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General Introduction 

One of the most critical challenges of the twenty-first century is the growing need 

for scalable, efficient and sustainable energy technologies. Due to the increased 

industrialization, urbanization and technological breakthroughs, we are now 

facing two most serious challenges: the depletion of fossil fuel resources 

and the negative environmental effects that are a consequence of their 

continuous use. Moreover, countries worldwide are urged to look for cleaner and 

renewable energy sources due to progressive climate change, which is caused 

by the continuous emission of greenhouse gases from conventional energy 

systems.[1] Nevertheless, despite the growing use of wind, solar and other 

renewable energy sources, their limitation in the form of periodic use of these 

sources shapes the direction of further research, indicating that reliable energy 

storage systems (ESS) must be developed in order to guarantee steady electricity 

supply and grid stability. Batteries and supercapacitors are examples 

of electrochemical energy storage devices that are essential to the development 

of a sustainable energy future. These technologies are crucial for consumer 

electronics, portable power systems, electric vehicles (EVs), and grid-scale 

applications. The capability of these systems to store and deliver energy 

efficiently, safely, and over extended cycles is at the core of this transition.  

Lithium-ion batteries (LIBs) currently dominate the energy storage market due 

to their favorable energy density and mainly because the technology itself has 

reached full-scale commercial deployment.[2] However, they are constrained 

by several issues: limited raw material availability (particularly lithium and cobalt), 

safety concerns (including thermal runaway), and environmental burdens 

associated with mining and disposal.[3] These challenges have prompted growing 

exploration into alternative energy storage systems, with particular attention 

to sodium-ion batteries (SIBs) and supercapacitors (SCs). SIBs, in particular, are 

considered promising replacement for LIBs for stationary applications due 

to the abundance and geographic diversity of sodium resources, as well as their 

potential cost advantages.[4] Although sodium has a larger ionic radius and less 

negative standard reduction potential than lithium (-2.71 V vs. -3.04 V vs. SHE), 

ongoing innovations in electrode materials are rapidly narrowing the performance 

gap. On the other hand, supercapacitors, while offering lower energy density than 

batteries, are characterized by exceptional power density, long cycle life 

(up to a million cycles), rapid charge/discharge capabilities, and superior 

performance at low temperatures.  

The performance of both batteries and supercapacitors strictly relies 

on the choice of electrode materials. The electrode’s physical and chemical 

properties directly influence key performance parameters such as energy 

and power densities, rate capability, cycling stability, and safety. In both types 

of devices, carbon-based materials have been widely adopted as electrodes due 

to their conductivity, stability, and porosity. In the case of supercapacitors, 
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the goal is to improve the energy density, however, with the carbon-based 

materials that store the energy mainly by adsorption of ions on the electrode 

surface, the possibilities of improving this parameter are limited. In the case 

of LIBs, geopolitical conditions related to the availability of natural graphite 

and on the other hand the dependence on the supply of petroleum needle coke 

in synthetic graphite production, motivate the search for alternative anode 

materials. Finally, in SIBs, despite the replacement of graphite anode with hard 

carbons, the low initial columbic efficiency caused by irreversible sodium ions 

intercalation and the insufficient capacity proves problematic. Therefore, to push 

the boundaries of performance, there is an increasing exploration of new 

materials, e.g. transition metal compounds.  

One such class of materials that has shown considerable promise is metal 

chalcogenides. These compounds, composed of metals and chalcogen elements 

(S, Se, or Te), exhibit layered structures, tunable band gaps, and favorable redox 

properties, making them attractive candidates for use in electrochemical devices. 

Molybdenum disulfide (MoS2) as a representative, with its two-dimensional, 

graphene-like structure provides a large interlayer spacing that facilitates ion 

intercalation and fast charge transport.[5–7] Its pseudocapacitive characteristic 

is beneficial for supercapacitor systems as it is possible to benefit from both 

surface and redox storage mechanisms, and thus increase energy density of the 

device. Similarly, a group of tin sulfides, another member of the chalcogenide 

family, has shown considerable promise as an anode material for SIBs. Its high 

theoretical capacity and favorable conversion and alloying reaction mechanisms 

are of great interest. However, like many conversion-type materials, tin sulfides 

suffer from structural degradation during cycling and ions 

intercalation/deintercalation.[8] To reduce this problem, metal chalcogenides are 

often integrated with materials such as carbon nanotubes or amorphous carbon. 

These composites enhance structural integrity, improve electronic conductivity, 

and mitigate volume expansion, leading to enhanced cycle stability and rate 

performance.[9] 

Apart from focusing on the type of electrode material, recent research trends also 

emphasize the importance of developing sustainable, scalable, 

and environmentally conscious material synthesis strategies. The energy storage 

research is not only focusing on performance metrics like capacitance or energy 

density, but increasingly incorporates factors such as cost-efficiency, 

environmental impact, material abundance, and compatibility with industrial 

fabrication processes. In this broader context, advancing next-generation 

of electrochemical devices requires a synergistic approach – integrating 

innovative material design, comprehensive electrochemical evaluation and real-

time analysis through operando techniques. Considering the composition 

of electrode materials and its design, binders are quite often an inherent element 

which does not support the energy storage process, but plays role in improving 

physical contact. However, their use also contributes to the deterioration of some 
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parameters of the electrode, resulting in the reduction of volumetric 

and gravimetric capacitance (in supercapacitors) and capacity (in batteries). 

Its presence may also contribute to the occurrence of side reactions during 

charging and discharging processes, and in the case of binders such 

as polyvinylidene fluoride (PVDF), an additional increase in resistance value may 

be observed.[10] Thus, the synthesis approach with simultaneous deposition 

on current collector may be considered attractive, especially since it is not 

a limitation in terms of conducting the synthesis on a larger scale. Although 

the binder-free concept of the direct deposition of active layer on the current 

collector has proven successful in supercapacitors, in LIBs and SIBs electrode 

coatings still require a binder to maintain mechanical integrity under repeated 

volume changes during intercalation/deintercalation processes.[11]  

In parallel with the rapid development of new electrode materials, there 

is a growing need for advanced characterization techniques capable of capturing 

structural and chemical changes as they occur. Conventional post-mortem 

analysis, while informative, often fail to reveal the transient phenomena and real-

time dynamics governing energy storage mechanisms. To bridge this gap, in situ 

and operando techniques – such as operando Raman spectroscopy, X-ray 

diffraction, and electron microscopy – are getting more and more attention.[12,13] 

These tools enable researchers to monitor electrode transformations during 

charge/discharge processes, providing insights into phase transitions, interfacial 

reactions, ion intercalation/deintercalation behavior, and degradation 

mechanisms. In particular, operando Raman spectroscopy is a non-destructive 

tool for probing molecular vibrations and crystalline structures, thus allowing 

a direct link between structural evolution and electrochemical performance. 

By applying such techniques, it becomes possible not only to optimize material 

design but also to uncover fundamental insights into how electrode materials 

function under real working conditions.
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Research Objectives and Scopes 

This dissertation aims to explore metal chalcogenide-based electrode materials 

for electrochemical energy storage, specifically in supercapacitors and sodium-

ion batteries (SIBs). The work combines experimental investigations with 

literature analysis to gain insights into the structure-property relationships 

of these materials and assess their practical viability. The primary research 

objectives are: 

(i) MoS2-based supercapacitor electrodes – with particular emphasis 

on how different synthesis routes and surface modifications can 

enhance their capacitance and cycling stability. The investigation also 

considers phase engineering and the effect of additives on their 

electrochemical performance. 

(ii) Tin sulfide composite anodes for SIBs – the goal is to improve their 

reversible capacity, structural robustness during cycling and high-rate 

capability by optimizing synthesis parameters and by addressing the 

known issue of cycling stability in metal chalcogenide anodes. 

(iii) Operando Raman diagnostics – employing operando Raman 

spectroscopy as a real-time diagnostic tool to monitor structural 

and compositional changes in electrode materials during galvanostatic 

charge-discharge cycling. This objective seeks to correlate observed 

electrochemical behavior with material transformations, providing 

deeper understanding of the underlying energy storage mechanisms 

and validating the impact of the aforementioned modifications 

on performance. 

The research is supported by the hypothesis that targeted material engineering 

will significantly improve the electrochemical performance of metal chalcogenide 

electrodes in energy storage applications. In particular, it is hypothesized that 

for MoS2-based supercapacitor electrodes, controlling the synthesis procedure 

and introducing surface modifications will overcome inherent limitations, leading 

to higher capacitance and better long-term stability. For tin sulfide anodes in SIBs, 

optimizing the synthesis conditions will mitigate an issue of electrode 

degradation, thereby improving cycling reversibility. Operando Raman 

spectroscopy will provide direct evidence of these improvements by revealing 

how the material’s structure evolves during operation. The real time insights 

are expected to confirm that the engineered structural features correlate with 

enhanced charge storage mechanisms and stability. 

The dissertation is article-based, meaning the core chapters (Chapters II-IV) are 

built upon published research papers. Chapter I provides a comprehensive 

literature review that establishes the scientific and technological background 

of this research. It begins with the fundamentals of electrochemical energy 
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storage, outlining the operating principles, advantages and limitations of both 

supercapacitors and sodium-ion batteries. The chapter then explores 

conventional and emerging electrode materials, with particular emphasis 

on the structure, properties, and electrochemical behavior of metal 

chalcogenides. 

Chapter II presents the first experimental investigation, based on the research 

article “The phenomenon of increasing capacitance induced by 1T/2H-MoS2 

surface modification with Pt particles – Influence on composition and energy 

storage mechanism”. This study focuses on MoS2-based electrodes 

and examines how phase composition and surface modifications affect 

capacitance behavior and long-term stability in supercapacitor systems. 

Chapter III continues the exploration of MoS2 in supercapacitor applications, 

as described in the article “Influence of hydrochloric acid concentration and type 

of nitrogen source on the electrochemical performance of TiO2/N-MoS2 for energy 

storage applications”. This work investigates the impact of synthesis parameters 

on material structure and capacitive performance, particularly highlighting 

the effects of nitrogen doping and substrate integration. 

Chapter IV shifts focus to sodium-ion batteries and presents findings from 

the study ”A Key to Material’s Stability: Tuning Pyrolysis Temperature in SnSx@C 

Anodes for Sodium-Ion Batteries”. This chapter explores the synthesis 

and optimization of tin sulfide-carbon composite anodes, with an emphasis 

on the utilization of operando Raman spectroscopy measurements. 

The final chapter summarizes the main findings of this dissertation and reflects 

on the scientific contributions of each study. It also outlines potential pathways 

for future research, emphasizing the need for environmentally conscious 

synthesis methods, advanced material architectures, and the continued 

integration of operando diagnostic tools for real-time insight into electrochemical 

processes 
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1. Introduction to Electrochemical Energy Storage 

 Global Energy Challenges and the Role of Energy Storage 

Over the past several decades, the world has experienced an unprecedented 

acceleration in energy demand. Driven by global industrialization, rapid urban 

growth, digitalization, and the electrification of transport and industry, this trend 

continues to intensify. According to the International Energy Agency’s (IEA) 

World Energy Outlook (New Policies Scenario), global primary energy demand 

is projected to increase by approximately 25% by 2040, driven in majority 

by developing economies and the proliferation of energy-intensive 

technologies.[14] At the same time, global efforts to limit greenhouse gas 

emissions and mitigate the effects of climate change have placed energy systems 

at the center of international environmental policy. However, despite these 

efforts, fossil fuels still account for the majority of the world’s primary energy 

consumption.[15] The combustion of coal, oil, and natural gas remains the leading 

source of carbon dioxide (CO2) emissions, contributing significantly to global 

warming, ocean acidification, and air pollution.[15] The Climate Change 2023 

Synthesis Report from the Intergovernmental Panel on Climate Change (IPCC) 

emphasizes that achieving net-zero emissions within the coming decades 

is critical to avoiding irreversible environmental damage.[16] This has led 

to the introduction of low-carbon energy systems, most notably those based 

on renewable sources such as solar, wind, and hydropower. However, solar 

generation, for instance, is not possible at night and may be reduced by cloud 

cover. Similarly, wind power is inconsistent and geographically constrained. 

These factors contribute to what is often referred as the “intermittency problem”, 

which undermines the reliability and predictability of renewable energy supply. 

In the context of electrical grid, grid operators must therefore contend with 

the challenge of matching supply and demand in real time, while ensuring power 

quality and system stability.  

To overcome this limitations, energy storage systems (ESS) have become 

an essential part of modern energy infrastructure. ESS technologies can store 

the excess of electricity when production outpaces consumption and release 

it when demand exceeds generation, improving grid reliability and flexibility. 

In addition to their value for utility-scale applications, energy storage technologies 

are equally essential for emerging fields such as electric vehicles (EVs), smart 

grids, and decentralized microgrids. In EVs, for example, the ability to store large 

amounts of energy in a compact and safe format directly impacts vehicle range, 

charging time, and performance. In rural or off-grid communities, energy storage 

facilitates the use of solar home systems and ensures access to electricity without 

dependence on centralized infrastructure. The strategic role of energy storage 

is further emphasized by its contribution to energy security and economic 

resilience. Countries with limited fossil fuel reserves but abundant renewable 

potential can reduce energy imports and enhance national energy independence 

through localized generation and storage. Moreover, as global markets shift 
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toward cleaner energy solutions, energy storage is expected to play a key role 

in enabling decarbonization pathways across various sectors. 

One of the systems that are already playing an essential role is electrochemical 

energy storage, mostly due to its versatility, modularity, and wide range 

of applications. This category includes batteries and supercapacitors, which store 

energy via chemical reactions and interfacial charge accumulation mechanisms, 

respectively. Batteries such as LIBs, SIBs, lead-acid, and redox flow batteries are 

employed in contexts ranging from consumer electronics to EVs and grid storage. 

LIBs currently dominate the market owing to their high energy density 

and efficiency, but concerns over resource scarcity, safety, and recycling are 

accelerating interest in alternatives such as SIBs.[17,18] Supercapacitors, which 

include electric double-layer capacitors (EDLCs) and pseudocapacitors, excel 

in power density and longevity. Their ability to undergo millions of charge-

discharge cycles without significant degradation makes them attractive 

for applications requiring quick bursts of energy, such as regenerative braking 

or frequency response in power grids.[19–21] Hybrid supercapacitors, which blend 

battery-like and capacitor-like charge storage mechanisms, sometimes referred 

to as supercapatteries, are also being developed to bridge the gap between 

energy and power performance.[22,23] 

Each of these technologies presents a unique set of trade-offs. While batteries 

offer high energy storage capacity, they are often limited by lower power density 

and cycle life. In contrast, supercapacitors are characterized by high power 

and durability at the cost of lower energy density. All the distinctions emphasize 

the necessity of selecting storage technologies that correspond with particular 

application requirements. In practice, hybrid systems that integrate multiple 

storage types are becoming increasingly popular, leveraging the strengths 

of each to meet complex operational needs. Nevertheless, the development 

of new materials and cell architectures remains the researchers direction, 

and especially innovations in electrode materials can significantly influence 

performance characteristics such as energy density, rate capability and cycle life. 

The next section will present the critical role of the materials that are considered 

for electrochemical energy storage systems. 

 Electrochemical energy storage systems and electrode materials 

The performance of each electrochemical storage device depends on how 

effectively its constituent materials interact within the cell architecture. 

Considerable attention is usually focused on electrode materials, owing to their 

direct influence on energy and power performance, however, it is essential 

to understand the broader view, which also includes electrolytes, separators, 

binders and current collectors. These components collectively determine 

the overall efficiency, safety, lifespan and cost of both batteries 

and supercapacitors.  

Electrodes serve as the active sites for energy storage and conversion, and their 

performance characteristics are fundamental to the system’s operation. 

In rechargeable batteries, the anode (negative electrode) typically 
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accommodates ion insertion during charging, while the cathode (positive 

electrode) undergoes the complementary redox process during discharging. 

In contrast, supercapacitors employ positive and negative electrodes, where 

energy is stored either through electrostatic charge accumulation 

at the electrode/electrolyte interface or through rapid and reversible surface 

redox reactions. Traditional electrode materials such as graphite (anode in LIBs) 

and activated carbon (supercapacitor electrodes) have long served as reliable 

benchmarks; however, the ongoing need for improvement has motivated 

extensive research into advanced materials. Among emerging candidates, metal 

chalcogenides such as MoS2, WS2, SnS2 and others have demonstrated 

promising electrochemical behavior. Their layered structures, adjustable band 

gaps, and redox-active nature make them suitable for both battery-type[9,24,25] 

and capacitor-type[26,27] applications. MoS2, in particular, combines 

pseudocapacitive and intercalation characteristics, allowing for fast ion transport 

and significant charge storage.[28] Tin sulfides, on the other hand, exhibit high 

theoretical capacities and favorable reaction mechanisms with sodium, making 

them attractive for both LIB- and SIB-electrode materials.[8,29] Nevertheless, 

chalcogenides also face challenges such as structural instability, large volume 

changes during cycling, and limited intrinsic conductivity. To address these 

issues, advanced material engineering techniques have been employed, 

including nanostructuring to reduce ion diffusion paths,[30] introducing defects 

to enhance electronic conductivity and improve interfacial properties,[31–33] 

and composite formation with carbon-based matrices to buffer mechanical 

strain.[34] Furthermore, the microstructure of electrode materials significantly 

impacts their electrochemical behavior. Porosity, particle size distribution, 

and surface area directly influence electrolyte penetration, ion accessibility, 

and active sites availability.[33] Optimizing these parameters through tailored 

synthesis methods, such as hydrothermal processing, electrospinning, or atomic 

layer deposition, can lead to marked improvements in rate capability and cycling 

performance.[34–36] 

Beyond the electrodes, in both supercapacitors and rechargeable batteries, 

the electrolyte plays a vital role in facilitating ion transport between the anode 

and cathode while maintaining electrochemical stability. Regardless whether 

it is a supercapacitor or a battery, the electrode/electrolyte interface is the most 

complex and important region that affects the overall device performance. 

The selection between aqueous, organic, solid-state, or hybrid electrolyte 

depends on the desired voltage window, temperature range, and safety profile. 

Aqueous electrolytes, though limited by a narrow electrochemical stability 

window, offer low cost and high ionic conductivity, making them suitable 

for supercapacitors and some low-voltage batteries.[37,38] On the other hand, 

organic electrolytes provide higher voltage stability but often suffer from 

flammability, and their properties hinder long-term supercapacitors’ operation,[39] 

while their use is a common practice for rechargeable batteries. Solid-state 

electrolytes, including polymer and inorganic electrolytes, promise enhanced 

safety and energy density, but are still under development due to interface 

challenges, low ionic conductivity, but also poor stability at high voltages, 
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especially for solid polymer electrolytes.[40] For SIBs, electrolyte choice 

is essential. The larger ionic radius of Na+ ions compared to Li+ results in different 

solvation behavior and interfacial properties.[41,42] Also, because lithium-ion 

batteries depend mostly on LiPF6 electrolytes that begin do decompose 

at relatively moderate temperatures and trigger strongly exothermic side-

reactions that can accelerate thermal runaway. Sodium-ion batteries, in contrast, 

use NaPF6 and other sodium salts, which exhibit lower moisture sensitivity 

and slower decomposition kinetics than LiPF6, contributing to higher thermal 

stability. Together with the more inorganic, NaF-rich SEI, this shifts the onset 

of self-heating upward and markedly reduces total heat release during operation, 

which is a considerable safety advantage.[43] Nevertheless, careful control over 

solvent composition, salt concentration, and the use of additives like 

fluoroethylene carbonate (FEC) or vinylene carbonate (VC) remains important 

to enhance SEI formation and ensure stable cycling.[44,45] 

Current collectors, though often overlooked, are crucial for efficient charge 

transport to and from the electrodes. In batteries, they are typically made from 

aluminum and copper, whereas for supercapacitors they are usually a thin etched 

or carbon-coated aluminum foil for both electrodes.[46–48] Regardless of the device 

in which they are being used, current collectors must possess high electrical 

conductivity, corrosion resistance, and good adhesion to the active material. 

In metal-ion batteries, one notable advantage of SIBs over LIBs is that aluminum 

foil can be used as the current collector for both the cathode and the anode. 

For LIBs, aluminum cannot be used on the anode side because lithium tends 

to alloy with aluminum at low potentials (~0–0.6 V vs. Li/Li+), causing electrode 

degradation, loss of adhesion, and compromising battery stability.[49] In contrast, 

sodium does not exhibit such alloying behavior under similar conditions. 

The substitution offers several benefits: aluminum is lighter, less expensive, 

and more abundant than copper, making SIBs more cost-effective 

and sustainable from a materials perspective.[50,51] Additionally, replacing copper 

with aluminum can lead to improved gravimetric and volumetric energy density, 

reduced overall battery weight, and simplified recycling process due to the use 

of a single material metallic current collector.[52,53] These advantages support 

the broader vision of SIBs as a scalable and eco-friendly alternative for large-

scale and stationary energy storage applications. 

Equally important are binders and conductive additives, which are essential 

for maintaining electrode integrity and facilitating electronic conductivity within 

the electrode matrix. However, in high-power applications such 

as supercapacitors, binders are often considered a limitation. They are 

electrochemically inactive, and their presence can reduce the available surface 

area, increase internal resistance, and hinder the full utilization of active 

materials.[54] These effects in total may lower the achievable capacitance and rate 

performance. Apart from most common polyvinylidene fluoride (PVDF), there 

is also a growing interest in the field of developing green binders to achieve 

higher sustainability, yet the drawbacks still remain.[55] To overcome those, 

a growing number of studies focus on binder-free electrode designs,[56] 

particularly those involving direct deposition of active materials onto current 
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collectors. This approach eliminates the need for binders and conductive 

additives, thereby improving electrical contact, reducing interfacial resistance 

and enhancing mechanical adhesion. In the presented research such 

strategies are explored for MoS2-based supercapacitor electrodes, where 

the active material was synthesized directly on metallic substrates acting 

as current collectors. This methodology enables more efficient electron 

pathways and maximizes the electrochemical interface, contributing to improved 

capacitive behavior and long-term stability. 

In addition to these innovations, traditional binders and conductive additives still 

continue to play a vital role, especially in battery systems. Binders are polymeric 

substances that hold the active material particles together and adhere them to the 

current collector. In LIBs, PVDF is commonly used together with N-methyl-2-

pyrrolidone (NMP) as a solvent. PVDF offers strong mechanical properties 

and chemical stability,[57] however, due to its reliance on toxic solvent and non-

renewable feedstocks, which may likely soon be highly regulated,[58] there has 

been a growing push toward water-based binders such as carboxymethyl 

cellulose (CMC) and styrene-butadiene rubber (SBR), especially in SIB-

systems.[59] These alternatives not only reduce environmental impact, but also 

improve electrode flexibility.[60,61] And, even though the use of CMC/SBR binders 

in lithium-ion batteries has been widely studied, it is not optimal for manufacturers 

due to several critical challenges, including enhanced hydrogen fluoride (HF) 

formation due to residual water in aqueous binding systems, aluminum current 

collector corrosion, and lithium leaching from the cathode.[62–64] Additionally, 

conductive additives, such as carbon black (CB), graphene, or carbon nanotubes, 

are incorporated to improve electronic conductivity of the electrode. Their 

presence is particularly critical in materials with low intrinsic conductivity, 

including many metal chalcogenides.[65] The interplay of all those components 

determines the full functionality and efficiency of electrochemical energy storage 

systems. The following sections will provide the fundamentals of electrochemical 

energy storage and key performance metrics for both supercapacitors and metal-

ion batteries. 
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2. Fundamentals of Energy Storage Devices 

 Electrochemical principles: charge storage, Faradaic vs.  

non-Faradaic processes 

Electrochemical energy-storage devices comprise two electronically conductive 

electrodes immersed in an ion-conducting medium, and ionically permeable yet 

electronically insulating separator. The difference in electrochemical potentials 

between two electrodes determines the open-circuit voltage, Ecell, which drives 

charge transfer when the circuit is closed. Electrons flow through the external 

circuit while ions migrate inside the electrolyte to maintain electroneutrality. 

In practice, additional components like current collectors, binders 

and the separator introduce physical and transport constraints; yet, the basic idea 

of coupled electronic and ionic fluxes still applies. 

The term charge storage encompasses any reversible process that allows 

the electrode to accumulate an excess of electronic charge during charging 

and to release it during discharge. Focusing solely on electrode materials, we can 

divide charge storage into non-faradaic and faradaic. Non-faradaic processes 

are governed by classical electrostatic interactions and the resulting capacitance 

is proportional to the active surface area available for double-layer formation. 

In contrast, processes that do involve redox chemistry are termed Faradaic. 

Their capacity is determined by the number of electrons transferred per active 

species and by the extent of the electrode material that can participate in this 

process.  

In non-Faradaic storage, the moment a potential is applied, electrons accumulate 

on the electrode surface, creating excess negative or positive charge. 

To preserve electroneutrality, the electrolyte reorganizes: counter-ions migrate 

towards the surface, while same-charged ions are repelled. The outcome 

is an electrical double layer (EDL), first described by Helmholtz[66] as a rigid plate-

capacitor model comprising a layer of adsorbed ions at a distance 𝑑  from 

the electrode, giving a capacitance described by Equation (1): 

 𝐶 =
𝜀𝜀0𝐴

𝑑
 (1) 

where 𝐶 stands for capacitance, 𝜀 is the relative permittivity (dielectric constant) 

of the medium between the electrodes, 𝜀0  represents the electric constant 

(vacuum permittivity), 𝐴  is the area of the capacitor plates, and 𝑑  describes 

the distance between two plates. Subsequent models presented by Gouy,[67] 

Chapman[68] and Stern[69] introduced more refined interpretations, including ion 

diffusion and finite ion size, leading to the modern view of a compact inner 

Helmholtz plane (IHP), a solvated outer Helmholtz plane (OHP), and a diffuse 

region whose thickness depends on ionic strength. The Helmholtz model, while 

simple, treats the electrolyte as a structureless continuum and ignores 

the granular nature of both solvent molecules and ions. Gouy and Chapman 

overcame this by invoking a Boltzmann distribution of point charges in a thermal 

field, yielding a diffuse layer with a characteristic thickness of Debye length.[70] 
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Stern then finally united the two models, proposing a compact layer of specifically 

adsorbed ions (capacitance 𝐶𝑆) in series with the diffuse layer capacitance 𝐶𝐷, 

so that the measured differential capacitance (𝐶) obeys Equation 2: 

 𝐶−1 = 𝐶𝑆
−1 + 𝐶𝐷

−1 (2) 

The models with the potential profile and ion distribution as a function of distance 

from the electrode are presented in Figure 1. 

 

Figure 1. Scheme presenting the electric double layer structure according 

to the a) Helmholtz model, b) Gouy-Chapman model, and c) Gouy-Chapman-

Stern model. Redrawn from Ref.[71] and created with BioRender.com. 

Between the ideal limits of pure EDL and battery-like faradaic reactions lies 

pseudocapacitance, a term firstly introduced by Graham in 1941.[72] Later on, 

Conway presented his concept, stating that the capacitance may emerge from 

two distinct phenomena: namely, the presence of non-specifically adsorbed ions, 

where charge is induced rather than transferred, and the mechanism 

of adsorption pseudocapacitance, wherein charge is indeed transferred.[73] 

Crucially, both EDL and pseudocapacitive storage are capacitive in the sense 

that the differential capacitance is finite and reversible; battery-type processes, 

in contrast, are non-capacitive Faradaic.[74,75] Thermodynamically, Faradaic 

storage is governed by the Nernst equation, which relates the electrode potential 

to the logarithm of reactant activities. For a general redox couple, charge transfer 

can be explained by the Equation 3: 

 𝐴𝑧+ + 𝑧𝑒− ↔ 𝐴 (3) 

with the equilibrium potential according to Equation 4: 

 
𝐸 =  𝐸0 +  

𝑅𝑇

𝑧𝐹
ln (

𝑎𝐴𝑧+

𝑎𝐴
) 

 

(4) 
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where 𝐸 is Nernst potential (V), 𝐸0 stands for standard electrode potential (V), 

𝑅 is universal gas constant (8.314 J·mol-1·K-1), 𝑇 refers to absolute temperature 

(K), 𝑧  is a number of electrons transferred, 𝐹  stands for Faraday constant 

(96 485 C·mol-1), 𝑎𝐴𝑧+  describes the activity of the oxidized species, 𝑎𝐴 

is the activity of the reduces species. In a battery electrode, the amount 

of inserted or extracted ions (e.g., lithium or sodium) changes during cycling, 

altering the chemical composition of the material. This change in stoichiometry 

leads to open-circuit voltage steps or plateaus that reflect phase transitions 

or solid-solution behavior within the electrode. In pseudocapacitance, the 

concentration of redox-active sites stays essentially constant, yielding a smooth, 

nearly linear charge-voltage response. However, in practice, the charge storage 

phenomenon is much more complex. Intercalation-type electrodes accommodate 

guest ions within crystal sites, while conversion electrodes store charge through 

bond-breaking and reformation. The reversible capacity therefore, depends on 

both stoichiometry and the reversibility of associated structural transformations. 

It is worth mentioning that for metal-ion batteries, a crucial role in energy storage 

also plays a surface-related phenomenon known as formation of the solid-

electrolyte interphase (SEI): it consumes charge on the first cycle yet passivates 

the anode against further electrolyte decomposition, thereby altering both kinetics 

and thermodynamics. Figure 2 presents the cyclic voltammetry (CV) 

and galvanostatic charge-discharge (GCD) characteristics of an ideal EDL 

material and other kinds of energy-storage materials, indicating the processes 

responsible for charge storage. 
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Figure 2. Schematic cyclic voltammetry curves and the corresponding 

galvanostatic discharge curves (c, f, i) for representative energy-storage 

mechanisms: capacitive: a) electrical double layer capacitor; b) surface-redox 

pseudocapacitor; pseudocapacitive: d) intercalation; e) intercalation with partial 

redox; battery-type Faradaic (g, h) materials. Redrawn from Ref.[74] and created 

with BioRender.com. 

Having distinguished the three charge-storage families, the next question that 

may arise is how fast each of them can store this charge? This is limited 

by kinetics, first, at the electrode/electrolyte interface and then inside the porous 

electrode itself. At the interface, electron transfer obeys Butler-Volmer behavior, 

and the current density is described by Equation 5: 

 𝑗 =  𝑗0 [exp (
𝛼𝐹𝜂

𝑅𝑇
) − exp (

−(1 − 𝛼)𝐹𝜂

𝑅𝑇
)] (5) 

where 𝑗 is the current density (A·m-2), 𝑗0 is the exchange current density (A·m-2) 

reflecting the rate of electron transfer at equilibrium, 𝛼  is the charge-transfer 

coefficient, 𝐹 is the Faraday constant (96 485 C·mol-1), 𝜂 is the overpotential (V), 

𝑅  is the universal gas constant (8.314 J·mol-1·K-1) and 𝑇  is the absolute 

temperature (K). In porous electrodes, the local overpotential 𝜂  varies when 

the charge is transferred through pores. Consequently, the characteristic time 

constant of a supercapacitor can be modeled as 𝜏 = 𝑅𝐶, with 𝑅 including both 

the electronic resistance of the electrode and the ionic resistance of the pore 

electrolyte, while C is the accessible double-layer or pseudocapacitive 

capacitance. However, in well-designed supercapacitors, the rate-limiting step 

is almost always ionic transport, not electron transfer. High-surface-area porous 

carbons may display relaxation time constants on the order of 0.3 – 1s, thanks 
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to their optimized pore size and conductive networks.[76,77] On the other hand, 

layered metal-chalcogenide electrodes such as Ni-Mo selenides[78] or lithiated 

SnS2, benefit from expanded interlayer gaps and short ion-diffusion paths, which 

can significantly reduce the time constants. Ojha et al.[79] showed that LiSnS2 

microstructures with wide van-der-Waals gaps achieved fast ionic response 

and capacitive behavior. It has also been shown that introducing mesopores  

(2–50 nm) alongside intrinsic van der Waals gaps may reduce ion-transport 

resistance without compromising capacitance, offering a synergistic pathway 

for enhanced electrochemical performance.[80,81] 

On the other hand, for Faradaic insertion processes, the controlling step shifts 

from the ionic conductivity in the electrolyte to solid-state diffusion and associated 

charge-transfer phenomena. In SIBs and LIBs that employ metal chalcogenide 

electrodes, the van-der-Waals gaps characteristics of those allow alkali ions 

to diffuse more easily than in hard carbons – Na+ diffusion is up to two orders 

of magnitude faster than in hard-carbon anodes.[82] For lithium-ion analogues, 

a similar enhancement of Li+ mobility once the structures are resized to a few 

nanometers is observed.[83] However, metal-chalcogenides tend to experience 

significant volume expansion during deep cycling, which can induce mechanical 

stress and promote thickening of a solid-electrolyte interphase (SEI). Current 

strategies to preserve high-rate capabilities therefore combine three elements: 

1) reducing lateral crystal dimensions to the few-layer range, which results 

in shortening ion-diffusion paths; 2) embedding chalcogenides into a conductive 

carbon matrix, which minimizes ohmic losses; and 3) selecting electrolytes that 

form an ultrathin, inorganic-rich SEI, thereby limiting interfacial impedance while 

preventing continuous electrolyte decomposition.[84]  

In practice, electrodes can present several mechanisms at once. Porous carbons 

may display pure double-layer behavior in their graphitic domains, while 

introducing heteroatoms into the structure, such as nitrogen or sulfur, can result 

in additional surface redox sites and thus add an extra pseudocapacitive 

contribution. One of the studies on N-doped porous carbons confirmed that 

the additional capacity arises from fast, surface-confined Faradaic reactions 

rather than bulk ion intercalation.[85] Also, work by Deng et al.[86] showed that 

the extent of this redox contribution depends on both the dopant type 

and the electrolyte anion, emphasizing the need to decouple ionic transport from 

redox kinetics when evaluating such materials. On the other hand, metal 

chalcogenides frequently show a gradual evolution from surface-limited 

pseudocapacitance during the first cycles to diffusion-controlled intercalation 

as ions penetrate deeper into the lattice. MoS2, for example, initially shows 

capacitive charge storage due to nanoscale heterostructures, but during 

extended cycling, exhibits bulk-like diffusion such as Warburg impedance 

and voltage plateaus.[87,88] Similar transitions have been documented for VS2 

and FeS2 in Na-ion systems, underlining that the apparent charge storage 

mechanism evolves with cycling history as ions progressively penetrate deeper 

into the structure.[89–91] Recognizing and quantifying the relative contributions 

of each pathway is essential for rational design, and advanced tools such  

as in-situ electrochemical quartz-crystal microbalance, operando synchrotron  
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X-ray diffraction and time-resolved impedance spectroscopy have become 

indispensable in this regard. 

To sum up, charge can be stored electrostatically in the electric double layer, 

through fast surface redox (pseudocapacitance), or through bulk Faradaic 

reactions that accompany ion diffusion in the battery electrode. Electrostatic 

and pseudocapacitive processes are both truly capacitive – the stored charge 

scales linearly with voltage – whereas battery-type storage is chemical and shows 

a voltage plateau. Metal chalcogenides can be placed somewhere 

at the crossroads: their two-dimensional lattices and rich redox chemistry let 

them behave like capacitors at short times, but like batteries at longer periods 

of time. 

 Determination of charge storage mechanisms 

Energy storage in electrochemical systems often arises from a combination 

of double-layer capacitance and pseudocapacitance or faradaic non-capacitive 

processes. While CV and GCD provide valuable insight into materials’ 

electrochemical behavior, interpreting these responses in terms of underlying 

mechanisms remains a significant challenge. So the question that arises is: can 

we quantitatively resolve and assign the specific contributions of different charge 

storage mechanisms in real systems? A key step toward such quantification 

is recognizing that the structure of the electrochemical interface fundamentally 

governs the observed charge storage behavior. Depending on whether charge 

accumulation involves ion adsorption (capacitive), surface redox 

(pseudocapacitive), or bulk diffusion-limited intercalation, the interface adopts 

distinct physical and transport characteristics. These regimes can be broadly 

categorized based on the presence and nature of the diffusion layer, the extent 

of electron transfer, and the dominant transport mechanism.  

The schematic presented in Figure 3 highlights the connection between 

interfacial structure and electrochemical response. In diffusion-limited faradaic 

systems, a distinct concentration gradient and thick diffusion layer develop, and 

the classic Cottrell or Randles-Ševčík relation applies (𝑖 ∝ 𝑡−1/2 and 𝑖𝑝  ∝ 𝑣1/2, 

respectively). In capacitive systems (EDLCs), where no charge transfer occurs, 

current scales linearly with scan rate, 𝑖 ∝ 𝑣. However, pseudocapacitive systems 

exhibit a unique scaling behavior involving combined contributions, expressed 

by Equation 6: 

 |𝑖|𝑝𝑠𝑒𝑢𝑑𝑜 ~ 𝑎𝑣1/2 + 𝑏𝑣 + 𝑐𝑣3/2 (6) 

This expression accounts for the faradaic, capacitive, and pseudocapacitive 

contributions, respectively, and highlights the hybrid nature of many modern 

systems – particularly those with nanoconfined or highly porous architecture.[92] 
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Figure 3. Schematic illustration of the electrochemical interface for different 

charge storage mechanisms: capacitive electric double layer formation, 

pseudocapacitive (non-diffusion-limited faradaic) storage, and diffusion-limited 

faradaic storage. Adapted from Ref.[92] and created with BioRender.com. 

Differentiating between these mechanisms is essential not only for understanding 

how charge storage occurs, but also for accurate interpretation of performance 

metrics like specific capacitance, rate capability, and energy density. Among 

the available tools, cyclic voltammetry remains the most accessible and widely 

applied method to analyze electrochemical behavior. Within CV analysis, two 

common quantitative approaches are used to deconvolute the contributions from 

capacitive and diffusion-limited processes: the methods proposed by Trasatti 

and coworkers,[93] and Dunn and coworkers.[94] These methods, despite their 

simplifications, offer practical means to interpret CV data and are therefore 

frequently used – especially in early-stage investigations or when complementary 

methods (e.g., electrochemical impedance spectroscopy, or in situ/operando 

spectroscopies) are unavailable. 

The Trasatti method, first developed in the context of ruthenium oxide systems,[93] 

estimates the total capacitance 𝐶𝑇 as the sum of a surface-controlled capacitance 

𝐶𝑜 and a diffusion-controlled component 𝐶𝑖, expressed by Equation 7: 

 𝐶𝑇 = 𝐶𝑜 + 𝐶𝑖 (7) 

Assuming semi-infinite linear diffusion, the method relies on the scan rate 

dependence of capacitance, applying the relation according to Equation 8: 

 𝐶(𝑣) =
𝑆

𝑣1/2
+ 𝐶𝑜 (8) 
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where 𝑣  is the scan rate and 𝑆 is a slope related to ion diffusion resistance. 

The intercept of a plot of 𝐶(𝑣)  vs. 𝑣−1/2  yields 𝐶𝑜 , while 𝐶𝑖  is obtained 

by subtracting 𝐶𝑜  from 𝐶𝑇 .[93] This approach is valuable for distinguishing 

the dominant mechanism in materials where surface and bulk storage 

contributions coexist, and it remains a reliable first-pass approximation when 

applied judiciously.  

The method proposed by Dunn and coworkers offers a spatially resolved 

alternative by quantifying current at each potential as a function of scan rate. 

It separates the total current 𝑖(𝑉)  into capacitive and diffusion-controlled 

components based on their scan rate dependencies (Equation 9): 

 𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣1/2 (9) 

Plotting 𝑖(𝑉)/𝑣1/2  vs. 𝑣1/2allows for the extraction of the constants 𝑘1  and 𝑘2 , 

which respectively quantify surface and diffusion contributions.[94] This approach 

is particularly useful for systems like MoS2 that exhibit potential-dependent redox 

features, as it enables mapping of the dominant mechanism across the voltage 

window.  

While both methods are based on simplifications – such as ideal capacitive 

behavior, semi-infinite diffusion, and negligible ohmic effects – they are widely 

accepted. In the experimental study presented in Chapter II[95] and III,[96] both 

approaches were employed to analyze the electrochemical response of MoS2-

based electrodes. In such systems, where both surface redox and diffusion-

limited intercalation may occur simultaneously, these analyses serve to capture 

the relative importance of each mechanism with reasonable accuracy. 

Nevertheless, it is important to be aware of their limitations. Deviations from ideal 

behavior caused by constant phase element (CPE) behavior or resistive drops 

at high scan rates can distort the apparent contributions. Modeling studies have 

demonstrated that even pure EDLC systems can appear diffusion-limited when 

non-ideal impedance elements or ohmic drops are present, potentially leading 

to misclassification.[97] 

To overcome such limitations, more sophisticated methods have emerged. One 

of the presented strategies is electrochemical modeling that integrates circuit 

parameters such as resistors, capacitors, and CPEs into a physics-based 

simulation. Pholauyphon et al.[97] developed such a framework, allowing 

simulation of CV behavior under varied scan rates, resistances and CPE 

exponents. Their results showed that both the Trasatti and Dunn methods 

significantly overestimate diffusion-controlled contributions when interfacial 

effects or slow ion transport dominate the response. The modelling approach, 

in contract, correctly isolates surface-controlled currents even in complex 

systems. 

Beyond cyclic-voltammetry-based approaches such as the Dunn and Trasatti 

analyses, several complementary experimental approaches have been develop 

to quantify and to distinguish between double layer capacitance, surface 

pseudocapacitive redox and diffusion-limited insertion that are responsible 
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for energy storage in batteries and supercapacitors. For example, by fitting 

Nyquist or Bode plots with transmission-line or porous-electrode models, one can 

extract individual contributions from solution resistance, double layer 

capacitance, charge transfer kinetics and semi-infinite diffusion. Mei et al. 

showed that these parameters evolve systematically with state of charge 

in LiNi0.6Co0.2Mo0.2O2 and MoS2 electrodes, allowing the capacitive fraction to be 

distinguished from insertion-controlled processes across several decades 

of frequency.[98] Another example is the application of electrochemical quartz-

crystal microbalance (EQCM) that couples gravimetry with electrochemistry. 

When applied to highly microporous carbons, EQCM revealed partial desolvation 

of Li+ during adsorption, directly separating pure double layer storage from 

solvated-ion intercalation.[99] In hydrous RuO2 thin films the same technique 

resolved mass gains and losses associated with proton-coupled redox, 

quantitatively distinguishing surface pseudocapacitance from deeper insertion 

pathways.[100] 

Transient titration methods, most widely the galvanostatic intermittent titration 

technique (GITT), determine the chemical diffusion coefficient as a function 

of potential. The resulting diffusion coefficient values indicate the mechanism: 

a high, potential-dependent D points to diffusion-limited (battery-type) behavior, 

whereas potential-independent D supports capacitive storage. Moreover, 

a recent refinement – the intermittent current-interruption (ICI) method – delivers 

the same information within minutes, making operando coupling feasible.[101] 

Finally, a wide group of operando spectroscopy measurements may provide 

significant information, as well. Operando Raman spectroscopy, exemplified 

by Chen et al. for birnessite-type MnO2, tracked potential-dependent phonon 

shifts that correlate with cation (Li+/Na+/K+) insertion depth, thereby separating 

near-surface redox from bulk intercalation in real time.[102] Complementarily, 

in situ X-ray absorption spectroscopy (XAS) has been used by Iamprasertkun 

et al.[103] to follow Mn K-edge shifts in layered MnO2 nanosheets and to quantify 

the relative proportions of double layer, surface redox and intercalation 

contributions during fast cycling. 

Taken together, these advanced tools complement traditional CV-based 

approaches by probing different aspects of the system. And, while the Trasatti 

and Dunn analyses may be limited in their assumptions, they remain valuable 

and justified tools where their application enables differentiation of storage 

mechanisms, especially when used alongside or validated by more 

comprehensive techniques. 

 Key performance metrics: capacitance, capacity, energy density, 

coulombic efficiency, energy efficiency, power density 

Capacitance, the defining metric of a capacitor, describes the amount of charge 

stored per unit of potential difference. Mathematically, it is expressed 

as the differential change in stored charge with potential (Equation 10):  

 𝐶 =
𝑑𝑄

𝑑𝑉
 (10) 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   35 
 

In laboratory practice, it is commonly reported as an average value over a defined 

potential difference ∆𝑉. To facilitate comparison across materials, capacitance 

is normalized either to mass (specific capacitance, 𝐶𝑆 in F·g-1), geometric area 

(areal capacitance, 𝐶𝐴 in F·cm-2) or volume (volumetric capacitance, 𝐶𝑉 in F·cm-3). 

For porous electrodes – where only a fraction of the material may be wetted 

at high scan rates – these different normalizations can highlight kinetic limitations 

and ion accessibility.[104] In the battery literature, the counterpart to capacitance 

is capacity, expressed in coulombs or more commonly in milliampere-hours 

per gram (mAh·g-1). Capacity measures the total charge that can be extracted 

when the electrode undergoes a complete insertion or conversion reaction. 

The numerical connection between the two metrics is straightforward:  

1 F = 1 C·V-1, so an electrode delivering 200 mAh·g-1 across 3 V equates 

to 720 C·g-1 or 240 F·g-1. However, the underlying charge storage mechanisms 

differ fundamentally: in batteries the energy is stored chemically, whereas 

for EDLC capacitors, it is stored electrostatically.[105] 

Energy density (𝐸) quantifies the amount of work a device can perform per unit 

mass or volume. For an EDLC, it is expressed in Wh kg-1, and given 

by Equation 11: 

 𝐸 =  
𝐶𝑆(Δ𝑉)2

2 ∙ 3600
 

 

(11) 

where 𝐶𝑆 is specific capacitance and Δ𝑉 refers to voltage window. The factor of ½ 

originates from the linear charge-voltage relationship in an ideal capacitor, 

meaning that the average charging voltage equals half of the maximum voltage. 

Pseudocapacitors obey the same relation so long as the q-V curve remains quasi-

linear. In contrast, for batteries, the energy is more appropriately obtained 

by integrating the voltage-capacity curve V(Q), or equivalently by taking 

the product of the average operating voltage and the capacity. Device-level 

energy density must subtract the mass of inactive components – current 

collectors, binders, separators, and electrolyte – which can halve the gravimetric 

value relative to active material alone. Energy that can be stored scales 

quadratically with voltage, yet the electrochemical stability window is constrained 

by electrolyte stability.[106] Aqueous electrolytes decompose above ~1.23 V 

vs. SHE (standard hydrogen electrode); organic carbonate mixtures extend this 

window to 2.5–3 V, while ionic liquids can, in principle, withstand 4–5 V, although 

in practice they are limited by impurities and catalytic degradation. As a result, 

significant research is dedicated to widening the voltage window via electrolyte 

formulation and electrode surface passivation.[105] 

The coulombic efficiency serves as a key metric for quantifying parasitic 

processes, according to the Equation 12. While a theoretically ideal capacitor 

would return every electron during discharge, in reality, side reactions such 

as electrolyte decomposition, surface redox, and corrosion can cause irreversible 

charge loss. Non-Faradaic devices can achieve coulombic efficiencies 

approaching 99.9% over a million cycles, whereas even state-of-the-art lithium-

ion batteries rarely exceed 99.7% over a few thousand cycles.[105]  
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 𝜂𝐶 =
𝑄𝑑𝑖𝑠

𝑄𝑐ℎ
 (12) 

In contrast, the energy efficiency is the time-integrated ratio of discharge 

to charge energy and is evaluated on IR-corrected galvanostatic curves. Unlike 

the coulombic efficiency, energy efficiency penalizes every source of energy loss: 

ohmic drop, voltage hysteresis and irreversible Faradaic processes. Therefore 

becomes indispensable whenever the voltage profile deviates from the ideal 

linear capacitor.[107] For high-power applications, even small increases 

in equivalent series resistance (ESR) reduce energy efficiency, driving research 

into low-resistivity electrolytes, highly conductive carbon or chalcogenide 

composites, but also three-dimensional current-collector architectures.[108] 

The rate at which that energy is delivered is defined by power density, 

expressed in W kg-1. For ideal capacitors, power density can be extremely high 

due to the absence of solid-state diffusion limits. However, in practice 

the maximum power is constrained by the device’s ESR, according 

to Equation 13:[109] 

 𝑃 =  
(Δ𝑉)2

4 ∙ 𝐸𝑆𝑅 ∙ 𝑚
 

 

(13) 

where P is the power density (W·kg-1), Δ𝑉 is the operating voltage window (V), 

ESR is the equivalent series resistance (Ω) and m is the mass of active electrodes 

material, unless otherwise specified. In commercial device specifications, 

m typically refers to the total mass of the device, which leads to lower but more 

practical power density values. The factor of 4 originates from the condition that 

maximum power output is achieved when the external load resistance matches 

the ESR, resulting in only half the voltage being applied across the load. ESR 

itself includes contributions from electronic conductivity, ionic transport, interfacial 

impedance, and even inductance at high frequencies. Minimizing any one 

of these requires balancing conductivity, porosity, and electrode architecture. 

Plotting energy density against power density on logarithmic axes is a Ragone 

plot – a visual summary of performance across timescales. Pure supercapacitors 

dominate the high-power, moderate-energy domain; batteries occupy the bottom-

right (high energy, moderate power); and fuel cells extend toward low power 

but practically infinite energy due to the continuous supply of fuel. It is worth 

mentioning that kinetically enhanced pseudocapacitors aim to push the locus 

of points diagonally upward, encroaching upon battery territory without 

abandoning their intrinsic capacitive nature. Figure 3 presents the Ragone plot 

for the aforementioned devices. 
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Figure 3. Electrochemical energy storage systems’ energy and power relation 

depicted in a Ragone plot, along with the corresponding time constant regimes. 

Redrawn from Ref.[110] and created with BioRender.com. 

Another factor is longevity, which can be described by cycle life and calendar 

life. The former measures how many charge-discharge cycles a device can 

sustain before its capacity falls below a prescribed threshold, typically 80% 

of its initial value. Calendar life on the other hand captures the same degradation 

processes in an inactive state (storage) and is mostly influenced by temperature, 

state of charge and electrolyte purity.[111] 

 Comparison between batteries and supercapacitors 

Although both batteries and supercapacitors rely on the same processes when 

we take into account movement of electrons and ions, the manner in which those 

charges are stored differs profoundly. In batteries, energy is stored via bulk redox 

reactions in the active material, where charge-discharge processes require ionic 

diffusion across microns of solid and are limited by stoichiometric redox capacity. 

In contrast, supercapacitors store energy electrostatically at the surface 

or in a near-surface redox layer, and charge storage is primarily governed 

by accessible surface area, dielectric environment, and electrolyte structure, not 

stoichiometry.[112] This distinction is reflected in industry-standard performance 

metrics. Commercial lithium-ion cells typically deliver 150–250 Wh·kg-1 of energy 
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density, yet rarely exceed 1 kW·kg-1 of continuous power and ~10 kW·kg-1 

of pulse power. In contrast, state-of-the-art EDLC supercapacitors provide only 

5–10 Wh·kg-1, but can effortlessly supply 10–15 kW·kg-1 with millisecond 

response times.[113] Pseudocapacitors and hybrid devices narrow the energy gap, 

delivering 30–100 Wh·kg-1 under favorable conditions.[114,115] 

Cycle life is another differentiator. Supercapacitors frequently survive beyond one 

million cycles with less than 20% degradation, whereas even the most advanced 

lithium-ion batteries seldom exceed 5 000 cycles under identical depth-of-

discharge conditions. This supercapacitors’ longevity is due to the absence 

of crystallographic rearrangement, whereas mechanical and chemical 

degradation accumulates in battery electrodes over time. From a safety 

perspective, supercapacitors store less energy per unit volume, so even 

in the event of a failure, the consequences are typically mild and the heat 

released is minimal. In contrast, batteries that hold large chemical energy, 

demand elaborate management systems to mitigate thermal runaway. Moreover, 

the absence of phase transitions grants supercapacitors superior low-

temperature performance, although electrolyte viscosity still imposes limits below 

–40 °C.[116] An important nuance is that the high gravimetric energy density 

at the cell level is partly reduced at the system level, since battery packs require 

additional mass and volume for thermal management, safety features 

and protective enclosures. Supercapacitor modules, in contrast, generally 

demand less active cooling due to their intrinsic tolerance to high currents 

and overcharging. However, their low cell voltage necessitates series 

configurations, and the accompanying cell-balancing electronics can lower 

volumetric energy density.  

These complementary strengths indicate distinct application domains: batteries 

dominate wherever long-duration energy supply is paramount – electric vehicles, 

portable electronics, grid-level storage, whereas supercapacitors are ideal 

for high-power, short-burst applications such as regenerative breaking, wind 

turbine pitch control, fuel-cell buffering and emergency backup systems.[117] 

Hybrid energy-storage systems combining both technologies in parallel are 

increasingly adopted, capitalizing on the high energy of batteries and the high 

power of electrochemical capacitors.[118] As the two technologies mature, their 

design strategies are crossing each other. Batteries are being engineered with 

nanostructured electrodes to shorten diffusion paths and boost rate capability, 

effectively borrowing from supercapacitor strategies. On the other hand, 

supercapacitors incorporate redox-active materials to improve energy density. 

The boundaries are even more blurred when concepts like intercalation 

pseudocapacitance appear, where classical battery mechanisms occur within 

a capacitive response time. Understanding and exploiting this trend, rather than 

treating batteries and capacitors as binary categories, may be the frontier 

of modern research. 
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3. Supercapacitors 

 Types of supercapacitors: EDLCs vs pseudocapacitors vs hybrid 

systems 

Supercapacitors are typically categorized into three working families. The first 

one, electrical double-layered capacitors (EDLCs), stores charge by physical 

adsorption and rearrangement of ions at the surface of a conductive electrode. 

There is no charge transfer across the interface, so the process is fast and highly 

reversible. EDLCs most commonly use activated carbon due to its high surface 

area, conductivity, and affordability. The concept was first introduced by General 

Electric in 1957,[119] but practical devices emerged in the 1970s when Standard 

Oil of Ohio Research Center developed porous carbon electrodes[120,121] 

and licensed the technology to Nippon Electric Company, which began selling 

the first commercial EDLCs under the name “Super Capacitor” in 1971.[122] Since 

then hundreds of papers have nudged that figure up or improved the rate 

capability, but the basic picture has not changed: EDLCs trade enormous cycle 

life for modest energy density. 

In the second group, known as pseudocapacitors, charge storage is governed 

by fast and reversible Faradaic reactions at or near the surface of the electrode. 

Unlike EDLCs, pseudocapacitors involve electron transfer across the electrode-

electrolyte interface, yet the reactions occur without bulk phase changes or long-

range ion diffusion, preserving the high-rate capability typical of capacitive 

systems. The concept of pseudocapacitance emerged from early electrochemical 

investigations into surface-bound redox phenomena at 1960s. At that time, 

studies revealed that certain adsorbed/deposited species (on the electrode) could 

undergo rapid and reversible electron transfer without traditional bulk diffusion, 

hinting at capacitive-like charge storage behavior.[123] An essential step forward 

was in 1971, when ruthenium dioxide (RuO2) was reported to exhibit cyclic 

voltammetry profiles resembling those of ideal capacitors – the rectangular-

shaped curves – even though the charge storage involved Faradaic 

processes.[124] This was one of the first demonstrations that redox-active 

materials could mimic the behavior of capacitors, thereby challenging 

the conventional separation between capacitive and battery-type systems. 

On the following decades, similar electrochemical behavior was observed 

in various conducting polymers,[125] as well as in a range of transition metal oxides 

like manganese dioxide, cobalt oxide, and nickel oxide.[126–129] Despite these 

early findings, the use of such materials in the context of supercapacitors was 

not widely adopted until the 1990s, when the term pseudocapacitance began 

to gain traction in the scientific literature. More recently, metal chalcogenides 

such as sulfides and selenides of molybdenum, cobalt, and nickel have attracted 

significant attention as pseudocapacitive materials. 

Yet, pseudocapacitance is not the only mechanism bridging the gap between 

batteries and capacitors. In terms of device architecture, hybrid supercapacitors 

are constructed by combining two different types of electrodes – typically one 

battery-type Faradaic electrode and one capacitor-type electrode.[130] These 

devices aim to unify the high energy density of batteries with the high power 
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density and long cycle life of capacitors. A well-known example is the lithium-ion 

capacitor (LIC), originally patented by Amatucci et al.,[131] which pairs 

a nanostructured Li4Ti5O12 anode with an activated carbon cathode, achieving 

working voltages close to 4 V in organic electrolytes. Similarly, sodium-ion 

capacitors (NICs) have gained attention by using analogous configurations, such 

as hard carbon/activated carbon systems, capable of delivering much greater 

energy density than supercapacitors and enhanced performance in power 

density in comparison with traditional sodium ion batteries.[132,133] 

A separate but important distinction in supercapacitors design is whether the two 

electrodes are chemically the same. Symmetric cells, which use the same 

material for both electrodes (typically activated carbon), are simple to balance 

and diagnose, but their operational voltage is restricted by that single material’s 

stability window.[134] On the other hand, asymmetric supercapacitors combine 

different materials for anode and cathode electrode, with different stability 

windows. This configuration allows the cell to operate over a wider voltage range, 

leading to a substantial improvement in energy density.[135,136] For instance, 

Fan et al.[137] demonstrated an asymmetric cell using a graphene/MnO2 

composite as the cathode and activated carbon nanofibers as the anode, 

achieving a voltage of 1.8 V and energy density of 51.1 Wh·kg-1. Another study 

by Wen et al.[138] used a MnO2@carbon spheres composite and nitrogen-doped 

carbon as the negative electrode to reach 1.9 V in a Na2SO4 electrolyte. Crucially, 

in asymmetric design, achieving an appropriate mass balance between the two 

electrodes is essential to maintain capacity matching and stability, which adds 

design complexity but is often justified by the significant gain in energy output.  

 Materials for supercapacitor electrodes 

3.2.1. Carbon-based materials 

In general, electrochemical capacitors derive their exceptional power 

performance from surface-confined charge storage processes. While electrolyte 

selection defines the operational voltage window and ionic transport properties 

of the device, the architecture of the electrode material ultimately govern 

accessible surface area, electronic/ionic transport pathways, and long-term 

stability under multiple cycles of polarization. In practice, nearly all commercial 

ECs utilize carbonaceous electrodes – most commonly these are activated 

carbon (AC)-based materials processed into films or pressed powders. This 

is because carbons combine broad electrochemical stability, tunable porosity, 

good electrical conductivity, low cost, and scalability from diverse 

feedstocks.[139,140] Early broad research reviews by Conway,[73] Frąckowiak and 

Béguin,[141] but also Simon and Gogotsi[142,143] established the structure-charge 

storage relationships that continue to guide material development, emphasizing 

the importance of accessible surface area for double-layer charge, the influence 

of pore size distribution relative to solvated ion dimensions. They also point 

out the opportunities to couple EDL capacitance with pseudocapacitance 

that may be introduced by heteroatoms or composite phases. 
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One of the ways to organize the highly diverse field of carbon materials is by their 

structural dimensionality: zero-dimensional (0D) with fullerenes, carbon 

(CQD) and graphene (GQD) quantum dots as representatives; one-

dimensional (1D) like carbon nanotubes (CNTs); two-dimensional (2D) with 

a classical example of graphene or reduced graphene oxide (RGO); and three-

dimensional (3D) structures such as aerogels or AC. Dimensionality is more than 

just a way to classify these materials – it constrains electron percolation paths 

length, determines ion transport, controls packing density, influences mechanical 

integrity at the electrode/collector interface, and affect the overall electrochemical 

performance.[144,145] 

There are several physicochemical properties that are relevant to electrochemical 

capacitors’ performance that include Brunauer-Emmet-Teller (BET) specific 

surface area (SSA), pore size distribution with its micro-, meso- 

and macroporosity, but also as much important a degree of graphitization (sp2) 

which determine electrical conductivity, and accessible crystallographic edges 

or defect sites that host heteroatom functionalities.[145] Table 1 summarizes 

characteristics reported in the literature for various carbon materials in relation 

to their dimension, with representative carbons that will be described in detail 

in this chapter – activated carbons, carbon nanotubes, graphene-based carbons, 

and 3D carbon architectures. 

Table 1. Physicochemical and electrochemical characteristics of carbonaceous 

materials used for electrochemical capacitors. Structures created with BioRender.com. 

Dimension 0D 1D 2D 3D 

Representative 

Materials 

CQD, 

Fullerene 

Single-walled/ 

Multi-walled 

CNTs 

Graphene,  

RGO 

AC,  

aerogels 

SSA   

[m2 g-1] 
100–800 200–1300 500–2000 800–3500 

Capacitance 

[F g-1] 
50–200 150–420 150–300 250–300 

Conductivity  

[S m-1] 
10–100 102–107 102–108 102–103 

Structure 

  
 

 

Reference [146,147] [148] [148,149] [150,151] 

Activated carbon has established itself as the industrial standard 

for supercapacitor electrode materials, largely due to its accessibility 

and favorable electrochemical properties that can be easily tuned. Its production 

relies on thermochemical conversion of carbon-rich precursors through pyrolysis 
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followed by an activation step that allows for obtaining highly porous structures. 

A broad spectrum of feedstocks can be used, ranging from conventional fossil-

derived sources like coal and petroleum coke to sustainable biomass wastes 

such as coconut shells, sawdust, nutshells, or even sewage sludge.[152–154] 

The activation procedure, which typically involves physical agents such as steam 

or carbon dioxide, or chemical agents like KOH or eutectic salt melts, can induce 

extensive etching of the disordered carbon structure and generate a network 

of pores from micro- to mesoporosity.[155–157] These pores form through partial 

removal of amorphous carbon domains and lead to specific surface areas that 

often exceed 2000 m2 g-1, and in optimized systems, even reaching 

up to 3500 m2·g-1.[158] The resulting morphology typically consists of a turbostratic 

carbon[159] with randomly oriented graphene-like sheets, creating pores 

and interconnected tunnels that allow for fast electrolyte diffusion during 

charge/discharge cycles. 

While ACs primarily store charge through non-faradaic electric double layer 

capacitance, their electrochemical performance can be significantly enhanced 

by tailoring the surface chemistry. Post-synthesis functionalization or heteroatom 

doping may introduce redox-active groups, and as a result a material that can 

also support pseudocapacitive behavior is obtained.[160] Nitrogen and oxygen are 

the most commonly introduced heteroatoms, as they can increase wettability 

and can participate in faradaic reactions.[161–165] For example, oxygenated groups 

like quinones and carbonyls contribute redox activity in acidic media.[166,167] 

On the other hand, phenols, lactones and carboxylic acids tend to be active 

in alkaline electrolytes, allowing specific capacitance values to increase 

substantially beyond what can be achieved only with EDL contribution.[168,169] 

Nitrogen functionalities, e.g. pyridinic, pyrrolic, or graphitic nitrogen, can be 

introduced by thermal treatment in the presence of nitrogen-rich precursors like 

melamine or urea, and according to the literature they improve electrical 

conductivity, cycling stability and electrochemical stability window.[170–172] 

Moreover, the wettability of the carbon surface, which is crucial for electrolyte 

penetration and pore accessibility, has been shown to improve with 

the introduction of hydrophilic oxygen functionalities such as carboxyl, phenol, 

and hydroxyl groups. This enhancement facilitates faster ion transport 

and improved capacitance, especially in aqueous media.[173–175] 

Nevertheless, the use of AC-based electrode materials is not without limitations. 

Their energy density is restricted by the capacitive mechanisms of energy storage 

and the typically narrow voltage window, especially when aqueous electrolytes 

are used. The integration of pseudocapacitive elements and the development 

of advanced hybrid materials, e.g. AC combined with metallic compounds[176,177] 

or conductive polymers,[178] are among the strategies being explored to improve 

the performance beyond that of classical double layer systems. For instance, 

Kour et al.[179] synthesized MnO2 nanorods via hydrothermal processing 

and incorporated them onto activated carbon using a simple sol-gel approach. 
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The resulting MnO2/AC composite exhibited a specific capacitance  

of 398.5 F·g-1 at 1 A·g-1, more than double than pristine MnO2, and achieved 

an impressive energy density of 105.2 Wh·kg-1, which they attributed 

to the synergy between the faradaic redox activity of MnO2 and the high surface 

area of AC.[179] Similarly, Liao et al.[180] reported the fabrication of Fe2O3-AC 

and MnO2-AC hybrid electrodes using oxidative potassium salts and in situ 

growth techniques. These composites showed specific capacitance of 645 and 

548 F·g-1, respectively, and exhibited 90.2% retention over 10 000 cycles 

in alkaline electrolytes.[180] Polymer-based composites are also reported 

to present impressive electrochemical performance. Dubey et al.[181] developed 

a hybrid electrode by depositing conductive polypyrrole on porous AC derived 

from human hair, using an in situ oxidative polymerization that takes advantage 

of the 3D carbon network as a scaffold. The presented composite was 

characterized by capacitance enhancement (358 F·g-1 in 1 M H2SO4) due 

to the pseudocapacitive contribution of polypyrrole, but also improved ion access 

and electrical conductivity.[181] Despite these advances and researchers 

searching for new solutions, AC continues to serve as the foundational material 

in commercial supercapacitor devices due to its processability, low cost, long 

cycle life, and fast charge-discharge capabilities. Its enduring relevance 

is sustained by ongoing innovations in surface functionalization, hierarchical 

porosity control, and electrolyte studies, all aimed at pushing the boundaries 

of capacitive energy storage. 

In contrast to the highly amorphous and disordered nature of activated carbon, 

carbon nanotubes offer a structurally ordered, graphitic alternative that shows 

several advantages to supercapacitor electrodes design. CNTs are typically 

categorized into single walled (SWCNTs) and multi-walled (MWCNTs) 

nanotubes, depending on the number of graphene layers. Their synthesis can be 

approached in several ways, e.g. by arc discharge, laser ablation, or even more 

commonly used chemical vapor deposition (CVD) technique. However, although 

the synthesis results in crystalline materials, it is often accompanied by metallic 

catalyst residues and amorphous carbon byproducts that require post-synthesis 

purification.[182,183] CNTs stands out when it comes to their exceptional electrical 

conductivity.[148] This makes them ideal for reducing charge transfer resistance 

in electrode structures, especially when incorporated as conductive 

scaffolds.[184,185] 

However, despite their superior electrical properties, pristine CNTs are generally 

characterized by moderate surface areas, ranging from 200 to 1300 m2 g-1 

for SWCNTs, and considerably lower for MWCNTs, but this depends on tube 

diameter, wall number and degree of aggregation.[186] This limitation in accessible 

surface area restricts their double layer capacitance compared to highly porous 

materials like ACs. Additionally, the smooth graphitic surface of CNTs results 

in poor wettability and limited ion accessibility if no surface functionalization 

is applied.[187,188] Strategies to enhance their capacitive performance have thus 
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focused on surface modification and composite formation. For example, 

functionalization with oxygen-containing groups through acid treatments 

or plasma oxidation not only improves electrolyte access but also introduces 

redox-active sites capable of introducing the pseudocapacitive contribution 

in energy storage.[189–192] 

More commonly, CNTs serve as high-conductivity frameworks as part 

of composite electrodes. Their 1D morphology facilitates percolating networks 

and they are usually integrated with electrochemically active materials such 

as transition metal oxides[193,194] and conductive polymers[195–197] to form hybrid 

electrodes with enhanced energy storage capacity and rate performance. In such 

composites, CNTs not only provide electronic pathways but also provides 

mechanical stability that hinder structural degradation during cycling. Notably, 

CNT-based composites have demonstrated specific capacitance values 

exceeding 300 F·g-1 depending on the composite material. Apart from 

performance enhancement, the incorporation of CNTs into 3D structures such 

as aerogels, offers scalable solutions for flexible and wearable energy storage 

devices, which is an emerging area where conventional AC-based electrodes fall 

short.[198–200] Therefore, CNTs may not compete with AC in terms of active surface 

area, but their electrical conductivity and structural order make them an attractive 

choice in the development of next-generation supercapacitor technologies. 

The third representative material is graphene, which is a two-dimensional 

structure, consisting of a single layer of sp2-bonded carbon atoms arranged 

in a honeycomb lattice. It was first isolated in 2004 through mechanical 

exfoliation, which at this time was a breakthrough that underscored its exceptional 

physicochemical properties and let to the 2010 Nobel Prize in Physics for Andre 

Geim and Kostya Novoselov. Its theoretical specific surface area reaches 

~2630 m2·g-1 and is one of the reasons for its potential in double layer charge 

storage.[149,201] Also, its electrical conductivity is close to and even exceeds that 

of CNTs, with values approaching 108 S m-1.[148] In context of energy storage 

applications, it can facilitate ultrafast electron transport and support high 

charge/discharge rates, making it an attractive candidate for electrode material. 

However, the practical implementation of graphene in supercapacitors remain 

challenged by issues of synthesis, but also structural aggregation. Conventional 

methods for producing graphene, such as CVD, chemical exfoliation and thermal 

reduction of graphene, often result in multilayer stacks or restacking of single 

layers due to van der Waals forces. And, although strategies such as heteroatom 

doping,[202–204] surface functionalization,[205–207] and three-dimensional structuring 

(e.g. aerogels or foams)[208–210] have been studied to mitigate these effects, 

the material’s theoretical advantages are often not fully realized in practical 

devices. As with CNTs, graphene is most effective when used as a conductive 

counterpart for pseudocapacitive or battery-type materials.[211–213] Composites 

incorporating graphene with transition metal oxides or sulfides have 
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demonstrated notable improvements in specific capacitance and energy density. 

For instance, Dong et al.[214] synthesized a NiCo2S4/graphene, where nickel-

cobalt sulfide nanoneedles were embedded into a graphene framework 

to prevent aggregation and maximize interfacial contact. The asymmetric 

supercapacitor device constructed with this composite delivered a specific 

capacitance of 199.3 F·g-1 at 2 A·g-1 and retained 90.4% after 10 000 cycles  

(j = 10 A·g-1), proving excellent cycling stability and rate performance.[214] 

In another study, Qian et al.[215] prepared a surfactant-free graphene Mn3O4 

hybrid electrode using simple solvothermal synthesis. The composite 

reached   specific capacitance of 239.6 F·g-1, and there was no need of addition 

of conducting fillers due to the high graphene conductivity. The enhancement 

of capacitance in comparison with pristine graphene and pure Mn3O4 was due 

to the uniform distribution of oxide nanoparticles and large surface area and high 

conductivity of graphene counterpart.[215] Additionally, Liu et al.[216] designed 

a Co0.33Fe0.67S2/graphene composite using a one-step hydrothermal method, 

forming a sandwich-like structure where sulfide nanoparticles were embedded 

between graphene nanosheets. Authors stated that this design promoted high 

electronic conductivity and redox activity, at the same time suppressing volume 

changes. The asymmetric supercapacitor device constructed with this composite 

achieved an energy density of 63 Wh·kg-1 at a power density of 300.5 W·kg-1.[216] 

In summary, carbon-based materials, from the disordered yet highly porous 

activated carbon to the structurally defined CNTs and graphene, are definitely 

background for supercapacitor electrode development.[217] While each of these 

materials offers distinct advantages in terms of surface area, conductivity 

and tunable chemistry, they are fundamentally limited by the non-faradaic nature 

of electric double layer capacitance and, sometimes, by practical synthesis 

constraints. These limitations have driven research toward alternative types 

of materials that can provide high energy density thanks to the pseudocapacitive 

behavior. In this context, metal chalcogenides (particularly sulfides and selenides 

of transition metals) are standing out as promising candidates. 

3.2.2. Metal chalcogenides 

The past decade has seen a considerable interest in the exploration of two-

dimensional materials beyond graphene, prompted by the need to overcome 

its inherent limitations in energy storage applications. Among the most promising 

of these 2D materials are the transition metal dichalcogenides (TMDs), which 

follow the general formula MX2, where M is a transition metal (e.g., Mo, W, V) 

and X is a chalcogen atom (S, Se, Te),[26] see Figure 4a. Structurally, TMDs 

consist of a layer of metal atoms sandwiched between two chalcogen layers. 

Within layers those atoms are held together by strong covalent bonds, whereas 

between the layers weak van der Waals interactions may be distinguished. This 

layered structure facilitates both ion intercalation and surface reactions, making 

TMDs particularly attractive for electrochemical energy storage devices such 

as supercapacitors.[218] 
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Figure 4. a) Periodic table with transition metal elements and chalcogen 

elements forming layered structures; side and top views of b) 1T (octahedral 

coordination) and c) 2H (trigonal prismatic coordination) structures of MoS2 

Adapted from Ref.[219] and Ref.[95], created with BioRender.com. Crystal 

structures were created using VESTA 3 software.[220] 

Among TMDs, molybdenum sulfide (MoS2) is one of the most studied. MoS2 can 

exist in different crystallographic phases, most notably the 2H (Figure 4c) 

semiconducting phase, with a band gap of ~1.9 eV in monolayer form, 

and the 1T phase (Figure 4b), which exhibits metallic behavior and enhanced 

electrical conductivity, up to five orders of magnitude higher than 2H MoS2.[221,222] 

However, MoS2 naturally crystallizes in the 2H phase, which is more 

thermodynamically stable under ambient conditions.[223] In contrast, the 1T phase 

is metastable and thus more challenging to obtain and maintain over time. It also 

tends to revert to the 2H form unless stabilized by defects, dopants, or structural 

confinement.[224] Several studies have attempted to overcome this imitation 

through phase engineering strategies. For example, Li et al.[225] demonstrated 

that incorporating –COOH groups during a one-step hydrothermal synthesis 

allowed for the controlled stabilization of high-purity 1T MoS2, achieving a specific 

capacitance of 180 F·g-1 and 84.6% retention over 10 000 cycles.[225] Similarly, 

Xuyen and Ting[226] developed MoS2 nanoflowers with tunable 1T/2H phase ratios 
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using a microwave-assisted hydrothermal route. They showed that increasing 

the 1T content from 40% to 73% was performed by adjusting the ratio 

of precursors, which directly enhanced capacitance from ~150 F·g-1 to 259 F·g-1, 

pointing out the advantages of the metallic phase.[226] Nevertheless, achieving 

stable and high-yield 1T-phase MoS2 remains difficult. The interconversion 

between phases and the engineering of mixed phase structures has therefore 

emerged as a practical compromise. In the mixed structures, the 2H may stabilize 

the 1T phase, allowing the composite to retain improved conductivity while 

preserving chemical robustness.[224] This has important implications 

for applications in supercapacitors, where the increased number of redox active 

sites in 1T MoS2 can significantly increase specific capacitance, particularly 

in hybrid architectures or on direct-on-substrate growth. 

The synthesis of MoS2 and other TMDs can be broadly categorized into top-down 

and bottom-up strategies, each offering distinct advantages depending 

on the intended application. Top-down methods typically involve exfoliating bulk 

layered crystals into few- or single-layer nanosheets, using techniques such 

as mechanical cleavage, liquid-phase exfoliation, chemical exfoliation, 

or electrochemical delamination.[227] While mechanical exfoliation, which 

is inspired by the “Scotch tape” method for graphene production, yields high-

quality monolayers, it is not scalable.[228] Liquid-phase exfoliation on the other 

hand offers higher yield and can be tuned using surfactants or solvents such 

as N-methyol-2-pyrrolidone (NMP) or dimethylformamide (DMF), which promotes 

better delamination. However, this approach often results in structural defects 

and restacking, limiting electrochemical performance.[229] In contrast, bottom-up 

methods such as chemical vapor deposition (CVD) and hydrothermal 

and solvothermal synthesis allow for better control over material composition, 

morphology and crystalline phase.[230] CVD typically produces uniform monolayer 

films on substrates under tightly regulated conditions, but requires high 

temperatures (> 600 °C), multiple gas lines, and precise control of precursors.[221] 

All of this make this process costly and technically demanding. Hydrothermal 

and solvothermal syntheses, on the other hand, are solution-based processes 

that take place in sealed autoclave at moderate temperatures (up to 220 °C), 

using aqueous or organic solvents, respectively.[230] These methods enable 

scalable production of nanostructured chalcogenides in various morphologies: 

nanosheets,[231] nanoflowers[232,233] or hollow spheres.[234,235] This can 

be achieved by varying reaction time, temperature, precursors and additives.[236–

239] Also, the possibility to tune phase and porosity makes hydrothermal synthesis 

especially attractive for electrochemical energy storage.[240–243] However, they are 

not without limitations. The resulting materials may often exhibit variability 

between batches, residual impurities, or inconsistent crystallinity, 

and a lot of misconceptions in the literature, especially when characterizing 

hydrothermally obtained 1T phase MoS2.[244] 
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Figure 5. Binder-free synthesis approaches for electrochemical energy storage 

applications. Adapted from Ref.[245] and created with BioRender.com. 

A particularly promising approach in the development of electrode materials 

for supercapacitors is the binder-free growth of active materials directly 

on conductive substrates. Traditional electrode fabrication involves casting 

slurries of active material, conductive additives and polymeric binders 

(e.g., PDVF). However, this approach can introduce interfacial resistance 

or reduce active surface exposure, but most of all binders presence increases 

“dead mass” and as a result influence the electrochemical performance.[246,247] 

Binder-free strategies bypass these issues by facilitating close contact between 

the electroactive material and current collector, which may improve charge 

transfer kinetics and mechanical stability.[245,248–252] Various methods have been 

explored for binder-free electrodes, which are presented in Figure 5. 

For instance, Ren et al.[253] used a CVD technique to deposit amorphous FePO4 

onto carbon nanotubes fibers, creating flexible, binder-free electrodes with 

excellent mechanical strength and sodium-ion battery performance. Similarly, 

Yao et al.[254] synthesized nitrogen-doped carbon-coated Ni3S2 nanowires directly 

on nickel foam, improving electronic conductivity and cycling stability in Li-ion 

batteries. However, CVD, while enabling atomic-scale control and high material 

purity, typically requires high temperatures and sophisticated equipment. Other 

technique is electrochemical deposition which, on the other hand, allows fine 

control over film thickness and uniformity, but may not yield the desired 

nanostructures for high surface area.[245] In contrast, hydrothermal synthesis 

stands out for its simplicity and ability to directly grow nanostructured materials 

on a wide variety of substrates, including carbon cloth, nickel foam, graphene-
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based films, and also metallic foils. Pazhamalai et al.[255] demonstrated 

hydrothermal growth of vertically oriented copper tungsten sulfide nanostructures 

on Ni foam. The resulting binder-free electrode offered efficient ion transport 

pathways and reached specific capacitance of 107.9 F·g-1 with high cycling 

stability over 10 000 cycles.[255] A similar strategy was used by Ma et al.,[256] who 

fabricated hollow CoMoS4 nanotubes on carbon cloth by combination 

of hydrothermal synthesis and sulfidation. As a result, the asymmetric 

supercapacitor with the assembled electrode delivered high energy density 

(49.1 Wh·kg-1 at 800 W·kg-1) and maintained 90% capacity over 10 000 

cycles.[256] Together, all of those examples illustrate the variety of methods 

available to synthesize binder-free electrode. From high-temperature vapor-

based processes to wet chemistry techniques and electrochemical deposition, 

the choice of method is often guided by the desired material morphology, 

substrate, and the application.  

Pristine transition metal chalcogenides such as MoS2 possess layered structures 

and promising redox activity, however, their full potential in supercapacitor 

electrodes may be compromised by low intrinsic conductivity and poor ion 

accessibility on the inert basal planes. To overcome these limitations, 

researchers have developed tailored strategies including heteroatom doping, 

metallic substitution, and defect engineering. Each of those strategies enforce 

interlayer expansion, enhanced charge carrier density and improvement 

of surface properties in order to elevate both double layer and pseudocapacitive 

contributions. Nitrogen doping, for example, introduces localized electron 

donating sites that increase the conductivity of MoS2 while modifying its electronic 

band structure. This can also activate redox sites even in the basal plane, 

traditionally considered electrochemically inactive.[257] Le et al.[258] employed 

a low-temperature N2 plasma process to introduce nitrogen atoms into a 1T/2H 

MoS2 heterostructure, preserving the beneficial metallic character 

of the 1T phase and simultaneously increasing the number of electrochemically 

active sites. The presented material achieved a specific capacitance 

of 410 F·g-1 at 1 A·g-1, outperforming pure MoS2, and displayed superior 

mechanical stability in a flexible solid-state supercapacitor.[258] In other research, 

co-doping with nitrogen and phosphorus into MoS2-graphene composites 

not only induced lattice distortion but also improved interfacial charge 

transport.[259] Electrode material was characterized by specific capacitance 

of 588 F·g-1 at 1 A·g-1 in 1 M Na2SO4 aqueous electrolyte, and symmetric 

supercapacitor with energy density of 24.34 Wh·kg-1.[259] 

Another problem, especially associated with sulfides, is that this class of materials 

is prone to oxidation. Transition metal sulfides such as MoS2 are particularly 

sensitive to ambient oxygen and moisture, which can trigger not only a gradual 

conversion of Mo species to higher oxidation states, but also an irreversible 

structural transformation from the metastable 1T phase to the thermodynamically 

stable phases or even to molybdenum oxides like MoO3.[260,261] This susceptibility 

to oxidation is not merely a challenge for long-term material stability – it also 

introduces considerable ambiguity in structural characterization, especially 

in hydrothermally synthesized samples. Among the most widespread issues 
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is the misidentification of oxidation products in Raman spectroscopy. Because 

1T MoS2 has a characteristically broad and low-signal Raman bands, it can be 

difficult to detect them, especially when overlapped by the sharper bands 

of the 2H phase or MoO3 (see the modes presented in Table 2).[244] Alarmingly, 

many studies assign spectra to 1T MoS2 without showing the full spectral range, 

often cutting off the range above 700 cm-1, and thereby missing the characteristic 

high-wavenumber MoO3 peaks above 800 cm-1 that would clearly reveal surface 

oxidation.[244] This is further complicated by the use of high laser powers that can 

locally induce oxidation or phase transition during measurement, especially 

in thin or poorly crystalline samples.[262] Furthermore, electrochemical impedance 

studies have shown that 1T MoS2 exhibits significantly lower charge transfer 

resistance compared to the 2H phase, a property that is lost when oxidation 

reverts the material back to the less conductive 2H form.[263] While storing 

materials under inert atmospheres is essential to preserve the 1T phase, other 

stabilization strategies have also emerged. These include intercalation of alkali 

ions such as Li+ or NH4
+ that help stabilize the 1T lattice,[264] as well as heteroatom 

doping with elements like P or Ni, which can enhance electronic conductivity 

and reduce susceptibility to oxidation by modifying the electronic structure.[260] 

These approaches, combined with careful synthesis control and post-synthetic 

handing, are critical for preserving the functional properties of 1T MoS2.  

Table 2. Raman bands of 1T MoS2, 2H MoS2 and MoO3. Adapted from Ref.[244] 

1T MoS2 [265–267] 2H MoS2 [265,268] MoO3 [269–271] 

/ cm-1 mode / cm-1 mode / cm-1 mode 

    116 B3g 

    128 B1g 

147      

151 J1   159 B2g 

226 J2   219 Ag 

286 E1g   283 B1g 

333 J3   338 Ag 

  383 E2g   

412 A1g 409 A1g   

    666 B3g 

    820 Ag 

Transition-metal doping/functionalization may also be an alternative route 

for structural and electronic modification. Hanifehpour et al.[272] presented iron-

doped MoS2 nanosheets synthesized via hydrothermal method demonstrated 

improved morphology and electrochemical performance relative to pristine MoS2. 

Authors observed improved specific capacitance, accompanied by lower charge-

transfer resistance and enhanced cycling stability.[272] A similar hydrothermal 

approach with cobalt as a dopant resulted in Co-MoS2 nanoflowers with specific 

capacitance values reaching 453 F·g-1 in comparison with undoped MoS2, 

and the symmetric supercapacitors excellent cycling stability of 98.5% after 

10 000 cycles.[273] Similarly, Ni-doped MoS2 nanosheets, prepared through 
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controlled solvothermal synthesis, demonstrated improved wettability 

and enhanced ion diffusion kinetics. In a flexible solid-state supercapacitor 

configuration, the Ni-MoS2 electrodes delivered a capacitance of 528.7 F·g-1 

and retained 85% of initial capacitance after 10 000 cycles (j = 5 A·g-1).[274] 

Another approach is to use rare-earth metal dopants, which can introduce 

multivalent redox activity and modulate the crystallinity of MoS2. In a recent study, 

Gd- and Nd-doped MoS2 nanosheets prepared via hydrothermal synthesis 

exhibited a specific capacitance of 357 F·g-1 at 10 mV s-1, with over 81% 

capacitance retention after 5 000 cycles.[275] Electrochemical impedance 

spectroscopy also confirmed that rare-earth doping reduced both solution 

and charge-transfer resistance, enabling more efficient ion transport 

and enhancing the long-term cycling stability.[275] Even noble metal dopants, 

though costly, have been used to further improve electrochemical performance. 

Shao et al.[276] introduced Pt nanoparticles into MoS2 nanosheets grown 

on carbon cloth using hydrothermal synthesis. The Pt-doped electrodes exhibited 

nearly twice the specific capacitance of pristine MoS2, reaching ~250 F·g-1 

at 0.5 A·g-1, and in the asymmetric supercapacitor configuration the reported 

capacitance was 42 F·g-1.[276] Pt functionalization of 2H-MoS2 was also presented 

by Wang et al.,[277] with the specific capacitance of 284 F·g-1 at 5 mV·s-1 

in 1 M KOH electrolyte solution. Taken together, these examples illustrate how 

heteroatom and transition metal doping, defect engineering, and noble metal 

functionalization may enhance the electrochemical performance of transition 

metal chalcogenides, especially MoS2.  

In general, the investigation of layered chalcogenides for electrochemical energy 

storage can be traced back to the work of Whittingham, who in the 1970s 

identified TiS2 as a viable host for lithium intercalation due to its metallic 1T phase 

and van der Waals gaps conducive to reversible insertion reactions.[278] 

Its capability to store charge through intercalation without phase change offered 

a model framework for early battery cathode design.[278,279] In contrast, MoS2 

which crystallizes in the semiconducting 2H phase, presents a more intricate 

case. While extensively explored in lithium-ion systems, where a phase transition 

to 1T occurs upon lithiation,[280–282] the charge storage mechanisms of MoS2 

in electrochemical capacitors, particularly in aqueous environments, remain less 

clearly defined. Despite its structural similarity to TiS2, MoS2 exhibits notably 

different behavior when applied to capacitive systems. 

The dominant hypothesis in aqueous electrolytes assumes that charge 

is predominantly stored via surface adsorption of hydrated ions at the basal 

planes of 2H-MoS2, as the potential required to induce a phase transition 

or intercalation exceeds the thermodynamic window limited by water 

electrolysis.[283] Studies on bulk MoS2 confirm its limited capacitance in neutral 

media (typically below 20 F g-1),[284] a value far below what would be expected 

if intercalation processes contributed. This observation supports the view that 

basal-plane adsorption, rather than interlayer intercalation, governs charge 

storage. Nonetheless, morphological and compositional modifications complicate 

this picture. For instance, introduction of structural defects, phase engineering 

toward metallic 1T-MoS2, or incorporation into conductive heterostructures 
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enables redox activity involving proton-coupled electron transfer at Mo centers, 

suggesting faradaic contributions may be non-negligible.[88,285–287] Furthermore, 

interlayer expansion through exfoliation or ionic pre-treatment can promote 

a solid-solution-like insertion of small cations, evidenced by changes in interlayer 

spacing under cycling, although this remains highly system-specific.[288–290] 

Despite growing evidence for such mechanisms, a unified understanding has yet 

to emerge. Some studies argue for nearly pure electric double layer behavior 

in neutral aqueous media,[291] while other suggest hybrid storage involving both 

ion adsorption and proton intercalation,[88] potentially described by proton-

coupled reactions at MoS2 surfaces. Two representative reactions are commonly 

proposed:  protonation of surface sulfur atoms to form thiol-like groups 

(Equation 14) and proton incorporation into the MoS2 lattice, leading 

to hydrogenated MoS2 species (Equation 15): 

 𝑀𝑜𝑆2 + 𝐻+ + 𝑒− → 𝑀𝑜𝑆 − 𝑆𝐻 (14) 
   
 𝑀𝑜𝑆2 + 𝐻+ + 𝑒− → 𝑀𝑜𝑆2 − 𝐻 (15) 

   
This inconsistency is probably because MoS2’s behavior depends strongly 

on its structure, number of defects, phase, and the type of electrolyte used. 

As such, the classification of MoS2 as a pseudocapacitive or double layer material 

remains system-dependent, with aqueous charge storage mechanisms best 

described as a continuum of surface and interlayer processes modulated 

by structural design.  

 Current challenges and perspectives 

Transition metal chalcogenides, particularly in their two-dimensional layered 

architectures, have demonstrated immense potential as supercapacitor electrode 

materials due to their high surface area, tunable electronic structures, 

and possibility to improve capacitance by pseudocapacitance contribution. 

However, despite their attractive properties, the journey from lab-scale 

to practical application is still hindered by persistent challenges. 

One of the primary limitations lies in their intrinsic low electrical conductivity 

and tendency for restacking, which suppresses ion accessibility and active 

surface area. Additionally, issues such as structural instability, susceptibility 

to oxidation and volumetric changes during cycling pose significant hurdles 

to achieving long-term electrochemical durability. To overcome these obstacles, 

recent research has highlighted the value of defect engineering, phase tuning, 

heterostructure functionalization and composite formation with conductive 

matrices. Nevertheless, many of these strategies are still constrained 

by synthesis complexity, limited scalability, and cost. 

Looking ahead, the future of TMD-based supercapacitors will depend 

on the development of scalable, controllable synthesis methods, better 

understanding of structure-performance relationship and energy storage 

mechanisms, as well as integration of TMDs into hybrid systems that leverage 

synergistic effects. Multidisciplinary approaches combining materials science, 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   53 
 

computational modeling and advanced characterization will be essential to bridge 

the gap between theoretical potential and real-world application. 

In this context, continued exploration of metal chalcogenides is not only justified 

but necessary, both for advancing the high-performance electrode materials and 

for enabling the next generation of efficient, durable and versatile energy storage 

devices. 
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4. Sodium-Ion Batteries 

 Basics of SIBs: operating principle and comparison to LIBs 

Sodium-ion batteries are not a new concept, but their return to the spotlight 

is closely tied to the evolving demands of our global energy systems. Over 

the past three decades, LIBs have played a central role in powering devices 

ranging from phones and laptops to electric vehicles and solar storage units. 

Their high energy density and long cycle life made them the dominant energy 

storage technology, and in many applications, they remain the best option 

available. However, the rapid growth of the LIBs market has also exposed several 

significant limitations. Lithium, along with cobalt and nickel, is not only expensive, 

but also unevenly distributed across a small number of countries. As global 

demand keeps growing, concerns over long-term supply and rising costs are 

becoming more serious.[292,293]  

This is where SIBs begin to make renewed sense. Sodium is inexpensive, widely 

available and abundant. In fact, it is the sixth most abundant element on Earth,[294] 

meaning there is much less risk of running into supply shortages or price spikes. 

Although SIBs cannot yet compete with LIBs in terms of gravimetric energy 

density, they offer strong advantages in terms of sustainability and resource 

accessibility, particularly in large-scale applications such as stationary energy 

storage and short range transportation systems.[295] Although SIBs have only 

recently attracted widespread attention, their development traces back more than 

half a century. The earliest known effort to harness sodium for rechargeable 

battery systems began in the 1960s, when researchers at Ford Motor Company, 

namely Kummer and Weber, developed the high-temperature sodium-sulfur  

(Na-S) battery in w 1966 for electric vehicle applications.[296] Despite its promise, 

the Na-S system was constrained by severe safety issues and operational 

complexities due to its required operating temperatures near 300 °C, leading 

to limited commercial uptake.  

Research on room-temperature sodium systems was already ongoing in parallel 

to early lithium-ion work. In the early 1980s, sodium intercalation into layered 

chalcogenides such as TiS2 was demonstrated, paralleling similar developments 

in lithium chemistry.[297,298] However, the discovery that sodium ions could not 

intercalate efficiently into graphite caused research momentum to shift toward 

lithium, especially after commercial LIBs were introduced in 1991. And it wasn’t 

until 2000 that interest in SIBs was revived, largely due to the successful 

demonstration of sodium storage in hard carbon by Dahn’s group.[299,300] 

The 2010s marked a major turning point. Faradion, founded in the UK in 2011, 

became the first company dedicated to commercializing SIB technology, using 

Prussian blue analogues (PBAs) and organic electrolytes.[301] In 2013, Natron 

Energy focused on aqueous SIBs for high-safety, long-life applications.[302] 

This was followed by a notable technical milestone, which was the launch 

of the first 18650-format sodium-ion cell in France (RS2E) in 2015, using 
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Na3V2(PO4)2F3 cathode.[303] Currently, China has become a global leader 

in sodium battery development. Companies like HiNa Battery and NaTRIUM 

Energy have developed pouch cells with layered oxide cathodes and hard carbon 

anodes, achieving energy densities up to 150 Wh/kg and cycle live exceeding 

4 000 cycles.[303] More recently, CATL, the world’s largest battery manufacturer, 

presented its first-generation commercial SIBs featuring PBA cathodes 

and biomass-derived hard carbon, delivering ~160 Wh/kg.[304] This milestone 

highlights how decades of scientific development are now converging 

with industrial momentum, making it timely to revisit sodium-ion batteries actually 

work at the fundamental level. 

In terms of operating principle, SIBs work in much the same way as LIBs. During 

charging, sodium ions are extracted from the cathode through the electrolyte 

to the anode. Upon discharge, the process reverses and the ions flow back, 

releasing energy. This “rocking-chair” mechanism mirrors the lithium-ion process 

quite closely, however, despite this similarity in principle, there are fundamental 

differences that make sodium-ion systems more challenging to design. The most 

significant of these differences lies in the size of the sodium ion. Sodium ions are 

considerably larger than lithium ions (1.02 Å vs. 0.76 Å),[305] which affects both 

their mobility and their ability to fit within the structural frameworks of common 

electrode materials. For example, graphite, which serves as the standard anode 

material in LIBs, simply does not work for sodium. In sodium systems, graphite 

fails to intercalate sodium effectively due to its insufficient interlayer spacing 

and less favorable thermodynamics.[306] To overcome this, researchers have 

turned to hard carbon as the preferred anode material, which, with its disordered 

microstructure and wider interlayer spacing, provides more favorable conditions 

for sodium storage.[307] Despite these material differences, the overall design 

of SIBs is very similar to lithium-ion cells. Both use a cathode, an anode, 

an electrolyte, and a separator (Figure 6). In fact, many of the same solvents 

and additives used in LIB electrolytes (such as ethylene carbonate (EC) 

or dimethyl carbonate (DMC)) can also be used in SIBs, though with sodium salts 

like NaPF6 or NaClO4.[308,309] One small but important difference is the choice 

of current collector. While LIBs typically require copper foil on the anode side, 

sodium-ion systems can use aluminum on both sides. This is possible because 

aluminum does not form problematic alloys with sodium, as it does with lithium, 

simplifying the manufacturing process and lowering cost.[310,311] 
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Figure 6. Schematic representation of sodium-ion battery cell with disordered 

carbon anode and layered transition metal cathode. Adapted from Ref.[312] 

and created with BioRender.com. 

Moreover, the economic case for SIBs extends well beyond individual component 

choices like aluminum current collectors. A deeper look at system-level cost 

modeling reveals that SIBs could become a competitive or even preferable 

alternative to LIBs in certain markets. Vaalma et al.[4] conducted one 

of the earliest comprehensive resource and cost assessments, noting that 

sodium’s global availability and stable supply outlook offer a distinct long-term 

advantage over lithium, especially as demand across the lithium supply chain 

continues to intensify.[4] More recently, Yao et al.[17] analyzed over 6 000 possible 

development scenarios using techno-economic modeling and found that, 

although SIBs currently trail behind lithium iron phosphate (LFP) batteries in cost-

per-kWh, moderate improvements in specific capacity and energy density could 

close this gap by the early 2030s. Notably, the study emphasizes that price 

advantage is not guaranteed by raw material costs alone. In high-lithium-price 

scenarios (e.g. > $ 50 000/tonne for lithium carbonate equivalent (LCE)), over 

half of the modeled SIB pathways achieve cost parity or better, but if lithium prices 

remain low (e.g. around $ 10 000/tonne LCE), more intensive cathode innovation 

or disruptions in LIB supply chains (e.g. for graphite) would be required to tilt 

the balance.[17] Supporting this trend, Peters et al.[313] compared the cost 
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of commercial-format SIB cells with both NMC and LFP lithium-ion cells, finding 

that current SIB production already approaches cost parity with LFP-based 

systems (€ 223/kWh vs € 229/kWh), especially when using hard carbon from 

fossil coke or waste biomass. Similar conclusions were reached 

by Trotta et al.,[314] who showed that sodium-ion half-cells built with glucose-

derived hard carbon anodes were 18% cheaper than lithium equivalents, and had 

a lower environmental impact across nearly every life-cycle category.  

Still, multiple studies agree that raw material costs alone are not enough 

to guarantee economic success. Sodium-ion cells must improve in materials 

intensity, that is, the amount of active material required per kWh of energy stored. 

Lower energy density means more bulk, more cost per unit energy and more 

complex system-level integration.[17] So, unless sodium-ion energy densities are 

significantly improved, the total pack cost (including housing and thermal 

management) may remain higher than comparable lithium-based systems, even 

if raw materials are cheaper.[293] 

While sodium-ion and lithium-ion batteries share similar working principles, their 

safety profiles differ significantly due to intrinsic materials properties and failure 

mechanisms. LIBs have long been associated with risks of thermal runaway, 

fires, and explosions, which is due to high energy density and the flammability 

of organic electrolytes.[315] On the other hand, sodium-ion systems offer several 

inherent safety advantages. Aluminum current collectors, used on both 

electrodes in SIBs provide better thermal stability and enable safe storage 

in a fully discharge state, which is an important factor in shipping 

and transportation.[315] In general, thermal runaway in both systems proceeds 

through similar stages – SEI decomposition, anode-electrolyte reactions, 

and cathode breakdown (Figure 7), however, several studies suggest that SIBs 

may have slightly lower thermal abuse severity. For example, the self-heating 

rate and peak temperatures observed in sodium-ion cells are generally lower than 

in comparable LIBs, implying that SIBs generate less heat during exothermic 

failure.[316] Also, which was indicated by Passerini et al.,[317] pure sodium salts 

present better thermal stability than lithium salts, which also results in improved 

safety. The onset temperature for SEI decomposition in Na-ion cells is also higher 

in certain configurations, and some sodium cathodes like Na0.5CrO2 exhibit 

greater thermal stability at elevated temperatures than typical lithium 

counterparts such as LiFePO4.[318] 
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Figure 7. Schematic representation of thermal runaway pathways in SIBs. 

Adapted from Ref.[319] and created with BioRender.com. 

However, these advantages are not absolute. As highlighted by some 

studies,[320,321] the larger ionic radius of sodium leads to more pronounced volume 

changes during cycling, which can induce mechanical stress, structural collapse 

or phase transitions in cathodes, thereby accelerating heat accumulation. 

Moreover, the SEI layer in SIBs is often less stable and more soluble than in LIBs, 

resulting in earlier decomposition, pronounced side reactions, and flammable gas 

generation at lower temperatures.[319] Also, although Na dendrites are 

mechanically weaker and less likely to penetrate separators than 

Li dendrites,[322,323] they are chemically less stable, increasing the chance 

of violent exothermic reactions once exposed to electrolyte.[319] Nevertheless, 

the safety of both systems depends not only on materials selection but also 

on cell design, electrolyte formulation, and thermal management. And, it has 

to be borne in mind, that although SIBs show promising safety features, 

the technology still faces challenges which must be addressed. 

A major part of these challenge lies in the fundamental components of the battery 

cell, which directly govern the cell’s ionic transport, electrochemical stability, 

thermal tolerance, and long-term performance. One of those components 

is the separator, which once viewed as a passive barrier, is now increasingly 

recognized as a multifunctional component in battery design. For SIBs, safety-

aware separator engineering has become critical due to the high chemical 

reactivity of metallic sodium and the growing emphasis on thermal abuse 

resistance. As shown by Zhang et al.,[324] and more recently by Xue et al.,[325] 

separators tailored for SIBs incorporate ceramic coatings, high-porosity 

membranes, but also hybrid composites to suppress dendritic growth 

and enhance flame retardancy.[326] Polymer membranes are often modified 

by inorganic filler doping or layered designs to balance thermal shrinkage, 

mechanical integrity and electrolyte wettability, which are the properties crucial 

for improved performance of battery cells.[326–330] 

Electrolytes, meanwhile, play a dual role – conducting sodium ions and mediating 

electrode/electrolyte interphases. Conventional carbonate-based electrolytes 

such as NaPF6 in EC/PEC remain widespread due to their availability 

and conductivity, but they are often incompatible with high voltage cathodes 
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or low temperature working conditions.[331] Recent trends are shifting toward 

localized high-concentration electrolytes (LHCEs), ether-based solvents, 

and fluorinated additives to regulate solvation structures and stabilize SEI and 

CEI (cathode electrolyte interface) layers.[44,308,332] All of the strategies are utilized 

in order to help suppress gas evolution, solvent co-intercalation and dendrite 

formation. They also play a significant role in the process of SEI formation 

and preserving its stability during multiple charge/discharge cycles.[331][333–336] 

Cathode materials, which are the energy-limiting component of the system, 

remain the most intensively studied and compositionally diverse part of SIB cell. 

They are typically classified into three main categories: layered transition metal 

oxides, polyanionic compounds, and Prussian blue analogues (PBAs).[337] 

Layered oxides (NaMO2-type, where M = Ni, Mn, Fe, etc.) have high theoretical 

capacities (up to ~200 mAh g-1) and relatively high working voltages. However, 

their structural integrity is often compromised by Na/vacancy ordering, phase 

transitions and oxygen evolution at high voltage or deep cycling.[338] Strategies 

to mitigate these issues include dual-phase engineering,[339] surface coatings 

or doping with elements like Mg or Ti[340,341] to enhance structural coherence 

and suppress migration of transition metal ions.[342] Polyanionic cathodes, such 

as NASICON-type Na3V2(PO4)3 and fluorophosphate Na3V2(PO4)2F3, exhibit 

exceptional structural stability and thermal robustness, owed to strong covalent 

P–O bonds.[343] These frameworks support high-voltage plateaus (up to 3.8 V), 

excellent cycling life and high thermal decomposition thresholds, making them 

ideal for applications demanding durability over raw energy density.[344,345] 

Prussian blue analogues (PBAs) are the class of materials which are open-

framework cyanometalates with high Na+ diffusivity, and they stand out mostly 

because of their cost-efficiency and rapid rate capability.[346,347] Their structural 

openness supports fast kinetics, and its moisture-tolerant analogues, with 

an example of Prussian white, have already been scaled up in commercial 

prototypes.[348,349] However, their performance can be hindered by structural 

defects (Fe(CN)6 vacancies), coordinated water and reduced volumetric energy 

density.[338,350] 

In summary, the balance between safety, energy and cost in sodium-ion systems 

is deeply rooted in these component-level material choices. But perhaps the most 

critical bottleneck remains on the anode side, where sodium’s size, reactivity 

and sluggish kinetics present several challenges in achieving stable cycling 

and high coulombic efficiency. Thus, the next chapter will turn to a detailed 

analysis of anode materials and sodium storage mechanism, which is one 

of the focuses of this thesis. 

 Anode materials for SIBs – energy storage mechanisms 

As SIBs move closer to real-world applications, the role of the anode becomes 

increasingly important. While progress on cathode materials has brought 

the technology closer to commercialization, many of the key limitations still lie 

on the anode side. Unlike lithium, sodium’s larger ionic radius and different 

electrochemical behavior pose significant challenges for anode design, especially 
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in terms of volume change, diffusion kinetics and electrode integrity. These issues 

are further amplified by the fact that traditional graphite, which functions well 

in lithium-ion batteries, fails to provide reversible sodium storage due 

to unfavorable interlayer spacing and weak interaction with sodium ions.[351] 

This has led to the exploration of a wide range of alternative anode materials, 

broadly categorized based on their sodium storage mechanisms: 

intercalation,[352] alloying,[353] conversion,[354] and combination conversion-

alloy materials.[355] Intercalation-type materials typically offer good structural 

reversibility and cycling stability, though their capacities are often limited. Carbon-

based anodes, especially hard carbon, remain the most widely studied 

intercalation materials for SIBs.[307] Their sodium storage behavior is generally 

explained by a dual mechanism involving Na+ adsorption and pores filling.[356] 

Despite moderate capacity values, their stability and cost-effectiveness make 

them strong candidates for practical use. On the other hand, alloying-type 

anodes, such as those based on tin,[357,358] antimony[359,360] or phosphorus,[361,362] 

exhibit much higher theoretical capacities due to multi-electron redox reactions. 

However, the significant volume expansion during alloying and dealloying leads 

to particle pulverization, loss of electrical contact and rapid capacity fading.[363] 

Recent efforts have focused on nanoscale structuring, carbon buffering matrices 

and surface coatings to mitigate these effects and improve cycling stability.[364,365] 

Moreover, classes of conversion and conversion-alloying materials offer even 

higher capacities by leveraging redox reactions with transition metal compounds, 

but often faces issues with reaction reversibility and kinetic sluggishness.[354] 

Nevertheless, such systems, including metal chalcogenides, show promising 

performance when carefully engineered to accommodate structural changes 

and maintain electronic pathways during cycling. 

In short, while no universal anode material has yet emerged for SIBs, the diversity 

of available storage mechanisms provide a wide design space. Intercalation 

materials like hard carbon offer safety and reliability, while alloying 

and conversion-type anodes bring much higher capacities, at the cost of more 

complex mechanical and electrochemical challenges. The following sections will 

explore both directions in more detail, beginning with hard carbon and its sodium 

storage mechanisms, followed by the alloy-conversion systems, with a particular 

focus on metal chalcogenides. 

4.2.1. Hard carbon and carbon-based materials 

Carbon-based materials have long been explored as negative electrodes 

in rechargeable battery systems due to their structural versatility, chemical 

tunability, and stability. In SIBs, carbonaceous materials are of particular interest 

because of their natural abundance, low cost, and electrochemical stability. 

However, the suitability of different carbon allotropes for sodium storage varies 

widely, driven by the distinct interaction of Na+ ions with carbon structures, which 

differ fundamentally from their lithium counterparts. 

Graphite, the most common standard for LIBs, demonstrates poor performance 

in conventional SIB electrolytes, with a theoretical reversible capacity of just 
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35 mAh·g-1 due to the inability of Na+ to intercalate efficiently into its tightly 

packed graphitic layers.[366] Although the capacity can be enhanced by using 

ether-based electrolytes that facilitate co-intercalation mechanism,[367,368] this 

approach brings limitations related to energy density and long-term stability, 

making graphite less attractive for SIBs under typical operating conditions. Soft 

carbon, also referred to as low-temperature or graphitizable carbon, offers 

somewhat improved performance due to its larger interlayer distance. However, 

Na+ intercalation is still limited and thus this group of materials offers low sodium 

storage capacity, keeping it from being a practical choice.[369,370] Moreover, 

materials such as graphene and carbon nanotubes exhibit high conductivity 

and tunable surface chemistry, but their extremely high surface area leads 

to substantial irreversible capacity losses especially in the first cycle (low initial 

coulombic efficiency, ICE) through excessive SEI formation and electrolyte 

decomposition.[371,372] 

Among all carbon-based candidates, hard carbon (HC) has emerged as the most 

promising and widely studied anode material for SIBs, reaching capacity values 

around 300 mAh·g-1. Hard carbon is typically prepared by pyrolyzing carbon-rich 

precursors such as biomass, polymer, or pitch at high temperatures.[373] 

Its structure, often described as a “house-of-cards”, consists of short-range 

ordered graphene-like domains mixed with amorphous regions and enclosed 

nanopores. The model was originally proposed by Stevens and Dahn,[299] who 

also linked the observed charge/discharge profile, featuring a sloping region 

at higher voltages and a flat plateau below ~0.1 V, to alkali metal insertion 

and adsorption into nanopores, respectively.  

Several models have been proposed since to explain how sodium ions are stored 

in hard carbon (see Figure 8).[374] Given that the mechanism of Na+ storage 

in hard carbon exhibits similarities to the Li+ storage process in graphite, 

Cao et al.[375] linked the sloping region of the voltage profile to Na+ adsorption 

on defect sites and heteroatom functional groups at the surface of carbon. These 

defects may include edge planes, vacancies, and oxygen-containing groups. 

The plateau region, meanwhile, was attributed to the insertion or intercalation 

of Na+ into the graphitic-like domains. Later on, Ding et al.[376] also confirmed this 

interpretation, using ex situ XRD analysis, indicating that the intercalation of Na+ 

happens below 0.2 V. However, this simple dual-mechanism model evolved over 

time. In 2015 Bommier et al.[377] proposed that a significant portion of the plateau 

capacity actually arises from pore-filling processes in closed nanopores 

or nanovoids, where Na+ is deposited in quasi-metallic clusters, leading to a two-

step storage mechanism involving adsorption/intercalation and subsequent pore 

filling.  

More recent in situ and operando studies have shed new light on the complexity 

of these mechanisms. Using synchrotron-based small- and wide-angle X-ray 

scattering (SAXS/WAXS), researchers have shown that sodium insertion begins 

with adsorption at surface defects and limited intercalation between disordered 

graphene layers, but the dominant contribution to capacity arises from low-

voltage filling of closed nanopores.[378,379] Operando scattering and spectroscopy 
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studies further confirm that this low-voltage capacity corresponds to sodium 

cluster-like states confined in nanopores, with the degree of pore filling strongly 

dependent on pore size and accessibility.[380] Similarly, detailed structural 

and spectroscopic analyses have emphasized the critical role of nanoporosity, 

showing that sodium storage is divided by a high-voltage domain dominated 

by surface adsorption/intercalation and a low-voltage domain where quasi-

metallic sodium clusters form inside sub-nanometer pores.[381–383] 

 

Figure 8. Sodium storage models, adapted from Ref.[374] and created 

with BioRender.com. 

Recent advances point toward the view that a large fraction of the low-voltage 

capacity originates from the filling of closed pores, while adsorption and limited 

insertion account for the higher-voltage processes. Yet, because hard carbons 

are structurally diverse and difficult to characterize with a single probe, 

no universal mechanism has been agreed upon, and the true nature of sodium 

storage remains actively debated.[384] Nevertheless, all studies make clear that 

a wide range of physical properties like surface area, interlayer spacing, porosity 

and functional groups affect how sodium ions interact with hard carbon. 

For instance, a too-high surface area leads to large irreversible capacity losses 

during initial cycling, due to uncontrolled SEI formation and electrolyte 

decomposition.[385] Meanwhile, a narrow distribution of pore sizes in the range 
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of 0.5–2 nm has identified as critical for maximizing the low-voltage plateau 

capacity.[386] The role of heteroatom doping (such as N, O, or S) is also being 

actively explored. While certain dopants improve electronic conductivity 

and wettability, yet sometimes it can block access to internal pores or affect 

interface stability.[387,388] Also, synthesis conditions strongly influence these 

structural properties. Pyrolysis temperature, for example, controls the balance 

between disorder and graphitic order.[389] At lower temperatures (~1000 °C), hard 

carbon retains many functional groups and exhibits higher microporosity 

but lower electrical conductivity. Higher temperature may enhance graphitic 

ordering and improve conductivity but also may collapse smaller pores, reducing 

sodium storage capacity.[390] The results indicate that a careful balance must 

be achieved. It is also an advantage that biomass-derived hard carbon may offer 

a sustainable approach, though its composition and structure are often less 

uniform. For instance, agricultural waste, starch-, and glucose-derived HCs 

display widely varying surface areas, porosities, and impurity contents, which 

translate into significant differences in performance and efficiency.[391,392] 

In conclusion, while carbon-based materials offer a broad toolbox for sodium-ion 

storage, hard carbon continues to attract the most attention due 

to its performance consistency and adaptability to large-scale synthesis. 

However, it is important to recognize that the reversible capacity of hard carbons, 

while reasonable, are still limited when compared to theoretical targets for next-

generation batteries. Moreover, challenges such as low ICE, rate performance, 

and large voltage hysteresis remain active areas of research. To address these 

limitations, hard carbon is often combined with other active materials, especially 

alloying or conversion-type compounds, to form hybrid or composite electrodes 

that link the strengths of both components. One such group of materials, metal 

chalcogenides, has shown particular promise and they will be the focus 

of the next chapter. 

4.2.2. Metal chalcogenide-based materials 

Metal chalcogenides, compounds formed between metals and group 16 elements 

(S, Se, Te), have emerged as one of the most compelling classes of anode 

materials for SIBs. Unlike intercalation-type materials, which store sodium ions 

through insertion into existing frameworks, chalcogenides typically undergo 

alloying and/or conversion reactions. These mechanisms allow for the storage 

of multiple sodium ions per metal atom, offering theoretical capacities 

significantly higher than those of carbon-based anodes like hard carbon. 

However, the appeal of metal chalcogenides lies not only in their high theoretical 

capacities, but also in their ability to undergo structural transformations during 

cycling. Upon sodiation, these materials often transform through a two-step 

process: a conversion reaction, where the metal sulfide breaks into metallic 

nanoparticles and sodium sulfide (Na2S), followed by an alloying reaction 

between sodium and the metal.[355] These processes can reversibly store large 

amounts of sodium, often exceeding 500 mAh·g-1.[393–395] However, they also 

present challenges, particularly due to the significant volume changes associated 
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with sodiation/desodiation cycles. These expansions can result in particle 

pulverization, electrode disintegration and rapid capacity fading over time.[36] 

Among metal chalcogenides, tin-based sulfides have drawn particular interest 

due to their abundant resources and rich sodium chemistry. Tin sulfides (SnSx) 

stand out due to their unique combination of high theoretical capacity (for SnS 

~1022 mAh·g-1) and relatively low working potential (~0.5–1.0 V vs. Na/Na+).[396] 

Upon initial discharge, SnS converts into metallic Sn and Na2S. In a second step, 

the Sn reacts with additional Na+ to form Na-Sn alloys. On charging, this 

sequence ideally reverses. However, the reversibility of the Na2S phase 

and the degree of reformation of the SnS structure remain major concerns. 

The nanostructuring of SnS and related chalcogenides plays a crucial role 

in addressing these issues. Designing ultrathin nanosheets, hollow spheres 

or core-shell structures can accommodate the strain generated during cycling 

and enhance sodium diffusion kinetics.[397–399] For example, Zhang et al.[400] 

designed a nanocomposite consisting of ultrathin SnS nanosheets embedded 

within a 3D graphene and hollow mesoporous carbon sphere network. 

This architecture shortened Na+ diffusion paths and provided a conductive, 

strain-absorbing matrix. As a result, the composite delivered 524 mAh·g-1 

at 0.1 A·g-1 after 100 cycles and showed enhanced ion/electron transport.[400] 

Similarly, Guo et al.[399] developed SnS@C yolk-shell spheres, where the internal 

void buffered volume changes and the carbon shell ensured conductivity 

and mechanical stability during cycling. Moreover, beyond structural design, 

the presented examples show that compositing metal chalcogenides with 

conductive carbon matrices has proven especially effective. These hybrid 

structures buffer the mechanical stress of sodiation, suppress particle 

aggregation and enhance electron transport. For instance, Qu et al.[401] 

synthesized a layered SnS2-reduced graphene oxide composite using 

a hydrothermal route. The material delivered an initial specific capacity 

of 630 mAh·g-1 at 0.2 A·g-1, retained 500 mAh·g-1 after 400 cycles at 1 A·g-1, 

and maintained high coulombic efficiency, demonstrating that the graphene 

matrix effectively buffered mechanical stress and enhanced electron 

transport[401]. Similarly, Liu et al.[402] created a flexible SnS2-graphene nanoribbon 

paper electrode, achieving 334 mAh·cm-3 after 1500 cycles at 1 A·g-1. 

The composite utilized ultrafine SnS2 nanocrystals uniformly dispersed within 

a compact graphene network, which enhanced structural stability 

of the composite.[402] Finally, a sandwich-like SnS2/graphene/SnS2 

heterostructure, reported by Jiang et al.[403], expanded the interlayer spacing 

of SnS2, facilitating Na+ diffusion and improving rate performance. The material 

delivered 765 mAh·g-1 at 10 A·g-1, maintaining its structure after 200 cycles.[403] 

Together, these studies confirm that rational design of tin sulfide-carbon hybrid 

structures through nanoscale control, interlayer spacing optimization, 

and 3D architecture can significantly improve sodium storage performance. 

Nevertheless, despite significant progress in designing advanced chalcogenide-

based anodes, key limitations continue to hinder their practical application 

in sodium-ion batteries. One of the most pressing challenges is the low initial 

coulombic efficiency (ICE), which is often attributed to a combination 
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of irreversible reactions during the first sodiation and incomplete reformation 

of the original structure upon desodiation. These effects arise from sluggish 

reaction kinetics, nanograin coarsening and side reactions including electrolyte 

decomposition.[355] While some chalcogenide systems exhibit ICE values close 

to 80%, this remains insufficient for commercial viability and the value is usually 

in the range of 30% - 70%.[404,405] Approaches such as pre-sodiation and the use 

of sacrificial sodium-containing salts have been proposed to mitigate this loss 

by compensating for initial sodium consumption.[405] 

In parallel, voltage hysteresis represents another major bottleneck. Conversion-

alloying anodes frequently exhibit hysteresis exceeding 0.5 V, a level that 

significantly undermines energy efficiency and complicates battery 

management.[355] According to several hypotheses, hysteresis originates 

from multiple sources including kinetic asymmetry between the sodiation 

and desodiation pathways, differences in ion mobility (e.g., faster Na+ 

vs. sluggish metal cations), structural rearrangements and mechanical stress 

induced by large volume changes.[406–408] In general, alloying steps tend 

to generate lower hysteresis than conversion reaction, yet it is suggested that 

kinetically induced polarization can be mitigated by operating at lower current 

densities. However, under slow charge-discharge conditions, hysteresis related 

to phase transitions may become more pronounced, indicating that both kinetic 

and thermodynamic factors play a role depending on the cycling regime.[355] 

Altogether, these interconnected challenges underline the urgent need 

for continued research aimed at improving the reversibility, efficiency 

and electrochemical stability of metal chalcogenide anodes. In this context, 

the investigation of SnSx@C composites presented in this thesis aims to shed 

light on material- and synthesis-level strategies to mitigate these barriers.  
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1. Summary of the publication 

This study presents a significant contribution to the field of energy storage, 

specifically addressing the enhancement of supercapacitor performance through 

novel material modification strategy. It presents an approach to boost the 

capacitance of molybdenum sulfide-based electrode material, by leveraging 

platinum surface modification during electrochemical cycling. Unlike conventional 

methods, this study demonstrates a substantial, sustained increase 

in capacitance, rather than the typical degradation observed in many MoS2-

based materials over repeated cycles. The paper points into a detailed analysis 

of the dynamic chemical and structural changes occurring within the electrode 

material during prolonged electrochemical cycling, especially the progressive 

exfoliation and transformation into mixed molybdenum oxides with oxygen 

vacancies. 

A critical aspect highlighted in this study is the often-overlooked influence 

of the counter electrode, particularly platinum, in three-electrode electrochemical 

measurements. While platinum is widely used due to its excellent electrochemical 

inertness, electrical conductivity, and mechanical stability, this research 

demonstrates that it is not truly inert under certain conditions, especially during 

prolonged cycling in acidic environments.  

The paper reveals that platinum can undergo dissolution and subsequent 

deposition onto the working electrode. This phenomenon, previously discussed 

in the context of materials studied for application in hydrogen evolution reaction 

and fuel cells, is shown here to significantly affect the observed electrochemical 

performance in supercapacitor studies. Notably, the platinum counter electrode 

was used in the form of a mesh, with a surface area sufficiently large relative 

to the working electrode to minimize such effects – a standard and reasonable 

design assumption. Nonetheless, the Pt dissolution and deposition process still 

occurred. Crucially, this unintended process was not ignored or dismissed 

as an artifact, but rather deliberately harnessed as a beneficial surface 

modification strategy that significantly enhanced the electrode’s capacitance. 

 

Figure 9. Graphical abstract summarizing Chapter II, created with BioRender.com. 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   86 
 

The findings underscore the necessity for caution when interpreting results 

from 3-electrode measurements, particularly when using Pt counter electrodes. 

Researchers must consider the potential for Pt dissolution-deposition 

and its impact on the working electrode’s composition and performance, as this 

can lead to misinterpretations of the material’s intrinsic properties and energy 

storage mechanisms. This paper serves as a vital reminder that dynamic changes 

introduced by the measurement setup itself must be carefully accounted 

for to ensure accurate and reliable conclusions about electrode behavior. 
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1. Summary of the publication 

This study presents a straightforward hydrothermal route for the direct growth 

of nitrogen-doped MoS2 nanosheets on TiO2 nanotube arrays, offering a binder-

free electrode architecture for high-power supercapacitors. By anodizing titanium 

foil to form well-ordered TiO2 nanotubes and they carrying out a single-step 

hydrothermal reaction in hydrochloric acid medium, an in situ formation of MoS2 

with controlled nitrogen incorporation was achieved. Moderate acid concentration 

(0.5–1 M HCl) is shown to be critical for balanced MoS2 growth without damaging 

the TiO2 scaffold, while the addition of aniline and ammonium persulfate ensures 

effective nitrogen doping and improved crystallinity. 

Electrochemical tests in a three-electrode setup reveal the TiO2/N-MoS2 

composite prepared in 0.5 M HCl delivers an areal capacitance of 320 mF·cm-2 

and retains 76% of its capacitance over 10 000 cycles, with nearly 100% 

coulombic efficiency. Moreover, Trasatti–Dunn analysis indicates a shift from 

surface-confined to diffusion controlled processes upon nitrogen doping, 

demonstrating deeper ion access and more active sites. In a symmetric 

supercapacitor configuration, a capacitance of 76 F·g-1 at current density  

of 3 A·g-1 was achieved, maintaining 84% of capacitance after 15 000 cycles, 

and reaching energy and power density of 11.1 W·kg-1 and 5 193 Wh·kg-1, 

respectively. 

 

Figure 10. Graphical abstract summarizing Chapter III, created with BioRender.com. 

The significance of this work lies in its simplicity: by eliminating polymer binders 

and leveraging a mild hydrothermal process, robust and high-power electrodes 

were produced, capable of rapid charge-discharge and long-term stability. 

The integration of nitrogen doping enhances electronic conductivity and improves 

the contribution of diffusion-driven capacitance, presenting the TiO2/N-MoS2 

composite as promising candidate for next-generation energy storage 

applications. 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   112 
 

2. Publication 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   113 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   114 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   115 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   116 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   117 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   118 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   119 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   120 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   121 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   122 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   123 
 

 

 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   124 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   125 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   126 
 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   127 
 

 



 

 

 

 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   129 
 

 

 

 

 

 

 

 

 

Chapter IV 
A Key to Material’s Stability: Tuning 

Pyrolysis Temperature in SnSx@C Anodes 

for Sodium-Ion Batteries



 

 



Metal chalcogenide-based electrode materials for electrochemical  
energy storage applications 

Zuzanna Zarach, PhD Dissertation   |   131 
 

1. Summary of the publication 

This study presents a comprehensive exploration of how thermal treatment 

during synthesis critically shapes the structure and performance of SnSx@C 

composite anodes for sodium-ion batteries. It identifies pyrolysis temperature 

as a decisive factor in tuning the chemical composition, defect density, porosity, 

and ultimately the electrochemical behavior of the material. Specifically, pyrolysis 

at 800 °C was found to optimize the sulfur release and transformation of SnS2 

into SnS, while simultaneously generating a stable yet defect-rich carbon matrix 

that facilitates reversible sodiation-desodiation cycles. This material exhibited 

a capacity of ~500 mAh g-1 and demonstrated significantly improved cycling 

stability especially compared to sample annealed at lower (600 °C) temperature. 

A key insight from the paper is that incomplete sulfur removal at lower pyrolysis 

temperature leads to residual sulfur trapped in the carbon matrix, which impairs 

full SnS conversion and hinders ion transport. On the other hand, excessive 

pyrolysis temperature degrades the chalcogenide component entirely, leading 

to a mostly carbonaceous structure with increased porosity but diminished 

electrochemical activity.  

 

Figure 11. Graphical abstract presenting active materials’ changes and summarizing 

Chapter IV, created with BioRender.com. 

A particularly important contribution of this study lies in its use of operando 

Raman spectroscopy, which enables real-time observation of structural evolution 

during electrochemical cycling. These measurements provided clear evidence 

of reversible SnS transformations and stability under optimal pyrolysis conditions, 

confirming the material’s ability to maintain active participation in sodium storage 

reactions. Importantly, they also enabled the distinction between the degradation 

of sodium storage mechanisms associated with the SnS phase and those related 

to carbon intercalation. By comparing with the low-temperature sample, 

it became evident that the loss of capacity followed different pathways – an early 

fading in the SnS phase at lower temperature pyrolysis was observed, while 

the optimally treated material maintained both contributions (SnS conversion-

alloying and carbon intercalation) over extended cycling. 

In parallel, XPS depth profiling was employed to examine surface composition 

and SEI development across two anode materials. This revealed that only 
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the 800 °C-treated sample showed a favorable chemical gradient with limited 

sulfur residues and stable SEI formation, directly linking surface chemistry 

to improved performance. Together, these advanced techniques offered 

a deeper understanding of interfacial processes, underlining their value in guiding 

the rational design of high-performance anodes for sodium-ion batteries. Overall, 

the findings from the research also emphasize that the presence of a carbon 

matrix, while often assumed to mitigate mechanical degradation in conversion-

alloying type anodes, does not universally guarantee structural 

or electrochemical stability unless its structure is carefully optimized. 

This highlights the non-trivial nature of carbon’s buffering role and the need 

for precise synthesis control. 
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This dissertation investigated the electrochemical behavior and structure-

property relationships of metal chalcogenide-based electrodes 

for supercapacitors and sodium-ion batteries, with emphasis on MoS2 and SnSx 

composites. The studies showed that targeted synthesis control and structural 

engineering can improve charge storage properties, while also demonstrating 

the importance of careful interpretation of electrochemical measurements 

and the value of operando diagnostics. By combining material synthesis, 

electrochemical testing and real-time spectroscopic observation, the work 

provides new insights into the mechanisms governing energy storage in these 

materials. 

The first part of the work focused on MoS2-based electrodes for supercapacitors. 

It was demonstrated that platinum dissolution and redeposition from the counter 

electrode can substantially influence the electrochemical response. Rather than 

treating this as an artifact, the process was studied in detail and shown to act 

as a surface modification that enhanced capacitance due to material’s exfoliation. 

The results highlight that electrode behavior is not determined only by intrinsic 

properties of the material, but also can be affected by the electrochemical 

environment and test configuration. This emphasizes the need for careful 

consideration of counter electrode effects in supercapacitor studies, particularly 

when using platinum in acidic electrolytes. 

The second study developed a binder-free electrode architecture by integrating 

nitrogen-doped MoS2 nanosheets with TiO2 nanotube arrays through 

a hydrothermal synthesis. The optimization of acid concentration and nitrogen 

sources enabled controlled growth of crystalline, conductive MoS2 structures. 

Electrochemical testing confirmed high capacitance, long-term cycling stability 

and favorable charge storage kinetics. The results show that nitrogen doping 

and nanoscale integration with TiO2 scaffolds can significantly improve both 

the conductivity and ion accessibility of MoS2, making this approach a practical 

strategy for high-power supercapacitors. 

The third part of the dissertation focused on SnSx@C composites as anodes 

for sodium-ion batteries. It was shown that pyrolysis temperature is the key factor 

controlling composition, carbon structure, and electrochemical behavior. 

Treatment at 800 °C produced a material with stable cycling performance, high 

reversible capacity, and favorable surface chemistry. Operando Raman 

spectroscopy revealed reversible SnS transformations, while XPS analysis 

confirmed stable SEI formation. The results indicate that the role of the carbon 

matrix is not universally beneficial, but strongly dependent on synthesis 

conditions and structural optimization. This study also demonstrated 

the effectiveness of operando Raman as a diagnostic tool for monitoring 

structural changes during electrochemical cycling. 

Overall, the findings of this dissertation contribute to the understanding 

and development of metal chalcogenide electrodes for energy storage. 

For supercapacitors, the results underline the need for caution when interpreting 

stability under measurement conditions and point to the potential of surface 
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modification and nanoscale design for improving performance. For sodium-ion 

batteries, the results highlight that stability, initial coulombic efficiency 

and hysteresis remain critical challenges for practical application, yet they can 

be improved when synthesis optimization is taken into account. The integration 

of operando Raman technique proved essential for correlating electrochemical 

behavior with material transformations and degradation, and such approaches 

should be further developed and applied more widely. 

In conclusion, this dissertation has shown that through controlled synthesis, 

careful evaluation of measurement effects, and advanced diagnostics, 

it is possible to improve both performance and understanding of chalcogenide-

based electrodes. The results provide not only material-specific guidelines 

for MoS2 and SnSx electrodes but also general insights that are relevant 

for the design and evaluation of future electrochemical energy storage materials. 
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