was refined by splitting the RC element 

into two sections, effectively halving the resistances and doubling the capacitances to 

preserve the same overall time constant. The finalized equivalent circuit with 2 150 

kΩ (one before and one after the IL device) resistors is illustrated in Figure 24.  

 

Figure 24. Equivalent Circuit Model of the Pt-Pt coplanar capacitor device with two 

resistors (one after and one before IL device). (Adapted from Kutbay, E., Ince, S. and 

Suzer, S. AC-Modulated XPS Enables to Externally Control the Electrical Field 

Distributions on Metal Electrode/Ionic Liquid Devices. Journal of Physical Chemistry 

B 2024, 128 (17), 4139–4147. Copyright 2024, American Chemical Society.) 

 

In LTSpice, the voltage probe was placed on the point indicated by a green star 

in the equivalent circuit illustrated in Figure 25 and the corresponding voltage 

responses were recorded at 4 V 10 kHz and 0.1 Hz SQW AC bias. Using these data 

and convoluting with the grounded F1s spectrum, the synthetic XPS spectra are 

collected.  
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Figure 25. Synthetic spectra acquisition process starting from the acquisition of 

voltage response at 10 kHz and 0.1 Hz 4 V SQW voltage, the convolution process and 

the generation of synthetic spectra. (Adapted from Kutbay, E., Ince, S. and Suzer, S. 

AC-Modulated XPS Enables to Externally Control the Electrical Field Distributions 

on Metal Electrode/Ionic Liquid Devices. Journal of Physical Chemistry B 2024, 128 

(17), 4139–4147. Copyright 2024, American Chemical Society.) 

The resulting synthetic XPS spectra at corresponding local positions for the 

three device configurations are reproduced in Figure 26(a), Figure 26(b) and Figure 

26(c), generally showing excellent agreement with the experimental data, apart from 

minor deviations. 

In most instances, the simulated results closely match the XPS data as seen in 

Figure 26, with the pink arrows going from one peak of 10 kHz to 0.1 Hz, supporting 

the reliability of this simulation-based interpretation. It’s worth noting that the 

observed differences in some specific configurations highlight the complexity of the 

system and underscore the need for further refinement—both in terms of experimental 
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precision (e.g., device fabrication uniformity, minimization of impurities) and in 

improved circuit modeling approaches. 

Figure 26. Synthetic spectra collected at points indicated by a green star IL device 

with (a) 2 resistors placed in the front, (b) 2 resistors placed at the back, (c) one resistor 

placed in the front and one at the back at 10 kHz and 0.1 Hz 4 V SQW voltage. 

(Adapted from Kutbay, E., Ince, S. and Suzer, S. AC-Modulated XPS Enables to 

Externally Control the Electrical Field Distributions on Metal Electrode/Ionic Liquid 

Devices. Journal of Physical Chemistry B 2024, 128 (17), 4139–4147. Copyright 

2024, American Chemical Society.) 

 

3.2.5 Comparison of Pure IL Devices and IL Mixtures 

To assess the effect of ionic composition on device behavior, a system 

containing an ionic liquid mixture was prepared. The mixture prepared had a 1:1.4 

(v/v) composition of DEME-TFSI and DEME-BF₄ on the surface, as calculated from 
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the peak areas of TFSI and BF₄ of F1s spectrum. In this way, XPS was used as a 

quantitative tool to determine the composition of the IL mixture. The two ILs making 

up the mixture differ notably in anion size and mobility, with TFSI being significantly 

bulkier than BF₄ as seen in Figure 27. This difference in anion size and its effect on 

the device’s response to voltage was what was being investigated. 

Figure 27. (a) Structure of the cation, DEME+. (b) Structure of the anions, TFSI- and 

BF4
-. (c) F1s grounded spectrum of the 1:1.4 (v:v) DEME-TFSI:DEME-BF4 mixture 

with the areas of the two peaks corresponding to TFSI (cyan) and BF4 (orange). The 

average volumes of the ions were calculated from average diameter simulation results 

of Kim et al.131 

As introduced earlier, IL mixtures are straightforward to prepare but they 

exhibit complex and often unexpected physicochemical properties due to their non-

ideal behavior, particularly thermal behavior. For this reason, they have long been 

classified as deep eutectic solvents.132 Their electrochemical properties are also highly 

tunable. 91,109  

In Figure 28, a summary of XPS results obtained in the absence and presence 

of external resistors for IL devices containing IL mixtures are illustrated. Under 4 V 

SQW AC bias, since there are 2 peaks in the F1s region, there are two twinned peaks 
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making up four peaks in total. The binding energy shifts corresponding to these four 

peaks were used to compare local potential distributions of the two systems. 

Upon detailed examination of the data from pure IL devices, it is clear that the 

binding energy shifts at 10 kHz and 0.1 Hz can be reversed by incorporating resistors 

at specific locations, indicating control over local potential development, the direction 

of these shifts remains consistent across the positive and negative cycles under SQW 

AC bias. However, as seen in Figure 28(b), with devices containing IL mixtures, a 

novel behavior emerges in which B.E. shifts differ between positive and negative 

cycles.  

Figure 28. Schematic representation of the Pt-Pt device coated wih mixture of DEME-

TFSI and DEME-BF4: (a) without external resistors and (b) one resistor placed at the 

front and one at the end. Local XPS responses of F1s were recorded at points 1 and 2 

under 4.0 V SQW AC modulation at 10 kHz (wine), 0.1 Hz (royal) along with the 

corresponding grounded spectrum (olive). (Adapted from Kutbay, E., Ince, S. and 

Suzer, S. AC-Modulated XPS Enables to Externally Control the Electrical Field 

Distributions on Metal Electrode/Ionic Liquid Devices. Journal of Physical Chemistry 

B 2024, 128 (17), 4139–4147. Copyright 2024, American Chemical Society.) 

Moreover, differences in the degree of field reversal observed after series 

resistor insertion suggest that the IL mixture possesses a distinct impedance profile. 
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These results imply that ionic size asymmetry and composition significantly affect 

both the rate and spatial profile of electrochemical screening. Chemically BF4
- is a 

compact anion while TFSI- is significantly larger – approximately a factor of 5 as 

shown in Figure 27. TFSI- is also conformationally flexible and possesses a 

delocalized, polarizable charge distribution.  

These findings demonstrate the value of this experimental approach in isolating 

and analyzing the individual roles of anions and cations in dynamic charge screening 

within electrochemical systems. However, this behavior is yet to have been reproduced 

by the electrical model LTSpice simulations. 
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Chapter 4: 

4. Results and Discussion: MLG-MLG Devices 

4.1 Device Containing DEME-TFSI 

4.1.1 Time-Resolved XPS: Dynamics of Charging and Discharging 

The time-dependent XPS data provides direct insight into the dynamic 

behavior of the EDL in the MLG-MLG device under cyclic -2.0 V and +2.0 V biasing. 

Each measurement sequence was performed using rapid snapshot acquisition of the 

O1s region (~0.5 s per spectrum), repeated continuously for one hour per cycle. This 

approach yielded ~8000 spectra per cycle, allowing extraction of the temporal 

evolution of the local electrical potential in the ionic liquid (DEME-TFSI) medium. 

During these measurements, the circuit was deliberately interrupted twice per 

cycle: first by opening the circuit (open-circuit potential condition) and later by 

shorting the biased electrode to ground. 

At the start of the positive bias cycle, the O1s B.E. on the source electrode 

jumps sharply from its equilibrium position of 532.6 eV (unbiased state) to values 

exceeding 536 eV. This abrupt shift occurs within seconds, reflecting the immediate 

electronic response of the electrode surface to the applied potential. However, this 

high-potential state does not persist, instead, the B.E. decays exponentially towards 

~534.6 eV over several hundred seconds. The decay is well-described by a 
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biexponential fit, revealing two dominant time constants of approximately 20 s and 

200 s as shown in Figure 29. These time constants correspond to two different and 

slow ionic rearrangements within the EDL. 

Figure 29. Biexponential fit of the O1s binding energy decay on the source electrode 

under +2 V bias. (a) The 2-time constants, 20 seconds (slow) and 200 seconds (slower), 

reflect the fast electronic screening and slower ionic rearrangement at the electrical 

double layer respectively. (b) The mirroring -2 V data are also shown. 

 

During the negative bias cycle, a behavior that mirrors the positive one is 

observed. At the start of the negative cycle, O1s B.E. on the source electrode drops 

below the grounded binding energy value, quickly shifting downwards and then 

decaying back towards a quasi-equilibrium negative potential.  

Simultaneously, the drain electrode displays complementary variations, as 

illustrated in Figure 31(c) and Figure 31(d) - while it does not undergo polarity 

reversals when grounded, its O1s B.E. oscillate in the opposite direction, driven by the 

induced field across the co-planar geometry. 
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The mirrored nature of these shifts demonstrates the near equivalency of the 

two electrodes. Simultaneous current measurements plotted in Figure 30, confirm that 

these O1s B.E. variations directly reflect the device’s transient charging behavior.  

Figure 30. Current response of the MLG-MLG device under cyclic (a) +2 V bias, (b) 

-2 V bias. The fluctuations (sudden increase/decrease) in current correlate with the O1s 

binding energy shifts observed via XPS, highlighting the interplay of electronic and 

ionic processes during charging/discharging. 

 

These data reflect various dynamic EDL formation components, upon biasing, 

open-circuit and shorting processes and set the stage for analyzing specific device 

behaviors also under open-circuit and grounded conditions, which are discussed in the 

following sections. 
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4.1.2 Effect of Open-Circuit Potential 

To isolate the intrinsic relaxation behavior of the ionic environment, 

measurements were conducted under open-circuit potential (OCP) conditions—where 

the external bias is removed but the electrodes remain electrically floating. These 

periods of OCP were introduced during each bias cycle, typically lasting for about 10 

minutes each, as shown in the experimental timeline as shown in Figure 31.  

Figure 31. Evolution of O1s binding energy: on the source electrode (a) under +2 V 

bias. (b) under -2 V bias; on the drain electrode (c) under +2 V bias and (d) under –2 

V bias. The slow decay towards equilibrium without polarity reversal under OCP 

conditions confirms that ionic relaxation dominates once the external bias is removed. 

However, the abrupt polarity reversal in B.E. after shorting reflects the fast electronic 

neutralization. 

 

When the circuit is opened, the slower and gradual shifts driven, most probably 

by the various leakage pathways as well as by the relaxation of ionic charges are 

observed. Specifically, the O1s B.E. on the source electrode, which had reached above 

536 eV under +2 V bias, begins to decay slowly towards a quasi-equilibrium value 

near the unbiased baseline of 532.6 eV as seen in Figure 31(a) and Figure 31(b). 
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Notably, during the entire OCP period, the B.E. remains above the baseline under +2 

V bias, and below baseline under -2 V bias.  

The drain electrode mirrors this behavior, the O1s B.E., previously driven to 

lower values with respect to the baseline during the negative bias cycle, steadily rises 

back toward baseline during OCP, again without crossing the zero line illustrated in 

Figure 31(d) and vice versa in Figure 31(c).  

4.1.3 Ionic Charge Retention after Shorting 

The shorting scenario presents a contrasting condition by actively resetting the 

electronic potential of the source electrode to zero. Unlike OCP, where the electrodes 

are left electrically floating, shorting forcibly resets the electronic potential of the 

source electrode to zero by directly connecting it to the ground. This abrupt removal 

of the electronic charge enables a direct examination of the residual ionic environment 

and its response, i.e., providing the possibility of separating electronic and ionic 

contributions to the EDL potential. 

As shown in Figure 31(a), upon shorting during application of +2 V, the O1s 

B.E. on the source electrode undergoes a sudden and striking polarity reversal. Instead 

of continuing its slow decay from the high potential (>536 eV) achieved under bias, 

the B.E. abruptly drops below the unbiased baseline, reaching negative electrical 

potential values. This immediate polarity reversal is the biggest attribute of the 

shorting process: the external electronic charge is rapidly neutralized, while the ionic 

charges in the EDL that accumulate to screen the previous electronic bias, remain 
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momentarily unbalanced. Complementary behavior along with a reversal in polarity is 

observed when shorting after the application of -2 V bias. 

The subsequent slow recovery of the O1s B.E. back toward baseline reflects 

the re-equilibration of the ionic environment as these residual ions redistribute and 

neutralize the local potential. This relaxation again occurs on timescales of hundreds 

of seconds, curiously matching the slower ionic motion observed during OCP. 

Notably, this polarity reversal phenomenon is absent in OCP and has not been 

previously reported in similar graphene-based capacitor systems. It underlines the 

significant disparity between electronic and ionic response timescales: while electronic 

charges adjust almost instantaneously to the new zero-potential condition upon 

shorting, the ionic component responds much more slowly, initially preserving the 

polarity of the prior bias before eventually neutralizing it. 

The drain electrode after shorting following the application of +2.0 V, as shown 

in Figure 31(c) exhibits complementary behavior: while its O1s B.E. does not undergo 

polarity reversal, it follows a similar slow relaxation back to baseline, mirroring the 

redistribution of ionic charges at the grounded interface. A compatible behavior is 

observed in Figure 31(d) for shorting after the application of -2 V. 

These observations are consistent with theoretical models of EDL behavior, 

such as the transmission line model,133,134 which predicts a hierarchy of time constants 

for electronic and ionic processes in porous carbon systems. The time-resolved XPS 

data provide direct experimental evidence for this separation, revealing how the 
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interplay of these two charge components governs the transient electrochemical 

behavior of the system. 

To illustrate this mechanism, a schematic representation is provided in Figure 

32, which overlays a part of the O1s B.E. variations that is recorded on the source 

electrode with cartoons of the charge distributions before and after shorting. Under +2 

V bias, the electrode accumulates positive electronic charge that is screened by nearby 

IL anions (as well as cations). When the circuit is shorted, the electronic charge is 

neutralized nearly instantaneously, so the ionic charges remain momentarily 

unbalanced. This mismatch leads to a temporary polarity reversal in the local electric 

potential, observed as a sharp drop in the O1s B.E. below the unbiased baseline, also 

illustrated in Figure 31(a). 

Over time, the residual ions redistribute, and the system returns to equilibrium, 

completing the relaxation process. The cartoons in Figure 32 help in visualizing the 

temporal decoupling of the ionic and electronic contributions and emphasize a reversal 

that is unique to the shorting condition. 

Figure 32. Mechanistic visualization for polarity reversal on the source electrode upon 

shorting, after application of +2.0 V. 
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The opposite is true for negative potentials. Now, the cations remain on the 

probed region when the negative charge is neutralized upon shorting. Therefore, a 

temporary reversal to values above the unbiased baseline is observed. sThe ability to 

observe and quantify this polarity reversal at the very same electrode upon shorting is 

particularly significant. It highlights a previously underexplored aspect of the EDL’s 

dynamic nature and suggests that similar shorting-induced reversals could be an 

important factor to guide the design and operation of next-generation capacitive energy 

storage devices, especially those using high-surface-area carbon-based electrodes. 

4.1.4 Asymmetric Charge Accumulation and Capacitance  Behavior 

Complementing the time-resolved XPS data, current measurements in Figure 

33 reveal notable asymmetries in the charge accumulation behavior of the MLG-MLG 

device under alternating positive and negative biasing. These asymmetries manifest as 

differences in the magnitude and persistence of the induced currents, which also 

correlate directly with the evolution of the O1s B.E. observed in XPS. 

Specifically, after prolonged application of -2 V bias for 30 minutes, the 

recorded current increases significantly—by more than an order of magnitude—

compared to the initial current under the same bias magnitude (Figure 33, data in 

orange). Furthermore, this enhanced current response exhibits strong polarity 

dependence: the current increase is even more pronounced upon switching to +2 V 

bias. In other words, the observed current asymmetry and the related O1s B.E. shifts 

(Figure 31) reveal that the ionic liquid’s ability to screen electrode potentials is 

strongly influenced by the previous biasing history.  
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Figure 33. (a) Current measurements under -0.5 V and +0.5 V bias for a duration of 

150 s each. The initial currents are shown with olive data points, which increase after 

application of -2.0 V bias for a duration of 30 minutes (1800 s) and becomes 

asymmetric (orange). Application of +2V bias for the same duration also causes an 

increase in currents and creates asymmetry in the opposite direction (purple). (b) 

Zoomed-in view of 150-300 s region from the current-time curve shown in (a). (c) The 

same 150-300 second current data presented on a logarithmic log(current) scale. 

 

This behavior points to a history-dependent charge accumulation within the 

device, likely driven by electrosorption processes that expand the electroactive area 

over time. The presence of long-lived trapped charges within the ionic environment 

enhances electrosorption effects, leading to cumulative expansion of the effective EDL 

and the associated capacitance. 

Combined current and electrochemical impedance spectroscopy (EIS) 

measurements reveal key insights into the evolving electrochemical behavior of the 

MLG–MLG device. Following long-term ±2 V cycling, the total charge passed during 

a ±0.5 V voltage step was estimated by integrating the current over time: 
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𝑄 =   ∫ 𝐼(𝑡)𝑑𝑡
300

0

 

This integration yielded a total charge of approximately 250 𝜇𝐶. Taking the 

voltage step as 1 V (from -0.5 to +0.5 V), the total capacitance was calculated as: 

𝐶 =  
𝑄

𝑉
=

250 𝜇𝐶

1 𝑉
= 250 𝜇𝐹  

The corresponding gravimetric capacitance is determined using the total mass 

of the two MLG electrodes (~80 µg): 

𝐶𝑔𝑟𝑎𝑣𝑖𝑚𝑒𝑡𝑟𝑖𝑐 =
𝐶𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
=

250 𝜇𝐹

80 𝜇𝑔
≅ 3 𝐹/𝑔 

While this capacitance value is modest compared to that of advanced porous 

carbon-based supercapacitors (>100 F/g)135, it is still notable given the device’s simple 

planar geometry and limited electroactive surface area. 

Notably, a comparison of EIS data before and after prolonged cycling shows 

an increase in leakage resistance plotted in Figure 34(a), while time constants remain 

relatively unchanged. Additionally, the emergence of a clear Warburg element 

suggests enhanced ionic diffusion contributions at later stages. These features—

particularly the increased resistance and visible diffusive component—are consistent 

with the accumulation of long-lived charges, which also manifest as persistent current 

responses in the time domain. 
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Figure 34. EIS Measurements before and after Cycling for 14 hours. (a) Nyquist plots 

before (black) and after (red) cycling. Bode plots (c) Before and (d) After cycling. 

 

This asymmetric charging behavior has significant implications for practical 

device applications. In real-world energy storage systems, where repeated cycling is 

the norm, such history-dependent capacitance changes can impact performance 

metrics like energy density and charge-discharge efficiency. Moreover, the ability to 

track these changes using time-resolved XPS provides a powerful diagnostic tool for 

understanding and eventually optimizing these electrochemical processes. 

Overall, the combined current and XPS data underline the complex interplay 

between ionic motion, electronic screening, and device history in determining the 

dynamic capacitance of the MLG-MLG device. These findings highlight the potential 
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of XPS-based methods to reveal subtle yet critical aspects of charge storage behavior 

that might otherwise be obscured in purely electrochemical measurements. 

4.2 Impact of Rb⁺ Inclusion on Electrosorption and Surface 

Composition 

To explore the effects of incorporating a small-sized alkali metal cation into 

the electrolyte, a DEME-TFSI electrolyte containing approximately 10% Rb-TFSI was 

used. The goal was to evaluate how the presence of Rb+, a significantly smaller cation 

compared to DEME+, influences the interfacial charge distribution and electrosorption 

dynamics.  

Figure 35. (a) Molecular structure of the DEME cation, TFSI anion and Rb cation. (b) 

The structure of the coplanar capacitor device with the near electrified electrode (NE) 

and near grounded electrode (NG) points marked. (c) XPS survey spectrum of the 

DEME-TFSI containing 10% Rb-TFSI mixture, showing peaks that are identified as 

C1s, N1s, F1s and Rb3d. 

 

Figure 35(a) shows the molecular structures of DEME cation, TFSI- anion and 

Rb+ cation. Based on its ionic radius of 1.5 Å, the volume of the cation is calculated to 

be approximately 14 Å3.136 This is a notably smaller volume compared to that of 
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DEME (~225 Å3) and TFSI (~ 200 Å3) that were calculated in section 3.2.5.  Figure 

35(c) the XPS survey spectrum of the Rb-TFSI IL mixture, confirming the presence 

of all expected elements and demonstrating sufficient signal quality across the spectral 

window for high-resolution tracking especially using scanning mode. Before 

application of any voltage, the atomic percentages of N+, N- and Rb+ were 3.7 %, 3.3 

% and 0.7 % respectively. 

As detailed in the experimental section, the data was recorded using scan mode 

XPS measurements. The voltage ramp protocol involved incremental DC steps from 0 

V to ±3.0 V, with three scans acquired at each voltage step and additional scans at 0 V 

after returning to ground to track relaxation behavior. Measurements were conducted 

at two characteristic points, point near the electrified electrode (NE) and point near 

grounded electrode (NG) as illustrated in Figure 35(b). It was observed that there is a 

notable change in the binding energy and also the atomic ratios during voltage 

ramping. By monitoring the Rb3d, N1s, C1s and F1s core-levels, it was possible to 

trace both cationic and anionic species under operando conditions.  
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Figure 36. (a) Summary of positive voltage ramping at the electrified electrode (point 

NE), showing progressive binding energies of Rb3d, C1s, N1s and F1s going from left 

to right displayed in 2D. (b) Corresponding spectra at the grounded electrode (point 

NG). (c) Negative voltage ramping results at point NE. (d) Negative voltage ramping 

response at point NG. 

 

During the positive voltage cycle, a progressive increase in binding energy was 

observed across all spectra, reflecting the increasing electrostatic potential near the 

electrified electrode (point NE marked in Figure 35(b)), as shown in Figure 37(a). 

Upon returning to 0 V, a partial rebound toward lower B.E. values relative to the 

grounded state was recorded. This is consistent with the transient polarity reversal 

behavior previously discussed in section 4.1.3 for the device containing only DEME-

TFSI.  The delayed return to grounded state upon shorting a relaxation process that is 

likely governed by ionic rearrangements in the electric double layer.  A summary of 

all the results during positive voltage ramping at point NE and point NG are presented 
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in Figure 36(a) and Figure 36(b) respectively. The negative voltage ramping results 

are summarized in Figure 36(c) for point NE and in Figure 36(d) for point NG.  

Using peak areas of only Rb3d and N1s, atomic percentages of these species 

were calculated. In Figure 37(b), the changes in atomic percent of Rb3d and N1s (both 

cationic and anionic component) are given across the 20 spectra acquired under 

positive voltage ramp at point NE. It was observed that the atomic percent of Rb+ 

increased with increasing voltage, while the cationic N1s signal that is associated with 

DEME+ decreased. In contrast, the anionic N1s component and therefore, F1s signal 

remained largely unchanged. Notably, the combined atomic percent of the two cations 

(Rb+ and N+) closely approached that of the N- that is associated with TFSI-. This 

observation suggests a cointercalation-like surface neutralization process where the 

surface charge is compensated by the coordinated arrangement of both large and small 

cations alongside anions. This behavior may stem from the ability of Rb+ to approach 

the electrode surface more readily than a bulkier species like DEME+, due to its smaller 

ionic radius and consequently, its higher mobility. 

 



72 
 

Figure 37. (a) Binding energy shifts with respect to the grounded state (0 eV); (b) 

Evolution of atomic percentages for Rb3d, cationic N1s, N+ and anionic N- during the 

positive voltage ramping at point NE; (c) Binding energy shifts with respect to the 

grounded state (0 eV); (d) Evolution of atomic percentages for Rb3d, cationic N1s, N+ 

and anionic N- during the positive ramping at point NG.  

 

When analyzing the C1s spectrum at the grounded electrode under positive 

voltage ramp (Figure 37(c)), little to no shift (around 0.10 eV maximum at voltage 

maximum of +3.0 V, as presented in Figure 38) was observed in the peak 

corresponding to graphene with grounded state binding energy of 284.3 eV, which is 

expected, as the grounded side serves as the reference potential and its environment 

should remain electrostatically stable.  
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Figure 38. C1s region at point NG. Spectra acquired when the coplanar capacitor is 

grounded and under +3.0 V bias. 

 

However, C1s peak that is associated with CF3 groups of TFSI, and other 

cationic carbon environments did show responses to the applied voltage, (although 

smaller compared to the response at point NE due to intrinsic voltage drop), reflecting 

the behavior of mobile ionic species that are not electrically grounded.  At the point 

NG, similar to that of point NE, a decrease in the atomic percentage of N+ and a 

corresponding increase in Rb+ was observed. However, in this case, the sum of Rb+ 

and N+ atomic percentages did not consistently match the atomic percent of the anionic 

N1s component, especially at higher voltages as seen in Figure 37(d).  

This difference may arise from several factors that include local field gradients 

that cause spatial redistribution at this local point. It may also be that the cation 
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exchange process is not synchronized with the dynamics of the anion at these voltages 

under the specific conditions. 

In contrast, during the negative voltage cycle, which was conducted using the 

same stepwise protocol, much smaller changes were observed in both binding energies 

and surface atomic compositions. This noticeable asymmetry between the positive and 

negative cycles suggests a cation-dominated mechanism, which is not reciprocated 

under negative voltage likely due to the limited mobility of the anions or their 

exclusion from the surface. This directional response is very similar to the behavior of 

a diode, where charge accumulation and interfacial restructuring occur preferentially 

under one polarity which suggests the formation of an asymmetric electrochemical 

interface. 

Additionally, this asymmetry is particularly evident at the point NG as seen in 

Figure 39(c) and Figure 39(d). Unlike the behavior observed under positive voltage or 

at the electrified electrode, no significant change in surface composition was detected 

with respect to voltage at this point. Another important observation is that the atomic 

percent of N+ increases with Rb+ while the anionic N- component decreases at point 

NE as shown in Figure 39(b).  
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Figure 39. (a) Binding energy shifts with respect to the grounded state (0 eV); (b) 

Evolution of atomic percentages for Rb3d, cationic N1s, N+ and anionic N- during the 

negative voltage ramping at point NE; (c) Binding energy shifts with respect to the 

grounded state (0 eV); (d) Evolution of atomic percentages for Rb3d, cationic N1s, N+ 

and anionic N- during negative ramping at point NG.  

 

It is also important to note that upon returning to 0 V after the negative voltage 

ramp shown in Figure 39(a), a polarity reversal in binding energy is again observed at 

point NE, mirroring the behavior of the pure DEME-TFSI device and also the 

observations from the positive ramping cycle. Relaxation to a lower/higher binding 

energy state at positive/negative voltages is a general feature of the system no matter 

the content of the IL electrolyte. 
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Figure 40. Current–time response of the MLG–MLG device containing DEME-TFSI 

with 10% Rb-TFSI before and after voltage cycling. 

The system also exhibited a dramatic increase in current on the order of nearly 

two magnitudes as presented in Figure 40. This was first interpreted as evidence of 

electrosorption, particularly due to the surface accumulation of Rb+ that was observed. 

An increase in current suggests an enhancement of ionic activity. The rise of the 

current may be due to interfacial processes such as surface electrosorption and EDL 

restructuring, rather than any bulk insertion or modification of the graphene layers. 

 Coming back to the XPS results’ analysis, this conclusion is also backed up 

here. Under positive voltage response, the surface composition of Rb+ increases and 

the cationic N1s signal from DEME decreases, suggesting a competitive or cooperative 

electrosorption process that includes both cations. Their sum is also approaching that 

of N1s signal of the anionic specie which indicates a surface-level charge balancing 
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mechanism rather than bulk intercalation. All these observations reinforce the idea that 

enhanced current, and the response probed by XPS stem from field-driven 

electrosorption rather than structural change. 
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Chapter 5 

5. Conclusions 

 

This study employed operando X-ray Photoelectron Spectroscopy (XPS) under 

electrical bias to probe dynamics of ion behavior and interfacial potential profiles in 

ionic liquid (IL)-based electrochemical devices. Two complementary device 

configurations, Pt–Pt and multilayer graphene–multilayer graphene (MLG–MLG) 

sssscoplanar capacitors, were investigated under square-wave (SQW) DC and AC 

excitations, allowing both steady-state and time-resolved measurements. 

By comparing responses at high (10 kHz) and low frequency (0.1 Hz), it was 

possible to distinguish between fast electronic polarization and slow ionic relaxation 

processes. Binding energy shifts in the F1s region for the Pt-Pt coplanar device with 

DEME-TFSI device served as chemically specific voltmeters to monitor local 

potential variations. With the addition of the external series resistors, it was possible 

to quantify impedance and manipulate local electric field distributions, while also 

confirming the directionality field reversal and screening across the IL layer. 

Moreover, based on these measurements, an equivalent circuit model was developed 

that successfully reproduced synthetic spectra closely resembling the experimental 

data, further validating the interpretation of responses at different frequencies and local 

voltage developments. 
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One key finding was the highlight of frequency and composition dependent 

charge dynamics in IL mixtures. A device containing 1:1 (v/v) mixture of DEME-

TFSI: DEME-BF4 exhibited asymmetric screening behavior, meaning the local 

response varied not just with voltage polarity but also with position across the device. 

A spatially resolved potential distribution was observed. This underlined the non-ideal 

and composition-sensitive behavior of IL mixture and their strong impact on interfacial 

electrostatics.  

Time-resolved XPS measurements on MLG–MLG devices revealed a distinct 

polarity reversal in the O1s binding energy upon shorting, a phenomenon attributed to 

the mismatch in response timescales of electronic and ionic charges. This behavior 

reflects dynamic asymmetries in the EDL and provides experimental support for 

electronic and ionic contributions that evolve on different timescales, leading to 

transient potential reversals under specific biasing protocols. 

Furthermore, incorporating ~10% Rb-TFSI into the DEME-TFSI liquid matrix 

introduced a small, mobile alkali cation with reasonable photoemission sensitivity. 

Operando-XPS measurements revealed preferential Rb⁺ accumulation under applied 

bias, competitive displacement of the bulkier DEME⁺ cation, and co-electrosorption 

alongside TFSI⁻. These observations are consistent with the requirement of local 

electroneutrality, as the accumulation of positive ions is accompanied by the co-

sorption of TFSI-.  

Overall, this work establishes operando-XPS as a chemically specific, non-

invasive method to interrogate complex ion dynamics and local potential distributions 

in IL-based electrochemical devices. The insights gained from frequency modulation, 



80 
 

IL mixtures, and alkali metal inclusion may contribute to more effective design 

strategies for energy storage, neuromorphic devices, and iontronic platforms. 
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