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This doctoral thesis is devoted to elucidation of processes taking place at the 

electrode/electrolyte interface in electrochemical capacitors (ECs) with an emphasis on 

both aqueous and organic media, as well as in Li-ion capacitors (LICs). To improve the 

performance of the devices mentioned, it is crucial to understand and properly describe 

their mechanism of charge storage. For this, the use of advanced techniques and new 

approaches should be proposed concerning fundamental research. In the context of 

developing more stable and durable energy storage systems with longer lifespans, 

especially for industrial applications, elaboration of the specific causes of accelerated 

degradation of the carbon electrodes was also investigated.  

This work was therefore divided into four thematic sections: The first section (Chapter 

I) entails general preface to the energy market, followed by introduction to energy 

storage devices, with a strong focus on electrochemical capacitors and lithium-ion 

capacitors: their principle of operation, construction and commonly used materials and 

electrolytes. The chapter follows up with a current literature review on fundamental 

studies and ageing studies in electrochemical capacitors, closing on a subsection where 

electrochemical techniques used throughout the work are discussed. 

Chapter II – opens the second section of the thesis, with a summary of papers P1 and P2 

that deal with investigation of molecular level charging mechanisms in electrochemical 

capacitors based on activated carbon (AC) paired with aqueous electrolytes. This 

fundamental research deals with various aspects: the first is based on operando 

monitoring of pH value changes during the charging and discharging of an 

electrochemical capacitor in an aqueous neutral salt solution. The change of pH values 

at the vicinity of the capacitor electrode was found to be dynamic: strongly potential-

dependent and different for individual electrodes.  

The other work establishes ionic fluxes in AC materials paired with various electrolyte 

compositions and concentrations using electrochemical quartz crystal microbalance 

(EQCM), as well as new approaches towards more efficient applications. The point of 

zero charge (PZC) meaning for the charging mechanism description was also 

demonstrated, using various electrochemical techniques, with an improved method for 

its determination based on step potential electrochemical spectroscopy (SPECS). Also, a 

concept of range of zero charge (RZC) for AC operating in aqueous electrolytes was 
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introduced for the first time, which implies that PZC should not be considered as an 

absolute one-point potential value.  

The third section (Chapter III) is dedicated to the ageing mechanisms of AC electrodes in 

organic media, for both ECs and LICs – most commonly used devices for industrial 

applications. Contributing factors based on increasing voltage and the role of oxygen 

functionalities on ageing of the systems were determined. It presents a summary based 

on paper P3 and article A1. In both works, electrochemical techniques were coupled with 

physicochemical analyses. The former focuses on ageing mechanisms of the AC 

electrode and determines both the structural and chemical changes leading to energy 

fading in LICs. The use of half-cell configuration allowed to isolate the fundamental 

processes occurring at a single electrode only, without the complexities introduced by a 

full cell. The most important finding evidenced that an increase in applied voltage not 

only results in in faster system degradation but governs the ageing chemistry.  

Article A1 focuses on the assessment of EC performance at high voltage in industrial 

electrolyte, 1 mol L-1 TEABF4 (tetraethylammonium tetrafluoroborate) in AN 

(acetonitrile). Specifically, a role of AC oxygenated functionalities on accelerated ageing 

is presented. These findings unravel complex degradation pathways, where unlike 

previous assumptions, the type rather than the total amount of oxygenated 

functionalities on the AC electrode were established to influence the degradation 

pathways.  

The final section contains abstracts of articles that are not directly linked to the thesis, 

nevertheless, demonstrate scientific output gained during the PhD studies. Additionally, 

the list of figures and tables included in the thesis, scientific accomplishments and 

literature are presented.  
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Niniejsza praca doktorska poświęcona jest wyjaśnieniu procesów zachodzących na 

granicy faz elektroda/elektrolit w kondensatorach elektrochemicznych, ze szczególnym 

uwzględnieniem elektrolitów wodnych i organicznych, a także w kondensatorach 

litowo-jonowych. Aby poprawić wydajność wspomnianych urządzeń, ważne jest 

zrozumienie i właściwe opisanie ich mechanizmu magazynowania ładunku. W tym celu 

należy zaproponować zastosowanie zaawansowanych technik i nowych podejść  

w zakresie badań podstawowych. W kontekście opracowania bardziej stabilnych  

i trwałych systemów magazynowania energii o dłuższej żywotności, zwłaszcza do 

zastosowań przemysłowych, zbadano również szczegółowe przyczyny przyspieszonej 

degradacji elektrod węglowych.  

Dlatego też niniejszą pracę podzielono na cztery sekcje tematyczne: Część pierwsza 

(Rozdział I) zawiera ogólne wprowadzenie do rynku energii, po którym następuje 

wprowadzenie do urządzeń magazynujących energię, ze szczególnym uwzględnieniem 

kondensatorów elektrochemicznych oraz kondensatorów litowo-jonowych: ich zasady 

działania, budowy i powszechnie stosowanych materiałów i elektrolitów. Rozdział 

kończy się przeglądem aktualnej literatury na temat badań podstawowych i badań 

starzeniowych kondensatorów elektrochemicznych, zamykając się podrozdziałem, w 

którym omawiane są techniki elektrochemiczne stosowane w pracy. 

Rozdział II – otwiera drugą część pracy, zawierającą podsumowanie publikacji P1 i P2, 

które dotyczą badania mechanizmów ładowania na poziomie molekularnym w 

kondensatorach elektrochemicznych opartych na węglu aktywowanym w połączeniu z 

elektrolitami wodnymi. Te podstawowe badania dotyczą różnych aspektów: pierwsze 

opiera się na monitorowaniu pH w trybie operando podczas ładowania i wyładowania 

kondensatora elektrochemicznego w wodnym neutralnym roztworze soli. Stwierdzono, 

że zmiana pH pobliżu elektrod kondensatora jest dynamiczna: silnie zależy od potencjału 

i jest różna dla poszczególnych elektrod. 

W drugiej publikacji opisano strumienie jonowe w materiałach węglowych w połączeniu 

z różnymi składami i stężeniami elektrolitów przy użyciu elektrochemicznej mikrowagi 

kwarcowej (EQCM), a także nowe podejścia do bardziej wydajnych zastosowań z nią 

związanych. Wykazano znaczenie punktu zerowego ładunku (PZC) dla opisu 

mechanizmu ładowania, wykorzystując różne techniki elektrochemiczne, z 
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udoskonaloną metodą jego wyznaczania opartą na spektroskopii elektrochemicznej z 

krokowo zmiennym potencjałem ang. step potential electrochemical spectroscopy 

(SPECS). Po raz pierwszy wprowadzono także koncepcję zakresu ładunku zerowego, 

ang. region of zero charge (RZC) dla węgla aktywowanego pracującego w elektrolitach 

wodnych, co oznacza, że PZC nie należy traktować jako bezwzględnej jednopunktowej 

wartości potencjału. 

Część trzecia (Rozdział III) poświęcona jest mechanizmom starzenia elektrod 

węglowych w środowisku organicznym, zarówno dla kondensatorów 

elektrochemicznych jak i kondensatorów litowo-jonowych – najczęściej stosowanych 

urządzeń w zastosowaniach przemysłowych. Określono czynniki takie jak wzrost 

napięcia oraz rola tlenowych grup funkcyjnych na starzenie się układów. Zawiera ona 

podsumowanie na podstawie publikacji P3 oraz artykułu A1. W obu pracach techniki 

elektrochemiczne połączono z analizami fizykochemicznymi. Pierwsza skupia się na 

mechanizmach starzenia elektrody węglowej i określa zarówno zmiany strukturalne, jak 

i chemiczne prowadzące do zaniku zdolności do magazynowania energii w 

kondensatorze litowo-jonowym. Zastosowanie konfiguracji pół-ogniwa pozwoliło na 

wyizolowanie podstawowych procesów zachodzących tylko na pojedynczej elektrodzie, 

bez komplikacji wprowadzanych przez pełne ogniwo. Najważniejsze odkrycie wykazało, 

że wzrost napięcia nie tylko powoduje szybszą degradację systemu, ale także kieruje 

procesami starzenia.  

Artykuł A1 koncentruje się na ocenie działania kondensatora elektrochemicznego przy 

wysokim napięciu w elektrolicie komercyjnym, tj. 1 mol L-1 tetrafluoroboranie 

tetraetyloamonu (TEABF4) w acetonitrylu (AN). W szczególności przedstawiono rolę 

tlenowych grup funkcyjnych w przyspieszonym starzeniu. Odkrycia te opisują złożone 

ścieżki degradacji, w przypadku których w przeciwieństwie do poprzednich założeń 

ustalono, że na ścieżki degradacji bardziej wpływa rodzaj niż całkowita ilość utlenionych 

grup funkcyjnych elektrody węglowej.   
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Abbreviations  

AC  

ACF 

ADN 

AN  

CB  

CDC 

CE  

CI 

CNH 

CNTs 

CV  

CVD 

DFT 

DEC 

DEMS 

DMC 

DMF  

EC  

ECD  

EC/DM 

EDL  

EDLC  

EIS  

ESR  

EV 

EQCM  

[FSI]- 

GCD 

GCMS  

GCS 

– activated carbon 

– activated carbon fibre 

–adiponitrile 

- acetonitrile 

– carbon black 

– carbide-derived carbon 

– counter electrode 

– current interrupt 

– carbon nanohorn 

– carbon nanotubes 

– cyclic voltammetry 

– chemical vapor deposition 

– Density Functional Theory 

– diethyl carbonate 

– differential electrochemical mass spectroscopy 

– dimethyl carbonate 

– N,N-dimethyl formamide 

– electrochemical capacitor 

– electrochemical dilatometry 

– ethylene carbonate/dimethylcarbonate 

– electrical double-layer 

– electrical double-layer capacitor 

– electrochemical impedance spectroscopy 

– equivalent series resistance 

– electric vehicle 

– electrochemical quartz crystal microbalance 

- bis(fluoromethane sulfonyl imide) 

– galvanostatic charge-discharge 

– gas chromatography mass spectrometry 

– Gouy-Chapman-Stern 
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GITT 

GO 

HEP 

HER 

HIP 

IL  

IR 

LIB  

LIC  

LiClO4 

LiPF6 

LMO 

LTO 

LVO 

MD 

MS 

NaPF6 

NMP  

NMR 

OCV 

OEP 

OER 

PANI 

PC  

PEEK 

PPy 

PSD 

PTFE  

PVDF  

PZC 

R&D 

RE  

– Galvanostatic Intermittent Titration Technique 

– graphene oxide 

– hydrogen evolution potential 

– hydrogen evolution reaction 

– hybrid ion capacitor 

– ionic liquid  

- infrared spectroscopy 

– lithium-ion battery 

– lithium-ion capacitor 

– lithium perchlorate 

– lithium hexafluorophosphate 

– lithium metal oxide 

– lithium titanate  

– lithium vanadate 

– molecular dynamics  

–mass spectrometry 

–sodium hexafluorophosphate 

– N-Methyl-2-pyrrolidone  

– nuclear magnetic resonance 

– open circuit voltage 

– oxygen evolution potential 

– oxygen evolution reaction 

– polyaniline 

– propylene carbonate  

– poly(ether ether ketone) 

– polypyrrole 

– pore size distribution 

– poly(tetrafluoroethylene) 

– poly(vinylidene fluoride) 

- point of zero charge 

- research and development 

– reference electrode 
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rGO 

RZC 

SCE 

SEI 

SEM 

SHE 

SPECS 

SPEIS 

SSA 

TEABF4 

[TFSI]- 

WE  

XPS 

XRD 

– reduced graphene oxide 

- region of zero charge 

- saturated calomel electrode 

- solid electrolyte interphase 

- scanning electron microscopy 

- standard hydrogen electrode 

- step potential electrochemical spectroscopy 

- staircase potential electrochemical impedance spectroscopy 

- specific surface area 

- tetraethylammonium tetrafluoroborate 

- bis(trifluoromethane sulfonyl imide) 

– working electrode 

– x-ray photoelectron spectroscopy 

– x-ray diffraction  
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1. Introduction 

The end of year 2023 marked an important steppingstone for climate action in the form 

of the 28th United Nations Climate Change conference (COP28). Under the Paris 

Agreement, which legally binds international treaty on climate change, [1] a decision was 

reached between respective governments to speed transition away from fossil fuels. In 

such light, notable improvements on energy capacity and efficiency are set to be 

established by 2030. [2, 3] This move will most definitely prove to be a driving force for 

regained interest and consequently, a notable boost in both economic and research and 

development (R&D) sectors in the energy storage systems industry. The current global 

energy storage systems market, including thermal, electrochemical and mechanical 

energy storage, was valued at 246.54 billion (USD) in 2023 and is expected to increase 

steadily between 2024 and 2031 to almost double in value, as illustrated in Figure 1. [4, 

5]  

 

Figure 1. Energy storage systems market size forecast between 2023-2031 based on [4, 5].  

 

Apart from that, the growth of energy consumption all over the globe has been already 

noted over the past decade or so. Thus collectively, together with predicted future 

demand, it raises the need for more efficient, altogether better suited and reliable 

solutions to meet the needs of the ever-changing and fast-paced modern world. One 

must also keep in mind the environmental aspects, where preferably clean energy 

technologies based on e.g. renewable sources such as wind, water or sun can be 

employed. One cannot, however, solely rely on these sources based on intermittency 
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alone; their availability will depend on location, season, weather conditions, to name a 

few. This is where energy storage technologies such as secondary batteries and 

electrochemical capacitors (ECs) can play a crucial role, by not only storing the excess 

energy, but also by balancing supply and demand and providing the energy itself when 

required. [6, 7] ECs especially, are noteworthy in this context due to their remarkable 

characteristics, such as long cyclability and high power density. [8, 9] They however 

suffer from notable self-discharge and have rather restricted charge storage capacity. 

[10, 11] Therefore, they require further improvements and research. This would allow 

them to compete with the state-of-the-art technologies, such as lithium ion batteries 

(LIBs), which have been the ‘go-to’ choice when it comes to portable electronic devices 

for years and are currently gaining popularity in both aerospace and electric vehicle (EV) 

sectors. [12] 

2. Electrochemical Capacitors  

2.1 Basics to capacitors 

A capacitor has the ability to store and release energy, with many different types 

available on the market. It consists of two electrodes in parallel, separated by a dielectric 

as represented in Figure 2. When connected to an external power supply, charge carriers 

collect on the surface of the electrodes. This causes them to have negative and positive 

charges respectively. As the two electrodes maintain equal charge of the opposite sign, 

electric field is created, and this allows for an electric energy to be stored as a result. [13-

15] 

 

Figure 2. Schematic diagram of a basic capacitor and equation for capacitance (C), based on [14, 
16, 17] 
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As represented by the equation, the capacitance (C ) is proportional to the surface area 

of the electrode (A) and is also inversely proportional to distance between the electrodes 

(d). [14, 18] Thus, an important relationship is established, where, the higher the surface 

area of the electrode, the higher the capacitance. Capacitance, measured in Farads (F) 

can be also expressed in terms of charge (Q) and voltage (V): 

 𝐶 = 𝑄/𝑉 eq.1  

Whereas, energy, (E) can be represented as follows: 

 𝐸 = 𝑄. 𝑉 

 

eq.2 

Based on these representations, energy can be ultimately expressed as: 

 
𝑈 =

1

2
(𝑄2/𝐶) = 

1

2
𝑄. 𝑉 =  

1

2
𝐶. 𝑉2  

 

eq.3  

The dielectric constant (ε) represents the ratio of the permittivity of the vacuum (𝜀0) to 

the permittivity of the dielectric (𝜀0𝑟). Thus, it can be established that material's 

dielectric constant increases with the amount of polarization it develops in an applied 

field of a certain strength. [19]  

As aforementioned, different types of capacitors can be considered. The most popular 

include electrolytic, silver mica, ceramic, tantalum, electrochemical and foil, with some 

presented in Figure 3. The choice of the correct capacitor that meets the user’s needs 

will naturally depend on the intended application. However, several other criteria need 

to be also considered such as size, temperature, capacitance, voltage rating and cost. [20] 

 

Figure 3. Different types of capacitors 
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ECs in particular, can reach very high volumetric and specific capacitances, thus high 

energy density amongst all other capacitors. Typically, one would expect values of 

capacitance to be within the range of pF and μF in a typical capacitor, [13] therefore ECs 

have much more to offer in this context. This is achieved by incorporation of high surface 

area carbon electrodes together with thinner dielectrics directed by the double layer 

thickness. [14, 15, 21, 22] Moreover, they offer high cyclability (>106 charge–discharge 

cycles), which makes them the perfect devices for use in transportation, industrial and 

everyday applications. [9, 23-28] The general strategy to improve their energy output is 

based on eq.2, where both the enhancement of the capacitance and increasing of the 

operating voltage of the device are considered.  

2.2 ECs: construction and principle of operation 

ECs are also referred to as ‘ultracapacitors’, ‘supercapacitors’ or ‘electrochemical 

double-layer capacitors’ (EDLCs). The name of the latter, however, stems from the 

devices fundamental charge storage principle. Therefore, it’s rather imperative to 

highlight that when referring to ECs, one must remember that they could also include 

other charge storage mechanisms, e.g. those based on redox processes. [29, 30] 

ECs consist of two high surface area porous electrodes (most often activated carbon 

(AC)), where upon polarization one becomes positively charged while the other 

negatively charged) placed directly onto metal current collectors (such as stainless steel, 

gold, aluminum) separated by a membrane and immersed in an electrolytic solution. The 

electrodes can be identical (symmetrical cell) or different from one another 

(asymmetrical). The membrane prevents direct contact between the electrodes, thus 

avoiding possible short circuits which would immediately discharge the capacitor. It 

must, however, allow for the ions from the electrolyte to move freely as to facilitate 

charge and discharge processes. The electrolyte itself not only provides ions but acts as 

their carrier. The solvent is either water or an organic molecule. [31-33] For reference, 

Figure 4 represents a schematic diagram of a typical laboratory scale EC. 
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Figure 4. Laboratory scale EC  

Upon charging; that is, when potential difference is applied between the electrodes; [34] 

the cations from the electrolytic solution adsorb onto the surface of the negative 

electrode, whereas the anions onto the positive electrode, forming an electrical double-

layer (EDL) at each electrode/electrolyte interface. The opposite takes place upon 

discharge, i.e. counter-ions desorb from the electrode surface (Figure 5). Both the size 

and charge of the ions present as well as concentration of the electrolyte will determine 

the double layer thickness, which in turn influences the capacitance of the device. [13, 

35] Moreover, the electrode itself will also determine the number of charge stored; for 

smooth and flat planar electrodes it will be directly associated with its geometrical 

surface, whereas for porous electrodes it can be enhanced.  

 

Figure 5. Simplified working principle of EDLC: during (i) charging, (ii) when charged and (iii) 
discharging, based on [36] 
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When considering the charged state, the complete cell comprises of two capacitors 

which are connected in series. [37] Therefore, for a symmetrical capacitor the 

capacitance of the cell (𝐶𝑐𝑒𝑙𝑙) in Farads (F) [14, 21] can be considered as: 

 𝐶𝑐𝑒𝑙𝑙 =
1

𝐶+
+ 

1

𝐶−
 eq.4  

Where 𝐶+ and 𝐶− represent capacitances of positive and negative electrodes 

respectively. [38] In theory, the capacitances of both electrodes in such case will be the 

same. Thus, the equation can be simplified to: 

 
𝐶𝑐𝑒𝑙𝑙 =

𝐶𝑒

2
 

eq.5  

Where, 

 𝐶𝑒 = 𝐶+ = 𝐶− eq.6  

Therefore, the capacitance of a device will be twice as small as the capacitance calculated 

per electrode. In reality, however, these electrodes might vary; their thickness, size or 

even type of material used will give rise to different capacitance values. Hence, 

recalculation per active surface area (areal capacitance in F/cm2), mass (gravimetric 

capacitance in F/g) or volume (volumetric capacitance in F/cm3) is needed. One would 

most often find gravimetric capacitance of an electrode (𝐶𝐸) reported in scientific works, 

where an active mass of a single electrode (𝑚𝑎𝑐𝑡) in grams is considered: 

 
𝐶𝐸 =

2. 𝐶𝑐𝑒𝑙𝑙

𝑚𝑎𝑐𝑡
 

eq.7  

The gravimetric capacitance of a whole cell can be obtained through division of 𝐶𝐸  by 4, 

thus it will be 4 times smaller than the gravimetric capacitance of an electrode. Once 

again, all of this becomes significant when comparing or reporting research results; 

often, such information is omitted, which can cause further confusion within the 

scientific community. Moreover, it must be noted that high capacitance values alone do 

not strictly indicate material’s ability to be employed as high performance electrodes for 

ECs and will be affected by other factors such as electrical conductivity. [39] 
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The power (𝑃) of the device is another important parameter which is the energy it 

produces or uses per unit of time. It is dependent on voltage and internal resistance 

(ESR): 

 
𝑃 =

𝑈2

4 · 𝐸𝑆𝑅
 

eq.8  

Where the ESR is the main limiting factor. It includes all the internal resistances that 

impede the flow of current inside an EC. 

2.3 EDL Theory 

As beforementioned, EDL is a structure that forms at the interface of an electrolyte and 

a charged surface of the electrode. [23] Originally, it was Helmholtz who proposed the 

concept of double layer on a charged electrode surface in 1853. [40, 41] The model 

assumes adsorption of a layer consisting of a single ion on polarized electrode surface. 

However, it lacks information about electrode-electrolyte interface. Thus, this model 

was later improved by Gouy- Chapman, where the diffuse layer was considered, using 

the Poisson-Boltznann theory. [42, 43] Ultimately, capacitance can then be regarded as 

a non-constant value because it is affected by the applied voltage and the concentration 

of ions. Later, Stern introduced the concept of dividing the electrolyte region into two 

distinct layers: Stern and diffuse layers. The former constitutes of an inner layer that is 

inaccessible to ionic species, whereas the latter describes the ion distribution that is 

inhomogeneous. [44] Based on this model, (Gouy-Chapman-Stern (GSC)) one can 

therefore assume the EDL capacitance to consist of compact double-layer capacitance 

(𝐶𝑖𝑛𝑛𝑒𝑟)and diffuse region capacitance (𝐶𝑑𝑖𝑓𝑓𝑢𝑠𝑒) [14]  

 1

𝐶𝑑𝑙
=

1

𝐶𝑖𝑛𝑛𝑒𝑟
+

1

𝐶𝑑𝑖𝑓𝑓𝑢𝑠𝑒
 

eq.9  

This concept was then extended by Grahame to include the inner Helmholtz plane (IHP) 

which encompasses the Stern layer (closest to the electrode surface) and the outer 

Helmholtz plane (OHP) which is placed at the closest distance of hydrated ions to the 

electrode surface (further from IHP). [45] The IHP was considered to be consisting of 

specifically adsorbed ions (that is, those that are strongly bound to the electrode surface) 

and solvent molecules, where the mentioned ions are completely dehydrated or only 
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partially dehydrated. [46] The OHP will therefore include non-specifically adsorbed 

hydrated ions.  

Although these classical models (GCS) help to present simplified approach to the ion 

behavior and the resulting EDL structure, (which can then help in understanding of 

various electrochemical processes), one must remember that they may not always be 

applicable alone for porous electrodes. In such case, modifications must be considered 

to include e.g. pore size effects, pore size distribution (PSD), and pore shape. [47, 48] 

These models also do not consider molecular nature of the ions and solvent [49, 50] 

which is why more advanced modelling techniques, such as molecular dynamics (MD) 

simulations and Density Functional Theory (DFT) can prove advantageous in gaining a 

more comprehensive understanding of EDL for porous electrode materials.  

2.4 Electrode Materials for ECs 

Based on the type of charge accumulation mechanism, the electrode materials employed 

in ECs can be broadly divided into porous carbons and pseudocapacitive materials. Of 

course, various composites that possess characteristics of both also exist. More 

distinctive categorization is included in Figure 6: 

 

Figure 6. Electrode materials used for ECs 

 

Carbon materials 

Amongst carbon materials, typically, AC is the electrode material of choice for ECs 

applications. It is a form of carbon that is produced by various carbonaceous raw 

materials, some of natural origin, such as rice husk, wood, coconut shells and bamboo. 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          23 

[51-56] Through activation processes, its’ surface area, pore size distribution (PSD) as 

well as pore size can be altered to fit specific needs. [57] The activation process can be 

either physical or chemical and is governed by activating agents. In physical activation of 

the carbon precursor, oxidation takes place at high temperatures, where CO2 and H2O 

steam are most often used. In the chemical activation procedure, KOH, ZnCl2, NaOH and 

H3PO4 are most representative chemical agents that are employed. [58] Moreover, the 

AC materials that are obtained through chemical activation process give in general, 

higher mass yields and are more porous compared to those acquired by physical 

methods. [59-61] After activation, porous network is produced in the bulk; in the grains, 

micropores (<2nm), mesopores (2-50nm) and macropores (>50nm) can be obtained. [30] 

Through activation process also, carbon can become rich in oxygen atoms (from few % - 

30 wt%) in the form of surface oxygen functionalities such as carboxyl, lactone, phenol, 

ether etc, which can effectively enhance capacitance of the ECs. [62-64] ACs are also 

characterized by large specific surface area (SSA) (>1000 m2 g-1), good electrical 

conductivity, resistance to corrosion, and tunable properties; such as surface chemistry, 

morphology, and texture. [65, 66] These properties can be altered by chosen synthesis, 

type of precursor or application of post-treatment methods. Moreover, they are readily 

available, can be synthesized in various forms (powder, clothes, fibers) and are low-cost 

materials making them perfect for research and industrial applications. Synthetic ACs 

can also be attained when produced from polymer gels at high temperatures and inert 

environment. They are characterized by improved control over the porosity which is 

attained during the synthesis and activation processes. Additionally, the gel that is used 

as a precursor has an adjustable cross-linked structure, which results in an AC with a 3D 

structure and high conductivity.[57] Regarding SSA, it’s worth noting that theoretically, 

it is assumed that the larger the SSA the larger the specific capacitance. However, pore 

shape and size may result in similar values of SSA, making this statement somehow 

restricted. The accessibility of pores to the ions from the electrolyte is another 

important issue that needs to be addressed in this matter, since it will directly impact the 

effective surface area available for charge storage. [67] ACs can also come in form of 

fibres, that includes highly porous activated carbon fibres (ACFs) which are acquired via 

electro-spinning methods. [68, 69] Essentially, they can be categorized as a combination 

of activated carbons and carbon fibers. Other carbon materials include carbide-derived 
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carbons (CDCs), [70] carbon aerogels, [71] carbon blacks (CBs) [72] and template 

derived carbons (TDCs). [73] Carbon materials used as electrodes can be also subdivided 

into two other groups, mainly graphene materials and shaped carbon nano structures 

which will be discussed in more detail.  

(i) Graphene materials 

Because of their exceptional electrical conductivity and very large surface area, 

graphene-based materials have the potential to be used as components in electrodes in 

ECs. They include fullerenes, graphene sheets, graphite and activated graphenes. 

Graphene is 2D sheet containing sp2 carbon atoms arranged in a honeycomb network of 

six-member rings. [74, 75] It can therefore be considered as a ‘building block‘ for all the 

other graphitic materials unit for building all graphitic materials with different 

dimensionalities (0D, 1D, 3D). [76] Theoretically, a single-layer graphene’s surface area 

would result in high EDL capacitance and energy density. However, this surface area is 

much reduced, as for charge transfer to occur, a dense cross-linked network must be 

formed. [77, 78] To effectively improve SSA without compromising the electrical 

properties, methods such as chemical activation, light treatment an self-assembly can be 

considered. [79] Graphene can be produced by several methods: reduction of graphene 

oxides (GO), epitaxial growth, chemical vapor deposition (CVD) and liquid phase 

exfoliation.  

(ii) Shaped carbon nano structures 

This class of carbon materials are known to possess very specific and controlled 

shapes/morphologies that are obtained through various engineering and synthesis 

methods. [80] This allows them to be specifically ‘tailored’ to specific needs, whether it 

be for catalysis, energy storage, electronics or biomedicine. These shaped carbon nano 

structures include materials such as carbon nanotubes (CNTs), [81] carbon nanofibers, 

[82] carbon nanoonions [83] and carbon nanohorns. [84] CNTs are particularly 

interesting for EC applications due to their electrical, chemical stability and mechanical 

characteristics. They are basically cylinders of rolled up sheets of graphene, that can be 

classified into three types: single walled CNTs (SWCNTs), double-walled CNTs 

(DWCNTs) and multi-walled CNTs (MWCNTs), the difference being in number of sheets 

of graphene it comprises of. They can be produced by a number of methods, including arc 
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discharge, laser ablation, and CVD. [85] To effectively boost up the ECs performance, 

CNTs are usually used as part of a composite electrode, such as with AC and graphene, 

[86, 87] for synergistic effects and cost management.  

Pseudocapacitive materials 

Amongst the pseudocapacitive materials, metal oxides (MnO2, , RuO2), conducting 

polymers (PPy,PANI) , metal sulfides (MoS2, ReS2) and their corresponding composites 

have been studied and used as electrode materials for ECs. [88-92] Although these 

materials can provide higher energy densities than traditional carbon materials (as they 

involve fast and reversible redox reactions that take place at the electrode surface), they 

tend to suffer from kinetic limitations and rather poor capacitance retention upon 

cycling, [93, 94] hence, the use of composite materials which combines synergetic 

effects. In general, however, the field of pseudocapacitive materials is constantly 

developing- where novel materials, their enhanced functionality, and a better 

comprehension of their underlying mechanisms are developed. 

2.5 Electrolytes for ECs 

The performance of the EC is greatly influenced by the choice of the electrolyte, 

particularly, their voltage window and cycle stability. [95] Thus, to effectively increase 

the device’s energy density, electrolyte approach is plausible and can be implemented, 

as it depends on charge stored and operating voltage window. Moreover, matching the 

electrolyte and electrode material with optimized pore size is vital, as it will influence the 

capacitance of the device. [95] The electrolytes for ECs can be classified into liquid, solid-

state and quasi-solid state, where liquid electrolytes are the most popular choice. [21, 

96-100] This is because ECs are high power devices, thus liquid electrolytes are capable 

to deliver high ionic mobility. These liquid electrolytes can be further divided into: 

aqueous (e.g. Li2SO4, KOH, H2SO4), organic (e.g. TEABF4/AN, LiPF6/EC:DMC) and ionic 

liquids (e.g. [EMIM][BF4], [BMIM][BF4]) where as far as commercial systems are 

concerned, organic based electrolytes are preferred due to wide potential window 

(~2.5-2.8 V). [101] In general, regarding the criteria for EC applications, the following 

should always be considered: viscosity, ionic conductivity, price, accessibility, 

environmental impact and potential window. Nevertheless, a fair trade-off between 

those properties must be reached, as no ‘perfect’ electrolyte has been discovered yet. 
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Aqueous electrolytes 

Aqueous based electrolytes are characterized by low cost, high conductivity 

(temperature and concentration dependent) and are environmentally safe. Additionally, 

they can incorporate redox reactions which boost specific capacitance stored. Their use 

commercially, however, is limited due to a narrow voltage window governed by 

thermodynamic stability of water (1.23 V), which in contrast to aprotic medium, is not a 

matter of concern. Nonetheless, they remain quite well studied systems to date, with a 

strong focus being recently shifted towards fundamental studies that can explain their 

limitations. [98, 102-117] Amongst aqueous electrolytes, alkaline and acidic electrolytes 

are widely selected for EC applications, due to high ionic conductivities i.e. for. 6M KOH 

it is 0.6 S cm-1 at 25 °C. [118] This allows for rapid charge transfer and contributes to 

device’s high power density. However, their corrosive nature and safety concerns limit 

their use for certain applications. Corrosion of current collectors is particularly 

problematic and so the use of expensive metals is necessary, such as gold, which is highly 

impractical for commercial use. In such light, aqueous electrolytes based on inorganic 

salts are promising candidates for ECs and are often employed in such systems. They are 

characterized by better electrochemical stability, are non-corrosive and have a wide 

potential window up to 1.6 V (for neutral alkali metal sulphate and nitrate based 

electrolytes) compared to the reported values of 0.8 V or 1.0 V for 1 mol L-1 H2SO4 and 

6M KOH electrolytes. [32, 96, 107, 119-122] The extended operating voltage window is 

owning to overpotentials for oxygen and hydrogen evolution reactions (OER) and (HER) 

exhibited by such pH neutral electrolytes. In fact, it was demonstrated that 1 mol L-1 

Li2SO4 coupled with microporous AC was able to operate up to 2.2 V for ~ 15,000 

charging/discharging cycles at 1 A g-1. [96] However, associated aging related 

contributors such as corrosion were diminished through the use of gold current 

collectors. Thus when stainless steel current collectors were used the same system, it 

was shown that the EC can safely operate up to 1.5 V. [123] Above this value, generation 

of gases and electrode oxidation is initiated. Still, this value is quite impressive and much 

higher than those reached by acidic and alkaline electrolytes, yet not high enough to 

compete with organic based electrolytes. Another approach is based on Faradaic 

contribution from redox species, which provides an increase in specific capacitance and 

thus allows to reach much higher energy density values. In that manner, redox active 
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electrolytes prove to be an attractive alternative. They are characterized by an 

adjustable redox potential that can be controlled through concentration and pH, as well 

as improved diffusion in the liquid state. [106, 124, 125] The main disadvantage of such 

solutions include self-discharge through redox species shuttling, unpredictable and 

variable cyclability and losses related to diffusion overvoltage. [126, 127] Amongst the 

redox active electrolytes, those based on iodides were shown to be an attractive choice, 

such as those based on KI and CsI. [128] The redox potential of iodide allows for wider 

operating voltage window to be reached compared to other redox electrolytes. 

Moreover, higher power density and theoretical capacity can be obtained. 

Unfortunately, ECs incorporating iodide-based electrolytes still face their challenges. 

Although redox reactions are reversible, changes in pressure, concentration and pH can 

inevitably shift the equilibrium potential. According to the Pourbaix diagram, [129] the 

redox activity of the iodide based species can generate its’ different forms, depending on 

the pH of the electrolytic solution:  

 2I−↔I2 + 2e− eq.10 

  3I−↔ I3
− + 2e− eq.11 

  5I−↔ I5
− + 4e− eq.12 

 3I2 + 6OH− ↔ 5I− + IO3− + 3H2O eq.13 

Particularly, formation of polyiodides (I3
− and I5

−) and iodate (IO3
-) can be unfavorable 

for ECs long term performance, leading to reduced concentration of redox-active 

species and pore clogging [104, 130, 131]. Although numerous studies have been 

proposed as to gain deeper insights into performance of neutral aqueous electrolytes 

from fundamental point of view (especially those based on iodides and sulphates are 

prominent [102, 121, 128, 132]) advancements in the field for nitrate-based electrolytes 

is regrettably lacking. 

Organic electrolytes 

Organic electrolytes for ECs consist of a conducting salt, for example: 

tetraethylammonium tetrafluoroborate (TEABF4), lithium hexafluorophosphate (LiPF6), 

sodium hexafluorophosphate (NaPF6) and lithium perchlorate (LiClO4); dissolved in an 

organic solvent, such as, acetonitrile (AN), propylene carbonate (PC), adiponitrile (ADN), 

ethylene carbonate (EC) diethyl carbonate (DEC), N,N-dimethyl formamide (DMF) and 
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dimethyl carbonate (DMC). As beforementioned, they are widely used in commercial 

markets due to the wide and nondisruptive operating voltage window. As a matter of 

fact, due to the highest conductivity in given solvents; i.e. AN, PC, and DMF; electrolytes 

based on TEABF4 are most often chosen on a commercial scale. [133] Organic 

electrolytes in general are however, characterized by high flammability, cost, toxicity, 

non-eco-friendly nature and rather problematic preparation and handling that requires 

oxygen and water free environments. On top of that, they have higher resistivity 

compared to aqueous electrolytes, where ionic conductivities of 1 M TEABF4/AN vs. 30 

wt% H2SO4 are 0.06 S cm−1 and 0.8 S cm−1 at 25 °C respectively. In fact, it was 

demonstrated that the ESR of EC based on AC and 0.5 M TBAPF6/AN was within the 

range of 7 - 12 Ω cm−2 and 0.75 Ω cm−2 for system containing 0.5 M H2SO4. [134] 

Presence of impurities or water trace should also be accounted for, as they will inevitably 

limit the electrochemical performance of the EC through unwanted side reactions and 

water decomposition reactions, i.e. electrochemical stability is affected. Such is the case 

for TEABF4/AN electrolyte, in which hydrolysis of BF4
 can yield detrimental and 

corrosive HF that leads to a much more pronounced degradation of the EC. [135] 

Moreover, water traces were also found to affect the self-discharge process. [136] Even 

though organic electrolytes have many cons, their advantages still outweigh the 

disadvantages – commercial ECs must have long, and stable cycle life paired with higher 

energy densities for practical applications. Therefore, active research is carried out in 

order to address and improve those disadvantages, whether it be by exploring various 

additives or development of safer electrolytes for improved thermal stability or 

flammability issues. [137-140] In this sense, solid-state electrolytes have been also 

considered as an alternative due to their non-flammable nature. [141] Regarding specific 

capacitance values, they are lower for organic electrolytes compared to aqueous ones in 

carbon based ECs. [142] This could be somehow linked to larger size of solvated ions in 

organic electrolytes that would then have difficulty penetrating the carbon porosity, and 

thus, affecting the EDL capacitance. Additionally, it was shown that the capacitance is 

indeed affected by ion/pore size match; Koh et al. have proved such claim when studying 

quaternary ammonium BF4 salts in microporous carbon electrodes, where the 

capacitance was found to be proportional to the reciprocal of the radii of bare cations. 

[143] Therefore, the relationship between pore size of carbon electrodes and the ion size 
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from the electrolyte becomes important when capacitance values of an organic based 

EC are to be effectively boosted. Besides, other factors must also be considered, 

including degree of solvation/de-solvation and even carbon pore morphologies on EDL 

structure, for which theoretical (such as modelling) or in-situ studies (i.e. electrochemical 

quartz crystal microbalance (EQCM), can be employed. [144] [145, 146] 

Ionic Liquids 

The mentioned drawbacks exhibited by traditional aqueous and/or organic electrolytes, 

such as limited potential windows, conductivity or thermal stability can be tackled with 

the use of ionic liquids (ILs). That’s why they can be considered as an ‘alternative’ choice 

in that matter. They comprise of organic cations and inorganic/organic anions that have 

tunable chemical and physical properties (hence coined as ‘designer solvents’) and 

melting points below 100°C. [147] Based on the composition, they can be classified as: 

zwitter ionic, aprotic or protic, with the latter (e.g. pyrrolidinium 

bis(trifluoromethanesulfonyl)imide ([Pyrr][TFSI]), pyrrolidinium nitrate (PyNO3)), 

having limited interest in the EC field due to lower operating voltage (1.2–2.5 V) than 

aprotic IL electrolytes. [148-151] Essentially, the most often used anions for EC 

applications are: hexafluorophosphate [PF6]-, bis(trifluoromethane sulfonyl imide) 

[TFSI]-, bis(fluorosulfonyl imide) [FSI]- and tetrafluoroborate [BF4]-, and cations: 

phosphonium, sulfonium, imidazolium, pyrrolidinium and ammonium. However, ILs have 

three major disadvantages which deem them unsuitable in commercial setting: high 

viscosity, price (constituting of synthesis, purification, overall cost) and rather poor 

conductivity. Amongst ILs, those based on imidazolium are characterized by higher 

conductivity compared to other ILs, hence why they are extensively studied for use in 

both ECs and hybrid ECs. [101] Moreover, it’s worth noting that incorporation with 

organic solvents can aid in improvement of their properties, such as simultaneous 

increase in capacitance and decreased internal resistance., as shown when DMF was 

introduced to [BMIM][PF6] in an asymmetric AC//MnO2 EC. [152] For pyrrolidinium-

based ILs such approach allows for increase in conductivity and decrease in viscosity, 

considering the solvation effect. [101] In such light, when both price and physical 

properties are considered, incorporation of ILs as an electrolyte component rather than 

in a pure form seems more advantageous for future prospects in energy storage field.  
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2.6 Comparison to other energy storage devices 

To effectively compare ECs with other energy storage devices, it is necessary to express 

them in terms of power and energy densities. Thus, representation on the Ragone Plot is 

advised, as illustrated in Figure 6. It’s imperative to note that none of the mentioned 

devices are discredited; each has its’ own use and its specific set of characteristics that 

determines its intended application.  

 

Figure 7. Ragone Plot, based on [153] 

Given that, ECs offer a “bridge” between these two parameters compared to e.g. a 

conventional capacitor which possesses very high-power density but rather poor energy 

density which ultimately restricts its usage. However, in contrast to batteries such as 

LIBs, ECs offer limited energy density but superior power density and much extended 

cyclability due to its charge storage mechanism that doesn’t include irreversible 

chemical reactions. LIBs can supply a minimum specific energy of 200 Wh kg-1 and 

specific power <350 W kg-1, whereas for commercial ECs those values can reach on 

average 5 Wh kg-1 and ~11 kW kg-1 respectively. [154] Moreover, high power 

performance of ECs can be attainable at temperatures down to - 40 °C, which is not the 
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case for batteries. [13] More comprehensive comparison between batteries, ECs and 

capacitors is given in Table 1, where the most vital parameters are included.  

Table 1 Comparison of various characteristics between given energy storage devices, adapted 
from [23] 

Parameters Battery ECs Capacitor 

Specific power (W kg-1) <1000 500-10,000 >10,000 

Specific energy (W h kg-1) 10-100 1-10 < 0.1 

Coulombic efficiency (%) 70-85 85-98 ~100 

Cycle-life ~1000 >500,000 Almost infinite 

Charge time 1-5 h s to min 10-6- 10-3 

Discharge time 0.3- 3 h s to min 10-6- 10-3 

 

Thus, on a comparative note, when pros and cons of both technologies (that is batteries 

and ECs) are considered, one could argue that they aren’t ‘perfect’ and could potentially 

benefit from one another to deliver superior high energy-high power devices with 

extended cycle life. This is where the concept of a hybrid ion capacitor (HIC) comes into 

play, which combines the positive EDL electrode and battery-like negative electrode. 

[155-160] Such device has the ability to deliver 4 or 5 times higher energy values 

compared to traditional ECs through incorporation of intercalation mechanism in one of 

the electrodes, and the use of carbonate based electrolyte which yields higher operating 

voltage of ∼4.2 V, [161, 162] compared to a commercial symmetric organic electrolyte 

based EC, where this value is limited to only ∼2.7 V.  

Among the most prominent in the category of HICs is the lithium-ion capacitor (LIC), 

which will be further discussed and studied. 
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3. Lithium-ion capacitor  

3.1 Construction and principle of operation 

One of the first LIC based on nanostructured Li4Ti5O12 (LTO) and AC was constructed 

and evaluated by Amatucci et al. in 2001. [163] However, it was only when graphite was 

introduced as the negative electrode material when the device began to be 

commercialized. [164] Since then, significant advancements in performance, materials 

and cell design have been made in the field. [165-169] This is largely due to the much 

improved understanding of these devices and their operation on a fundamental level. 

Such approach specifically allows for targeting specific problems linked to decline in 

cycle life and degradation of the device. 

With regards to the construction, LIC merges two electrodes with different mechanisms: 

lithium-ion battery type negative electrode which uses intercalation mechanism and an 

EDL positive electrode. This approach allows for the device to combine dual benefits of 

both devices: ECs (extended cycle life of up to 100 000 cycles and high specific power 

~10 kW kg-1) and LIBs (high specific energy of ~14 Wh kg-1). [170-172] Moreover, it 

suffers from much less self-discharge compared to ECs and has wide operating 

temperature range (-40- 70 °C). [173] 

Like in other energy storage devices, the electrolyte’s role is to transfer charge, and the 

separator is a porous thin material that ensures the electrodes do not come into direct 

contact, thus avoiding short circuits. The separator can be polymer, paper, glass fibre or 

ceramic, largely depending on the electrolyte used. With regards to the electrolyte, most 

commonly 1 mol L-1 LiPF6 in EC:DMC (lithium hexafluorophosphate solution in ethylene 

carbonate and dimethyl carbonate) is used in both research and industry. To improve 

solid electrolyte interphase (SEI) formation, ionic conductivity, electrolyte stability, 

wettability or thermal behavior, various electrolyte additives might be considered. [174, 

175]The addition of conductive additives such as carbon black or carbon nanotubes to 

the active material of the electrode ensures improved electrical conductivity. It must be, 

however, well dispersed within the material and its’ amount optimized to ensure 

efficient ion transport. [176, 177] Moreover, unlike LIBs, LICs require an additional step 

in the form of pre-lithiation of the negative electrode that takes place during the first 
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charging cycle. [178] Although this is a vital step that compensates for irreversible 

lithium loss and improves Coulombic efficiency of the device, [179-181] it introduces 

significantly higher costs and potential problems related to manufacturing on a 

commercial scale.  

The operation principle of LICs constructed in this doctoral work, is based on lithium ion 

intercalation at the negative electrode and anion adsorption into the porosity of the 

positive electrode during charging, with the opposite taking place upon discharging 

process (represented in Figure 7). [182-184] The power of the LIC device is thus limited 

by the negative electrode; this is because the intercalation process is much slower than 

the adsorption process taking place at the positive electrode. Conversely, the specific 

energy is limited by the positive electrode, due to its’ non-faradaic nature. [171]  

 

Figure 8. Simplified working principle of the LIC during charging process 

 

3.2 Electrode materials for LICs 

Electrode materials are a crucial part of LICs and have a significant impact on their 

performance. [173, 185, 186] Cathodes for LICs can be categorized into those based on 

carbon materials (AC, graphene, templated mesoporous carbon, aerogels, CNTs), [183, 

187-190] composite materials (carbonous or Li-metal oxide (LMO) based) [191] or 

intercalation materials (lithium metal oxides). [192, 193] In terms of commercial 
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feasibility, AC prevails as the chosen cathode material, due to beforementioned 

properties such as its availability, high surface area, tunable properties, good electrical 

conductivity, and relative low cost in. [194] In addition, various different precursors 

based on biomass waste can be used, which have gained vast popularity due to their 

abundant and renewable nature. [195] These range from lignin, [196] algae, [197] 

tobacco leaves, [198] sawdust, petroleum coke and coconut shells. Some of those have 

not gone as far as beyond lab-scale use, whilst the last three are commonly used 

commercially. On the other hand, LMO based materials can achieve higher capacity but 

have limited power output due to poor electrical conductivity and diffusion coefficient. 

[187] Regarding anode materials, they can be neatly divided into three main groups: (i) 

insertion type materials; including carbonaceous, lithium containing oxides such as 

lithium titanate (LTO), [199] lithium vanadate (LVO) [200] or their composites, [201] (ii) 

conversion type materials such as chalcogenides and transition metal oxides, [202, 203] 

and alloy type materials. [204] LTO is particularly advantageous due to its’ ‘zero strain’ 

attributes, which implies that during charge/discharge cycles it experiences minimal 

dimensional changes. [205] Another currently studied anode material for LICs 

showcasing promising prospects is the two-dimensional MXenes, such as those based on 

Ti3C2Tx. However, Ti3C2Tx nanosheets in particular, tend to ‘restack’, thus various 

composites with carbon materials e.g. reduced graphene oxide (rGO), AC and CNTs are 

often incorporated to overcome this problem. [206-208] 

3.3 Electrolytes for LICs 

As mentioned, the electrolyte plays an important part in LIC operation. Apart from the 

obvious role of providing ions and their transport, it serves an additional purpose of 

participating in SEI formation. The most common electrolytes in the LIC field are based 

on several organic solvents (such as EC, DMC, EMC (ethyl methyl carbonate), PC, DEC) 

and lithium salts. Fluorinated salts such as industry’s golden standard LiPF6, possess high 

ionic conductivity, form passivation layer on aluminum current collector on the positive 

electrode and have good charge-discharge kinetics. [209] However, they can release 

toxic hydrogen fluoride when exposed to water traces or during improper handling, 

raising rather serious concerns in terms of safety, health and environment. Another 

common practice involves preparation of electrolytes based on two or more solvents, i.e. 
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EC/DMC, EC/DEC/DMC etc. for enhanced performance. One would almost always find 

EC to be the solvent of choice or at least one of the contributors, due to its’ ability to form 

stable SEI on the surface of the negative electrode. [173] This is not always the case for 

other solvents, especially to achieve on their own, PC being a good example in such case. 

[210-214] PC can however improve low temperature performance of the LIC when used 

as an additive, as shown by Wang et al. [214] Addition of other low viscosity solvents 

such as DMC, DEC, and EMC to EC can also be advantageous as it will increase Li+ 

migration rate. [173] Therefore, it’s safe to say that through electrolyte additive 

incorporation, even in low concentrations, performance of the LIC device can be vastly 

improved; whether it be in the realm of boosted cyclability, safety of interphase stability. 

 

 

Figure 9. Summary of LIC components and important features, based on [171, 173] 
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4. Fundamental studies of ECs 

To improve ECs’ performance, it is crucial to understand and properly describe the 

mechanism of charge storage within these devices. For this, the use of advanced 

techniques and new approaches should be proposed concerning fundamental studies. 

The concept of research on electrode charging in ECs revolves around understanding 

the intricate relationship between the electrode materials and the electrolyte during the 

charging and discharging processes. Especially, when activated carbon and aqueous 

electrolytes are paired, the processes taking place during EC charging/discharging are 

not as straightforward due to the complex structure and surface chemistry of activated 

carbon electrodes. As far as techniques which can be applied to study charge storage 

mechanisms in ECs, they can be categorized into: (i) in-situ  and (ii) operando techniques. 

From the fundamental approach, they are incredibly valuable as they bridge the gap 

between theoretical understanding and practical performance. As opposed to modelling 

and simulations, they allow for real-time observation of the dynamic processes 

happening at the electrode/electrolyte interface, thus an experimental validation is 

reached for the studied systems. [215] Of course, the two can be used alongside each 

other for even better outcome; Venâncio et al. investigated the stability of electrodes 

and organic electrolytes in ECs based on operando Raman and FT-IR together with 

atomistic molecular dynamics (MD) simulations and electrochemical techniques. [216] 

Another work used MD simulations coupled with operando ECD to investigate the pore-

ion population changes in an AC-based electrode of LICs. [217] However, it is not always 

plausible to use such approach and those studies are limited in the existing literature. 

Combination of one or two in-situ and/or operando techniques is far more common, and 

allows for gaining a comprehensive understanding of phenomena in question at the 

nanoscale, especially since the adsorption/desorption process in systems with AC is 

affected by the ion-pore size mismatch, ion-exchange mechanism and the ion solvation 

effect. [218] Amongst those techniques, the most established ones include: (i) in-situ 

spectroscopic techniques (nuclear magnetic resonance (NMR) spectroscopy, 

electrochemical impedance spectroscopy (EIS)), (ii) X-ray based techniques (X-ray 

diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)), gravimetric techniques 

(in-situ electrochemical quartz crystal microbalance (EQCM), differential 
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electrochemical mass spectroscopy (DEMS)), in-situ/operando optical based techniques 

(Raman spectroscopy, FTIR) and mechanical techniques such as operando ECD. EQCM 

stands out as a valuable technique for studying the electrode/electrolyte interface and 

has gained growing interest in the electrochemistry community over the last decade or 

so. It provides high level sensitivity to mass changes at the electrode surface; thus, one 

can detect adsorption/desorption of ions during operation.  The principle of operation is 

based on the application of a thin piezoelectric quartz crystal that is placed in between 

two metal electrodes. This is then used to apply an alternating electric field across the 

crystal, which causes a vibrational motion of the crystal at its resonance frequency. [219, 

220] Recorded frequency changes are then converted to respective mass changes, as 

per Saurbrey’s equation (eq.14), which  is valid for rigid films. Therefore, one needs to 

also consider resistance changes (△R) which are recorded simultaneously to the 

frequency changes. There aren’t any definitive guidelines for EQCM users regarding the 

exact value of △R. However, it has been accepted that resistance changes smaller than 

±2% should be considered for further mass recalculation (to be considered as 

sufficiently rigid for gravimetric calculations), which is regarded as an acceptable range 

in the electrochemical society. [144, 221, 222]  

 
∆m = - 

∆f ∙ A ∙ √ρ ∙ μ

2fo
2

 
eq.14  

In the Saurbrey’s equation above: A = surface area of quartz crystal [m2], ρ= density of 

quartz (2.648 g cm-3), μ= shear modulus of quartz (2.947 1011 g cm−1 s−2), △f = change in 

frequency [Hz], and f0= fundamental resonance frequency of the crystal [Hz]. [223] 

Essentially, a change in the mass of the WE (which would be the electrode material 

coated onto the resonator) causes frequency changes. During ion adsorption, the mass 

of the WE increases, therefore, decreasing the registered frequency of the piezoelectric 

crystal. The opposite happens during ion desorption. As a subsequent step, Faraday 

equation is implemented (eq.15) which ultimately allows to compare the experimental 

and theoretical mass changes in the s called mass vs. charge ratio plot: 

 
∆m = - 

∆Q∙ M 

𝐹∙ z
 

eq.14  

Where ∆m= mass change [g], ∆Q= charge exchanged [C], M= molar mass of ion 

adsorbed/desorbed [g mol–1],  𝐹 = Faraday’s constant [96 485 C mol–1], and z is the 
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number of exchanged electrons (i.e., the valence number of adsorbed/desorbed ion). The 

use and applicability of dilute solutions with highly porous carbons in EQCM studies 

needs to be mentioned as well, where due to its highly sensitive nature, concentrated 

electrolytic solution cannot be well implemented due to much larger mass. In terms of 

ECs, EQCM has been widely applied for investigation in various porous carbon materials 

(e.g. TiC-CDC, carbon blacks, RGO). [66, 221, 224-228] However, studies focused on ECs 

with ACs in aqueous electrolytes are very limited, where mostly organic medium and ILs 

predominate. [102, 226, 229] As mentioned, this arises from the intricate charging 

behavior of the interface (based on co-ion adsorption, counter-ion adsorption and ion 

reorganization, often involving a ‘multi-step’ approach- yet adding more scientific 

involution!) and, specifically, from the complex structure and surface chemistry of AC 

electrodes. . One could therefore say that there is a rather large gap between the 

theoretical description of an ideal interface of an EC and the experimental behavior of a 

‘real’ electrode (such AC) in water-based systems, which emphasizes the need for 

further scientific advancements in this area. Additionally, the charge storage mechanism 

will depend on the properties of the carbon material (surface functionalities, pore size, 

topology) and the nature of the ions (such as size and charge number). Such studies have 

been reported in the literature, with ion transport and ion desolvation being the main 

processes discussed. The degree of desolvation specifically, has been shown to be is 

directly linked to the ion size/charge number as well as pore size for alkali metal cations 

and halide anions with microporous/mesoporous porous carbons (BP-880, BP2000 and 

YP-17). [225] Similar findings were concluded with CDC-1 nm and CDC-0.65 nm in 2 mol 

L-1 EMIm+TFSI-/AN electrolyte [221] and in another study that looked at a direct 

assessment of the behavior of electroadsorbed ions and solvent molecules confined in 

micropores of AC electrodes in contact with aprotic electrolytes (based on PC solutions 

of quaternary (tetraalkyl) ammonium salts). [226] Furthermore, those studies emphasize 

the intricate nature of ion dynamics at the electrode/electrolyte interface: the interplay 

of electrode material properties, electrolyte characteristics, electrochemical 

parameters, and the inherent sensitivity of EQCM to interfacial changes needs to be 

considered. In such light, each system under investigation requires individual study and 

tailored analysis. Generalizations are inherently limited by the unique combination of 

these factors, emphasizing that a thorough understanding of charge storage 
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mechanisms in ECs requires a meticulous individual approach when it comes to EQCM 

investigations.  

 

5. Ageing studies 

Initial electrochemical performance of proposed systems alone does not deliver 

adequate information when their applicability is concerned. Ageing studies in energy 

storage devices are thus crucial to ensure their safety, improved performance and 

predictability, as well as to enhance cost-effectiveness which is imperative especially 

from industrial point of view. However, the associated degradation mechanisms are 

rather complex and will strongly depend on many factors: electrolyte, electrode 

material, binder type, purity of materials, current collectors, possible contamination 

such as water trace (in organic electrolytes) and operating conditions (voltage, 

temperature). [230] Temperature and voltage in particular, will have similar effects on 

the pace of the ageing process, that is, an increase in either would induce faster 

decomposition, which wouldn’t normally occur at such speed if the voltage or 

temperature applied was lower. Subsequently, as soon as the energy needed for the 

decomposition process is obtained, electrochemical decomposition is initiated. [231] 

However, ECs can also degrade below their maximum operating voltage. [232] 

Additionally, for LICs which combine electrode materials of both LIB and EC, both aging 

characteristics need to be anticipated. Hence, it becomes imperative to isolate and study 

the effect of each factor to ‘unlock’ their impact on devices’ degradation from a 

fundamental point of view. Additionally, conclusions drawn from studies done on 

laboratory and industrial scales will inherently differ and cannot be always compared; as 

in each case, different ageing protocols are implemented. Big companies also tend to 

keep their internal information private- ensuring secrecy against potential rivals on the 

market. However, a universal guidance regarding ECs ageing can be found (International 

standard IEC 62391-1) [233] which specifies the end of life criterion to be defined by 

20% capacitance loss and/or 200% increase in internal resistance (ESR) measured. 

Therefore, such an approach was used for the ageing studies in the doctoral work. 

Moreover, when discussing ageing studies, one must compare and contrast differences 

and similarities between cycling and floating protocols. The former involves recording 
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several thousands of galvanostatic charge–discharge cycles within a specified voltage 

range, thus can be quite time consuming, especially for organic based ECs and LICs which 

are characterized by longer cycle lives compared to water-based systems. Floating on 

the other hand, is based on a potentiostatic hold at elevated voltage and is also referred 

to as ‘accelerated ageing’. Compared to cycling, it has extended exposure time at harsh 

conditions, thus experimentally, will last a shorter amount of time which can be 

beneficial when time restrictions are concerned. The choice between the two ageing 

protocols depends on the intended use of the device. Floating would be more suited for 

‘simulating’ applications where ECs are used as backup power or for energy storage, 

since a constant voltage is maintained, whereas cycling would depict typical operational 

conditions of ECs for use in applications like regenerative braking. Furthermore, it was 

proved that in water based electrolytes, they have different influence on electrode’s 

structure, time of operation and resistance. [234] Therefore, one cannot argue about 

one being more ‘realistic’ than the other; it simply takes acknowledging the differences 

and gathering information one would obtain from either. Keeping all of that in mind, it’s 

safe to say that it would be almost impossible to assign one universal ageing process to 

each device, whether it be ECs or LICs, as it will heavily depend on the mentioned 

conditions. Hence, only very general observations can be made. While the knowledge 

about these general processes of degradation are understood and have been widely 

studied in different electrolyte environments, [107, 115, 135, 234-241] more extensive 

studies are sought after, especially when based on combined physicochemical and 

electrochemical approaches. The incorporation of operando or in-situ studies can be 

especially helpful for a more ‘in depth’ approach, such as operando GC-MS, temperature 

dynamic investigations, in-situ Raman Spectroscopy or simulations. [242-245] This can 

allow to identify new or less understood mechanisms that need further elucidation. 

Regarding ageing mechanisms in ECs, general conclusions that focus on (i) electrode 

degradation: loss of SSA, pore blockage, carbon functionalization due to 

oxidation/reduction and material corrosion as well as (ii) electrolyte decomposition and 

subsequent side reactions with the electrode and/or binder as well as formation of 

insoluble species that impede electrochemical performance, can be made. In organic 

media, presence of a binder will additionally impose different parasitic reactions at high 

voltage altogether, as the amount and types of surface active sites is varied. [237] In such 
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light, the effect of carbon functionalization on ageing is another aspect worth exploring. 

As briefly described in section 2.4. Electrode Materials, carbon materials for use in 

energy storage devices, can contain various oxygen or nitrogen containing surface 

functionalities. The former can be divided into acidic (e.g. acid anhydride, carboxyl, 

phenol) and basic (e.g. carbonyl, quinone). Additionally, impurities left over from their 

synthesis in the form of metal oxides, sulfides and halides can be present. [231] While 

some functionalities aid in improving ECs performance initially (mainly due to enhanced 

wettability in selected electrolytes, increased active sites and possible pseudocapacitive 

response by reversible redox reactions by certain groups like quinone) [246-248], they 

can also have detrimental influence on their long term performance. [249] Generally, it 

was shown that surface functionalities on the AC electrode oxidize and form new 

functionalities. [135, 236] He et al. reported that system with high surface area AC 

electrodes in aqueous medium can oxidize even at relatively low voltages, leading to gas 

evolution and performance degradation; more specifically, due to the presence of 

lactone, anhydride, phenol, quinone and carbonyl carbon functionalities. [250] Other 

study in aqueous electrolytic solutions, based on Li2SO4 and LiNO3 salts concluded 

similar findings. [111] Moreover, similar relationship was established for some ageing 

studies in organic electrolytes: that is, that functional groups have a negative impact on 

cyclic stability of ECs (although such studies are limited compared to those performed in 

aqueous media). [251] Work by Azaïs et al. highlighted the importance of surface 

functionalities and their concentration on the performance fade in ECs, suggesting, 

amongst other factors; such as microporosity and absence of moisture; limited 

functionality of carbon to be beneficial in that matter. [235] Yang et al. performed ageing 

studies at 2.5 V, 70 °C in 1 M TEABF4/PC and reported formation of a reaction product 

layer linked to a higher functional group populations in AC which directly deteriorated 

the capacitive performance of the device. [252] However, such claims are not definite, 

as concluded by Liu et al. that found the presence of acidic functionalities to be favorable 

in protection of carbon surface and further structural changes by formation of a polymer 

layer on both positive and negative electrodes. [241] As evidenced, the subject matter is 

rather ambiguous, and no general conclusion can be made regarding carbon oxygen 

surface functionalities and their effect on ageing. Once again, it seems to be highly 

dependent on: selected experimental conditions (voltage, temperature), materials used 
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and electrolytic solution studied (aqueous vs. organic). Therefore, one cannot deny that 

more extensive research on this topic is also required. In conclusion, elucidating on the 

ageing phenomena in energy storage devices is still valid. Consequently, the two 

proposed approaches for the doctoral study, focusing on effects of 1) varied voltage and 

2) oxygen surface functionalities on ageing have been proposed and implemented to 

contribute to the existing knowledge in the field. The study of LICs and organic based 

ECs allowed for a strategic and broader exploration of the two most advanced and 

auspicious technologies to date.  

6. Electrochemical research techniques 

Electrochemical techniques are indispensable for assessing electrochemical cells; they 

essentially provide crucial insights about their behavior and performance. The 

electrochemical cells mentioned can be tested according to two configuration: in either 

two or three-electrode set-ups. In the former, counter and reference electrodes (CE and 

RE) are shorted, thus the voltage measured is the cell voltage. In the latter, RE is added 

which has a stable and known potential (such as saturated calomel electrode (SCE) with 

measured potential of 0.241 V vs. standard hydrogen electrode (SHE)) and allows the 

potential of the working electrode (WE) to be measured. Alternatively, a two-electrode 

configuration with a RE is plausible, in which the RE allows for simultaneous monitoring 

of the potential distribution between the WE and CE. Hence why three and two 

electrode with RE configurations are widely used for fundamental studies, as it allows 

for information to be gathered on behavior of both: individual electrodes and of the 

overall system studied. Two electrode configuration is also perfectly acceptable- where 

it can be used to assess the overall device performance, which is more relevant for 

practical performance applications, for example in commercial capacitors. Thus, the 

choice of a selected configuration will depend on what one wants to observe/study. The 

proposed work (which comprises of three scientific articles and one manuscript) utilizes 

all three approaches, which are described in more detail in the experimental sections of 

each. The use of two-electrode configuration was solely used for the ageing studies in 

the organic medium, while the other fundamental studies in the aqueous medium include 

all three set-ups. With regards to the electrochemical techniques, cyclic voltammetry, 

galvanostatic charge/discharge (GCD), current interrupt (CI), staircase potentio 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          43 

electrochemical impedance spectroscopy (SPEIS) and step potential electrochemical 

spectroscopy (SPECS) were used and are described in more detail within this section.  

6.1 Cycling voltammetry 

CV is an extensively used technique within the electrochemistry community due to its 

versatile nature. It can be used for accurate determination of quantitative and 

qualitative responses and for mechanistic studies, particularly on a laboratory scale. [14] 

It is based on recording of a current response during a potential scan at a given scan rate, 

the potential is then swept back linearly in a reverse direction i.e. the resulting current is 

measured as a function of the applied potential. For EC studies, CV is mainly used for 

qualitative studies, although one can calculate capacitance values from the collected 

data. However, more accurate quantitative information can be acquired by the GCD 

technique. The resulting voltammogram’s shape gives crucial information about the 

device's performance and energy storage mechanism. [253] For ECs, a rectangular shape 

denotes an ‘ideal’ capacitive behavior, related to the formation of an EDL at the 

electrode-electrolyte interface, which is a reversible and fast process. The current 

response is relatively constant in the given potential range. In such way, it is also possible 

to determine the optimal working potential window and the onset of decomposition 

reactions, where the current measured would start to increase towards the maximum 

applied potential point. Moreover, any deviations from the rectangular shape can 

suggest internal resistance issues (in the form of a sloping current response) and 

presence of a redox reaction (also its reversibility and kinetics). Another important 

aspect is related to applied scan rate, usually expressed in mV s-1. The chosen scan rate 

will depend on the aim of the experiment; in lower scan rates (e.g. in the range of 1-10 

mV s-1) sufficient time is allocated for ion diffusion, and thus, performance of EC can be 

more effectively determined. When fast scan rates are applied (50-100 mV s-1), the 

current response is higher, but the measured capacitance is lower. Essentially, they are 

used to explore the behavior of ECs at high charge-discharge rates.  

6.2 Galvanostatic charge/discharge 

In contrast to CV, GCD technique involves charging and discharging of the EC at a 

constant current where voltage response is measured. As mentioned, it is used to 

accurately assess its’ capacitance, energy, power, resistance and cyclability. [254] The 
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capacitance can be calculated either from the discharge curve integration or directly 

from the slope of the curve. Since the curve profile is hardly ever perfectly linear, it is 

advised to use the former approach. A sudden decrease in voltage that is observed at the 

beginning of the discharge cycle is called a voltage drop, primarily caused by device’s ESR 

that comprises the total resistance within the device. [127] Therefore for ECs, a more 

pronounced voltage drop would indicate its’ poorer performance and can thus be helpful 

in assessing the state of health changes during degradation or ageing studies.  

6.3 Current interrupt 

The CI technique measures the ohmic resistance (RΩ) by rapidly interrupting the current 

flowing through the device and the resulting change in voltage is then observed. Simply,  

 
𝑅 =

𝛥𝑉

𝐼
 

eq.15  

where 𝑅 is the resistance of the cell, 𝛥𝑉 is the difference between the voltage of the cell 

before and after CI, and 𝐼 is the current. This technique is particularly suitable for ageing 

studies (and others), as it is a non-destructive and rapid technique, which allows for 

resistance changes to be monitored efficiently. Moreover in the CI technique, voltage 

drop caused by the ESR needs to be accounted for and ‘corrected’, thus a process called 

iR compensation is used. [255] The level of compensation (in terms of percentage) needs 

to be adjusted individually according to the studied system. Generally, one would 

consider partial compensation (within the range of 80-95%) to abstain from possible 

overcorrection that would intrinsically give inaccurate results. Ideally however, one 

would determine the right percentage through observation or experimentally for most 

suitable settings. [256]  

6.4 Staircase potentio electrochemical impedance spectroscopy 

SPEIS technique combines elements of EIS and potential step techniques thus, it can be 

considered as a variation of EIS. The data obtained from EIS measurements can be 

represented in various forms but Nyquist (plot of an imaginary part against real part of 

impedance data) and Bode (plot of phase angle and modulus as a function of frequency) 

are the most popular in EC studies (Figure 10), and they are obtained over a wide range 

of frequencies. In fact, it is a preferred technique for studies based on porous electrodes, 
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as it allows for the pore size to be evaluated. [257-259]Thus, this technique can give 

insights into the dynamic behavior of the studied system, where charge transfer 

resistance, time constants associated with processes such as diffusion, charge transfer 

and EDL formation, ESR, degradation over time and capacitance can be obtained for EC 

characterization. [260, 261] In SPEIS, the impedance measurement is not performed at 

one potential but rather at different potentials throughout the chosen potential window, 

thus providing additional information on potential-dependent relationships of the 

electrochemical system (such as resistance and capacitance).  

  

Figure 10. Representation of the: (a) Nyquist and (b) Bode plots. Extracted from [223] 

 

6.5 Step potential electrochemical spectroscopy 

SPECS technique was first developed in 2015 by M. F. Dupont and S. W. Donne to 

characterize the behavior of EC electrodes. [262] It involves an application of a sequence 

of small potential steps (ΔE) across the potential window in both directions (anodic and 

cathodic). Greater accuracy can be achieved through application of smaller potential 

steps. A rest period (t) between each potential step is applied and it is where the 

electrode can achieve quasi-equilibrium before the next step. As a result of each 

potential step, a current-time (i-t) transient is produced. This in turn can be modelled 

according to the expected behavior of various charge storage processes. The total 

current (IT) is calculated accordingly: 
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𝐼𝑇 =
𝛥𝐸

𝑅𝑠,𝑃
exp (−

𝑡

𝑅𝑠,𝑃𝐶𝑃
) +

𝛥𝐸

𝑅𝑠,𝑃
exp (−

𝑡

𝑅𝑠,𝐺𝐶𝐺
) + 

𝐵

𝑡0,5
+ 𝐼𝐸  

 

eq.16  

Where 𝛥𝐸 = potential step, 𝑅𝑠,𝑃/𝑅𝑠,𝐺 = series resistance of porous and geometric 

components, 𝑡= time of each registered step, 𝐵= diffusion parameter and 𝐼𝐸= 

equilibrium/residual current. [263, 264] The 𝐼𝑇  can then be separated into its individual 

components: 

𝐼𝑇 = 𝐼𝑃 + 𝐼𝐺 + 𝐼𝐷 + 𝐼𝐸  

 

eq.17  

Were 𝐼𝑃  and 𝐼𝐺  correspond to currents of EDL formation: in the porosity of the 

electrode and on easily accessible electrode surface of the electrolyte, whereas 𝐼𝐷  is the 

current related to ion diffusion and 𝐼𝐸  is the residual/equilibrium current. By division of 

the current curve area by the active mass of the electrode and 𝛥𝐸 (equation 17), one can 

obtain the corresponding capacitance (equation 18): 

C = 
A

M ∙ ∆E
 

eq.18  

𝐶𝑇 = 𝐶𝑃 + 𝐶𝐺 + 𝐶𝐷 + 𝐶𝐸  

 

eq.19  

Thus, SPECS is a useful and effective method that can provide deeper insights into the 

electrochemical system operation, compared to other electrochemical techniques alone 

e.g. CV or SPEIS. It is particularly useful for ECs, where contribution of each parameter 

can be thoroughly assessed, especially when investigating new electrode materials 

and/or electrolytic solutions. It can also complement other electrochemical techniques, 

such as operando electrochemical dilatometer (ECD). Galek et al. studied two ACs 

coupled with an ionic liquid EMIm+TFSI- electrolyte and were able to extract the 

quantity of the current responsible for charge transfer in the micropores of the carbon 

material using SPECS and ECD. [109] Moreover, another study investigated lithium 

intercalation into graphite using the SPECS and galvanostatic intermittent titration 

technique (GITT), displaying its versatile nature. [265] 
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7. Summary 

We continue to see, year by year, the need for more sustainable energy solutions. ECs 

play a crucial role in enabling these advancements, as they “bridge the gap” between 

traditional capacitors and batteries. They are characterized by high power density and 

rapid charge/discharge abilities, offering a compelling solution for a wide range of 

applications that require quick bursts of energy and reliable, long-term performance. 

ECs can also be used as a complementary technology to batteries in a so-called ‘hybrid 

system’, where a synergistic energy storage system that overcomes the limitations of 

each individual technology is created. In such a way, the overall performance can be 

successfully optimized. However, in order to use the full potential of ECs and 

complimentary hybrid systems, in-depth research focused on fundamental and aging 

studies seems to be vital. This dual approach allows for future development of better 

electrochemical systems, defined by more efficient and durable nature. Moreover, they 

are indispensable for translating new electrode material and electrolyte innovations 

into practical technologies. As outlined in this chapter, theoretical assumptions cannot 

be always implemented in relation to the interactions at the electrode/electrolyte 

interface. The idea of research on electrode charging in ECs revolves around 

understanding the intricate relationship between the electrode materials and the 

electrolyte during the charging and discharging processes.  It is indeed a rather complex 

matter influenced by a multitude of factors, such as material properties, electrolyte 

properties and operational conditions. Additionally, the study of both organic and 

aqueous media can allow for a more comprehensive understanding and opens up a wider 

range of possibilities for optimizing performance. It does so by highlighting their 

different strengths and limitations, which ultimately can complement each other’s 

improvements. Even though the research on ECs is extensive and continues to expand 

as of now, further investigation is required to address the remaining conundrums related 

to charge storage mechanisms and ion fluxes in certain electrolytes as well as factors 

influencing their long-term performance.  

The goal of the presented thesis is to thus expand on the current knowledge on these 

processes with the use of advanced operando and analytical techniques as well as 

elaboration on the specific causes of accelerated degradation of the carbon electrodes.  
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Motivation and Summary 

Current literature mainly reports on the pH of the bulk electrolytic solution after cycling, 

which changes from neutral to alkaline. [102, 113, 234] However, the pH of the bulk 

solution can differ greatly from the pH at the surface of the electrode. Based on this 

information, one cannot verify whether: specific electrode undergoes radical pH 

changes, if those changes are continuous or sudden, the influence of different operating 

conditions and factors related to electrode and electrolyte composition, or how the pH 

values change during cycling (dynamic changes). Therefore, tracking pH changes at 
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individual electrodes during operation can reveal not only the extent and rate of pH 

shifts, but can be then correlated with capacitor performance and associated 

degradation mechanisms. Another related aspect is potential pressure changes that 

might arise as a consequence of the shift in pH or accelerated side reactions, caused by 

gas evolution. According to the Nerst equation, theoretical electrode potentials of HER 

and OER will change according to the pH of the solution. Therefore, the change in 

potential ranges of individual electrodes will be induced, which affects the operating 

voltage window of the system in question. Higher operating voltages also accelerate 

corrosion processes. This is because high voltage can be the driving force for the onset 

of electrochemical reactions as well as water electrolysis. In the following article, an 

electronic circuit of the pH probe was constructed which worked independently of 

external capacitor polarization induced by the potentiostat. It allowed for the pH 

changes to be monitored at respective electrodes in neutral sulfate-based aqueous EC 

coupled with microporous AC electrodes in operando mode, with the results being 

further collaborated with operando GCMS and EQCM measurements for more in-depth 

outlook. The work showed that the pH changes within the EC are quite dynamic and 

different at each electrode; strongly governed by the potential applied, with the negative 

electrode displaying alkalization while progressive acidification was noted for the 

positive electrode. The onset of those changes was evident from initial cycles and at low 

voltages. Moreover, it allowed for OER and HER potentials to be recalculated, where the 

studied system exceeded an operating cell voltage of 1.23 V. The observed pH changes 

at respective electrodes were governed by the reactions that take place at the 

electrode/electrolyte interface. GCMS measurements were thus included to show not 

only the by-product formation related to such reactions (namely CO2 and H2O2), but also 

to explain the observed pH changes. Similarly, EQCM allowed to track ion fluxes that 

would explain the acidification of the positive electrode, brought about  by the 

adsorption of OH– and its simultaneous consumption by the oxidation of the carbon 

electrode.   
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Graphical abstract: 

 

Motivation and Summary 

Understanding the complex relationship between ions and electrode surfaces in 

aqueous supercapacitors is imperative for optimizing their performance and longevity. 

While electrochemical techniques such as EIS and CV can give valuable insights into 

charge storage mechanisms, they fail to reveal the mass-related dynamics at the 

electrode-electrolyte interface on a molecular level. EQCM studies allow for direct 

monitoring of mass changes during charge/discharge processes in aqueous electrolytes, 

which can ultimately offer a unique perspective into the adsorption/desorption 
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phenomena, ion solvation effects, and structural rearrangements: all of which influence 

EC operation behavior. Current advancements in the “EQCM universe” are often limited 

to ideal materials, such as graphene, MXenes and CDC which have not yet found 

commercial applications. In such light, AC studies with the use of EQCM are limited, 

especially when coupled with aqueous electrolytes. These processes that are taking 

place during EC charging/discharging are not as straightforward: the complex structure 

and surface chemistry of activated carbon electrodes play an important role and make 

them more difficult to assess. Thus, the following work presents a study based on two 

porous activated carbons (highly microporous and micro/mesoporous) and planar 

resonators operating with aqueous electrolytes (based on neutral inorganic salts, such 

as lithium sulphate and nitrate as well as redox active electrolyte) to provide insights into 

PZC determination and ionic fluxes. In terms of EQCM, the correct determination of 

PZC is of key importance, as it determines the electrode potential value at which the 

formation of the EDL does not require any additional charge. It is considered as a starting 

point to all EQCM experiments where it ‘separates’ adsorption of cation and anions in a 

potential induced manner. So far, PZC has been evaluated using various techniques, with 

CV and EIS being the most common ones. However, such approaches are not always 

favorable and can pose a multitude of experimental difficulties and misleading 

information, all discussed at great length in the presented article. The motivation behind 

this work therefore resulted from a lack of comprehensive reports in the literature that 

would discuss such matters. Moreover, this work includes factors that were considered 

pivotal for PZC determination: cell construction, reference electrode, electrolyte 

concentration, choice of an electrochemical technique, influence of the applied potential 

range and choice of an electrode material. This allowed for a curated guideline to be 

designed, with the most favorable methodology for the determination of PZC. With 

regard to electrochemical techniques used, a universal method for PZC determination 

in the EQCM cell using SPECS technique was proposed, which was found to be the most 

efficient due to its’ short implementation time and additional information regarding 

electrochemical processes it can provide. It was also demonstrated that for aqueous 

electrolytic solutions with AC electrodes the PZC should not be considered as one value, 

but rather a range, thus a new term ‘range of zero charge’ (RZC) introduced and 

discussed. 
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EQCM theoretical introduction 

 

EQCM consists of a thin piezoelectric quartz crystal placed between two metal electrodes 

used to apply an alternating electric field across the crystal. This causes a vibrational motion 

of the crystal at its resonance frequency.1,2 The Saurbrey equation (Eq. S1) can then be 

applied to convert the frequency changes (△f; Hz) to the mass changes (△m; g). In this 

equation, A is surface area of quartz crystal [m2], ρ is density of quartz (2.648 g cm-3), μ is 

shear modulus of quartz (2.947 1011 g cm−1 s−2), △f is change in frequency [Hz], and f0 is 

fundamental resonance frequency of the crystal [Hz]. 

 

 ∆m = - 
∆f ∙ A ∙ √ρ ∙ μ

2fo
2   (S1) 
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At PZC, EDL forms spontaneously because of the natural potential difference between the 

electrodes and unequilibrated surface charge at the maximum entropy state of the interface. 

At this point, the highest disorder of the interfacial water is observed.3,4 

 

Thus, to quantitatively correlate the mass changes of the adsorbed ions and solvent 

molecules in EQCM, PZC should be assigned in a correct manner. The determination of 

adsorbed species is based on a mathematical model that results from Faraday’s law and the 

mass change/charge relationship. In the case of one-element deposition or dissolution 

processes on the planar metallic surfaces, the mass change can be easily correlated with 

ongoing electrochemical processes. 

 

Because PZC corresponds to an electrostatic electrode-electrolyte interaction (EDL 

formation only), diffusion-limited processes such as redox reactions should be excluded 

altogether. This is why the popular approach based on the determination of PZC through 

measured minimum capacitance from CV (related to the semiconducting behaviour of 

highly porous disordered carbons)5 or SPEIS, as demonstrated in many works,4,6-11 seems 

confusing for that reason. Also, when PZC is established, it is not always done in the same 

system as EQCM measurements.12 It can lead to a different starting point in data evaluation, 

which can further cause an unrationed process description. Such a divergence can also result 

from cell construction limitations: size, distance between and type of electrodes, volume of 

electrolyte, and spatial organisation – what will be discussed within this manuscript. 

 

 

  



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          77 

AC characterization 

 

 

Fig. S1. Nitrogen adsorption at 77 K (a) isotherms and (b) pore size distributions of powder 

AC YP-50F and DLC30. 

 

The textural properties of the YP-50F and DLC30 ACs are presented in Fig. S1 and Tab. S1. 

Nitrogen adsorption/desorption isotherm was recorded at 77 K (ASAP 2460; Micrometrics®, 

USA) to evaluate the porous texture. Prior to analysis, ACs were purged under helium flow 

for 12 h at 350˚C and then placed under high vacuum for 5 h. The Brunauer–Emmett–

Teller (SSA) equation was used to calculate the surface area at relative pressure range (0.01 

– 0.05). Two-Dimensional Non-Local Density Functional Theory (2D-NLDFT) was applied 

to determine micro and mesopore volume values. The average pore diameter was obtained 

from the maximum peak value. 

Tab. S1. Textural properties of AC YP-50F and DLC30 from nitrogen sorption/desorption 

tests at 77 K 

 SSA, m2 g-1 Vmicro, cm3 g-1 Vmeso, cm3 g-1 

YP-50F 1702 0.64 0.08 

DLC30 1780 0.66 0.25 
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Fig. S2. Comparison of changes in dynamic contact angle during 300 s for H2O on YP-50F 

and DLC30 based electrodes. 

 

The contact angle measurements were performed with a computer-controlled goniometer 

(Dataphysics® OCA). The carbon samples in the form of coatings on steel foil (diameter 2 x 

1 cm) were placed horizontally in front of the contact angle camera. The 2 μL volume drops 

of H2O were injected with speed injection 0.5 μL s-1 on the surface of the electrode material. 

 

Tab. S2. Elemental composition tested by elemental analysis for ACs: YP-50F and DLC30. 

Activated carbon C (%) H (%) N (%) S (%) O (%) Total (%) 

Kuraray® YP-50F 96.1 0.8 0 0 2.1 98 

Norit® DLC Supra 30 95.2 0.5 0 0 2.2 98 

 

Based on elemental analysis (EA) data, one can see that YP-50F and DLC30 carbons are 

almost identical in terms of elemental composition as presented in Tab. S2. They are equally 

oxidized in bulk (~2%). To test the wettability of both carbons, contact angle measurements 

with H2O were performed, as described in Fig. S2. The results confirm that both carbons 

display hydrophobic characteristics with almost identical wettability ∆θ = ~3°.That would 

explain why: DLC30 and YP-50F exhibit a similar PZC region in contact with the same 

aqueous liquid electrolyte; however, the value of specific capacitance can be correlated with 

their textural properties, and not with their surface chemistry. (Fig. S1). 
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Porous electrode coatings 

 

The resonator preparation procedure is presented in Fig. S3. 

 

 

Fig. S3. The scheme of the coating preparation on the resonator surface. 

 

 

SEM micrographs of prepared resonators are presented in Fig. S4. 
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Fig. S4. SEM micrographs from top view a)-c) and cross-sectional d) for YP-50F coated 

resonator; b) EDX mapping of C, O, F chemical elements. 

 

Resonators are homogenous and uniform (thickness ca ~35 µm). Carbon particles retain 

their shape and size comparing to the pristine one. Composition of YP-50F coating on 

resistor is presented in Tab. S3 below: 

 

Tab. S3. Weight % Elemental composition of the coating from the EDX analysis 

C (%) O (%) F (%) Total (%) 
81.9 6.5 11.6 100 
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Electrolyte characterization 

 

Tab. S4. Conductivity and pH of tested electrolytes with a concentration of 0.1 mol L-1. 

Solvent Salt Conductivity (mS cm-1) pH 

H2O 

LiNO3 9.2 6.8 

Li2SO4 14.6 7.4 

KI 13.2 7.8 

D2O LiNO3 5.8 8.8 

 

All studied electrolytes can be classified as aqueous neutral solutions (pH in the range of 6-

8). This implies, that balance between alkaline and acidic ionic species is preserved. Low 

concentration solutions were selected based on EQCM sensitivity – therefore, conductivity 

values of such solutions are rather low. pH and conductivity were measured using Seven 

InLab Mettler Toledo® (USA) with appropriate sensor for aqueous solutions. 

 

EQCM system 

 

 
Fig. S5. EQCM cell scheme. 
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Wide potential range screening in EQCM system 

 

 

Fig. S6. Cyclic voltammogram for YP-50F and 0.1 mol L-1 LiNO3 in EQCM system at 1 mV 

s-1. 

Discussion 

 

CV technique for PZC determination 

 

The CV technique allows to calculate the capacitance per electrode CCV(v) (according to the 

equation Eq. S2, where: I – current [A], v – scan rate [mV s-1]). 

 

 CCV = 
2 ∙ I

v
 (S2) 

 

For aqueous based electrolytes, especially with redox-active species present, one must thus 

consider applicable scan rate. Fig. S7 presents cyclic voltammograms for the same system 

recorded using different scan rates, i.e., 1, 5, and 50 mV s-1. 
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Fig. S7. Specific capacitance vs. potential based on cyclic voltammetry for 0.1 mol L-1 LiNO3 

and YP-50F at 1, 5, and 50 mV s-1 in the EQCM cell. 

 

The CV profile recorded at slow scan rate (1 mV s-1) represented the most detailed 

characterisation of the charging/discharging profile. The moderate scan rate, such as 5 mV 

s-1, effectively depicts pure EDL behaviour – covering all current increase points, where 

certain redox/side reactions can occur. This is a satisfactory scan rate to characterise the 

performance of a device, considering that EC is supposed to operate at high power/current 

loads. The fast scan rate, like 50 mV s-1, is, however, too fast to allow any ion flux to easily 

form EDL at the highly developed electrode surface area (Fig. S1) in aqueous solutions with 

moderate conductivity values (i.e., low concentrations). Thus, we begin to observe 

resistance components and delayed charge transfer at the electrode/electrolyte interface. 

One cannot withdraw any information on the charge storage mechanism while using fast 

scan rates. However, such a change in voltage/potential brings about other useful 

information – not considered for PZC determination. Therefore, for fundamental studies of 

aqueous electrolytes that focus on a molecular-level interaction between ionic species and 

electrode surface, slow scan rates (like 1 mV s-1) and will be used in this study. 
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SPEIS technique for PZC determination 

 

The SPEIS technique allows to calculate the capacitance CSPEIS(f) (according to the equation 

Eq. S2, where: f – frequency [Hz], -Im(Z) – imaginary Z value [ohm]) (example given in Fig. 

S8a). 

 

 CSPEIS(f) = 
1

π ∙ f ∙ -Im(Z)
 (S3) 

 

According to the given equation, CSPEIS(f) is variable and strongly depends on the chosen 

frequency value. Therefore, in addition to Nyquist plot (Fig. S8a), specific capacitance vs. 

frequency is generally reported for electrochemical capacitors (Fig. S8b).13,14 

 

 

Fig. S8. Impedance study at 0 V vs. SCE for 0.1 mol L-1 LiNO3 and YP-50F: (a) Nyquist and 

(b) Bode plot (c) Comparison of capacitance calculated for 1 mHz (green circles) and 

determined based on minimum Phase(Z) value (red squares). 

 

Therefore, the selection of an adequate frequency for the specific capacitance calculation is 

crucial to obtain a representative curve that allows the determination of PZC. It should be 

remembered that choosing a specific frequency range does not necessarily result in an 

inflection (which corresponds to PZC) on the CSPEIS(f) curve on CSPEIS(f) vs. potential plot (see 

CSPEIS(1mHz) presented in Fig. S8c). Thus, with this technique, it is possible (with significant 

error) to determine the PZC – but only for some experimental conditions. For example, 
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finishing the experiment at a high frequency will only correspond to the data recording 

related to the system resistance (R) (resistive response with Phase(Z) = 0°), which would 

not allow for the full development of the EDL (capacitor response with Phase(Z) = ~ -90°) 

(Fig. S8b). If, on the other hand, CSPEIS(f) is calculated on the basis of the low frequency, then 

apart from pure CEDL, the capacitance related to side reactions is registered. It particularly 

concerns measurements in the extreme potentials, where the response resulting from 

electrolyte decomposition will be additionally registered. Faradaic charging becomes more 

predominant at low frequencies, whereas one must remember that the operating frequency 

cannot be excessively low for capacitive charging. The optimal frequency for capacitive 

charging is strongly dependent on electrode geometry and electrolyte conductivity.15 

Changing the direction of polarisation (Emax ⟶ Emin) results in different CSPEIS (1mHz) than those 

calculated under Emin ⟶ Emax polarisation (Fig. S8c). The CEDL response should be symmetric 

about the Y axis for capacitive systems. Surprisingly, upward capacitance, differences in 

values, and divergence in the capacitance trend in both polarisation directions are observed, 

probably because of irreversible oxidation processes that occur at the electrode/electrolyte 

interface at relatively high potentials (close to the oxygen evolution reaction – OER). 

Nevertheless, there is also another possibility to indicate PZC from SPEIS more accurately. 

CEDL can be read from the Bode plot (CSPEIS(min.Phase(Z)); Fig. S8b). As already mentioned, 

Phase(Z) = -90° and 0° correspond to an ideal capacitor and resistor response, 

respectively.16,17 Under real conditions, the pure CEDL can be read from the closest point to 

Phase(Z) = -90° (inflection point). By this method, it is possible to accurately determine CEDL 

recorded for the minimum Phase(Z) value, but not without any problems. Firstly, it is 

necessary to prepare preliminary experiments (a trial setup), for which the frequency range 

will be selected with an inflection of Phase(Z) close to - 90°. A standard frequency range of 

100 or 10 kHz to 1 mHz may not result in the Bode plot bending near phase (Z) = -90°. 

Furthermore, one needs to increase the number of points collected (by decreasing △E) in 

the tested potential range to obtain representative results with a clear minimum CEDL on the 

CEDL vs. potential plot. Furthermore, the greater the accuracy of data collection (at a given 

potential step), the longer the total time of SPEIS experiment (for each potential step it can 
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last from a few minutes up to a few hours). For example, for the aqueous based systems 

presented in this study, single impedance (at given potential) was recorded for 34 min. Such 

a long holding time of a given potential step (especially in the extreme potentials) in the 

EQCM system, results in the electrolyte decomposition and its evaporation. At the same 

time, △E = 0.2 V chosen here, for each PEIS measurement, leads to an incomplete spectrum 

in the investigated potential range; however, this is a compromise between the overall 

experimental time and the number of collected points. Another disadvantage of the step 

potential shift is the abrupt occurrence of potentially occurring reactions (e.g., redox) and 

the lack of time for the ion reorganisation participating in EDL formation. The gradual 

change of the potential has a better effect on the stabilised reorganisation of the charge on 

the surface of the electrode material. Such charging procedure differs from those in 

commercial systems, where the charging process is constant. However, apart from those 

disadvantages, it seems that the PZC value is more realistic when considering the minimum 

capacitance based on the minimum of Phase(Z) instead of the lowest frequency value. More 

observations have been discussed for CSPEIS(min.Phase(Z)) and CSPEIS(1mHz) for different types of 

electrolytes in the subsequent part of the article. 

 

SPECS technique for PZC determination 

 

SPECS technique allows to separate the total system capacitance (CT) calculated at a given 

potential step into individual capacitances corresponding to: EDL capacitance component 

CEDL = CP + CG (pure capacitor response) part of the porous (CP) and geometrical (CG) area of 

the electrode. Moreover, it is possible to separate capacitance resulting from ion diffusion 

(CD) and residual capacitance (CR) mainly related to redox and side reactions (e.g., 

electrolyte decomposition). In summary, CT can be described as CT = CP + CG + CD + CR. By 

dividing the area of individual current curves IP, IG, ID, IR [⟆AI; A s] registered at each 

potential step by △E and the mass of the electrode active material, it is possible to obtain 

individual values for the specific capacitance.18 A detailed description of this technique can 

be found in the article presented by M. Dupont and S. Donne. 
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The specific capacitance of the individual components (CT, CP, CG, CD, CR) obtained by the 

SPECS technique was calculated according to equation below. 

 

 C=
A

M∙∆E
 (S4) 

 

where: C – specific capacitance of given component [F g-1] 

 A – surface area under given calculated current curve  [A s] 

 M – mass of active mass [g] 

 ∆E – potential step (0.01 V) [V] 

 

Minimal specific capacitance variations 

 

Tab. S5 PZC region for Li2SO4 depending on the concentration and minimal specific 

capacitance variations. 

  Emin vs. SCE, V Emax vs. SCE, V ΔE, mV 

±1% 
0.1 mol L-1 -0.02 +0.01 30 

1 mol L-1 +0.05 +0.23 180 

±2% 
0.1 mol L-1 -0.04 +0.05 90 

1 mol L-1 +0.01 +0.32 310 

 

In Tab. S5 two different concentrations are compared 0.1 and 1 mol L-1 for Li2SO4 and in 

addition, two specific capacitance ranges for minimal value, ±1 or ±2%. One can observe 

that the higher the specific capacitance deviations, the wider the RZC. We opt that ±1% is 

not a sufficient range to consider for porous AC electrodes, especially for samples with 

quinone/hydroquinone redox pair activity. What is important to note is that the higher the 

electrolyte concentration, the wider the RZC. It is related to the number of charges 

accumulated at the electrode/electrolyte interface and in effect, wider potential zone of ion 

permselectivity failure of porous electrode. We assume that more porous electrode material 

could lead to the extension of RZC for specific concentration of aqueous solutions. Higher 
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aqueous solution concentration causes slight shift of RZC towards more positive potential 

values, what is caused by a higher quinone/hydroquinone redox peak activity at ca. 0.15 V 

vs. SCE in Li2SO4. 

 

Considering all above-mentioned observations, we do postulate that capacitance variation 

±2%, which corresponds to ~1 F g-1 difference, is a reasonable potential range for a porous 

electrode material. Knowing experimental conditions and mathematical calculations, bigger 

accuracy of specific capacitance values is meaningless. Surface functionality redox reactions 

are very sensitive to aqueous environment, thus, selection of PZC instead of RZC can be 

fraught with more error and difficulty, which proves non-universality of this property for 

porous carbon materials. Additionally, porous electrode materials owing to their developed 

textural properties should be combined with diluted aqueous solutions to preserve required 

experimental conditions for Saurbrey equation application (ΔR < 2%) which can be 

observed in the literature data presented in Fig. 3 (diluted solutions are mostly discussed). 

 

 

Fig. S9. PZC determination from specific capacitance vs. potential for Li2SO4 in two 

concentrations: 0.1 and 1 mol L-1. 
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Tab. S6. Ionic radius and RZC for anions in electrolytes used in this research and RZC 

(taking into account minimum capacitance value ±2%). 

Electrolyte Anion Ionic radius[12, 13] RZC 

0.1 M Li2SO4 SO42- 0.242 nm 90 mV 

1 M Li2SO4 SO42- 0.242 nm 310 mV 

 

Influence of the applied potential range on the position of PZC 

 

 

Fig S10. Influence of the applied potential range on the position of PZC in the 0.1 mol L-1 

LiNO3 electrolyte in the EQCM system. 

 

Tab. S7. RZC for LiNO3 studied in a narrow (ΔE = 1 V) and a wide (ΔE = 1.6 V) potential 

window. 

 Emin vs. SCE, V Emax vs. SCE, V ΔE, mV 

ΔE = 1.0 V -0.07 +0.12 190 

ΔE = 1.6 V -0.15 +0.09 240 

 

Cell construction for PZC determination 

 

It is also vital to highlight the influence of the cell itself on the determination of PZC. We 

have demonstrated that if PZC is obtained in any other setup, i.e., such as Swagelok cell or 

volume cell, it will differ greatly from PZC in the EQCM cell (Fig. S11). 
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Fig. S11. Comparison for Swagelok (red line), EQCM (blue line), and volume cell (green 

line) (0.1 mol L-1 LiNO3 electrolyte and YP-50F) of (a) specific capacitance vs. potential – 

CV experiment at 1 mV s-1 and (b) PZC and PZC region from SPECS experiment. 

 

Electrochemical stability for the EQCM and the Swagelok cell differs by ca. 200 mV. This 

potential shift can be minimised using a similar component ratio as in the EQCM cell 

represented in the volume cell (WE to CE geometrical surface ratio, excess of electrolyte, 

CE electrode type). Fig. S11a presents the specific capacitance calculated from the cyclic 

voltammetry data for a scan rate of 1 mV s-1 in predetermined potential windows in the 

given systems. Measurements were made by repolarisation of one electrode in the wide 

potential range. CV plots for volume cell and EQCM overlap their potential range; however, 

the EQCM curve represents the highest extent of details (redox contribution). Fig. S11b 

presents the differential specific EDL capacitance (CSPECS(EDL) = CP + CG) calculated based on 

the SPECS technique and is presented in the same graphical representation as in Fig. S11a. 

The Swagelok and EQCM/volume systems are incomparable because of the mutual shift of 

the electrochemical stability range, and consequently, the PZC. The ohmic drop associated 

with the varied distance between RE and WE was initially taken as the cause of the 

potential shift in Swagelok (Fig. S12). However, this does not seem to be an issue. 
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Fig. S12. Comparison of uncompensated (Ru) resistance between working and reference 

electrode for Swagelok, EQCM, and volume cell. 

 

Measurement of uncompensated (Ru) resistances was conducted in 2-electrode 

configuration (in Swagelok, EQCM, and ‘in-house made’ volume cell) between working and 

reference electrode using current interrupt (CI) technique. Applied current density was 0.1 

A g-1 with 80% compensation on Ru, where average values were determined on three cycles. 

Ru has values: 1274 ohm – Swagelok, 2171 ohm - EQCM and 22781 ohm – volume cell. It 

shows that the less confine system (large WE and CE distance, excess of electrolyte etc.) 

leads to higher uncompensated resistance value related with system design. 

 

Although the volume cell has a much higher (several times) uncompensated resistance (Ru) 

value than the EQCM cell, the operating potential range of both systems is identical. For 

EQCM and Swagelok, the difference between Ru-EQCM and Ru-Swagelok is less than two times, 

yet there is a big difference in the electrochemical stability of both systems. It is well known 

that the potential range is dependent on the pH of the electrolyte. Therefore, the possible 

effect of pH changes resulting from migration of Cl- ions from SCE to Swagelok was 

considered and verified. However, this possibility was debunked (Fig. S13). In tight systems 

(without excess of electrolyte), such as Swagelok, the pH can change directly after 

immersion of the electrode in the electrolyte (without polarisation). This can acidify the 
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medium at the vicinity of the electrodes and is thus the only explanation for the observed 

shift. For systems with high CE/WE ratio and an excess of the electrolyte such as EQCM 

and volume cell, this phenomenon is limited. The pH adjustment in such systems is much 

more efficient because of the facilitated diffusion. 

 

The difference in the value of PZC between Swagelok and other systems (EQCM and 

volume cell) with 0.1 mol L-1 LiNO3 and YP-50F is significant (∆E = 0.28 V) and can lead to 

misinterpretation of the data. The potential range for the EQCM (blue line) and volume cell 

(green line) is identical, which stems from a similar design in both systems (large electrolyte 

excess and asymmetry between WE/RE). In both cells, the PZC is shifted towards Emax and 

divided the entire potential window (1.6 V) into given potential ranges ∆E(+) = 0.6 V and 

∆E(-) = 1 V in EQCM and ∆E(+) = 0.48 V and ∆E(-) = 1.12 V in volume cell. In the Swagelok 

cell, PZC is shifted towards Emin and the individual ranges are ∆E(+) = 1.02 V, and ∆E(-) = 

0.58 V. Therefore, one can see that even for the capacitive symmetric system (Swagelok 

cell), the potentials are not divided equally for positive (WE) and negative (CE) electrodes. 

The construction of the system (size, volume, pressing, etc.) influences the operating 

potentials of the electrodes. The ohmic drop is a value that can explain this difference. The 

Ohmic drop is the amount of potential that is lost on the way from the reference electrode 

to the working electrode and results from the Ohmic resistance between the working 

electrode and the reference electrode – denoted as Ru. The distance between the electrodes 

and the conductivity of the solution can thus largely influence its value. 

 

In addition, this non-uniform potential difference between two symmetrical electrodes 

informs about varied dominant processes during EC charging. Especially on the microscale 

at the electrode/electrolyte interface, where the equilibrium state cannot be taken for 

granted for the same system composition (YP-50F + 0.1 mol L-1 LiNO3) but varies 

accordingly with the system construction and size. Similarly to the EQCM system, redox in 

Swagelok induces an increase in the EDL capacitance but in a much wider range of 

potential. What was noted was that the redox response is not visible in a volume system at 
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all as the probability of the gaseous side products to evolve is higher than their interaction 

within confined electrode porosity. 

 

Reference influence on the electrochemical operation 

 

 
Fig. S13. (a) Difference in potential shift (for 1.6 V) in 3-electrod and (b) 2-electrode 

configuration using SCE and Hg/Hg2SO4/0.5 mol L-1 K2SO4 as a RE in 0.1 mol L-1 LiNO3-

based Swagelok system with YP-50F. 

 

Comparison in Fig. S13a presents the shift in the potential of positive (red lines) and 

negative (blue lines) electrode for the Swagelok system with 0.1 mol L-1 LiNO3, when SCE 

(solid line) or Hg/Hg2SO4/0.5 mol L-1 K2SO4 (dashed line) was used as the RE. The potential 

range was determined using CV with a scan rate 1 mV s-1 to 1.6 V (black line). Fig. S13b 

shows specific capacitance (calculated based on CV) for previously mentioned systems and 

previously determined potential ranges (with the repolarisation of one electrode). 

 

The suspicion of a potential shift in the Swagelok relative to potentials of other systems 

(EQCM and volume cell) was the possible migration of Cl- ions (as a result of a concentration 

gradient) from RE into the tested system. This migration of ions could induce a change in 

the electrolyte pH, and consequently, would lead to a change in the potential range of both 

electrodes. To eliminate this possibility, the SCE electrode was replaced with Hg/Hg2SO4/0.5 
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mol L-1 K2SO4. Salt bridge was used to avoid possible ion migration between the reference 

electrode and the electrolyte bulk. 

 

The change of RE does not shift potential range towards negative values (comparable to 

EQCM and volume cell). It can be concluded that the type of RE does not affect such a 

significant shift of the potential observed in Fig. S13 in Swagelok in comparison to the 

potential range of the rest systems. The use of Hg/Hg2SO4/0.5 mol L-1 K2SO4 shifts the 

potential even more towards positive values. The difference between the systems (with RE 

Hg/Hg2SO4/0.5 mol L-1 K2SO4 vs. SCE) is 60 mV. In this case, the potential shift in Swagelok 

in comparison to EQCM or volume cell results from the design of the cell, not from the pH 

changes caused from migration of ions from RE (even though Swagelok contains the lowest 

ratio of electrolyte volume to electrode mass). The close contact of both electrodes, their 

similar size and mass, and the much smaller volume of electrolyte than in EQCM/volume 

cell affect the susceptibility of the Swagelok to local pH changes, thus potential shift. 

 

PZC determination for planar resonator and AC coatings 

 

Another interesting aspect seems to be the determination of the PZC for the EQCM system 

with a resonator not covered with the carbon material (Fig. S14). It is challenging to 

determine PZC for D2O, H2O and 0.1 mol L-1 LiNO3 based system with a planar resonator. 

For D2O, a very wide range (~0.8 V) of minimum capacitance can be observed; for which it 

is impossible to determine one PZC value. However, for systems with H2O and 0.1 mol L-1 

LiNO3, two local minima of the capacitance were registered. Most likely, a minimum close 

to 0 V vs. SCE is a region of the PZC, but it cannot be stated with certainty. These tests 

show that PZC is a unique property of the electrode material with a developed texture and 

a broad surface chemistry in contact with the liquid electrolyte. 
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Fig. S14. Specific capacitance vs. potential for EQCM system with steel resonator (planar) 

and D2O, H2O, and 0.1 mol L-1 LiNO3 as electrolyte. 

 

In the second part of the study, the influence of AC used as electrode material was compared 

in the PZC region (in the EQCM system with D2O as electrolyte) was compared (Fig. S14). 

The location and width of the PZC region (0.02 – 0.9 V vs. SCE) are identical, despite the 

different structural and textural characteristics of both materials. However, there is a 

difference in capacitance obtained with the SPECS technique; DLC30 based system has 

higher capacitance compared to YP-50F (Fig. S15). Interestingly, the biggest difference in 

capacitance is observed in the PZC region, while it decreases as extreme potentials are 

reached. This behaviour is due to the difference in the availability of the porous structure 

of both materials for any charges coming from the electrolyte. In the PZC region, the 

driving force (potential value) for ion adsorption is low. The surface, which is readily 

available for the electrolyte (including mesopores), is mostly charged with ions. The amount 

of charge adsorbed by DCL30 is greater due to the wider pore distribution range than YP-

50F (Fig. S1b). In the Emax and Emin regions, the driving force of ion adsorption is large 

enough to draw the ions into the microporosity structure. The capacitance is equal in these 

regions for both materials. This proves that the same amount of charge is adsorbed in the 

microporous structure for both tested materials. 
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Fig. S15. Comparison of PZC region for EQCM system with YP-50F and DLC30 as electrode 

material (with D2O as electrolyte). 

 

EQCM system verification – comparison to literature data 

 

First, in order to verify the operation of the EQCM system, redox electrolytes have been 

tested, namely: 0.1 mol L-1 KI and 0.1 mol L-1 RbI [8] – presented in Fig. S16. Cyclic 

voltammograms present typical iodide/iodine redox activity in the positive potential values. 

The system with KI electrolyte was tested in a narrower voltage window to resemble 

experimental conditions as for other capacitive electrolytic solutions tested (LiNO3 and 

Li2SO4). 0.1 mol L-1 RbI is not a main electrolyte studied here, it was used for comparison 

and validation purpose, i.e., feasibility test to the reported literature data. [8] The mass 

change calculated for these two redox-based systems shows similar hysteresis loops in the 

range of the redox activity potential. Hysteresis loop, especially while ending at the higher 

mass change, informs about species trapped in the electrode pores. As gas formation in the 

I2 form is assumed for such a concentration (0.1 mol L-1 MI, M = K+, Rb+), these small gas 

bubbles can be trapped in the narrow pores and the number of active species at the 

electrode/electrolyte interface will decrease with time. Moreover, the iodate-based 

precipitation can be observed over a limited lifetime of iodide-based EC.19 The curves 

presented (specific capacitance and m as a function of potential) show that electrode 

coatings prepared on EQCM quartz crystal resonators work in a stable manner and can be 

further used for PZC discussion (ΔRRbI = ΔRKI = ±1%). 
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Fig. S16. Cyclic voltammetry 5 mV s-1 with normalized mass change for EQCM system with 

0.1 mol L-1 electrolyte: RbI (violet) and KI (black) and YP-50F. 

 

Tab. S8. Molar mass of ionic species and molecules possibly present in the 0.1 mol L-1 Li2SO4. 

 
 

D2O as a solvent 

 

Furthermore, D2O solvent (ε = 60; 1.87 D) was used for LiNO3 salt to see its influence on 

EDL formation compared to the water molecule (ε = 80; 1.84 D). D2O molecule has lower 

hydration affinity (ε), as it does not create hydrogen bonds as easily as a H2O molecule. 

Moreover, D2O molecule is slightly more polar than H2O and denser, therefore can affect 

EDL at the electrode/electrolyte interface, leading to a narrower PZC region. If min. specific 
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capacitance will be considered as one value, it divides PZC region in half. However, to the 

best of our knowledge, the PZC region discussed here informs about the perm-selectivity 

failure of electrode material in contact with a specific liquid electrolyte. Therefore, as 

discussed in the literature, this region should be excluded from ion flux divagation. In the 

further section, we will prove this and explain the implication of incorrectly assumed PZC 

value on the charge storage mechanism description. 
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Chapter III: 

 Carbon degradation in organic media 

P3 and A1 
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Motivation and Summary 

The promise of LICs lies in their ability that combines both characteristics of high-power 

ECs and high-energy LIB. Therefore, understanding and mitigating the inevitable 

process of aging becomes necessary to ensure their long-term viability and reliable 

performance, especially if one considers their use in potential applications, such as 

electric vehicles (EVs (which are quite demanding). Carbon electrode is employed as a 
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capacitive charge storage component in LICs due to its characteristics such as high SSA 

and porous character. However, this also makes it susceptible to a variety of aging 

pathways related to electrolyte decomposition, surface oxidation and structural 

changes. More specifically, the high SA of carbon electrodes can promote electrolyte 

decomposition, leading to the formation of by-products that can then block its porosity 

and cause a loss of capacitive performance and increase in resistance. In such light, 

studies based on the ageing of porous carbon electrodes in LIC are an imperative 

component that can elucidate the mechanisms governing its performance decline. Such 

an approach can ultimately enable the development of tailored strategies that will 

enable more reliable and efficient device operation. The following article focuses on the 

degradation mechanisms of porous carbon electrodes in LICs performed during floating 

experiments and elucidates the related aging pathways at elevated voltages (4-4.6 V). 

The proposed approach utilized a half cell configuration, which was deliberately selected 

as to isolate the processes that take place at the electrode of interest (AC).  Although full 

cells are more representative of ‘real-world’ applications, half-cells offer a valuable tool 

for understanding the fundamental processes. Additionally, the effect of a binder was 

removed through the use of the binder-less electrode (microporous carbon cloth). The 

application of various physicochemical post-mortem analyses (TPD-MS, Porosity 

measurements, EA, XPS, Raman Spectroscopy) allowed for a thorough investigation to 

explain the causes behind the performance fade in the studied systems, permitting 

various data to be acquired regarding changes that occur to the carbon electrodes. 

Ultimately, it was evidenced that (i) an increase in applied voltage results in faster 

degradation and that (ii) depending on the maximum voltage applied, the systems 

reached different end-of-life criteria. For systems floated at 4 V, simultaneous increase 

in resistance and decrease in capacitance was noted, whereas for ≥4.2, a more  

pronounced increase in resistance was evident. Moreover, when higher voltage is 

applied (≥4.2 V) it promotes oxidation and carbon functionalization, which explains the 

observed resistance decrease.  
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Motivation and Summary 

Without systematic ageing studies, the long-term viability and performance limitations 

of energy storage technologies would remain poorly understood, hindering the 

development of more durable and reliable devices used for various applications. 

EC aging in organic electrolytes, particularly those with AN, has been already shown to 

be primarily driven by the positive electrode's degradation. This degradation stems from 

interactions between the AN solvent and oxygen functionalities on the carbon surface, 

the binder, or/and trace water remains. Therefore, these interactions can lead to the 

oxidation of surface functionalities on the AC electrode. However, there exists no 

universal explanation applicable to all electrochemical systems; an individual approach 

is advised based on the lone complexity of the undergoing chemistries. The following 

study therefore focuses in more detail, on the specific role of oxygen functionalities on 

the ageing of binder-free AC electrodes in an EC under high voltage regime (3 V) 

operating in 1 mol L-1 TEABF4/AN electrolyte. Floating protocol was employed to 

promote faster degradation. This is accompanied by comprehensive post-mortem 

analyses (TPD-MS, Porosity measurements, EA, XPS, Raman Spectroscopy) of both 

positive and negative electrodes, to elucidate the causes behind the performance fade 

in the studied systems. The findings suggest that the type of oxygenated functionalities 

on the carbon electrode surface plays a more significant role in dictating accelerated 

degradation pathways than their overall quantity. Notably, the presence of acidic 

functionalities appeared to induce the formation of a protective polymer-like layer on 

the electrode surface, contributing to a longer operational lifespan. It was also evidenced 

the complete elimination of carbon oxygen functionalities seemed to promote faster 

degradation. Consequently, increased electrode oxidation, pore blockage, and a 

reduction in the specific surface area of the carbon electrodes, with the positive 

electrode showing greater susceptibility to these degradation mechanisms was 

observed. Based on these findings, the conclusion advocating for "tailored 

functionalization" is put forward, where specific properties that enhance stability and 

longevity ultimately leading to more robust and efficient energy storage solutions can 

be employed.  
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Abstract 

An explanation of ageing failure mechanisms in Electrochemical Capacitors (ECs) under 

various testing regimes, including high voltage, is an imperative step that can provide 

long-term operation and future optimization of their performance. Our study elaborates 

on the ageing mechanisms and the role of oxygen functionalities of three types of binder-

free carbon electrode materials, thermally treated at 120ᵒC, 500ᵒC and 1000ᵒC, 

operating in 1 mol L-1 TEABF4 in acetonitrile (AN). The studied systems followed a 

floating protocol at 3 V, after which series of post-mortem analyses of positive and 

negative carbon electrodes were carried out. It seems that the type rather than the total 

amount of oxygenated functionalities on the carbon electrode directs the accelerated 

degradation pathways. The presence of acidic functionalities induce the formation of 

protective polymer-like layer on the surface, whilst complete elimination of carbon 

oxygen functionalities promotes faster degradation. The system with electrodes 

thermally treated at 500ᵒC is characterised by the worst electrochemical performance, 

withstanding 714h of floating regime (compared to 1086h with electrodes treated at 

120ᵒC) and gradual increase in resistance over time. It is assumed that N- selectivity is of 

key importance here, with CO releasing groups promoting it. Ultimately the 

decomposition of the electrolyte is more pronounced, as observed via temperature-

programmed desorption mass spectrometry (TPD-MS). This leads to oxidation, pore 

blockage and decrease of specific surface area of the carbon electrodes, where the 

positive electrode is more affected by the degradation mechanisms.  

Keywords: supercapacitor, carbon electrode, oxygen surface functionalities, organic 

electrolyte, floating ageing 
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1. Introduction 

In the fast-pacing and constantly growing modern global market, especially as a 

consumer, we demand energy storage devices that will fulfil basic requirements: 

reliability, inexpensiveness, safety, and eco-consciousness. After all, our dependancy on 

these devices has increased over the decades, with them “powering” our everyday lives. 

However, higher dependency generates higher expectations; aimed towards improved 

performance of such devices, only to become the main focus in the current research and 

development areas. Amongst those, electrochemical capacitors (ECs) have played an 

increasing role for high-power applications, owing to their high power density and 

superior cyclability (>106 charge–discharge cycles).1-31-3 However, compared to lithium-

ion batteries (LiBs), which without a doubt dominate the actual market, ECs suffer from 

a low specific energy [4]. Therefore, it is necessary to consider the means of increasing 

their specific capacitance and/or cell voltage for improved energy,4,5 according to the 

equation: 

 
𝐸 =

1

2
𝐶𝑈2 (1) 

 

with energy (E) proportional to capacitance (C) and squared voltage (U).6 Thus, 

electrolytes with wide electrochemical stability window, such as thosed based on 

organic solutions (2.7 – 3.0 V) are preferred over aqueous electrolytes (0.8- 1.0 V).7-9  

Regardless of the electrolyte used, all ECs suffer from performance loss over time. Work 

focused on the application of new materials and establishment of their stability based on 

various standards and qualitative tests is a key for efficient and improved ECs 

technologies. However, one cannot neglect the associated aspect of degradation 

studies. These are equally as important and can shine a better light on the system 

behaviour under specified conditions for future improvement of such devices. 

Because of different charge storage mechanisms, compositions and stability limits of 

materials used, it is rather difficult to describe a universal ageing proccess for all ECs. 

Therefore, each system is adviced to be treated individually due to its complex nature. 

Additionally, the operating conditions need to be considered; such as voltage, 

temperature and current applied, all of which have a important effect on the rate of 
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ageing.10 It is assumed that both temperature and voltage might trigger electrochemical 

reactions associated with decomposition: the energy necessary to reach the activation 

energiesof such parasitic reactions is obtained in both cases.11 The latter is also 

characterised by much more pronounced electric field,12,13 causing higher attraction of 

counter ions towards electrodes during polarisation. 

Cell ageing studies in organic electrolytes have been widely investigated in the past, 14-

22. The main causes of ageing in systems containing acetonitrile (AN), have been reported 

to be due to interactions between the solvent and the oxygen functionalities on the 

carbon surface, the binder, and/or trace water molecules.14,16,23,24 In all cases, the 

positive electrode was found to be more degraded than the negative one, and to be the 

main driving force of the ageing observed in AN based ECs. 22,25 The issue seems to point 

towards the content of the surface functionalities on the AC electrode, which can oxidise 

and form new functionalities.14,16 However, presence of acidic functionalities was found 

to aid in protection of carbon surface and further structural changes by formation of a 

polymer layer on both positive and negative electrodes, as reported by Liu et al.. This 

study is an extension to their previous work in which the same systems were analysed 

by Electrochemical Impedance Spectroscopy (EIS) and diffusion coefficient calculations 

with some additional anaytical techniques. Two different ageing mechanisms were 

reported during contstant potential holding at 2.5 V depending on the activated carbon 

electrode material: commercial microporous carbon (YP-50F) and micro-meso porous 

carbon used for water purification applications. It was the latter that exhibited a gradual 

increase in the equivalent series resistance (ESR) and was then linked to formation of 

ion-conductive protective layer. Additionally, a decrease in porosity, formation of 

surface defects and pore clogging were reported, which can led to decrease in 

capacitance and increase in resistance over time. Degradation of the carbon electrodes 

in aqueous media is characterised by similar phenomena.26-30 

Most recenty, various operando techniques such as operando temperature dynamic 

investigations and operando gas chromatography-mass spectrometry (GC-MS) have 

helped to gain new insights into degradation proccesses of AN based ECs and 

identification of their optimal operational conditions. 22,31 With the use of the latter, 

Kreth et al. have shown that the degradation of the solvent is strongly affected by the 
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surface chemistry of the respective electrode in organic medium, thus it seems to be an 

important aspect that needs to be considered in subsequent ageing studies and future 

optimisation of the device.  

However, most of the mentioned studies implement a binder, which can inevitably lead 

to difficult data interpretation and quantification, as previously highlighted by 

Pourhosseini et al. concerning gaseous decomposition by-products of 

polytetrafluoroethylene (PTFE) during temperature-programmed desorption (TPD) 

analysis that can overlap with the profiles of those related with decomposition of oxygen 

functional groups on carbon.9 Moreover, parasitic reactions at high voltage might differ 

between binder containing and binder-free electrodes, due to varying amount and types 

of surface active sites for both.  

Herein, we present a study based on ageing phenomena observed for symmetric ECs 

with binder-free Activated Carbon Cloth (ACC) Kynol® 507-20 electrodes in 1 mol L-1 

TEABF4 in AN floated at 3.0 V, where the oxygen content for the carbon electrodes was 

tunned by thermal treatment at 120, 500, and 1000ᵒC. Additionally, the elimination of 

binder allowed to focus solely on interaction between the electrodes and electrolyte 

solution from a more fundamental perspective. Ultimately, it allowed for detailed 

relationship to be established and elaborated, where the effect of oxygen functionalities 

on ageing at high voltage is discussed.  

 

2. Experimental 

2.1. Electrodes and electrochemical cell preparation 

Carbon material, namely binder-free Activated Carbon Cloth (ACC Kynol® 507-20 

(Germany) was thermally treated in a furnace under a nitrogen atmosphere at different 

temperatures, namely: 120, 500, and 1000ᵒC. The purpose of this treatment was to 

investigate the effect of the presence/absence of oxygen functional groups on the 

surface of carbon. The use of ACC allowed us to exclude the influence of binders on 

ageing in organic based capacitor. The material was cut into circular self-standing 

electrodes (Ø = 16 mm) and assembled in a two-electrode ECC-Ref cells (El-Cell®, 

Germany) separated by a GF-D porous membrane (Whatman®, UK). The systems with 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          129 

these carbon materials as electrodes are simply referred to as 120ᵒC, 500ᵒC, and 1000ᵒC 

in the remainder of the article. 

TEABF4 (tetraethylammonium tetrafluoroborate) salt (purity ≥99,5% Sigma-Aldrich®; 

USA) and ACN (acetonitrile) (Sigma-Aldrich®; USA) were used to prepare 1 mol L-1 

solution of TEABF4/ACN and its water content was determined by the Karl-Fisher 

method (~50ppm). 

After ageing experiments, the positive and negative electrodes were removed and 

washed in ACN and dried at 100ᵒC in a vacuum overnight to remove physisorbed species. 

2.2. Electrochemical Investigation 

Electrochemical measurements were performed on a multichannel 

potentiostat/galvanostat (VMP3, Biologic®, France). Electrochemical analyses can help 

to determine the electrochemical cell performance before and after accelerated 

degradation of the electrochemical cell in organic medium. 

Firstly, each system was subjected to a series of preliminary electrochemical tests for 

qualitative assessment by: cyclic voltammetry (CV) at 10 mV s-1 and galvanostatic 

charge/discharge with a current load of 1 A g-1, followed by the floating protocol 

consisting of, i.e., potentiostatic hold at maximum ECs operation voltage at 3 V for 

symmetric capacitors for the duration of 2h. According to the international standard 

(IEC 62391-1), system failure is reported when the initial capacitance drops below 80% 

of its initial value; thus floating experiments were halted after that value was reached for 

each system or when the resistance of the cell doubled in value. Other techniques: CV at 

10 mV s-1 and Current Interrupt (CI) at 1 A g-1 were included between each floating, to 

monitor additional parameters such as cell resistance during accelerated ageing. This 

allows the systems to be characterized both qualitatively and quantitatively. Specific 

capacitance values have been calculated from each galvanostatic discharge curve (its 

integral values) and were expressed per mass of one electrode, whereas specific energy 

values are expressed per system. 
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2.3. GC-MS 

The evolution of gases during capacitor operation was monitored in a two- electrode 

PAT-Cell-Gas (El-Cell) in an online mode using gas chromatography-coupled mass 

spectrometry (GC-MS, Bruker) where positive and negative electrode are analysed 

separately. The monitored mass was M/z = 44, assigned to carbon dioxide (CO2). 

Electrochemical technique consisted of three cycles of CV at 1 m s-1 at 2.7 V and 3 V. 

2.4. Elemental analysis  

The determination of the mass fractions of carbon, hydrogen, nitrogen, and oxygen was 

carried out with ThermoFisher Scientific® FlashSmartTM (USA) equipment. The amount 

of oxygen was obtained through direct (separate) elemental analysis. The results 

presented in this paper are the average value of three separate analyses. 

2.5. X-ray photoelectron spectroscopy (XPS) 

To analyse and quantify the surface functionalities on carbon surface, high resolution X-

ray Photoelectron Spectroscopy (XPS) data were obtained on a VG SCIENTA 2002 

spectrometer (Uppsala, Sweden) equipped with a monochromatic Al Kα X-ray source (Al 

Kα = 1486.6 eV) and a hemispherical analyzer (Uppsala, Sweden). Wide scan (survey) 

spectra and the high-resolution spectra (C1s, O1s, and N1s) were recorded with a pass 

energy of 500 eV and 100 eV, respectively. The peaks were fitted by Gaussian-

Lorentzian functions using the CASAXPS software (casaXPS software 2.3.18 Ltd., 

Teignmouth, UK) after having subtracted a Shirley-type background. All the binding 

energies (BE) are referenced to the C1s peak at Csp2 (284.5 eV). 

2.6. Porosity analysis  

The nitrogen adsorption/desorption isotherms of the activated carbon electrode before 

and after aging were recorded using an ASAP 2460 analyzer (Micromeritics®, USA) at 

77 K. Prior to analysis, the samples were purged under helium flow for 24 h at 120ᵒC and 

then placed under high vacuum for 5 h. The specific surface area (SSA) was calculated 

using the BET equation at relative pressure range (0.01 – 0.05). Micro volume values 

were determined using 2D nonlocal density functional theory (2D NLDFT) method using 

Carbon-N2-77, 2D-NLDFT Heterogeneous Surface Model.  



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          131 

2.7. Raman spectroscopy 

Raman spectroscopy was performed with LabRAM BX40 (Horiba 300) Raman 

microspectrometer with a laser emitting at λ = 532nm. Several spectra were measured 

and the results were analysed by Origin®2021 software. The peak positions and 

integration of the D/G bands were done by deconvolution of the experimental spectrum. 

2.8. TPD-MS  

TPD-MS allows for the determination and quantification of carbon electrode 

oxygenated surface groups,14,32-34 the identification of species trapped into the sample 

porosity, or the detection of molecules adsorbed/deposited on the surface of the 

material. The samples are heated in a quartz tube furnace under secondary vacuum and 

the evolved gases are continuously analysed by mass spectrometry. Depending on the 

nature of the gases and the temperature at which they are released, it is possible to 

determine the carbon material surface functional groups. The measurements were 

carried out in a home-made set-up with a heating rate of 5°C min-1 from room 

temperature up to 950°C. 

The total pressure of the gas released during heat treatment is measured over time. This 

total pressure is then compared with the sum of the partial pressures of the calibrated 

gases (CO (m/z=28), CO2 (m/z=44), H2O (m/z=18), H2 (m/z=2), whose calibration is 

performed prior to the analysis. The pressure profile measured by the gauge and the 

pressure profile recalculated from the partial pressures overlap if the gases released 

during the measurement only are calibrated gases. On the contrary, when a difference 

between the two pressure profiles (measured and calculated) is observed, it indicates 

the presence of one or several non-calibrated gases. 35 

 

3. Results and discussion 

3.1. Physicochemical characterization of the pristine materials 

After were thermally treated, they were analysed by elemental analysis (EA) to verify 

their oxygen content; that is, to indicate the successful removal of carbon oxygen 

functionalities. The oxygen content was determined to be: 1.5%, 1.2%, and 0.4% for 
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pristine 120, 500, and 1000ᵒC thermally treated ACC Kynol® 507-20 respectively, thus 

decreasing as desired (Table 1). The carbon content increases, in particular at 1000°C. 

Table 1. Chemical composition determined by elemental analysis for pristine electrodes 

 

 

 

 

The N2 adsorption/desorption isotherms and pore size distributions (PSD) of the pristine 

materials are also included (Figure 1). The electrode materials are characterized by a 

type I isotherm and a microporous texture with some additional contribution coming 

from the mesopores. The calculated specific surface area (SBET) was similar for all the 

samples, with values of 1807, 1747 and 1748 m2 g−1 for 120, 500, and 1000ᵒC thermally 

treated ACC Kynol® 507-20 respectively, and a comparable Vmicro of ~ 0.6 cm3 g-1. The 

main peak in PSD corresponds to a pore width of 0.7 nm. This allowed to conclude that 

carbon porosity was not compromised with thermal treatment. The ID/IG ratio values are 

also included in Table 1, and were calculated via integration of the curves from the 

deconvoluted Raman spectra.36,37 The Raman spectra fitting parameter = R2 (to the 

Gaussian model) was 0.99, which is considered a good fitting value. The ratio of the 

intensity of D/G bands is a measure of the defects present on the graphene structure. 

The G band is the result of in-plane vibrations of sp2 bonded carbon atoms, while the D 

band is due to out-of-plane vibrations attributed to the presence of structural defects in 

the sp2 domains. All three pristine carbons are characterised by disordered structure, 

where defects are slightly minimised with an increase in treatment temperature, as the 

ID/IG value decreases from 1.45 to 1.20 for 120ᵒC vs. 500ᵒC. At 1000ᵒC, defects seem to 

be re-formed with a value of 1.36, suggesting possible formation of new Csp2 domains.  

 

Sample C (%) H (%) N (%) O (%) Total 

(%) 

Pristine 120ᵒC 96.0 0.6 0 1.5 98.1 

Pristine 500ᵒC 96.0 0.5 0 1.2 97.7 

Pristine 1000ᵒC 97.6 0.4 0 0.4 98.4 
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Fig.1. Nitrogen adsorption/desorption isotherms at 77 K and insets of pore size 

distribution (PSD) of pristine 120ᵒC, 500ᵒC and 1000ᵒC ACC electrode materials 

Table 2. SBET values, their corresponding pore volume changes calculated from the 2D 

NLDFT model and ID/IG  obtained from deconvolution of Raman spectra for the pristine 

120ᵒC 500ᵒC and 1000ᵒC ACC electrode materials 
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To obtain information about carbon oxygenated functionalities present in the pristine 

samples, TPD-MS analysis was carried out. The gas desorption rate profiles along with 

the total amount of each calibrated gases are shown in Figure 2. The desorption of CO2 

below 400°C can be due to the decomposition of carboxylic acid and anhydride surface 

groups. As expected, these functional groups are almost completely removed by heat 

treatments at 500°C and 1000°C. The CO profiles show the decomposition of 

phenol/ether above 600°C and carbonyl groups at higher temperature ≈ 850°C. These 

oxygenated surface groups are removed to a large extent with the 1000°C thermal 

treatment. At temperature higher than 800°C, a hydrogen release can be noticed, which 

can be due to the removal of edge H-terminated groups leading to the reorganization of 

the materials’ structure as well. Figure 2 (d) shows that the amount of functional oxygen 

groups decreases with the temperature of thermal treatment and that 1000°C sample 

releases less hydrogen than the other two samples. The water content seems to be 

similar for all the samples.  

 

 
Surface area Vmicro 

<2 nm 

Vmeso  

2-50 nm 

ID/IG 

[m2·g-1] [cm3·g-1] [cm3·g-1]  

Pristine 120ᵒC 1807 0.660 0.004 1.45 

Pristine 500ᵒC 1747 0.655 0.002 1.20 

Pristine 1000ᵒC 1748 0.652 0.002 1.36 
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Figure 2. TPD-MS desorption rate profiles of the calibrated gases for the pristine 

materials thermally treated at (a) 120°C, (b) 500°C and (c) 1000°C and the total 

quantities of calibrated gases for these three samples 

 

3.2. Electrochemical characterisation and post-mortem analyses 

The long-term performance of the symmetric capacitors operating in 1 mol L-1 

TEABF4/ACN electrolyte was tested via potentiostatic hold i.e. floating. Each system 

was floated until the end-of-life criterion was reached (20% of the initial capacitance loss 

or 100% resistance increase according to the international standard (IEC 62391-1)).38 

Figure 3 (a) and (b) show both changes in relative capacitance with floating time and the 

corresponding increase in resistance with floating time at 3 V for each system tested, 

respectively. The highest longevity out of all systems was exhibited by 120ᵒC, reaching 
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1086 h of floating time, while 500ᵒC and 1000ᵒC operated only for 714 h and 898 h, 

respectively. To qualitatively compare all systems, CV profiles at 5 mV s-1 have been 

recorded before and after floating (Figure S1). Prior to accelerated ageing, all the 

systems are characterised by a high degree of rectangularity, denoting a capacitive 

behaviour associated with EDL formation where most of the pores are accessible to the 

ions from the electrolyte. Values for specific capacitance and energy prior to floating are 

given in Table S1. After ageing, EDL traits are altered in all the systems, displayed by a 

loss in specific capacitance values as well as deviation from ideal ‘capacitive’ response 

(especially in the case of 500ᵒC and 1000ᵒC, more pronounced in the former). The main 

reasons for such behaviour are mostly likely pore-clogging, carbon oxidation and/or 

decomposition of electrolyte.  
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Figure 3. Results of the floating test with 1 mol L- 1 TEABF4/AN electrolyte at 3 V for (a) 

Relative capacitance vs. floating time and (b) relative resistance vs. floating time for 

various ACC electrode materials studied 

Unlike previous assumptions, there is no clear trend to the ageing behaviour reported: 

the decrease in oxygen content of the carbon electrodes does not show a superior 

electrochemical performance, especially at such high voltage, where especially the 

electrolyte decomposition is more pronounced. This implies much more complex 

mechanisms taking place.  

Neither of the systems reached their resistance end of life criterion, but a sharp increase 

in resistance was noted for 500ᵒC after ~600 h of operating time. Also an onset of 

resistance increase is noted after ~1000h of floating time for 120ᵒC. Evolution of gas can 

be assumed from the sudden change in linearity in resistance over the course of the 

floating protocol. This is due to the increase in pressure in the cell caused by the constant 

evolution and build-up of various gases, which ultimately improve adhesion of the 

electrodes to the current collectors.  

During initial cycles, m/z= 44, most likely corresponding to CO2 and CH3CH2NH+ is 

detected at both positive and negative electrodes, but in greater extent at positive 

electrode, as shown in GC-MS profiles (Figure 4). It’s important to note that the time of 

the gas evolution has been recalculated taking into account the gas detection delay 

during the experiment. The presence of this signal at the negative electrode is most likely 

a consequence of gas diffusion from positive electrode in the capacitor cell during 

measurements.39 It was reported that the self-decomposition of electrolyte salt rather 

than that of a solvent is what typically contributes to the most gases in the initial state of 

charge.40 In particular, decomposition of electrolyte TEA+ species generates ethylene 

(m/z=28) and CH3CH2NH+ (m/z=44).14 The absolute amount of gas that is then evolved 

is strongly correlated with the materials used, that is, the surface functionalities found 

in AC samples which act as ‘catalytic sites’ or decompose themselves 41,42 In this context, 

CO2 and CO are the by-products of oxidation of the surface functionalities (e.g., 

carboxyl, phenol, anhydride etc.), as seen when the maxima of the evolved gas peaks are 

reached upon charge. When the voltage of the cell is increased from 2.7 V to 3 V, the 
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intensity of the signals corresponding to the evolved gases also increases, proving higher 

reactivity and/or decomposition rate of the surface functional groups along with 

electrolyte decomposition. The signal response also changes depending on the electrode 

material used: for 120ᵒC and 500ᵒC, the m/z= 44 intensity is significantly greater than 

the one displayed by 1000ᵒC, which seems reasonable since 1000ᵒC contains much less 

oxygenated functional groups.39  
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Figure 4. GC-MS profiles (M/z=44) for three different ACC electrode materials studied: 

a)120°C, b) 500°C and c) 1000°C. The first row represents electrochemical data (CV, 1 

mV s-1 at 2.7 V for 3 cycles, then at 3 V for the next 3 cycles). The bottom row shows 

evolution of m/z = 44) 

 

During floating, the gaseous decomposition products especially CO and CO2 and other 

species related to the [TEA][BF4] salt as well as ACN solvent decomposition, are 

expected. Because of the steric effects of quaternary salts, the intermediate product of 

Et4NBF4 decomposition follows Hofmann elimination, yielding Et4N+ and Et3MeN+. In 

particular, these two species, are more susceptible to decomposition.43  

In order to further understand the involved processes, an elemental analysis of pristine 

and aged electrodes was performed (Table 3). This helped to quantify the elemental 

composition after floating in the bulk of the electrode.  

Sample C (%) H (%) N (%) O (%) Total (%) 

Pristine 120ᵒC 96.0 0.6 0 1.5 98.1 

120ᵒC (+) @ 3 V 87.6 1.0 1.2 5.9 95.7 

120ᵒC (-) @ 3 V 83.4 1.6 1.1 5.8 92.0 

Pristine 500ᵒC 96.0 0.5 0 1.2 97.7 

500ᵒC (+) @ 3 V 80.7 1.1 2.5 5.1 89.4 
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Table 3. Chemical composition tested by elemental analysis for pristine and aged 

electrodes 

 

Compared to the pristine electrode, a significant increase in oxygen content was found 

in both positive and negative electrodes, i.e.,~ 4 times for 120ᵒC and 500ᵒC and almost 

10 times for 1000ᵒC. This implies oxidation, slightly more pronounced at the positive 

electrode. During ageing, oxygen functional groups as well as water trace might cause 

oxidation of C as well as its consumption.24 Additional H(%) and N(%) after ageing signify 

presence of electrolyte decomposition products. Interestingly, nitrogen content is 

higher in positive electrodes, especially for 500ᵒC and 1000ᵒC systems where it 

increased ~ 3 times, thus it seems that N compounds have greater affinity/ accumulate 

to a much larger extent in the positive electrode. In the 120ᵒC system, the amount of 

nitrogen in the cycled electrodes is comparable. Considering longer floating time 

compared to the other systems, N% is half in value (1.2% in 120ᵒC) compared to 2.5 and 

2.2% for 500ᵒC and 1000ᵒC positive electrodes, respectively. Structural degradation of 

carbon and formation of defects, especially C-H edge bonds, as will be discussed in more 

detail in the TPD-MS section, could lead to an increase in H content also.  The total % of 

aged electrodes also decreases, thus suggesting likely presence of other elements, such 

as boron and fluorine, which are not quantified by this technique.  

The trend of the EA results are in accordance with the XPS data analysis (Figure 5), 

where the surface composition of the electrodes was determined for the pristine and 

aged 120ᵒC electrodes, as well as a 500ᵒC negative electrode as a comparison. However, 

much higher oxygen content was noted via XPS, especially for the 120ᵒC positive 

electrode in comparison to the EA (16.2% and 5.9% respectively). This indicates that 

most of the ageing occurred on the surface rather than in the bulk of the electrode. An 

increase in oxygen content along with simultaneous decrease in carbon content can 

suggest formation of gaseous products from oxidation of surface functionalities. Traces 

500ᵒC (-) @ 3 V 84.1 1.6 0.9 4.0 90.6 

Pristine 1000ᵒC 97.6 0.4 0 0.4 98.4 

1000ᵒC (+) @ 3 V 84.7 0.9 2.2 3.8 91.6 

1000ᵒC (-) @ 3 V 90.3 1.2 0.6 3.2 95.3 
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of nitrogen, as well as fluorine (from the decomposition of the electrolyte) were also 

found in all electrodes. Compared to EA, the amount of nitrogen determined via XPS is 

also higher. This means that the adsorption/accumulation of nitrogen compounds from 

the electrolyte decomposition is greater on the surface rather than in the bulk of the 

electrodes. The presence of fluorine at the negative electrode contradicts the ion 

transport during polarisation: BF4 anion is expected to be adsorbed on the positive 

electrode. However, it was suggested by Liu et al. that a part of HF–BF3, which is the 

product of the hydrolysis of BF4
− can diffuse from the positive electrode to the negative 

electrode.44 

 

Figure 5. Elemental composition determined from XPS analysis (survey spectra) for aged and 

pristine ACC electrodes 

 

Moreover, deconvolution of C1s high resolution XPS spectra (Figure 6 (a) - (e)) offers 

additional information. The fraction of conductive C sp2 located at 284.4 eV (called 

group A) decreased from 79.1% in pristine 120 to 17.1% for 120 (+). Oppositely, the O-

based functional groups (C-OR, C=O and O-C=O, called group B) increase from 3. 2% 

(120 pristine) to 12.7 % for 120 (+), therefore, four times increase. For the other 
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materials, these groups remain stable at around 3.0-3.6 %. The decrease in C amount, 

along with carbon oxidation (group B), can lead to a notable decrease in conductivity 

especially at the 120ᵒC positive electrode.  

Group C indicate products of salt and solvent decomposition (C=N, C-F, C-N and Csp3 of 

the C1s peak). They are found in all electrodes, but with notable dominance of C=N and 

C-N fractions at the aged positive electrode. In that matter, the N1s spectra (Figure S3) 

can offer additional information. The peaks obtained give clear indication of covalently 

bound nitrogen coming from the solvent and the cation. The anodic polymerisation of 

acetonitrile undergoes following reaction:  

     nCH3CN + (CH3)C+=NH → H(N=C(CH3))n–N=C+(CH3)       (1) 

resulting in a polymer which can be covalently bonded to AC or via van der Waals 

forces.16,45,46 The polymer is most prominent in the case of 120ᵒC positive electrode, that 

is in accordance with the previously reported work by Liu et al. in which formation of an 

insoluble polymer film in the presence of a significant number of acidic surface 

functionalities has been proven.14 Indeed, 120°C material contains carboxylic groups 

(O-C=O) which might induce the formation of such polymer layer. When heating the 

material at 500°C, the carboxylic groups are usually removed due to their low thermal 

stability.47 This might explain why this polymer layer is not seen on 500 (+). 

 

The peaks from aged electrodes in Figure S3 can be divided into:  

• N1 – pyridine : C=N-C, N=C=N 

• N2- Pyridone: OC=N, Pyrrolic: C-N-C, amine: C-N and amide: O=C-N 

• N3: Quaternary: C=N 

• N4: Pyridine oxide: C=N-O  

Corresponding binding energies for all the samples are included in Table S2. Thus, signals 

at 398 (group N1) and 400 eV (group N2) indicate the presence of polyacetonitrile and 

amides, respectively. Interestingly, N3 signal for quaternary nitrogen was detected 

which proves presence of TEA+ in aged electrodes. The percentage area of N3 group in 

120ᵒC negative electrode (Figure6 (f)) indicate higher content than in 500ᵒC negative 
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electrode: 0.42% vs. 0.27%, respectively. Because of much longer lifespan of 120ᵒC 

system, this comes as no surprise. Upon negative polarisations, TEA+ cations can be 

trapped inside the pores due to spatial confinement. Whilst it is plausible for them to 

come out, it is kinetically unfavoured and can be rather slow. Over time, accumulation of 

TEA+ will take place, hence e.g. higher N3 group % content in 120ᵒC vs. 500ᵒC negative 

electrodes. Pyridine oxide (group N4) could indicate presence of by-products of 

electrolyte decomposition, twice as high in the aged 120ᵒC positive electrode (0.94%) 

compared to the 120ᵒC negative electrode (0.4%). Acetylene being one of the fragments 

formed from elimination reaction of TEABF4 (as confirmed by TPD-MS) can react with 

acetonitrile through Bönnemann cyclization at high voltage, to form 2-methylpyridine, 

to be later dealkylated and oxidised to pyridine oxide. Thus, confirmation of additional 

electrolyte decomposition products on the surface, higher in the positive electrode can 

be deducted. 
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Figure 6. Deconvoluted high-resolution XPS C1s spectra of a) pristine 120ᵒC carbon; b) 

positive 120ᵒC carbon electrode ; c) negative 120ᵒC carbon electrode; (d) negative 500ᵒC 

carbon electrode (e) Repartition of surface compositions within the C1s of the carbon 

electrodes prior to and after the floating test at 3 V from C1s spectra. Group A 

represents C sp2, group B corresponds to O-functional groups : C-OR, C=O, and O=C-O 

bonded to C sp2, and group C to C sp3, C=N, N=C-N, C-N and C-F in the core level C1s ; 

(f) Repartition of surface compositions within the N1s spectra of the carbon electrodes 

after the floating test at 3 V 
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As discussed in XPS part, the possible blockage of pores with the different salt/solvent 

fragments or O-functional groups needed to be validated, as those with a size between 

1-2nm can ultimately affect the capacitance of EDLCs.48 Figure 7 represents the 

isotherms and pore size distributions of pristine and aged electrodes in each system and 

Table 2 contains information on SBET (Specific Surface Area) and their corresponding 

pore volume changes calculated from the 2D NLDFT model. After ageing, all systems 

display a change in textural properties, with decrease in SBET and Vmicro. For the 500ᵒC 

system, the changes observed for SBET and Vmicro are similar in both electrodes, whereas 

for 1000ᵒC, the positive electrode is slightly more degraded. This decrease on the 

positive electrode has been previously linked to oxidation which causes pore blockage 

or pore collapsing. In the case of 120ᵒC system, the negative electrode is characterised 

by greater SBET and Vmicro loss. From the XPS and EA data, it can be assumed that most of 

the oxidation that causes ageing in the 120ᵒC positive electrode takes place at the 

surface, with formation of polymer like layer. That would explain the small  change of 

SBET of positive electrode compared to the 120ᵒC negative electrode, which more likely 

oxidises in the bulk. Because of direction of polarisation, TEA+ cations migrate towards 

the negative electrode and accumulate there over time whilst blocking its porosity, 

therefore, much pronounced decrease in SBET and Vmicro is observed, especially when 

considering its long operating time The mesopores could also be affected by such 

mechanism, causing possible ionic ‘starvation’ which would ultimately lead to 

capacitance loss during EDLC operation, but are not observed in the studied samples. 

Ultimately, the adsorption data does not give clear explanation of degradation pathways 

for those two systems, but does confirm changes in porosity of the electrodes after 

ageing.  

Table 2. SBET values and their corresponding pore volume changes calculated from the 

2D NLDFT model for the pristine and aged electrodes at 3 V for 120ᵒC 500ᵒC and 

1000ᵒC ACC  
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Surface area Vmicro<2 nm Vmeso 2-50 nm 

[m2·g-1] [cm3·g-1] [cm3·g-1] 

Pristine 120ᵒC 1807 0.660 0.004 

Aged 120ᵒC (+) 1514 0.564 0.002 

Aged 120ᵒC (-) 1235 0.458 0.002 

Pristine 500ᵒC 1747 0.655 0.002 

Aged 500ᵒC (+) 1337 0.498 0.009 

Aged 500ᵒC (-) 1355 0.507 0.012 

Pristine 1000ᵒC 1748 0.652 0.002 

Aged 1000ᵒC (+) 1348 0.500 0.001 

Aged 1000ᵒC (-) 1457 0.545 0.002 
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Figure 7. Nitrogen adsorption at 77 K isotherms and insets of pore size distributions of 

pristine and aged electrodes at 3 V for 120ᵒC 500ᵒC and 1000ᵒC ACC electrode materials 

 

The TPD-MS measured and calculated pressure profiles are shown in Figure 8. The 

calculated pressures are obtained from the mass spectra and calibration data of the 

calibrated gases. Therefore, when the calculated pressure profile is lower than the 

pressure measured by the vacuum gauge, it means that some uncalibrated species are 

released. Figure 8 (a), (b) and (c), show the comparison between the calibrated and 

measured pressure profiles, per gram of sample, versus temperature for sample 500°C, 

pristine material, positive and negative electrodes after cycling at 3V. Since the 

pressures are divided by the amount of sample, it is possible to relatively compare the 

amount of gas release between the different samples. The pristine material has 

overlapping measured and calculated pressure profiles, meaning that only calibrated 

gases (CO, CO2, H2, H2O) are released from this sample. The same observation can be 

done for all the pristine materials. On the contrary, one can observe the occurance of an 

intense measured peak at ≈300°C, indicating that some uncalibrated species are 

released, for both negative and positive electrodes after cycling (Figures 8c-f). The same 

observation can be noticed at ≈710°C, but to a lesser extent. Due to the presence of 

these uncalibrated species, which may contribute to the masses (m/z) of the calibrated 

gasesmentioned above , it is unfortunatly not relevant and accurate to  explore the 

quantitative desorption profiles of those calibrated gases. This prevents also from 

drawing conclusions on the oxygen-containing surface groups after cycling.Figures 8 (d), 
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(e) and (f) which display the measured pressure profiles per gram of sample, of 

respectively 120°C, 500°C and 1000°C samples, positive and negative electrodes, show 

that there is a huge release of gas at ≈300°C. This might be related to the decomposition 

of the same molecule and is much more significant in negative electrodes than in positive 

electrodes. To a lower extent another gas release can be observed at ≈720°C in all the 

positive electrodes. These two gas release of uncalibrated gases could be due to the 

decomposition of the electrolyte and solvent.  
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Figure 8. Measured and calculated TPD-MS pressure profiles for sample 500°C (a) 

Pristine, (b) Positive electrode at 3V, and (c) Negative electrode at 3V; TPD-MS 

measured pressure profiles for positive and negative electrodes at 3V for sample at (d) 

120°C, (e) 500°C and (f) 1000°C. 

Figure 9 (a), (b) and (c) show the mass spectrometer intensity profiles of the main masses 

(M/z) observed at the temperatures at which a significant difference between measured 

and calculated pressure was noticed on Figure 8. At 300°C, noticeable peaks of masses 

20, 27 and 86 are observed. On the contrary, at 745°C, only M/z=86 can be seen. M/z=20 

shows the presence of HF, M/z=27 of HCN and M/z=86 of trimethylamine (according to 

their identification based on Figure S4). Since the MS intensity is divided by the amount 

of sample it is possible to relatively compare the quantities between the different 

samples. 
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Figure 9.MS profiles of the negative and positive electrodes of all the samples at 3V (a) 

for M/z=20 (HF), (b) for M/z=27 (HCN) and (c) for M/z=86 (TEA) 

 

In Figure 9 (a), the release of M/z=20 at ≈300°C can be associated to HF coming from the 

hydrolysis of BF4 as already described elsewhere: 
20 

     BF4
- → BF3 + F-          (1) 

     BF3 + HF → HBF4           (2) 

     HBF4 + H2O → HBF3(OH) + HF  (3) 

    4 BF3 + 3H2O → B(OH)3 + 3 HBF4  (4) 

The hydrogen and oxygen needed for the reaction can come from various sources, 

especially when considering long-term operation: water and oxygen permeation and 

diffusion from air, traces of dissolved oxygen in the electrolyte or water trapped in the 

porosity of AC or the separator despite thorught drying processes. By means of 

reactions, ethylene elimination can effectively yield protons, as well as ACN solvent 

undergoing autoionisation,16 thus acting as a proton source: 

          2CH3CN → CH3CNH+ + CH2CN-     (5) 

It is also possible for the oxidation of BF4
- to BF4 radical to extract a proton from ACN 

solvent.  

The HF species are most evident in the positive electrodes, with the highest amount 

found in 500ᵒC, followed by 1000ᵒC. This interaction may explain the higher oxidation 

observed in the positive electrode. 

The decomposition of the acetonitrile solvent can be seen in Figure 9 (b) at 745°C with 

M/z=27, which is the main mass of HCN as shown from the theoretical MS spectra given 

in Figure S5. The M/z=27 peak at 300°C may be due to triethylamine decomposition. 

Indeed, this molecule also decompose as M/z=27 as can be seen in Figure S5. This can be 

confirmed by the presence of a M/z=86 peak, which is the main MS peak of 

triethylamine, at that same 300°C temperature on Figure 9 (c). On the M/z=27 graph, 

HCN is only visible in the positive electrodes and to a higher extent, and in similar 
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proportions, in 500°C and 1000°C samples. However, considering that 500°C system 

operated for 184h less compared to 1000°C, the amount of HCN is significant. Previous 

studies have also shown that acetonitrile can polymerize on the electrode surface and 

decomposes in the 600-800°C TPD-MS temperature range.14 On the contrary, the 

M/z=86 peak related to triethylamine (TEA) decomposition, can be observed in all 

negative electrodes and only in a lower amount in 120°C positive electrode. Liu et al. also 

pointed out the presence of TEA, in the 300-400°C TPD-MS temperature range in 

negative electrodes. 

In summary, TPD-MS measurements show that BF4
- and acetonitrile are mainly 

present at the positive electrodes which agrees with previous studies and with the XPS 

measurements. The amounts of decomposed BF4
- and acetonitrile is lower for 120°C 

sample. At the negative electrodes, TEA decomposition can be observed to similar 

extent for all the samples. Unfortunately, the contribution of the secondary peaks of 

these uncalibrated species do not allow accurate determination and quantification of 

the oxygen surface groups after cycling, using TPD-MS. 

Raman spectroscopy analysis of the pristine and aged electrodes and deconvoluted 

spectrum of the pristine 120ᵒC system is included in Figure S5. For 120ᵒC positive and 

negative electrodes, ID/IG increased by ~5% and 28% respectively, compared to the 

pristine ID/IG = 1.45. The biggest change can be seen for 500ᵒC electrodes, where the 

ratio has doubled. This might be caused by defects created by the superacid and/or HF 

oxidising the carbon, as already discussed in the TPD-MS section.  

In both cases, an increase in the intensity ratio of the D band to G informs about 

reduction in the size of the crystal and thus a higher sp3 content 26-28,49,50 (higher 

disorder), which is in accorance with the XPS data, where the fraction of C sp3: 500ᵒC (-) 

>120ᵒC (-) > 120ᵒC (+). Some sp3 sites can be formed via the attachment of F, H or O 

functionalities at different carbon sites, as well as it can stem from a polymer44 The lack 

of change to the ID/IG ratio and peak position in 1000ᵒC electrodes can suggest that it is 

less degraded compared to the other studied systems. As observed in the EA and TPD-

MS, there is a significant oxidation in the bulk of the electrodes, thus those changes 

would not be detected via Raman Spectroscopy. Moreover, the D and G band position 

upshift and downshift can be observed for 120ᵒC and 500ᵒC. As reported, the upshift of 
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G band (blue shift) can be explained by a compressed lattice, not applicable in this case 

What is observed in the aged electrodes is the G band downshift (red shift) which 

indicates tensile strain on the carbon material or an increase in disorder. Additinally, the 

upshift of the D band can indicate a change in the type of defects present: it can suggest 

the formation of specific functional groups bonded to the edges of the carbon structure. 

Ultimately, the results confirm that 500ᵒC aged electrodes are characterised by higher 

disorder than 120ᵒC electrodes after ageing protocol. Moreover, a change in type of 

defects can be assumed for the pristine 1000ᵒC carbon, characterised by an upshift in D 

band compared to pristine 120ᵒC, from 1341 cm-1 to 1346 cm-1. Ultimately, the results 

confirm that 500ᵒC aged electrodes are characterised by higher disorder than 120ᵒC 

electrodes after ageing protocol. Moreover, a change in type of defects can be assumed 

for the pristine 1000ᵒC carbon, characterised by an upshift in D band compared to 

pristine 120ᵒC, from 1341 cm-1 to 1346 cm-1.  

 

It can be stated that the presented systems do not undergo the same ageing mechanisms. 

The type of functional groups, i.e. acidic or basic, seems to play a significant role on the 

degradation pathway at high voltage: 

The 120ᵒC system is characterised by highest capacitance retention, withstanding 

1086h of floating time. At this temperature, both acidic and basic oxygen functionalities 

are present on the carbon surface as shown via TPD-MS analyses. The abundance of 

acidic functional groups induced the formation of a protective polymer layer on both 

positive and negative electrodes, more pronounced in the former. 14 These acidic groups 

then undergo hydrolysis reactions in the presence of water trace, forming other groups. 

However, this does not explain the ageing behaviour of the remaining systems studied, 

namely 500ᵒC and 1000ᵒC. In that case, nitrogen selectivity presents itself as a possible 

hypothesis. The CO releasing groups on carbon surface promote nitrogen selectivity, i.e. 

‘attract’ N containing compounds, such as those coming from the electrolyte,   whereas 

CO2 releasing groups inhibit it.51  The mechanism of capturing of N-based compounds by 

oxygen functionalities have been described to undergo H- bond interaction with N-H 

groups in ammonia or amines and/or acid-base interactions.52 53 That is, depending on 

their structure, some oxygen functionalities can act as Lewis acids or bases: e.g. 
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carbonyls (C=O) can act as Lewis acids and interact with N-containing functional groups 

(Lewis base) such as amines (R-NH2) via hydrogen bonding. Physical adsorption of the N-

compounds onto the carbon surface is then plausible. After thermal treatment at 500ᵒC, 

mostly basic functional groups (CO releasing by TPD-MS) are present, thus promoting N 

containing compound interactions: salt and solvent decomposition by-products. This is 

most evident in TPD-MS results, where the amount of HCN species from the 500ᵒC 

positive electrode was the highest. This, along with other decomposition by-products 

such as HF from hydrolysis of BF4, led to the fastest capacitance loss, affecting both 

electrodes. 1000ᵒC treated carbon has hardly or any surface oxygen functionalities. 

Elimination of these groups has led to a slower degradation compared to 500ᵒC as there 

were no N-selective oxygen groups, but also no acidic groups to form a protective layer 

that could delay it from further oxidation and degradation. This is evident from the EA 

and TPD-MS: even with an additional 184h of floating operation, the amount of nitrogen 

in the bulk was less than in the case of 500ᵒC. The oxygen content from EA compared to 

the pristine electrode also increased by ~10 times, thus oxidation and subsequent 

formation of new functionalities is confirmed.  

 

4.Conclusions 

In this study, we present the effect of oxygen functionalities on ageing of three types of 

binder-free AC thermally treated at 120ᵒC, 500ᵒC and 1000ᵒC, in organic medium 

operating at high voltage. Thermal treatment allowed to remove specific oxygen 

functionalities from the surface of the carbon material. Based on the vast post-mortem 

analyses, we concluded that the degradation of the electrodes is strongly affected by the 

type of functionalities on the carbon surface and that other parasitic reactions are 

involved and need to be considered:  

• 120ᵒC system: Its end-of life criterion was reached due to a steady increase in 

resistance and loss of capacitance. The decrease in conductivity, along with 

carbon oxidation and pore blockage all contribute to system degradation. 

However, a protective polymer layer was formed on the electrodes thanks to the 

acidic functionalities, which allowed the system to reach the longest lifetime 

(1086 h).  
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• 500ᵒC system: Due to the removal of specific acidic oxygen functionalities at the 

treated temperature, mostly basic ones remain. It is hypothesized that those 

groups could promote higher affinity of N containing compounds towards the 

electrode, as shown by EA, XPS and TPD-MS. As a consequence, faster 

degradation would be favoured, characterized by more pronounced increase in 

resistance. Pore blockage and loss of specific surface area, together with 

increased oxidation additionally contributed to system failure, characterised by 

the shortest lifetime during floating (714 h). 

• 1000ᵒC system: Slower degradation (898 h) was achieved compared to the 500ᵒC 

system, where parameters of resistance and capacitance followed through in 

similar manner. This showed that complete removal of the oxygen functionalities 

in not favoured for long time operation of ECs. In such case, electrolyte 

decomposition is the main cause of degradation, especially considering the 

positive electrode where increased amounts of HF and HCN were found as 

shown by TPD-MS. Other important contributor was electrode oxidation. These 

have led to pore blockage, loss of specific surface area and loss of conductivity. 

Based on this work, it is suggested for the future studies to focus on ‘tailored 

functionalization’ of the carbon material, where methods, specific types and controlled 

amounts of oxygen functionalities would be achieved to obtain the most optimal system 

design immune to degradation.  
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Fig.S1. Cyclic Voltammograms before and after ageing at 3 V at 10 mV s-1  for 120ᵒC, 

500ᵒC and 1000ᵒC systems 
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Table S1. Specific capacitance (F/g) and specific energy (Wh/kg) of the cells with various 

ACC electrode materials studied prior to floating experiments with 1 mol L- 1 

TEABF4/AN electrolyte at 3 V. 

 

 

 

 

 

 

 

 

 

Sample  Specific Capacitance 

(F/g) 

Specific Energy 

(Wh/kg) 

120ᵒC 110 32 

500ᵒC 130 39 

1000ᵒC 153 45 
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Figure S2. Chemical composition tested by elemental analysis for pristine and 

aged120ᵒC, 500ᵒC and 1000ᵒC ACC electrodes 
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Figure S3. High resolution deconvoluted XPS N1s spectra for the aged electrodes 

together with N species and their corresponding groups (N1, N2, N3 and N4) 

 

Table S2. (a) Binding energies from N1s spectra of the aged electrodes and (b) proposed species 

responsible for the signals for each group 

(a) 

Sample  N1 

(eV) 

N2 

(eV) 

N3 

(eV) 

N4 

(eV) 

120ᵒC (+) 398.7 399.7 400.8 402.1 

120ᵒC (-) 398.7 399.7 400.7 402.3 

500ᵒC(-) 398.5 399.7 400.6 402.5 
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(b) 

 

 

 

 

 

 

 

Group Species 

N1 H(N=C(CH3))n–N=C+(CH3)                          

N2 RCONH2 

N3 TEA+ 

N4 C5H5NO 
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Figure S4. MS spectra of the uncalibrated species for 500°C sample at 3V (a) at 300°C for the 

negative electrode and (b) at 745°C for the positive electrode -Theoretical MS spectra of (c) 

HCN, (d) acetonitrile,  (e) triethylamine and  (f) Acetylene 
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Figure S5. Raman spectroscopy analysis of the pristine and aged electrodes at a floating 

voltage of 3 V. The ID/IG ratio values were calculated from deconvolution of the given 

spectra (a) 120ᵒC (b) 500ᵒC and (c) 1000ᵒC ACC electrode materials. (d) Deconvoluted 

spectrum of the pristine Kynol 507-20 thermally treated at 120ᵒC 
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General Conclusion 

The work presented in the dissertation focused on the elucidation of intricate processes 

taking place at the electrode/electrolyte interface in ECs and LICs, where both aqueous 

and organic electrolytes coupled with ACs were considered in the case of ECs. This has 

allowed to paint a more complete picture of AC behavior in both i) various 

electrochemical systems and ii) with investigation of the influence of various factors 

(different AC electrode materials, electrolyte compositions, voltage applied, surface 

chemistries, cell construction etc.). The first part of the work concerned studies based on 

operando (pH, GC-MS) and in-situ techniques (EQCM) which offered a glimpse into the 

dynamic changes  within the EC during operation. For aqueous systems, article P1 

evidenced that: pH changes are dynamic, strongly potential dependent and differ at each 

electrode, therefore, they should not be neglected when considering device 

optimization. These changes cause a change in theoretical operating voltage; however, 

it will change due to mixing when the electrodes are in closer proximity. The onset of pH 

changes starts even at low voltages and so the electrolyte decomposition, evidenced by 

presence of electrolysis by-products which are produced even below the theoretical 

decomposition voltage. It was also shown that cycle life can be enhanced by increasing 

the distance between electrodes, however this causes an increase in resistance. In such 

case, a thoughtful trade-off and a concept of pH maintenance must be considered for 

most system optimization. Article P2 dealt with the PZC determination and ionic fluxes 

using the EQCM technique in aqueous electrolytes with AC electrodes. Particular 

attention should be given to the interpretation of the data from this medium since, 

despite certain similarities, the charge storage mechanism of aqueous-based systems 

varies greatly. It showed that PZC should be considered as a potential range rather than 

one value. Moreover, one should consider it as a range of zero charge (RZC) rather than 

one point (as it covers a potential range of 100-200 mV). An alternative method for PZC 

determination based on the SPECS technique was also suggested and implemented, and 

the importance of cell construction (which was somehow ignored until now) was 

highlighted. It proved the need of direct determination in the EQCM cell to avoid 

misleading process description, as well as for each system to be considered in an 

individual manner. The electrolytic solution based on lithium nitrate was also studied 
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using EQCM for the first time and revealed its capacitive nature.  The other half of the 

research focused on the ageing studies in organic media, which unraveled the mysteries 

concerning specific causes for accelerated degradation. This was achieved through 

investigation of degradation mechanisms pathways of carbon electrode after 

accelerated ageing. The work presented in article P3 investigated the effect of applied 

voltage on the ageing of the porous AC electrode.  A relationship was established in 

which an increase in applied voltage resulted in a faster degradation and that depending 

on the maximum voltage applied, the systems reach different end-of-life criteria. When 

floated at lower voltage (4 V), an increase in both resistance and decrease in capacitance 

is observed. This changes once voltage of ≥4.2 is applied. In such cases, a more 

pronounced increase in resistance is evident. Physicochemical analyses allowed to 

determine the specific causes of degradation. Overall, it was established that higher 

voltages induce higher electrolyte decomposition, oxidation levels, and subsequent 

structure degradation. This also promotes faster electrolyte decomposition under 

overcharged conditions, with a formation of SEI and organic/inorganic by-products that 

can ultimately block the porosity of the carbon electrode. Lastly, the effect of oxygen 

functionalities on ageing in a symmetric organic based EC were established in an article 

A1. Based on this work, it is suggested for the future studies to focus on ‘tailored 

functionalization’ of the carbon material as no clear trend in decrease of oxygen 

functionalities was found. However, it was established for the specific types of those 

surface oxygenated functionalities to influence system ageing which brings about new 

insights into the research area. More specifically, complete removal of the oxygen 

functionalities was found to not be favoured for long time operation of ECs where 

electrode oxidation and electrolyte decomposition prevail. Conversely, the presence of 

acidic functionalities was shown to aid in longevity and was attributed to formation of a 

protective polymer layer on the electrode surface. The study also hypothesizes that 

specific basic functionalities could promote stronger adsorption of nitrogen-containing 

compounds, where the system studied was characterised by more pronounced 

resistance increase, coupled with pore blockage, surface area loss, and increased 

oxidation. These findings underscore and contribute to new knowledge on the critical 

role of specific oxygen functionalities in influencing the stability and longevity of AC 

electrodes in ECs operating in high-voltage organic electrolytes. 
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Scientific Articles – not included in the doctoral thesis 

Title: A double-redox aqueous capacitor with high energy output 

Authors: Adam Ślesiński, Sylwia Sroka, Sergio Aina, Justyna Piwek, Krzysztof Fic, M.Pilar 
Lobera, Maria Bernechea, Elżbieta Frąckowiak 

Journal: Journal of Materials Chemistry A, 2023, 11, 6258-6273 

DOI: 10.1039/D2TA09541F 

 

 

Abstract:  

The paper puts forward the concept of a double-redox electrochemical capacitor 

operating in an aqueous electrolyte. The redox activity of sulphur from insoluble 

Bi2S3 nanocrystals embedded in the negative electrode material (up to 10 wt%) 

operating in 1 mol L−1 Li2SO4 electrolyte is demonstrated. It is also shown that the 

performance is significantly boosted using MPA (3-mercaptopropionic acid) as a ligand 

attached to the surface of the nanocrystals, which allows for more efficient use of 

Bi2S3 redox active species. This redox activity is combined with the reactions of iodides, 

which occur at the opposite electrode with 1 mol L−1 NaI. This enables the formation of 

a discharge voltage plateau that effectively boosts the capacitance (275 F g−1), and thus 

specific energy of the device owing to the relatively high cell voltage of 1.5 V. This 

performance is possible due to the advantageous electrode mass ratio (m− : m+ = 2 : 1), 

which helps to balance the charge. The rate capability test of the device demonstrates 

its capacitance retention of 73% at 10 A g−1 of the discharge current. The different states 

of the redox species ensure their operation at separate electrodes in an immiscible 

manner without a shuttling effect. The specific interactions of the redox active species 

with carbon electrodes are supported by operando Raman spectroscopy. 
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Title: Supercapacitor with Carbon/MoS2 Composites 

Authors: Maciej Tobis, Sylwia Sroka, Elżbieta Frąckowiak 

Journal: Frontiers in Energy Research, 2021, 9, 647878-1 - 647878-11 

DOI: 10.3389/fenrg.2021.647878 

Abstract:  

Transition metal dichalcogenides (TMDs) with a two-dimensional character are 

promising electrode materials for an electrochemical capacitor (EC) owing to their 

unique crystallographic structure, available specific surface area, and large variety of 

compounds. TMDs combine the capacitive and faradaic contribution in the 

electrochemical response. However, due to the fact that the TMDs have a strong 

catalytic effect of promoting hydrogen and oxygen evolution reaction (HER and OER), 

their usage in aqueous ECs is questioned. Our study shows a hydrothermal l-cysteine–

assisted synthesis of two composites based on different carbon materials—multiwalled 

carbon nanotubes (NTs) and carbon black (Black Pearl-BP2000)—on which 

MoS2 nanolayers were deposited. The samples were subjected to physicochemical 

characterization such as X-ray diffraction and Raman spectroscopy which proved that 

the expected materials were obtained. Scanning electron microscopy coupled with 

electron dispersive spectroscopy (SEM/EDS) as well as transmission electron 

microscopy images confirmed vertical position of few-layered MoS2 structures 

deposited on the carbon supports. The synthetized samples were employed as electrode 

materials in symmetric ECs, and their electrochemical performance was evaluated and 

compared to their pure carbon supports. Among the composites, 

NTs/MoS2 demonstrated the best electrochemical metrics considering the conductivity 

and capacitance (150 Fg−1), whereas BP2000/MoS2 reached 110 Fg−1 at a current load 

of 0.2 Ag−1. The composites were also employed in a two-electrode cell equipped with an 

additional reference electrode to monitor the potential range of both electrodes during 

voltage extension. It has been shown that the active edge sites of MoS2 catalyze the 

hydrogen evolution, and this limits the EC operational voltage below 1 V. Additional 

tests with linear sweep voltammetry allowed to determine the operational working 

voltage for the cells with all materials. It has been proven that the MoS2/carbon 

composites possess limited operating voltage, that is, comparable to a pure 

MoS2 material. 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          174 

List of Figures 

 

Figures 

Figure 1. Energy storage systems market size forecast between 2023-2031 [4, 5]. .......................15 

Figure 2. Schematic diagram of a basic capacitor and equation for capacitance [14, 16, 17] ......16 

Figure 3. Different types of capacitors ............................................................................................................17 

Figure 4. Laboratory scale EC .............................................................................................................................19 

Figure 5. Simplified working principle of EDLC: during (i) charging, (ii) when charged and (iii) 

discharging [36] .......................................................................................................................................................19 

Figure 6. Electrode materials used for ECs ....................................................................................................22 

Figure 7. Ragone Plot, based on [153]..............................................................................................................30 

Figure 8. Simplified working principle of the LIC during charging process .........................................33 

Figure 9. Summary of LIC components and important features [171, 173] .....................................35 

Figure 10. Representation of (a) Nyquist and (b) Bode plots [247] .......................................................45 

 

Tables 

Table 1 Comparison of various characteristics between given energy storage devices 

[23] ..................................................................................................................................................................... 31 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          175 

Scientific Achievements 

1. Publications 

1. “Identifying the activated carbon electrode ageing pathways in lithium-ion hybrid 
capacitors” 

S. Ślesińska, B. Rety, C. Matei-Ghimbeu,*, K. Fic, J. Menzel * 

ACS Applied Energy Materials, 2025, 8, 2, 810–820  

I.F= 5.4, MNiSW= 20 

2. “Fundamentals and Implication of Point of Zero Charge (PZC) Determination for 
Activated Carbons in Aqueous Electrolytes” 

S. Ślesińska, P. Galek, J. Menzel, S. W. Donne, K. Fic,* A. Płatek-Mielczarek* 

Advanced Science, 2024, 2409162-1 - 2409162-10  

I.F= 14.3, MNiSW= 200 

3. “A double-redox aqueous capacitor with high energy output” 

A. Ślesiński,* S. Sroka, S. Aina, J. Piwek, K. Fic, M. Pilar Lobera, M. Bernechea, E. 
Frąckowiak* 

Journal of Materials Chemistry A , 2023, 11, 6258-6273 

I.F= 10.7, MNiSW= 200 

4. “Operando Monitoring of Local pH Value Changes at the Carbon Electrode Surface 
in Neutral Sulfate-Based Aqueous Electrochemical Capacitors” 

A. Ślesiński,* S. Sroka, K. Fic, E. Frąckowiak, J. Menzel* 

ACS Applied Materials & Interfaces, 2022, 14, 37782 – 37792 

I.F=9.5, MNiSW= 200 

5. “Supercapacitor with Carbon/MoS2 Composites” 

M. Tobis, S. Sroka, E. Frąckowiak* 

Frontiers in Energy Research, 2021, 9, 647878-1 - 647878-11 

I.F= 3.858, MNiSW= 100 

 

Total IF= 43.76 

Total MNiSW= 720 

h-index= 3 

  



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          176 

2. Scientific conferences 

Oral presentations at national conferences 

*Underlined denotes presenting author 

 

1. Sylwia Ślesińska, Przemysław Galek, Anetta Płatek-Mielczarek, Jakub Menzel, 

Krzysztof Fic, “Fundamentals and implication of PZC determination for activated 

carbons in aqueous electrolytes for Electrochemical Quartz Crystal 

Microbalance (EQCM) applications”, The 11th Torunian Carbon Symposium, 

Torun, Poland, 15 -18.09.2024 

 

Oral presentations at international conferences 

 

1. Jakub Menzel, Sylwia Sroka, “Ageing of carbon electrodes in li-ion hybrid 

capacitors”, The World Conference on Carbon – Carbon 2023, Cancun, Mexico, 

16-21.07.2023 

2. Sylwia Sroka, Krzysztof Fic, Jakub Menzel, “Ageing of Carbon Electrodes in 

Organic-Based Electrochemical Capacitors: Does Oxygen Content Play a Role?”, 

74th Annual Meeting of the International Society of Electrochemistry, Lyon, 

France, 03- 08.09.2023  

3. Sylwia Sroka, Benedicte Rety, Camelia Matei-Ghimbeu, Krzysztof Fic, Jakub 

Menzel, “Identifying the carbon electrode ageing pathways in lithium-ion hybrid 

capacitors”, International Conference on Advanced Capacitors (ICAC), 

Kamakura, Japan, 26.09.2023 – 29.09.2023  

 

Poster presentations at international conferences 

1. Sylwia Sroka, Przemysław Galek, Anetta Płatek-Mielczarek, Jakub Menzel, 

Krzysztof Fic, “Fundamentals and implication of PZC determination for activated 

carbons in aqueous electrolytes”, 8th Baltic Electrochemistry Conference, Tartu, 

Estonia, 14 -17.04.2024 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          177 

2. Sylwia Sroka, Przemysław Galek, Krzysztof Fic, Jakub Menzel, “Step Potential 

Electrochemical Spectroscopy (SPECS) Technique to Investigate the Ageing of 

Carbon Electrodes in Organic-Based Electrochemical Capacitors”, 244th ECS 

Meeting, Gothenburg, Sweden, 08-12.10.2023 

3. Sylwia Sroka, Benedicte Rety, Camelia Matei-Ghimbeu, Krzysztof Fic, Jakub 

Menzel, “Ageing of Carbon Electrodes in Organic-Based Electrochemical 

Capacitors: Does Oxygen Content Play a Role?”, International Conference on 

Advanced Capacitors (ICAC), Kamakura, Japan, 26.09.2023 – 29.09.2023 

4. Sylwia Sroka, Krzysztof Fic, Jakub Menzel “Ageing of Carbon Electrodes in 

Organic-Based Electrochemical Capacitors: Does Oxygen Content Play a Role”, 

The World Conference on Carbon – Carbon 2023, Cancun, Mexico, 16-

21.07.2023 

5. Sylwia Sroka, Krzysztof Fic, Jakub Menzel, “The Role of Oxygen Content on the 

Ageing of Electrochemical Capacitors in Organic Medium”, Regional Meeting of 

the International Society of Electrochemistry Prague, Czech Republic, 15-

19.08.2022 

6. Sylwia Sroka, Przemysław Galek, Anetta Płatek-Mielczarek, Jakub Menzel, 

Krzysztof Fic, “Fundamentals and implication of PZC determination for activated 

carbons in aqueous electrolytes”, International Symposium on Enhanced 

Electrochemical Capacitors Bologne, Italy, 11-15.07.2022 

7. Sylwia Sroka, Przemysław Galek, Anetta Płatek-Mielczarek, Jakub Menzel, 

Krzysztof Fic, Point of Zero Charge: Meaning and Determination with the 

Electrochemical Quartz Crystal Microbalance”, 72nd Annual Meeting of the 

International Society of Electrochemistry (online) Jeju , Korea, 29.08-03.09.2021 

 

 

 

 

 

 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          178 

3. Specialist courses/trainings 

• International Summer School (ISS) on Energy Storage Systems: New 

Developments and Directions’ (Zaragoza, Spain, 18-21.07.2022) 

• Safe use of compressed gases, Air Products, Proactive Gas Safety Ltd, (online) 

19.10.2023 

 

4. Participation in research projects 

 

• IMMOSTORE ERC Proof on Concept Grants (GA 101138710), European 

Research Council (ERC) 

Project title: “It yet remains to see.”-Hybrid electrochemical energy storage 

system of high power and improved cycle life 

Principal investigator: Dr. Krzysztof Fic 

Role: Research assistant 

 

• SONATA 15 (2019/35/D/ST4/02582), National Science Centre 

Project title: How does activated carbon age? Research on the influence of oxygen 

functional groups on the degradation of carbon electrodes in an organic medium 

Principal investigator: Dr. Jakub Menzel 

Role: Young scientist 

 

• OPUS 16 (2018/31/B/ST4/01852), National Science Centre  

Project title: Study of electrode/electrolyte interface of high stability and quick 

charge response  

Principal investigator: Prof. Elżbieta Frąckowiak  

Role: Young scientist  

  



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          179 

5. Scientific Internship and Scholarships 

 

Host institution: Carbon and Hybrid Materials” group from Institute of 

Materials Science of Mulhouse (IS2M), Mixed research Unit, CNRS-University 

of Haute Alsace (UMR 7361) 

Funding body (scholarship awarded): 2023 French Government Scholarship – 

High level scientific stay (France Excellence scholarship SSHN) 

Project Title: “Ageing mechanisms of carbon electrodes in organic based 

electrochemical capacitors” 

 

Scientific supervisor abroad: Dr. Camélia Matei- Ghimbeu 

 

Length of stay: 01/04/2023 to 31/05/2023 (2 months) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          180 

References 

[1] K.F. Kuh, The Law of Climate Change Mitigation: An Overview, Elsevier Inc2018, pp. 505-510. 
[2] C. Acen, O. Bamisile, D. Cai, C.C. Ukwuoma, S. Obiora, Q. Huang, D. Uzun Ozsahin, H. Adun, The 
complementary role of carbon dioxide removal: A catalyst for advancing the COP28 pledges towards 
the 1.5 °C Paris Agreement target, The Science of the total environment 947 (2024) 174302. 
[3] Y. Liu, 2024 the 8th International Conference on Energy and Environmental Science (ICEES 2024) : 
ICEES 2024, 1st 2024. ed., Springer Nature Switzerland, Cham, 2024. 
[4] Energy Storage Systems Market - Global Industry Analysis, Size, Share, Growth, Trends, and 
Forecast, 2021-2031: Energy Storage Systems Market – Scope of Report The latest study collated and 
published analyses the historical and present-day scenario of the global energy storage systems market 
in order to accurately gauge its future growth, NASDAQ OMX's News Release Distribution Channel  
(2022). 
[5] Energy Storage Systems Market Size to Worth USD 535.53 Bn By 2033: The global energy storage 
systems market size is calculated at USD 266.82 billion in 2024 and is expected to be worth around 
USD 535.53 billion by 2033, growing at a CAGR of 8.05% between 2024 and 2033, NASDAQ OMX's 
News Release Distribution Channel  (2024). 
[6] M. Amir, R.G. Deshmukh, H.M. Khalid, Z. Said, A. Raza, S.M. Muyeen, A.-S. Nizami, R.M. Elavarasan, 
R. Saidur, K. Sopian, Energy storage technologies: An integrated survey of developments, global 
economical/environmental effects, optimal scheduling model, and sustainable adaption policies, 
Journal of energy storage 72 (2023) 108694. 
[7] Ayesha, M. Numan, M.F. Baig, M. Yousif, Reliability evaluation of energy storage systems combined 
with other grid flexibility options: A review, Journal of energy storage 63 (2023) 107022. 
[8] F. Nadeem, S.M.S. Hussain, P.K. Tiwari, A.K. Goswami, T.S. Ustun, Comparative Review of Energy 
Storage Systems, Their Roles, and Impacts on Future Power Systems, IEEE access 7 (2019) 4555-4585. 
[9] P. Simon, Y. Gogotsi, Perspectives for electrochemical capacitors and related devices, Nature 
materials 19(11) (2020) 1151-1163. 
[10] K.V.G. Raghavendra, R. Vinoth, K. Zeb, C.V.V. Muralee Gopi, S. Sambasivam, M.R. Kummara, I.M. 
Obaidat, H.J. Kim, An intuitive review of supercapacitors with recent progress and novel device 
applications, Journal of energy storage 31 (2020) 101652. 
[11] Y. Parvini, J.B. Siegel, A.G. Stefanopoulou, A. Vahidi, Supercapacitor Electrical and Thermal 
Modeling, Identification, and Validation for a Wide Range of Temperature and Power Applications, 
IEEE transactions on industrial electronics (1982) 63(3) (2016) 1574-1585. 
[12] J. Ajuria, E. Redondo, M. Arnaiz, R. Mysyk, T. Rojo, E. Goikolea, Lithium and sodium ion capacitors 
with high energy and power densities based on carbons from recycled olive pits, Journal of power 
sources 359 (2017) 17-26. 
[13] R. Kötz, M. Carlen, Principles and applications of electrochemical capacitors, Electrochimica acta 
45(15) (2000) 2483-2498. 
[14] F. Beguin, E. Frackowiak, Supercapacitors materials, systems, and applications / edited by Francois 
Beguin and Elzbieta Frackowiak, Wiley-VCH, Weinheim, 2013. 
[15] J.R. Miller, A. Burke, Electrochemical Capacitors: Challenges and Opportunities for Real-World 
Applications, The Electrochemical Society interface 17(1) (2008) 53-57. 
[16] A. Zulkifli, Polymers in electronics : optoelectronic properties, design, fabrication, and 
applications, Elsevier, Amsterdam, 2023. 
[17] A. Nguyen Tuan, K. Gupta Ram, Smart Multifunctional Polymeric Inks for Supercapacitor 
Applications, Elsevier2023, pp. 2-2. 
[18] M.S. Guney, Y. Tepe, Classification and assessment of energy storage systems, Renewable & 
sustainable energy reviews 75 (2017) 1187-1197. 
[19] L.W. McKeen, FILM PROPERTIES OF PLASTICS AND ELASTOMERS, Elsevier Science & Technology 
Books, United States, 2017. 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          181 

[20] A.L. Schulz, Capacitors theory, types and applications, 1st ed., Nova Science Publishers, Inc., New 
York, 2011. 
[21] F. Béguin, V. Presser, A. Balducci, E. Frackowiak, Carbons and Electrolytes for Advanced 
Supercapacitors, Advanced materials (Weinheim) 26(14) (2014) 2219-2251. 
[22] J. Ho, T.R. Jow, S. Boggs, Historical introduction to capacitor technology, IEEE electrical insulation 
magazine 26(1) (2010) 20-25. 
[23] A. González, E. Goikolea, J.A. Barrena, R. Mysyk, Review on supercapacitors: Technologies and 
materials, Renewable & sustainable energy reviews 58 (2016) 1189-1206. 
[24] A. Lewandowski, M. Galinski, Practical and theoretical limits for electrochemical double-layer 
capacitors, Journal of power sources 173(2) (2007) 822-828. 
[25] L. Yang, L. Zhang, X. Jiao, Y. Qiu, W. Xu, The electrochemical performance of reduced graphene 
oxide prepared from different types of natural graphites, RSC advances 11(7) (2021) 442-452. 
[26] A. Farooq, K. Muhammad Ahmed, W. Umer, S.M. Ramay, S. Atiq, Elucidating an efficient super-
capacitive response of a Sr2Ni2O5/rGO composite as an electrode material in supercapacitors, RSC 
advances 13(36) (2023) 25316-25326. 
[27] A. Qayyum, M.O.u. Rehman, F. Ahmad, M.A. Khan, S.M. Ramay, S. Atiq, Performance optimization 
of Nd-doped LaNiO3 as an electrode material in supercapacitors, Solid state ionics 395 (2023) 116227. 
[28] M.A. Tahir, N. Arshad, M. Akram, Recent advances in metal organic framework (MOF) as electrode 
material for super capacitor: A mini review, Journal of energy storage 47 (2022) 103530. 
[29] K. Fic, E. Frackowiak, P. Galek, P. Bujewska, Redox Mediated Electrolytes in Electrochemical 
Capacitors, 2018. 
[30] P. Simon, Y. Gogotsi, Materials for electrochemical capacitors, Nature materials 7(11) (2008) 845-
854. 
[31] G. Jeanmairet, B. Rotenberg, M. Salanne, Microscopic Simulations of Electrochemical Double-
Layer Capacitors, Chemical reviews 122(12) (2022) 10860-10898. 
[32] C. Zhao, W. Zheng, A Review for Aqueous Electrochemical Supercapacitors, Frontiers in energy 
research 3 (2015). 
[33] Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H. Dong, X. Li, L. Zhang, Progress of 
electrochemical capacitor electrode materials: A review, International journal of hydrogen energy 
34(11) (2009) 4889-4899. 
[34] B.E. Conway, W.G. Pell, Double-layer and pseudocapacitance types of electrochemical capacitors 
and their applications to the development of hybrid devices, Journal of solid state electrochemistry 
7(9) (2003) 637-644. 
[35] Z. Wei, J.D. Elliott, A.A. Papaderakis, R.A.W. Dryfe, P. Carbone, Relation between Double Layer 
Structure, Capacitance, and Surface Tension in Electrowetting of Graphene and Aqueous Electrolytes, 
Journal of the American Chemical Society 146(1) (2024) 760-772. 
[36] Q. Liang, Y. Wang, Y. Yang, T. Xu, Y. Xu, Q. Zhao, S.-H. Heo, M.-S. Kim, Y.-H. Jeong, S. Yao, X. Song, 
S.-E. Choi, C. Si, Nanocellulose/two dimensional nanomaterials composites for advanced 
supercapacitor electrodes, Frontiers in bioengineering and biotechnology 10 (2022) 1024453-
1024453. 
[37] F. Béguin, V. Presser, A. Balducci, E. Frackowiak, Supercapacitors: Carbons and Electrolytes for 
Advanced Supercapacitors (Adv. Mater. 14/2014), Advanced materials (Weinheim) 26(14) (2014) 
2283-2283. 
[38] B.E. Conway, Electrochemical Supercapacitors : Scientific Fundamentals and Technological 
Applications, 1st 1999. ed., Springer US, New York, NY, 1999. 
[39] G. Wang, L. Zhang, J. Zhang, A review of electrode materials for electrochemical supercapacitors, 
Chemical Society reviews 41(2) (2012) 797-828. 
[40] H. Helmholtz, Ueber einige Gesetze der Vertheilung elektrischer Ströme in körperlichen Leitern 
mit Anwendung auf die thierisch-elektrischen Versuche, Annalen der Physik 165 (1853) 211-233. 
[41] H. Helmholtz, Studien über electrische Grenzschichten, Annalen der Physik (243) (1879) 337-382. 



 
Research on the electrode charging and carbon degradation in electrochemical capacitors 

 

Sylwia Ślesińska          182 

[42] M. Gouy, Constitution of electric charge at the surface of an electrolyte, Comptes Rendus 
Hebdomadaires des Seances de l'Academie des Sciences (149) (1909) 654-657. 
[43] D.L. Chapman, A Contribution to the Theory of Electrocapillarity, Philosophical Magazine (25) 
(1913) 475-481. 
[44] O. Stern, The theory of the electrolytic double-layer, Zeitschrift fuer Elektrochemie und 
Angewandte Physikalische Chemie (30) (1924) 508-516. 
[45] D.C. Grahame, The electrical double layer and the theory of electro-capillarity, Chemical Reviews  
(1947) 441-501. 
[46] J. Huang, Zooming into the Inner Helmholtz Plane of Pt(111)–Aqueous Solution Interfaces: 
Chemisorbed Water and Partially Charged Ions, JACS Au 3(2) (2023) 550-564. 
[47] J. Zhou, G. Jing, J. Xie, W. Tang, X. Xu, S. Zhao, Pore-Size Effect on Capacitive Energy Extraction 
from the Salinity Gradient with Porous Electrodes, ACS applied energy materials 7(23) (2024) 11011-
11019. 
[48] B. Suthar, J. Landesfeind, A. Eldiven, H.A. Gasteiger, Method to Determine the In-Plane Tortuosity 
of Porous Electrodes, Journal of the Electrochemical Society 165(10) (2018) A2008-A2018. 
[49] D. Henderson, D. Boda, Insights from theory and simulation on the electrical double layer, Physical 
chemistry chemical physics : PCCP 11(20) (2009) 3822-3830. 
[50] D.A. Welch, B.L. Mehdi, H.J. Hatchell, R. Faller, J.E. Evans, N.D. Browning, Using molecular 
dynamics to quantify the electrical double layer and examine the potential for its direct observation in 
the in-situ TEM, Advanced structural and chemical imaging 1(1) (2015) 1-11. 
[51] D. Kalderis, S. Bethanis, P. Paraskeva, E. Diamadopoulos, Production of activated carbon from 
bagasse and rice husk by a single-stage chemical activation method at low retention times, Bioresource 
technology 99(15) (2008) 6809-6816. 
[52] C.-S. Yang, Y.S. Jang, H.K. Jeong, Bamboo-based activated carbon for supercapacitor applications, 
Current applied physics 14(12) (2014) 1616-1620. 
[53] E.H. Sujiono, D. Zabrian, Zurnansyah, Mulyati, V. Zharvan, Samnur, N.A. Humairah, Fabrication and 
characterization of coconut shell activated carbon using variation chemical activation for wastewater 
treatment application, Results in Chemistry 4 (2022) 100291. 
[54] S. Yu, D. Liu, S. Zhao, B. Bao, C. Jin, W. Huang, H. Chen, Z. Shen, Synthesis of wood derived nitrogen-
doped porous carbon-polyaniline composites for supercapacitor electrode materials, RSC advances 
5(39) (2015) 3943-3949. 
[55] S. Cheng, X. Cheng, M.H. Tahir, Z. Wang, J. Zhang, Synthesis of rice husk activated carbon by 
fermentation osmotic activation method for hydrogen storage at room temperature, International 
journal of hydrogen energy 62 (2024) 443-450. 
[56] J. Cheng, C. Bi, X. Zhou, D. Wu, D. Wang, C. Liu, Z. Cao, Preparation of Bamboo-Based Activated 
Carbon via Steam Activation for Efficient Methylene Blue Dye Adsorption: Modeling and Mechanism 
Studies, Langmuir 39(39) (2023) 14119-14129. 
[57] M. Mirzaeian, Q. Abbas, A. Ogwu, P. Hall, M. Goldin, M. Mirzaeian, H.F. Jirandehi, Electrode and 
electrolyte materials for electrochemical capacitors, International journal of hydrogen energy 42(40) 
(2017) 25565-25587. 
[58] I. Yang, M. Jung, M.-S. Kim, D. Choi, J.C. Jung, Physical and chemical activation mechanisms of 
carbon materials based on the microdomain model, Journal of materials chemistry. A, Materials for 
energy and sustainability 9(15) (2021) 9815-9825. 
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