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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.l!l 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.ll 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.l®l 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. 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 amillion 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 (M0S:2) as a representative, with its two-dimensional,
graphene-like structure provides a large interlayer spacing that facilitates ion
intercalation and fast charge transport.>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.!®! 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.l!

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.’® 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.[*l

In parallel with the rapid development of new electrode materials, there
is a growing need for advanced characterization technigues 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:

(1) 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.

(i) 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.

(i)  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-1V) are
built upon published research papers. Chapter | 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 Il presents the first experimental investigation, based on the research
article “The phenomenon of increasing capacitance induced by 1T/2H-MoS:
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 lll continues the exploration of MoS: 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-MoS; 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 SnSxy@C
Anodes for Sodium-lon 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

1.1. 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.'* 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 maijority of the world’s primary energy
consumption.*® The combustion of coal, oil, and natural gas remains the leading
source of carbon dioxide (COz) emissions, contributing significantly to global
warming, ocean acidification, and air pollution.® 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.l®! 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.['":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.[**-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.[?2:23l

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.

1.2. 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, WSz, SnSz and others have demonstrated
promising electrochemical behavior. Their layered structures, adjustable band
gaps, and redox-active nature make them suitable for both battery-type!®24.25]
and capacitor-typel?6271  applications. MoS2, in particular, combines
pseudocapacitive and intercalation characteristics, allowing for fast ion transport
and significant charge storage.?®! 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.[®2°1 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,% introducing defects
to enhance electronic conductivity and improve interfacial properties,[1-33l
and composite formation with carbon-based matrices to buffer mechanical
strain.?4 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.l®3! 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.[34-3¢l

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.[*”:38 On the other hand,
organic electrolytes provide higher voltage stability but often suffer from
flammability, and their properties hinder long-term supercapacitors’ operation,3°!
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.[* For SIBs, electrolyte choice
is essential. The larger ionic radius of Na* ions compared to Li* results in different
solvation behavior and interfacial properties.*%42 Also, because lithium-ion
batteries depend mostly on LiPFes 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 NaPFs and other sodium salts, which exhibit lower moisture sensitivity
and slower decomposition kinetics than LiPFs, 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.*3! 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.!#4.4]

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.*6-%8] 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.[“°! 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.5%-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.[>25% 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.[® 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.® To overcome those,
a growing number of studies focus on binder-free electrode designs,?®°l
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 MoSz-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,®” however, due to its reliance on toxic solvent and non-
renewable feedstocks, which may likely soon be highly regulated,®! there has
been a growing push toward water-based binders such as carboxymethyl
cellulose (CMC) and styrene-butadiene rubber (SBR), especially in SIB-
systems.® These alternatives not only reduce environmental impact, but also
improve electrode flexibility.!6%-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.l62-641 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.® 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

2.1. 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, Ecer, 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[%¢! 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):
LAY

C=— (1)

where C stands for capacitance, ¢ is the relative permittivity (dielectric constant)
of the medium between the electrodes, ¢, 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,®7]
Chapman®® and Stern!® 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.l"0
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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 Cj,
so that the measured differential capacitance (C) obeys Equation 2:

Cl=Cst+ Gyt 2)

The models with the potential profile and ion distribution as a function of distance
from the electrode are presented in Figure 1.
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Figure 1. Scheme presenting the electric double layer structure according
to the a) Helmholtz model, b) Gouy-Chapman model, and ¢) Gouy-Chapman-
Stern model. Redrawn from Ref.[’¥ 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 1941.12 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.[’3]
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.l’4#7 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:

A%t +zem o A (3)

with the equilibrium potential according to Equation 4:

RT Az
E=E'+ —ln( “)
zF ayu

(4)
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where E is Nernst potential (V), E° stands for standard electrode potential (V),
R is universal gas constant (8.314 J-mol*-K1), T refers to absolute temperature
(K), z is a number of electrons transferred, F stands for Faraday constant
(96 485 C-mol?), a,z+ describes the activity of the oxidized species, ay4
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.l’4 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:

o aFn —(1—-a)Fn
J= o leXp(ﬁ)_eXp< RT )l

where j is the current density (A-m), j, is the exchange current density (A-m-?)
reflecting the rate of electron transfer at equilibrium, « is the charge-transfer
coefficient, F is the Faraday constant (96 485 C-mol?), n is the overpotential (V),
R is the universal gas constant (8.314 J-moll-K!) and T is the absolute
temperature (K). In porous electrodes, the local overpotential n varies when
the charge is transferred through pores. Consequently, the characteristic time
constant of a supercapacitor can be modeled as T = 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

(5)
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to their optimized pore size and conductive networks.[”¢771 On the other hand,
layered metal-chalcogenide electrodes such as Ni-Mo selenides!’® or lithiated
SnSg2, benefit from expanded interlayer gaps and short ion-diffusion paths, which
can significantly reduce the time constants. Ojha et al.[’®l showed that LiSnS:
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.[8081]

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.[®d For lithium-ion analogues,
a similar enhancement of Li* mobility once the structures are resized to a few
nanometers is observed.®l 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.®3 Also, work by Deng et al.8¢ 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.[®”88 Similar transitions have been documented for VS:
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.l®®-°1 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.

2.2. 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-Sev¢ik relation applies (i «t~%/2 and i, o v'/2,
respectively). In capacitive systems (EDLCs), where no charge transfer occurs,
current scales linearly with scan rate, i « v. However, pseudocapacitive systems
exhibit a unigue scaling behavior involving combined contributions, expressed
by Equation 6:

lilpseuao ~ av?’? + bv + cv3/? (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.®?
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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.[®d 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,[®®l and Dunn and coworkers.l®¥ 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, 2!
estimates the total capacitance C; as the sum of a surface-controlled capacitance

C, and a diffusion-controlled component C;, expressed by Equation 7:
Cr=C,+C; (7

Assuming semi-infinite linear diffusion, the method relies on the scan rate
dependence of capacitance, applying the relation according to Equation 8:

Cw) =5t G, ®
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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=2 yields C,, while C; is obtained
by subtracting C, from C; .[°3l 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) = kyv + k,vt/? 9)

Plotting i(V)/v/? vs. v'/?allows for the extraction of the constants k; and k,,
which respectively quantify surface and diffusion contributions.[®¥ This approach
is particularly useful for systems like MoS:2 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 11191 and II1,[° both
approaches were employed to analyze the electrochemical response of MoSz-
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.[®”]

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.l®! 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 LiNio.sC00.2M00.202 and MoS: electrodes, allowing the capacitive fraction to be
distinguished from insertion-controlled processes across several decades
of frequency.®®l 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.[®¥ In hydrous RuO: 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 (ICl) method — delivers
the same information within minutes, making operando coupling feasible.[°%
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.[*°2 Complementarily,
in situ X-ray absorption spectroscopy (XAS) has been used by lamprasertkun
et al.l*% 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 wused alongside or validated by more
comprehensive techniques.

2.3. 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):

_de

C=w

(10)
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In laboratory practice, itis commonly reported as an average value over a defined
potential difference AV. To facilitate comparison across materials, capacitance
is normalized either to mass (specific capacitance, Cs in F-gt), geometric area
(areal capacitance, C, in F-cm™) or volume (volumetric capacitance, C, in F-cm).
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.[1°4 In the battery literature, the counterpart to capacitance
is capacity, expressed in coulombs or more commonly in milliampere-hours
per gram (mAh-g1). 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 CV1 so an electrode delivering 200 mAh-g* across 3 V equates
to 720 C-g* or 240 F-g*. However, the underlying charge storage mechanisms
differ fundamentally: in batteries the energy is stored chemically, whereas
for EDLC capacitors, it is stored electrostatically.!19%]

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?, and given
by Equation 11:
Cs(AV)?
~ 2-3600 (12)

where Cs is specific capacitance and AV refers to voltage window. The factor of 72
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 g-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
guadratically with voltage, yet the electrochemical stability window is constrained
by electrolyte stability.l'%! 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.[10°]

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. 199
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— Qdis
Qch

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.l'®1 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]

Nc (12)

The rate at which that energy is delivered is defined by power density,
expressed in W kg™. 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

(av)?
P= T Esrm (13)

where P is the power density (W-kg?), AV is the operating voltage window (V),
ESR is the equivalent series resistance (Q2) 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.[11% 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]

2.4. 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.['12 This distinction is reflected in industry-standard performance
metrics. Commercial lithium-ion cells typically deliver 150-250 Wh-kg* of energy
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density, yet rarely exceed 1 kW-kg? of continuous power and ~10 kW-kg?
of pulse power. In contrast, state-of-the-art EDLC supercapacitors provide only
5-10 Wh-kg?, but can effortlessly supply 10-15 kW-kg?! with millisecond
response times.[*13] Pseudocapacitors and hybrid devices narrow the energy gap,
delivering 30-100 Wh-kg* under favorable conditions.[14115]

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.['81 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.[17]
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.['18 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

3.1. 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, but practical devices emerged in the 1970s when Standard
Oil of Ohio Research Center developed porous carbon electrodesl'?0.121]
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.[*23] 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.'? 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, 25 as well as in a range of transition metal oxides
like manganese dioxide, cobalt oxide, and nickel oxide.[1?6-129] 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.[*3% 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., 31 which pairs
a nanostructured LisTisO12 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.[135136] For instance,
Fan et al.l’®1 demonstrated an asymmetric cell using a graphene/MnO:2
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?. Another study
by Wen et al.l**8 used a MnO2@carbon spheres composite and nitrogen-doped
carbon as the negative electrode to reach 1.9 V in a Na2SOs 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.

3.2. 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.[*3914% Early broad research reviews by Conway,[”® Frgckowiak and
Béguin,*1 but also Simon and Gogotsil*42143 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.[144:14]

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 (sp?)
which determine electrical conductivity, and accessible crystallographic edges
or defect sites that host heteroatom functionalities.l!%l 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 oD 1D 2D 3D
Representative CQD, Slnglg-walled/ Graphene, AC,
Materials Fullerene Multi-walled RGO aerogels
CNTs g
SSA
(m2 g1] 100-800 200-1300 500-2000 800-3500
Caﬁicét_f;me 50—200 150-420 150-300 250-300
Conductivity 14 100 10°-108 10°-103
[S m]
Structure
Reference [146,147] [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.[52-154
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.[155-1571 These pores form through partial
removal of amorphous carbon domains and lead to specific surface areas that
often exceed 2000 m? g?*, and in optimized systems, even reaching
up to 3500 m2-g1.[*58 The resulting morphology typically consists of a turbostratic
carbon!®® 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.!1%% Nitrogen and oxygen are
the most commonly introduced heteroatoms, as they can increase wettability
and can participate in faradaic reactions.['61-165 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 agueous 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,[178l are among the strategies being explored to improve
the performance beyond that of classical double layer systems. For instance,
Kour et al.ll” synthesized MnO: 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* at 1 A-g%, more than double than pristine MnO2, and achieved
an impressive energy density of 105.2 Wh-kg?, which they attributed
to the synergy between the faradaic redox activity of MnO2 and the high surface
area of AC.I'79 Similarly, Liao et al.l'8) reported the fabrication of Fe20s-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?, respectively, and exhibited 90.2% retention over 10 000 cycles
in alkaline electrolytes.l'8] Polymer-based composites are also reported
to present impressive electrochemical performance. Dubey et al.['8l 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! in 1 M H2S0a4) due
to the pseudocapacitive contribution of polypyrrole, but also improved ion access
and electrical conductivity.[1811 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.[82.183] CNTs stands out when it comes to their exceptional electrical
conductivity.['48] This makes them ideal for reducing charge transfer resistance
in electrode structures, especially when incorporated as conductive
scaffolds.1184.185]

However, despite their superior electrical properties, pristine CNTs are generally
characterized by moderate surface areas, ranging from 200 to 1300 m? g*
for SWCNTSs, and considerably lower for MWCNTS, but this depends on tube
diameter, wall number and degree of aggregation.['8¢! 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.['87:188] 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!'91%4 and conductive polymers!'9-1971 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! 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.[198-2001 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 sp?-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 m?-g* and is one of the reasons for its potential in double layer charge
storage.[149201] Also, its electrical conductivity is close to and even exceeds that
of CNTs, with values approaching 108 S m™.11#8l |n 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,1292-204] surface functionalization,295-2071 and three-dimensional structuring
(e.g. aerogels or foams)?%8-219 have been studied to mitigate these effects,
the material’s theoretical advantages are often not fully realized in practical
devices. As with CNTSs, graphene is most effective when used as a conductive
counterpart for pseudocapacitive or battery-type materials.[?11-2131 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.?’# synthesized a NiCo2Ss/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* at 2 A-g* and retained 90.4% after 10 000 cycles
(G = 10 A-g?), proving excellent cycling stability and rate performance.?4
In another study, Qian et al.l?* prepared a surfactant-free graphene MnzOa4
hybrid electrode using simple solvothermal synthesis. The composite
reached specific capacitance of 239.6 F-g, 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 Mn3zO4 was due
to the uniform distribution of oxide nanoparticles and large surface area and high
conductivity of graphene counterpart.[?'® Additionally, Liu et al.[?1®l designed
a Coo.asFeo.s7S2/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 at a power density of 300.5 W-kg1.1216]

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.l?2’1 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),[?®! 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.[218l
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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 MoS:2
Adapted from Ref.[?%l and Ref.[%] created with BioRender.com. Crystal
structures were created using VESTA 3 software.[?20]

Among TMDs, molybdenum sulfide (MoSz2) is one of the most studied. MoS2z 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.[?21.222]
However, MoS:2 naturally crystallizes in the 2H phase, which is more
thermodynamically stable under ambient conditions.[??%l 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.[?24 Several studies have attempted to overcome this imitation
through phase engineering strategies. For example, Li et al.[??l demonstrated
that incorporating —COOH groups during a one-step hydrothermal synthesis
allowed for the controlled stabilization of high-purity 1T MoSz, achieving a specific
capacitance of 180 F-g* and 84.6% retention over 10 000 cycles.[?2% Similarly,
Xuyen and Ting[??%! developed MoS: 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* to 259 F-g*,
pointing out the advantages of the metallic phase.[??6] Nevertheless, achieving
stable and high-yield 1T-phase MoS:2 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.??2  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.[??”l  While mechanical exfoliation, which
is inspired by the “Scotch tape” method for graphene production, yields high-
quality monolayers, it is not scalable.l??8] 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.[??°! 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.[?3% 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.?20 These methods enable
scalable production of nanostructured chalcogenides in various morphologies:
nanosheets,?21 nanoflowers(?322331  or hollow spheres.[?34235  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.[?4%-243l 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.[?45] 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.[245248-252] \/arious methods have been
explored for binder-free electrodes, which are presented in Figure 5.
For instance, Ren et al.l?%%l 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.[?>4 synthesized nitrogen-doped carbon-coated NizS2 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.l?® 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.[?>®@ 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* with high cycling
stability over 10 000 cycles.[?5%! A similar strategy was used by Ma et al.,[?>6 who
fabricated hollow CoMoSs 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! at 800 W-kg?!) and maintained 90% capacity over 10 000
cycles.l?58] 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 MoS:2 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.?>”1 Le et al.l?8] 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? at 1 A-g?, outperforming pure MoS:, and displayed superior
mechanical stability in a flexible solid-state supercapacitor.l?%8! In other research,
co-doping with nitrogen and phosphorus into MoS2-graphene composites
not only induced lattice distortion but also improved interfacial charge
transport.?®® Electrode material was characterized by specific capacitance
of 588 F-g! at 1 A-g! in 1 M Na2SOs aqueous electrolyte, and symmetric
supercapacitor with energy density of 24.34 Wh-kg.[259

Another problem, especially associated with sulfides, is that this class of materials
is prone to oxidation. Transition metal sulfides such as MoS:2 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 M00O3.[269.261] 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 MoS:2 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 MoOs (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?, and thereby missing the characteristic
high-wavenumber MoOs peaks above 800 cm that would clearly reveal surface
oxidation.[?*4 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.?%2l Furthermore, electrochemical impedance
studies have shown that 1T MoS:2 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.[?63 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,?54l 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 MoSo..

Table 2. Raman bands of 1T MoSz, 2H MoS: and MoOs. Adapted from Ref.[244

1T Mo S, [265-267] 2H Mo S, [265,268] Mo O3 [269-271]
/cmt mode /cm mode /cmt mode
116 B3g
128 B1g
147
151 J1 159 Bzg
226 J2 219 Ag
286 Eig 283 Big
333 J3 338 Ag
383 Ezg
412 Aig 409 Aig
666 Bsg
820 Aq

Transition-metal doping/functionalization may also be an alternative route
for structural and electronic modification. Hanifehpour et al.[?”? presented iron-
doped MoS:2 nanosheets synthesized via hydrothermal method demonstrated
improved morphology and electrochemical performance relative to pristine MoSo..
Authors observed improved specific capacitance, accompanied by lower charge-
transfer resistance and enhanced cycling stability.?”21 A similar hydrothermal
approach with cobalt as a dopant resulted in Co-MoS:2 nanoflowers with specific
capacitance values reaching 453 F-g? in comparison with undoped MoSa,
and the symmetric supercapacitors excellent cycling stability of 98.5% after
10 000 cycles.l?”8l Similarly, Ni-doped MoS: 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-MoS: electrodes delivered a capacitance of 528.7 F-g*
and retained 85% of initial capacitance after 10 000 cycles (j = 5 A-g1).[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 MoS:2 nanosheets prepared via hydrothermal synthesis
exhibited a specific capacitance of 357 F-g? at 10 mV s, with over 81%
capacitance retention after 5000 cycles.?’”® 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.?”5 Even noble metal dopants,
though costly, have been used to further improve electrochemical performance.
Shao et al.l’’® 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 MoS:2, reaching ~250 F-g*
at 0.5 A-g?, and in the asymmetric supercapacitor configuration the reported
capacitance was 42 F-g1.276] pt functionalization of 2H-MoS: was also presented
by Wang et al.,l’”’1 with the specific capacitance of 284 F-g! at 5 mV-s?
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 MoSa.

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.[278l
Its capability to store charge through intercalation without phase change offered
a model framework for early battery cathode design.l?78279 |n contrast, MoS:
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 MoS:
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-Mo0S2, as the potential required to induce a phase transition
or intercalation exceeds the thermodynamic window limited by water
electrolysis.[?®3 Studies on bulk MoS:2 confirm its limited capacitance in neutral
media (typically below 20 F g*),?84 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.[88285-287] Fyrthermore,
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,?®! while other suggest hybrid storage involving both
ion adsorption and proton intercalation,® potentially described by proton-
coupled reactions at MoS:2 surfaces. Two representative reactions are commonly
proposed: protonation of surface sulfur atoms to form thiol-like groups
(Equation 14) and proton incorporation into the MoS: lattice, leading
to hydrogenated MoS: species (Equation 15):

MoS, + H* + e~ - MoS — SH (14)
MoS, + H" + e~ > MoS, — 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 MoS:2 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.

3.3. 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,
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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-lon Batteries

4.1. 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.[292:2%]

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,[2%4
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.[?%! 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.[?°¢! 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.[297.2%] 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.[3°1 In 2013, Natron
Energy focused on aqueous SIBs for high-safety, long-life applications.[202
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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NasV2(POa4)2Fs cathode.%! 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.®% 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.2% 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 A vs. 0.76 A),13%! 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.[%! 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.l?”] 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 NaPFs or NaClO4.[3%8.3%9 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.l9 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.[* More recently, Yao et al.['”] 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.'”l Supporting this trend, Peters et al.3%® 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.,3% 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 kwWh of energy stored.
Lower energy density means more bulk, more cost per unit energy and more
complex system-level integration.[!”! 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.[?%3l

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.[31% 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 afully discharge state, which is an important factor in shipping
and transportation.l31%! 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.[®16 Also, which was indicated by Passerini et al.,[?” 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 NaosCrO2 exhibit
greater thermal stability at elevated temperatures than typical lithium
counterparts such as LiFePO4.[318l

Zuzanna Zarach, PhD Dissertation | 57



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

@ SEI decompaosition @ Anode/electrolyte reactions @ Cathode thermal decomposition @ Electrolyte combustion
ROCO;Na - RONa + CO, 2Na + C4HgOsz = Na,COs +CzHg Na,MO; —» xNaMQ; + yM304 + O, CiH:0; + 40, — 4CO; + 3H,0

o & :

-} - i

= —_— o i —_—
=] E B

o i

Anode
Anode

apoyieg

Figure 7. Schematic representation of thermal runaway pathways in SIBs.
Adapted from Ref.[31°l and created with BioRender.com.

However, these advantages are not absolute. As highlighted by some
studies, 329321 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.3¥l Also, although Na dendrites are
mechanically weaker and less likely to penetrate separators than
Li dendrites, 3223231 they are chemically less stable, increasing the chance
of violent exothermic reactions once exposed to electrolyte.l31°l 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.,3?*l and more recently by Xue et al.,[3?"]
separators tailored for SIBs incorporate ceramic coatings, high-porosity
membranes, but also hybrid composites to suppress dendritic growth
and enhance flame retardancy.l328] 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 NaPFs 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.[®31 Recent trends are shifting toward
localized high-concentration electrolytes (LHCES), ether-based solvents,
and fluorinated additives to regulate solvation structures and stabilize SEI and
CEIl (cathode electrolyte interface) layers.[#4:308.:332] A|| 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).3%7]
Layered oxides (NaMOz2-type, where M = Ni, Mn, Fe, etc.) have high theoretical
capacities (up to ~200 mAh g*) 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.[33! Strategies
to mitigate these issues include dual-phase engineering,[3° surface coatings
or doping with elements like Mg or Ti340:341l to enhance structural coherence
and suppress migration of transition metal ions.[3*?l Polyanionic cathodes, such
as NASICON-type NasV2(POa4)s and fluorophosphate NaszV2(PO4)2F3, exhibit
exceptional structural stability and thermal robustness, owed to strong covalent
P—O bonds.[?*3l 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.[348:3491 However, their performance can be hindered by structural
defects (Fe(CN)s 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.

4.2. 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,®%d alloying,3%3 conversion,>4 and combination conversion-
alloy materials.[3%% 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.[2%1 Their sodium storage behavior is generally
explained by a dual mechanism involving Na* adsorption and pores filling.[36]
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!35%:36% or phosphorus, 361362
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.[362!
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? due to the inability of Na* to intercalate efficiently into its tightly
packed graphitic layers.[3%6] 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.[3%°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. Hard carbon is typically prepared by pyrolyzing carbon-rich
precursors such as biomass, polymer, or pitch at high temperatures.s
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,?%! 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).874 Given that the mechanism of Na* storage
in hard carbon exhibits similarities to the Li* storage process in graphite,
Cao et al.B! 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.l¥7% 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.2”"] 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.[37837°1 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.[*8 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]
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Figure 8. Sodium storage models, adapted from Ref.’74 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.[® 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.[®8 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.[®8l 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.[387388] Also, synthesis conditions strongly influence these
structural properties. Pyrolysis temperature, for example, controls the balance
between disorder and graphitic order.[38% 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.[*°® 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 (NazS), followed by an alloying reaction
between sodium and the metal.[3% These processes can reversibly store large
amounts of sodium, often exceeding 500 mAh-g1.1393-395 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.[3l

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™) and relatively low working potential (~0.5-1.0 V vs. Na/Na*).[3%l
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.[?%7-3% For example, Zhang et al.[*o0
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*
at 0.1 A-g after 100 cycles and showed enhanced ion/electron transport.[#%
Similarly, Guo et al.[3%] 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.[*ol
synthesized a layered SnS2-reduced graphene oxide composite using
a hydrothermal route. The material delivered an initial specific capacity
of 630 mAh-g! at 0.2 A-g?, retained 500 mAh-g? after 400 cycles at 1 A-g?,
and maintained high coulombic efficiency, demonstrating that the graphene
matrix effectively buffered mechanical stress and enhanced electron
transport4°, Similarly, Liu et al.[*0% created a flexible SnS2-graphene nanoribbon
paper electrode, achieving 334 mAh-cm= after 1500 cycles at 1 A-g™.
The composite utilized ultrafine SnS2 nanocrystals uniformly dispersed within
acompact graphene network, which enhanced structural stability
of the composite.*?l  Finally, a  sandwich-like = SnSa/graphene/SnS:
heterostructure, reported by Jiang et al.l*%%l expanded the interlayer spacing
of SnS», facilitating Na* diffusion and improving rate performance. The material
delivered 765 mAh-g* at 10 A-g'l, maintaining its structure after 200 cycles.[%l
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.[*%%! 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%.[404405] 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. [0

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.[3 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.[*%6-408] |n 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.[35%!

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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Chapter I

The phenomenon of increasing
capacitance induced by 1T/2H-MoS>
surface modification with Pt particles —
Influence on composition and energy
storage mechanism
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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 Il, created with BioRender.com.
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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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afptihd LHAS In this paper, several approaches to the synthesis of molybdenum-based electrode materials for supercapacitors
are pr d, including di hydrothermal process and annealing. For the material prepared via
anodization of a molybdenum plate, followed by a hydrothermal process in thiourea aqueous solution, a thor-
ough study of the Pt-surface modificarion through repetitive cyeling in 1 M sulfuric acid with Pt acting as a
counter electrode is performed, including X-ray photoelectron spectroscopy analysis and energy storage mech-
anism contribution. Along with the increasing number of cycles, an increase of the capacitance value is observed
up to 1.064 F cm 2 after 60 000 cycles, resulting in more than tenfold growth (by over 1 150%). The analysis
reveals progressive changes in the electrode material's chemical composition and the increasing pseudocapa-
citance contribution in energy storage processes, which is strictly caused by the formation of mixed molybdenum
oxides with oxygen vacancies, Thus, Pt-surface modification effectively imp the electroct I perfor-
mance of the electrode material with excellent coulombic efficiency and capacitance retention, In a symmetric
two-electrode configuration with Pt-modified electrode materials, the areal capacitance of 140.5 mF cm 2 is
obtained after 50 000 cycles (with capacitance retention of 123%) indicating that Pt-surface modification of
MoS» may provide a novel approach for electrode materials for high-performance supercapacitors,

Keywords:

Molybdenum disulfide
Non-stochiometric malybdenum oxides
Platinum dissolution-deposition
Supercapacitors

Energy storage

1. Introduction that exhibit higher energy density than conventional capacitors and

higher power density than batteries[1,2].

Nowadays, the whole world is struggling with environmental prob-
lems related to the pollution caused by the use of fossil fuels. These
problems do not end with pollution, as it is known that the depletion of
these sources could soun lead to an energy crisis. As a consequence, a
majority of countries have currently been focusing on the use of
renewable energy sources, which can be a solution to this emerging
problem. However, it is important to be aware of the limitation of their
periodic availability, which is especially noticeable in the case of solar or
wind energy. The answer to this problem may be the application of
effective and efficient technologies that will enable the storage of energy
in order to use it at the most convenient time. Supercapacitors, also
known as electrochemical capacitors, are one of energy storage systems

* Corresponding author,
E-mail address: zuzanna zarach@pg.edu.pl (Z. Zarach).

https:/ dof.org/ 10,1016/ el 2141389

What is more, in energy storage devices such as batteries or super-
capacitors, binders are quite often an inherent element, which does not
support the energy storage process, but plays role in improving physical
contacts. However, their use also contributes to the deterioration of
some parameters of the device, causing the reduction of volumetric and
gravimetric capacitance. Its presence also may contribute to the occur-
rence of side reactions during the charging and discharging processes,
usually leading to additional costs, and in the case of the binders such as
polyvinylidene fluoride, an additional increase in the resistance value
may be observed[3,4]. Therefore, the synthesis of the electrode material
directly on the current collector is an eminently desirable process in
obtaining the superior overall performance of the energy storage device.
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Transition metal dichalcogenides, in particular, are gaining more
and more attention in terms of their use as energy storage electrode
materials, precisely because of their layered structure and the weak van
der Waals bonds between the individual layers [5,6], which enable fast
charging and discharging. while maintaining stability comparable to
that offered by two-dimensional carbon materials [ 7], MoSa structure
consists of three planes in the order of 5-Mo-S, with molybdenum
sandwiched between two sulfur layers{ 10/ (see Figz. 2a,b). Depending
on which phase of MoS; is investigated, it is characterized by distinctive
features, When it comes to energy storage applications, the most
attention is paid to the 17T trigonal and the 2H hexagonal MoS; structure.
Octahedral 1T phase is a metallic one, which is mainly obtained through
the transition from the 2H phase by an electron beam application, laser
irradiation, or ion intercalation process [ 11-13]. Obtaining a 1T phase is
particularly desirable and the research is directed toward this one
mainly due to its high conductivity, although its stability is still a
challenge to face. On the contrary, the 2H phase, which iz a trigonal
prismatic structure, possesses semiconductive properties and exceeds
other polymorphs in terms of stability. Sakar et al. reported molybde-
num sulfide electrode material, containing both 1T and 2H phases, that
exhibited a volumetric capacitance of 212 F ¢m  and even 343 F em
when it was combined with reduced graphene oxide [ | 4]. Furthermare,
a thin film of MoS; obtained by Pujari et al. using low temperature soft
chemical synthesis approach was characterized by the volumetric
capacitance of 911 F em > [ 15]. MoS; synthesis through DC sputtering
was also shown to be an effective way to obtain thin, nanostructured
films of specific capacitance of 138 F g1 and the cycling ability of 86%
after 5 000 cycles [16], In another report by Acerce et al.[17], metallic
1T MoS; phase exhibited the volumetric capacitance ranging from 400
to 700 F em™?, depending on the aqueous electrolyte that had been used.

When characterizing electrode materials for energy storage, a
commonly used counter electrode is platinum, also for materials with
other applications, such as electrochemical hydrogen evolution reaction
(HER), photoelectrochemical water splitting and amperometric sensors.
It is well known that, due to its excellent electrochemical ineriness,
electrical conductivity and mechanical stability, platinum is considered
to be one of the most appropriate materials for use as a counter electrode
in electrochemical measurements, However, Cervino et al. were the first
to describe that platinum may undergo dissolution at high anodic po-
tentials in an acidic environment [ 18], The influence of polarization on
the dissolution was also observed by some other authors, as well
[19-21]. Apart from that, there are other several factors that may affect
the rate of Pt dissolution like temperature, sean rate, and potential range
122-26]. Moreover, some recent reports on the use of a Pt electrode in
HER measurements also indicate that the Pt electrode may undergo an
electrochemical dissolution-deposition process and thus greatly affect
the experimental results [19,27 29], As a matter of fact, the phenome-
non of platinum dissolution has already been widely studied in relation
to fuel cells application, and recently the issue has also been raised by
Wei et al. questioning its use as a counter electrode in HER measure-
ments [30], but it was alse pointed by Jerkiewicz [31] that a great deal
of the knowledge regarding platinum electrochemistry is undocu-
mented. Furthermore, many reports not only on MoSz, but also other
transition-metal dichalcogenides, as well as carbon materials indicate
that the dissolution-deposition phenomenon of Pt but also the doping
itself can be used to improve the properties of an electrode material [20,
21,32 36]. However, most reports on this topic primarily deal with
hydrogen evolution reactions and thus, we believe that this {5 the first
time when the phenomena is observed in the electrochemical mea-
surements performed for electrode materials with application for energy
storage in supercapacitors.

Furthermore, there are no reports about a change in the chemical
compaosition of the material upon Pt doping and/or repetitive cycling. In
the literature, MoS; conversion to MoOs was reported by Ko et al.|27].
using plasma oxidation. The transformation was also obtained by
ambient pressure X-ray photoelectron speetroscopy combined with heat

Elecrrochimica Acta 435 (2022) 141389

treatment [28]. Recently Hou et al, investigated the phase transition of
MoSz during sodiation in charge/discharge cycles, indicating that one of
the intermediate products is metallic Mo, some of which oxidizes during
the charging process, resulting in MoO; and oxygen-deficient MoOy

39]. The presence of molybdenum oxides in electrode materials for
energy storage has been extensively considered due to their promising
specific capacitance, multiple oxidation states, and environmental
friendliness. Especially when it comes to molybdenum oxides with
intrinsic oxygen vacancies, they are highly attractive as they are char-
acterized by greatly increased conductivity [40,41] but which was also
presented by Dunn et al, oxygen vacancies facilitate faster charge
storage kinetics, leading to improved capacitance and eyele life [40].
Furthermore, it is often recognized that molybdenum-based oxides have
limited eycle life and poor performance hinders the application for
long-term energy storage applications. To increase capacitance reten-
tion, several approaches are being introduced. As an example, Cai et al.
stated that by introducing K into the MoO, structure, it was possible to
shift from Mo® " /Ma®" to Ma®'/Mo®' charge storage redox couple. As a
consequence, both the conductivity and the overall electrochemical
performance were enhanced, altogether with the prolonged cycle life of
the supercapacitor [42].

In most of the cases observed with MoS;-based materials for energy
storage applications, the material degrades after repeated charging and
discharging cycles, resulting in a decreasing capacitance, The phenom-
enon of capacitance increase was observed in several literature reports,
however, it was temporary and only observed in the initial charge and
discharge cycles 413 ], as generally for MoS-based electrode materials it
is typical to ohserve a gradual degradation of specific capacitance with
subsequent cycles, which is a major limitation in long-term energy
storage applications. The exception is the work presented by Bissert
et al., who reported a significant increase in capacitance during the first
3 000 cycles for MoSz/graphene composite, which was attributed to the
progressive exfoliation of the material, associated with ion inter-
calation/deintercalation |441. Furthermore, little work has so far
analyzed what happens to the material during charge/discharge cycles.
Several reports only indicate phase transition occurring during the
intercalation and deintercalation of lithium or sodium ions in the ma-
terials used in battery applications, including MoSg-based materials
[45 48], Nonetheless, no detailed investigation of the changes taking
place in the material during charge/discharge cycles was performed
together with the analysis of the charge storage mechanism, with the
simultaneous observation of the phenomenon of a significant increase in
specific capacitance.

Therefore, in this work, several approaches to the synthesis of
maolybdenum-based electrode materials for supercapacitors are shown,
including anodization, hydrothermal process, and annealing. Further-
more, we present a complex analysis of the Pt-surface modification
during multiple charging and discharging cycles of the electrode mate-
rial prepared via anodization of a molybdenum plate, followed by a
hydrothermal process in thiourea aqueous solution with the energy
storage mechanism study. The influence of platinum-surface modifica-
tion and using platinum as a counter electrode on charge storage per-
formance and charge storage mechanism in studied electrode material i3
investigated as well. It was shown that the prolonged process of modi-
fication of the electrode surface with platinum enhanced the phenom-
enon of the capacitance increase. After 60 000 cycles, the specific
capacitance of the electrode material modified with Pt particles
increased to over 1 Fem ™2, whereas the symmetric twao-electrode system
reached a capacitance of 140 mF em 2 and in each case, the coulombic
efficiency was above 97% during all the cycles, Furthermore, this study
reveals the changes taking place in the composition of the molybdenum
disulfide thin layer, presenting the transition to mixed molybdenum
oxides. Together with the transition from sulfides to oxides and intro-
duction of oxygen vacancies, the contribution of the pseudocapacitive
energy storage mechanism is enhanced. It is also emphasized that when
Pt counter electrode is used in the study of energy storage materials,
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careful consideration should be given to the investigation due to the
dissolution-deposition phenomenon of platinum.

2. Experimental section

Chemicals used: Molybdenum (Mo) foil (0.05 mm thick, 99.95%)
(Alfa Aesar) was sonicated in acetone (C3HgO) and isopropanol (CyHgO)
(both obtained from Chempur). The electrolyte for the electrochemical
oxidation of titanium foil consisted of ammonium fluoride (NH4F) p.a.,
ethylene glycol (C2HgO4), phosphoric acid (H3PO4), all from Chempur,
and distilled water. Thiourea (CH4N28) used in the hydrothermal
method and potassium sulfate (K2504) was purchased from Alfa Aesar
and sulfuric acid (H2504) (p.a. 95%) used for electrochemical charac-
terization was received from POCH.

Anodization of Mo foil: At first, molybdenum foil was cut into pieces,
cleaned using ultrasonic treatment in isopropanol:acetone mixture (1:1
v/v) for 10 min, and eventually rinsed with distilled water. In the
anodization process, the as-prepared Mo foil constituted an anode and
the titanium plate was a cathode. The synthesis was carried out at a
constant temperature (23 °C) using a cooling bath thermostat (KISS Ke,
Huber) with a voltage of 5 V applied for 2 h and the electrolyte was
prepared according to the previous report [49].

Hydrothermal synthesis: The final step of electrode preparation was to
petform a hydrothermal procedure. For this, an anodized molybdenum
plate was placed in a Teflon-lined stainless-steel autoclave (50 mL) with
thiourea (1 M) aqueous solution (25 mL). The autoclave was transferred
to an oven for 24 h at 200 “C. After that, the autoclave was cooled to
room temperature and the obtained plate with deposited molybdenum-
based material was washed a few times with ultrapure water.

Different approaches for Mo foil modification: Apart from the electrode
material that was obtained as described above, some different ap-
proaches of molybdenum foil modification were included, namely,
anodic oxidation (A), hydrothermal process (H) and annealing (A450) of
modified molybdenum plate were combined in different order and
combination, which is accurately presented in Fig. §1. The samples were
designated by the letters ascribed to the individual processes in the order
in which they were carrled out (e.g. Mo(AH) denotes to anodization
followed by the hydrothermal process). The annealing process was
performed in a tube furnace in an air atmosphere with a heating rate of
2 “C/min for over 3 h and 45 min to 450 “C and eventually hold at this
temperature for 2 h,

Electrochemical Pt-surface modification: Electrochemical modification

of the surface with platinum particles was carried out in a three-
electrode system. The working electrode was a chosen Mo-based mate-
rial and the Pt electrode was used as a counter electrode. Pt (99.9%) was
in the form of a 1 em x 1 em mesh with a wire diameter of 0.04 mm and
with a nominal aperture 0.12 mm. The modification was based on re-
petitive cycling in 1 M HyS804 in the potential range from -0.35 V to
+0.2 V vs. Ag/AgCl (3 M KCI). Up to 60 000 cycles were carried out to
investigate the changes taking place in the structure of the electrode
material. For comparative purposes, the material that was not modified
with platinum particles was tested in a system in which the working
electrode was separated from the counted electrode using an electrolytic
key filled with gel electrolyte, which was 0.5 M K3504 with the addition
of gelatin.

Muterials Characterization: The morphology of the as prepared ma-
terials was investigated using Scanning Electron Microscopy (SEM) (FEL
Quanta 3D FEG) and Transmission Electron Microscopy (TEM) (FEL,
Tecnai F20X-Twin). Element identification was performed by energy
dispersive X-ray spectrometer (EDS) with energy resolution of 134 eV
(EDAX, model RTEM SN9755+), SEM samples were tested directly on
the synthesized molybdenum foil without preparation. Samples for
TEM, after peeling off the layer from the molybdenum foil, was placed
on a copper TEM grid covered with a carbon layer (Lacey type Cu 400
mesh, Plano). Measurement parameters: SEM - voltage 10-20 kV from
FEG, Everhart-Thornley detector (ETD), vacuum in the chamber 107*
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Pa; TEM - voltage 200 kV from FEG, imaging in bright field (BF) with
CCD camera (Gatan, Otius), vacuum in the chamber 10~ Pa. Moreover,
malerials were characterized using X-ray Photoelectron Spectroscopy
(Escalab 250Xi, Thermo Fisher Scientific) with Al Ku radiation and the
spectra were analyzed and deconvoluted by an envelope of a Gaussian-
Lorentzian sum function using the spectrometer software Avantage
(Version 5.973). The vibrational characteristics of the samples were
studied using micro-Raman spectrometer (Renishaw InVia) with argon
laser emitting at the wavelength of 514 nm and operated at 1% of its
total power (50 mW). The determination of crystal structure was per-
formed using a diffractometer (Xpert PRO-MPD) with Cu Ko emission {4
= (0.15406 nm).

Electrochernical measurements: At first, they were performed using
potentiostat/galvanostat  (BioLogic VSP 2078) in three-electrode
configuration. The measurements were performed in 1 M Ha504 with
the as synthesized electrode materials constituted as a working electrode
and Pt mesh and Ag/AgCl (3 M KCI) were used as counter and reference
electrode, respectively. Measurements were conducted in 1 M Hz804
aqueous solution, which was used as an electrolyte for a super-
capacitor’s construction, too. Moreover, electrochemical impedance
spectroscopy (EIS) was performed in a frequency range between 20 kHz
and 100 mHz with the voltage amplitude of 10 mV. For the chosen
material’s characterization, various techniques have been applied, e.g.
galvanostatic charge-discharge tests (GCD) with current densities
ranging from 4.5 to 34 mA em 2, and cyclic voltammetry at 50 mV s in
order to determine the potential range within which an electrode ma-
terial is capable of charge storage.

3. Results and discussion

3.1. Characterization of the electrode materials resulted from different
Mo foil modifications

Fig. 1 presents images of molybdenum foil before (Fig. la-b) and
after different modifications, obtained using Scanning Electron Miero-
scopy. In comparison with non-modified molybdenum foil, different
morphologies might be observed. In the images obtained at lower
magnifications, the initial structure of the molybdenum foil, which is
caused by the metal processing, can be observed. Moreover, the anodic
oxidation process caused the formation of a rough and rippled surface
structure (Fig. 1e-d), The pattern is also clearly visible for the electrodes
for which anodization was the first stage of the modification. On the
other hand, when Mo foil was subjected to a hydrothermal process, the
film that was formed almost uniformly covered the entire surface, and
the formation of moss-like nanostructures was observed (Fig. le-d). The
moss-like covering of the surface is also visible for samples Mo({AH)
(Fig, te-f) and Mo(AA450H) (Fig 1k-l). Furthermore, when the
annealing process was performed as the last stage, the formation of
crystal structure in the form of cuboids and cubes is distinguished
(Fig. Ti-f).

X-ray Photoelectron Spectroscopy measurements were also per-
formed for the prepared samples (see Fiz. Ze-1). For the anodized sample
(Fig. 2e and 2h) spectra show that the material consists of molybdenum
oxides of various oxidation states, which is quite common for the
anodized molybdenum foils reported in the literature [50,51]. A
confirmation may be the signal distinguished in the Ols spectrum at
about 530.5 eV, which proves the presence of Mo-0O bonds in the sample
[52,53]. O1s spectrum reveals the presence of both hydroxide and water
in the sample [54 561, which is also observed for the molybdenum foil
after anodization and annealing (see Fig. 2f and 2k). The difference
between both samples results from the uniformity of the molybdenum
oxidation state, namely an almost complete transition to the 6+ oxida-
tion state is observed after ling. Recorded signals of Mo 3ds,; and
3dg,o at around 233 eV and 233.1 eV may be assigned to the presence of
MoO;z [57,58], which was also confirmed by Raman spectroscopy. For
the remaining samples, the synthesis of which took into account the
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Fig. 1. SEM images for Mo foil before modifications (a-b) and after anodization Mo(A) (c»d) hydrothermal process Mo(H) (e-f), anodization and hydrothermal

processes Mo(AH) (g-h), anodization and annealing Mo(AA450) (i-j) and subseq; ion ling and hydrothermal processes Mo(AA450H) (k-1).
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Fig. 2. Top and side views of a) 2H and b) 1T structures of the MoS, and the presentation of the trigonal prismatic coordination in 2H-MoS» and the octahedral
coordination in 1T-MoS; for the molybdenum atom (cyan). Crystal structures created with VESTA 3 software|69|. XPS spectra of Mo foil after different modifications:
Mo(A) (¢,h); Mo(H) (d,i); Mo(AH) (e,j); Mo(AA450) (f.k); Mo(AA450H) (g,1); m) Raman spectra of Mo foil after different modifications with detailed spectrum (n) for
the electrode material Mo(A) and Mo(AH); 0} XRD spectra of Mo foil after different modifications with the magnification of the area between 10 and 50°,
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hydrothermal process, the results clearly indicate that each of them
contains mainly MoSsz. This is confirmed by the results presented in the
Mo 3d spectra of Mo(H), Mo(AH) and Mo(AA450H) samples (see
Fig. 2d, e, g), where two peaks at around 232.2 and 229.0 eV are related
to the 1T MoS; phase, whereas the signals at 233.2 and 230.1 eV confirm
the presence of 2H phase [14,59]. Worth noting is that the shift of 1T
phase is about 1 eV from the 2H phase, which is consistent with the
literature reports in each case [14,60]. At the same time, the S 2p; - and
2ps - signals (F , j» 1) from 1T and 2H phases are located at 163.0
and 161.7 eV, and 163.2 and 162.1 eV, respectively [59,61]. Further-
more, the peaks located in the higher binding energy the 8§ 2p spectrum
may correspond to the vacant S atoms in both 1T and 2H phases [62,63].
The results also show the signals coming from molybdenum in its
oxidized form (Mo®), which is present in small amounts in the form of
molybdenum oxide [55,61].

The as-modified molybdenum-based electrode materials were also
characterized using Raman spectroscopy. As it is shown in the Raman
spectrum in Fig. 2m, Mo after anodization (A) is rather amorphous,
When molybdenum foil was subjected to both anodization and hydro-
thermal process (AH), a significant amount of distinet signals can be
observed in the Raman spectrum. The two most characteristic peaks at
375 cm " and 404 cm ! can be attributed to the vibrations in thermo-
stable 2H-MoS; molecules, which are ascribed to E‘.ﬁg in-plane and A;q
out-plane active modes, respectively [14,59,62,64]. Those signals are
also observed for the sample Mo(H), indicating the presence of
2H-MoS;, as well. Apart from those two prominent signals, some addi-
tional peaks at spectrum of Mo{AH) could be distinguished at 195, 216
and 347 cm ! that indicate the presence of the trigonal phase of MoSs in
the analyzed sample [14,64 66]. Moreover, weak Raman modes in the
range from 445 to 930 cm ! may suggest that the material contains a
minor amount MoQ, molecules in the intermediate oxidation state,
where 2 < x < 3 [67]. In order to present the Raman bands of Mo(AH)
more clearly, this spectrum has also been presented in a separate figure
(Fiy. 2n), After modification in the form of anodization with annealing
(AA450), a crystalline MoO; was obtained, which was confirmed by the
presence of the main band at about 820 ecm ‘, attributed to the
stretching vibrations in Mo-0-Mo [57]. Another characteristic peak at
996 cm ™ is strictly related to the stretching vibration of Mo=0, whereas
a maximum at 665 cm ' refers to a triply coordinated bridging oxygen
stretching mode of a-MoOs5. Furthermore, Raman modes that are located
below 400 em ™" are assigned to various bending vibrations and lattice
modes of MoO3[57,68]. For the last sample (AA450H), there are two
intense peaks at about 400 em ', which are characteristic of vibrations
in MoS; molecules and are already deseribed above. For samples (H) and
(AA450H) the peaks indicating the presence of the trigonal phase of
MoS, are not clearly seen, probably due to their smaller amount in the
sample. Summing up, it can be stated that anodization causes the for-
mation of an amorphous oxide layer, annealing generates crystalline
MoOs, whereas the hydrothermal process allows obtaining MoSs (from
both the native oxide from anodization and the erystalline one).

The XRD patterns of the studied materials are shown in Fig. $2
(Supplementary Information) and Fiz. Zo. Fig. 82 shows the whole
pattern in the full range obtained for the prepared samples. Due to the
fact that the performed synthesis leads to the deposition of thin layers
directly on the surface of the current collector, the recorded signal comes
mainly from the molybdenum substrate. However, when the diffracto-
gram area between 10 and 50" is magnified, some signals may be
distinguished, especially for the (AA450) sample. The results are
consistent with the Raman spectroscopy, namely, the layer consists of
MoOs [70-72], Furthermore, for the Mo(A) and Mo{H) samples a signal
at 39° from the molybdenum substrate may be identified. However, for
the anodized sample, its intensity is relatively lower than for the sample
that was not subjected to the anodization process. The reason is that the
anodization process and subsequent modifications influence the crystal
structure of molybdenum foil and thus the signal from the (110) plane
fades [ 73], which is also visible in the XRD results of the other electrode

w
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materials. It can be simply explained by the growth of the film on the
molybdenum surface, suggesting that this plane is privileged and the
amorphous MoO; film is formed. Furthermore, the other samples seem
to be characterized by an amorphous nature as the lack of signals may be
observed. 1t is also worth noting that for the material's modifications
that included a hydrothermal process, a weak signal at around 17° may
be observed. However, due to the fact that the indicated signal is
characterized by very low intensity, the authors note that this may only
suggest the presence of MoS: as this is the value at which the (002) phase
signal of 2H MoSy is usually observed [65,74-771. It may also be stated
that the broadening and low intensity are due to the ultrathin di-
mensions of MoSz and low crystallinity [75].

3.2, Electrochemical evaluation of the Mo-based electrode materials

In order to investigate the electrochemieal performance of the elec-
trode materials, eyclic voltammetry was applied. It is clearly seen in
I'ig. 3a that the widest potential range with electrochemical activity and
with no occurrence of hydrogen reduction at cathodic scan, as well as
the highest current density values were obtained for the Mo(AA450)
electrode material, at least during the first few scans. It has to be
mentioned that Mo(AA450) exhibits a drastic drop in electrochemical
activity at the beginning of electrochemical tests and thus, the experi-
ment performed at different scan rates was performed after several ey-
cles in order to achieve some stability. It has already been reported that
under repetitive charging and discharging, MoO3 undergoes irreversible
structure changes and as a result, poor kinetics and fast capacitance
fading are observed [79-21]. Moreover, the cathodic limit of system
stability is shifted towards more anodic potentials. Similar behavior was
already shown and utilized for the modification of MoOs-based elec-
trodes for HER [22]. Cyelie voltammetry curves recorded at different
scan rates for individual electrode materials are included in Supple-
mentary Information (see Fig. $3, Supplementary Information). In order
to investigate how the capacitance of each electrode material changes
with a scan rate, cyclic voltammetry measurements with scan rates from
210500 mV s ' was performed, and the results are shown in Fig. 3b. For
each material the capacitance was calculated according to Fi. (1) by
analyzing the area under the CV curve, which is strictly related to the
amount of charge stored by the electrode:

HV )V
0= V)

Where [I{V)dV is the total voltammetric charge calculated by integra-
tion of positive and negative sweep in the potential window, v is a scan
rate and AV is the potential window width. For the Mo(AA450) elec-
trode material when increasing the scan rate, a rapid decrease in
capacitance is observed, see I'iz, 5b, This phenomenon can be due to the
decomposition process of the electrode material and therefore its
instability, especially observed when increasing the scan rate value.
Moreover, at higher scan rates, the slower processes are kinetically
hindered and cannot participate in a charge transfer onto or across the
electrode/electrolyte interface, which is reflected by lower electro-
chemical capacitance [53-55]. The capacitance values of Mo (AA450)
for the highest scan rates were even lower than for the Mo(AH) electrode
material, which was also characterized by high capacitance values,
especially in comparison with other molybdenum-based materials.
Another advantage of the Mo(AH) may be observed in the EIS spectra,
presented in Fig. Sc. Knowing that the reactance (Z ) can be described
by Eq. (2):

1
= —— 2
2zfC @
where f is the frequency and C is the capacitance value, the Mo(AH)
electrode material may offer the most promising capacitive properties.

Also, the equivalent series resistance (ESR) is the parameter that may be
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Fig. 3. a) CV curves recorded in 1 M Ha804 (v =50 mV s "1y for Mo foil modifications; b) Areal capacitance in a function of a scan rate; ¢) Nyquist plots ina frequency
range from 20 kHz to 100 mHz in 1 M H:50,; d) specific capacitance in the function of applied frequency; e) Changes of specific capacitance during 1 000 cycles and
£) changes of specific capacitance retention during 1 000 cycles for the Mo(AH) electrode material; inset: GCD curves before and after 1 000 cycles for the Mo(AH).

described as the intercept with the x-axis and its value depends not only
on the electrolyte resistance, but also includes the electrode resistance
and the contact resistance between the electrode material and the cur-
rent collector [86]. Therefore, it may be concluded that the Mo(AH)
electrode material is characterized by the lowest value of its internal
resistance. Furthermore, a Nyquist plot for both (A4450) and (AA450H)
materials in a low-frequency range has a flatter slope and therefore a
smaller value of the phase angle, and in the high-frequency range, an
appearance of a semi-circle forming might be observed, indicating that
the charge transfer resistance arises and hinders the mobility of the ions
[&71. A lack of the semicircle in the high-frequency range confirms that
there is no ion adsorption/desorption on the electrode material surface
coupled with electron transfer to the surface |58]. Moreover, especially
in the case of Mo{A), Mo(H), and Mo(AH) electrode materials a line
rising up vertically at a low-frequency range may be distinguished,
pointing to the capacitive nature of the materials, However, the capac-
itance value for the Mo(AH) is considerably higher compared to other
modifications (Fiz. 3d) and the material is characterized by the best
charge propagation in the range of very low frequencies, even lower
than 1 Hz. Furthermore, capacitance values obtained from the electro-
chemical impedance spectroscopy measurements also confirm the loss of
electrochemical activity of MoOs in the Mo(AA450) sample along with
subsequent electrochemical measurements.

Initial charge and discharge measurements (GCD) were carried out
for each material at different current densities applied (in a 3-electrode
system). Prior to the cycling measurements, for each material the most
optimal value for the applied current was selected, namely both charge
and discharge time should be equal and not exceed 10 to 15 s — exem-
plary GCD curves are shown in Supplementary Information in Fig. 54
(Supplementary Information). Then, at the selected current values, 1
000 charge and discharge cycles were performed, on the basis of which
specific capacitances were calculated and presented in Fig. Se. The re-
sults of GCD measurements are consistent with the cyclic voltammetry
results presented above, especially when comparing the capacitance
obtained at the 1st cycle with the values in Fig. 3b. The Mo(AA450)
electrode material was characterized by the highest specific capacitance
value, however, as the charging and discharging cycles progressed, a
sharp decrease in capacitance was observed after the first 50 cycles, and

capacitance retention after 1 000 cycles was just about 24%, see Fig, Je.
A rapid drop was also observed in the case of the Mo(H) electrode ma-
terial (after 100 cycles), which was no longer characterized by capaci-
tive properties. The loss of energy storage capacity is also seen in the
case of molybdenum foil after anodization (Mo(A)). The highest
capacitance retention was noticed for Mo{AA450H) which was at about
95%. However, for the Mo(AH) the capacitance value was even twice
higher, namely 70 mF cm 2, and the capacitance retention was at 85%,
which is presented in Fiz. 3f. Moreover, the inset in ['ig. 3f shows that
even after performing 1 000 charge-discharge cycles, a GCD curve pre-
served its triangular shape, without the increase of the ohmic drop.
With the aim to fully evaluate the electrochemical performance of
the Mo(AH) electrode material and investigate the process of Pt-surface
modification, an exceedingly large number of galvanostatic charge/
discharge tests was performed with an initial value of current density of
4.5 mA cm  applied in the potential range from +0.2 V to —0.35 V. The
cathodic potential limit was adjusted to —0.35 V in order to maintain the
coulombic efficiency during eycles at the highest possible level. The
resulting areal capacitance is presented in Fig. “a and the inset shows
the galvanostatic charge/discharge profile before (at 4.5 mA em %) and
after (at 34 mA em %) 60 000 cycles. The results obtained up to 1 000
cycles are consistent with the ones presented above, while the phe-
nomenon of a gradual increase in the value of the capacitance is
observed during subsequent cycles, which is also confirmed by the inset
in Fiy. 4a, indicating an increase in both the charging and discharging
time, while maintaining a shape that specifies capacitive properties. Due
to the phene of ine 1g capacitance, the value of applied
current needed to be adjusted to maintain the appropriate charge/
discharge time for supercapacitors, as well as to preserve a high level of
coulombic efficiency during the subsequent cycles, Therefore, the cur-
rent density was changed from 4.5 to 34 mA c:rn,"2 which is presented in
Iig. 4a. Furthermore, the gradual increase in the capacitance led to an
increase in capacitance retention of around 1 000% after 60 000 cycles.
Fig. 4b shows the value of coulombic efficiency, which remained at a
very high level, averaging 100% during all cycles. The resulting
capacitance increase was previously observed in the literature in the
case of MoSs-based electrode materials [43,44] and was e.g, explained
by the activation process that takes place and enables the electrolyte
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after subsequent cyeles (v = 50 mV s '),

diffusion into the interlayers of MoSy. Moreover, Fig 4e presents the
cyclic voltammetry curves after subsequent cycles, and it can be seen
that the value of the current density increased significantly, especially in
the negative potential range. As far as the authors are concerned, this is
the highest capacitance value obtained for MoSs-based electrode mate-
rials, but also one of the highest values for all supercapacitor materials.

3.3. Investigation of the increasing capacitance and the influence of the
electrochemical dissolution-deposition process of Pt

In order to determine the cause of the constantly increasing capaci-
tance and to investigate possible changes that took place in the
morphology of the electrode material, additional SEM measurements
were carried out after 15 000 charging and discharging cycles. As can be
seen in Fig. Sa-d, the electrode’s morphology after multiple charge/
discharge cyeles is markedly different from that of the Mo(AH) electrode
material (see Fig, 1g-h). SEM images clearly show the delamination of
the material, which is in striking contrast to that of the Mo(AH) before
electrochemical measurements, In some previous studies (8992 the
electrochemical treatment has been demonstrated to be one of the
techniques that leads to the exfoliation of the material. According to the
literature, an exfoliated material is said to be characterized by a higher
electrochemical capacitance compared to a bulk material [© ;
Therefore, it may be concluded that the main cause of the increase in

o Ly Wpm’ | adET
h
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Fig. 5. a-c} SEM images and d-h) EDS mapping results for the Mo(AH) electrode material after 15 000 GCD cycles.

material's capacitance is the exfoliation process that takes place during
the charge/discharge cycles. In fact, both of those effects were reported
previously by Bissett et al. [44], finding the increase of the capacitance
as a result of ion intercalation and partial exfoliation. The fact that the
material may change during energy storage should be taken into account
especially in the case of materials characterized by a layered structure
with Van der Waals interactions, namely graphene and both transition
metal oxides and dichalcogenides.

The SEM images obtained at higher magnification (see Fig. Sb-d)
show changes that oceurred in the electrode material during multiple
charge/discharge cycles. In the structure of the material, one can
observe particles embedded in the layer that were not present in the as-
prepared material, The results of the EDS analysis (see Fig. $5a, Sup-
plementary Information) and mapping results presented in Fiz. Se-h
clearly indicate the presence of Pt particles embedded at the surface of
the Mo(AH) electrode material. Even though the phenomenon of Pt
dissolution-deposition has been discussed in a number of reports, still no
universal mechanism describing the phenomenon was presented.
Nevertheless, it may be assumed that the crucial parameter is the po-
larization potential of the Pt counter electrode. During galvanostatic
charge/discharge cycles performed in a three-electrode configuration,
the working electrode was eycled in the potential range from +0.2 to
—0.35V. Simultaneously, a potential of Pt CE was also recorded and one
can see that it was polarized from 1.55 V to around —0.3 V (vs. Ag/AgCl
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(3 M KCl) (see Fig. §5b, Supplementary Information). According to the
literature reports, the oxidation and reduction of platinum occur prin-
cipally after reaching high potential values during polarization, but the
most intensified dissolution and deposition of Pt may occur during
reversible cycling within a certain potential range, enabling repetitive
oxidation and reduction of Pt [149,20,98]. Topalov et al. [99]. proposed
that the oxidation of the Pt surface takes place about +1.15 V (vs. RHE)
and as the potential value increases, the creation of a sub-surface oxide
may occur, as well. The latter’s presence is crucial during cathodic
sweeping, as it contributes to the weakening of Pt—Pt bonds and as a
consequence, during repetitive potential cycling, PtO; undergoes sub-
sequent chemical and electrochemical dissolution [297. Furthermare,
oxygen atoms may distort the surface lattice through tunneling into the
deeper layers and triggering the dissolution [100,101]. As a result, both
P** and Pt* jons are generated, according to Fgs. (3) and (4):

POy + Al g™ + 26 =Pr ) + 2H0 @

PtOs + AH = Pr  + 2H:0 @

To the best of our knowledge, this is the first time when the phe-
nomenon is observed in the electrochemical measurements performed
for electrode materials with the application for energy storage in
supercapacitors, The reason for this may be both the fact that, in the case
of the analyzed electrode material very high current densities are ob-
tained, as well as the fact that there is little research in the literature on
electrode materials for supercapacitors that thoroughly investigate the
changes taking place in the material during multiple charge/discharge
cycles. Therefore, bearing in mind Wei's et al. critical approach to the
use of platinum electrode in HER measurements| 30, authors would like
to emphasize that when a Pt counter electrode is used in the study of
energy storage materials, careful consideration should be given to the
investigation, as well. Therefore, in order to make sure whether the
incorporation of platinum into the material affects its overall perfor-
mance, galvanostatic charge/discharge tests were performed with the
separation of the working electrode from the counter electrode, and the
results are presented in Fig. 86. Based on all the results presented above,
the Mo(AH) material with Pt-surface modification was further invest-
gated and from this moment, it was designated as Pt@1T/2H-MaSg,
whereas the electrode material that was not subjected to the
Pt-modification was designated as 1T/2H-MoS2.

The obtained results indicate, that despite the absence of Pt on the
surface of the working electrode, an increase in capacitance is still
observed, but it is almost two times smaller than in the case of disso-
lution and deposition of platinum (Fig. $6a). Moreover, no matter how
the measurement system was designed, the electrode material still has
an almost ideal coulombic efficiency (Fig. S6b), and the GCD curves
retain a triangular shape (inset of Fig. S6a). The phenomenon of
increasing capacitance is also confirmed by the EIS results presented in
Fig. 56¢. A slightly increasing slope of the curves indicates an improving
capacitive behavior [102], while a gradually decreasing value of the
imaginary element of impedance additionally confirms these observa-
tions, in accordance with Fq. [2), The absence of platinum on the surface
of the electrode material was confirmed by SEM and XPS analysis per-
formed after 15 000 charge-discharge cycles (see Fig. S7, Supplemen-
tary Information). The chemical composition of the sample remained
almost unchanged, only the presence of traces of $0F ~ was observed, In
the case of the morphology of the surface, moss-like nanostructures are
still present and visible as before the cycles, but the surface has become
more solid with numerous cracks. However, the obtained results may
indicate that the process of dissolution-deposition of Pt significantly
contributes ro the accelerarion of the activation process which results in
a greater increase in the capacitance. On the other hand, when platinum
is not present in the solution and thus the deposition does not occur, the
activation process is slower. However, it can undoubtedly be said that
Pt-assisted activation of the electrode material is beneficial in the energy
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storage process.

For further analysis of the capacitance increase and a more thorough
investigation of the Pt-surface modification, XPS analysis was performed
in order to investigate the changes occurring in the Pt@17/2H-MoS;
electrode material during long-term cycles. As shown in Fig, &, for the
electrode material before cycles (Oth) the Mo 3d spectrum shows that it
is possible to distinguish two polymorphs of MoSs, as it was confirmed
with Raman spectroscopy results and described in the first part of the
manuscript. With subsequent cycles, one can observe more intense peaks
coming from Ma®" at 233.3 and 236.4 eV [37] and a new pair of dou-
blets coming fram Mo™" assigned to the peaks at 231.8 and 235.2 eV
[39,102,104] (see spectrum after 3 000 cycles). The results indicate a
decreasing and finally completely disappearing presence of both 1T and
2H-MoS; (see spectrum after 21 000 cycles), The transition of both 1T
and 2H-MaoS; into mixed non-stoichiometric molybdenum oxides also
confirms the spectrum recorded for $2p, showing that with the succes-
sive cycles, 2~ is converted to SO3~ [39] (see Fig. S8, Supplementary
Information). XPS analysis also confirmed the presence of platinum in
the electrode material, mainly in the metallic form, but also small
amounts of Pt>* and Pt** were observed (see Fig. §8, Supplementary
Information)., Moreover, in the first part of repetitive cycling, one may
see the increase of peaks assigned to Mo®", According to the literature
reports, a metal/metal oxide interaction should also be taken into
consideration as it influences the conductivity and metal oxide’s reac-
tivity 10731, $mall amounts of Mo®™ that are present in the sample after
synthesis, probably related to the anodization carried out in the first
stage of the synthesis, are reduced in contact with the metal substrate,
and the metal is oxidized, which may also contribute to the increased
amount of metal oxides observed in the material. Furthermore, with the
increasing number of repetitive cycles, the amount of molybdenum
oxides is increased at the expense of molybdenum sulfide, which is
confirmed by XPS results after subsequent cycles as the dominance of
molybdenum in the 5+ and 6+ oxidation state can be observed. With the
elongation of galvanostatic measurements, the presence of reduced
forms of malybdenum is noted - Mo*™ at 231.2 and 234.5 eV1105], as
well as Mo™ " at 229.5 and 232.6 eV. Mo™ relates to the oxidation states
0 < & = 4 and may be related with the presence of oxygen vacancies in
MaoOg lattice [106,107]. Furthermore, as it was stated by Grainer et al.,,
Mo cations are also formed as a result of oxygen vacancy defects in
Mo03, and after a certain vacancy concentration is reached, Mo™" cat-
ions develop [102,104], Despite the appearance of molybdenum in the
4+ oxidation state, it is not a signal from the original MoS; compound,
as no signal indicating the presence of sulfur was registered again, which
indicates the formation of only oxygen compound of molybdenum
(Mo0O,) with mixed valence states. Furthermore, on the basis of the
Mo-O phase diagram it can be stated that MoOs is not expected to
equilibrate directly with Mo at Mo/MoCOs interface, but the equilibrium
may be reached between Mo and MoO; [108]. There are also several
intermediate, non-stoichiometric molybdenum oxides with mixed
oxidation states that may be stable in between MoO3 and Mo, On this
basis it may be concluded the results obtained after a major number of
cycles are consistent with that, as we observe diminishing intensity of
peaks related to Mo®" and Mo®" at the expense of lower oxidation states.
Furthermore, in several reports it was stated that when Mo is domi-
nant in the sample, a material is characterized by a poorer conductivity,
and with its subsequent reduction, the Mo 4d states thal were emply are
being filled with electrons, resulting in the increased conductivity [10,
42,102,104], Carrying out subsequent cycles consistently increased the
intensity of signals from forms on lower oxidation states, which is in
agreement with the continually increasing capacitance.

Furthermore, the morphology of Mo(AH) electrode material before
and after repetitive cycles was investigated using transmission electron
microscopy and the results are presented in Fig. 7. The resuits for the
sample before cycles (Fig. 7a-¢) confirm the morphology observed at
SEM images, namely curled nanoflake-like structure may be distin-
guished that is mainly amorphous. However, the crystalline structure of
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Fig. 6. XPS spectra of Mo 3d for the Pt@1T/2H-MoS; electrode material before and after subsequent (3, 9, 15, 21, 27, 30 and 60k) GCD cycles with Pt-surface

modification.

MoS; may be observed on the edges of the structure, as well. For the
Pt@1T/2H-MoS; material after 30 000 cycles, the results exhibit the
presence of Pt particles in Pt@1T/2H-MoS; electrode material occurring
as darker spots, which was also confirmed by EDS analysis (see Fig. 7d-
). What is more, when the cycles were performed with the separated WE
and CE areas (see Fiy. 7g-i), the morphology more closely resembles the
one observed before the cycles.

3.4. Charge storage mechanism analysis

In order to properly classify the electrode material being used, it is
essential to determine the mechanism through which the charge is being
stored. One of the approaches to differentiate capacitances was firstly
presented by Conway et al. [109]. and followed by its application by
Dunn et al. to analyze the charge storage mechanism of nanostructured
transition metal oxides [110-112]. This method allows for quantitive

separating the contribution of the surface-confined elements from the
diffusion-controlled processes responsible for charge storage by
assuming that the total current response at a specified potential (i(V)) is
the sum of the current related to surface controlled and diffusion-limited
processes, according to the following Eq. (5):

i(V) = kyv+ k' 5)

where i(V) represents a measured current, k; and k» are constant values,
and v is a scan rate. After transforming . (5) to the form of Lq. (6), the
obtained linear dependence with the slope (k;) and Y-intercept (kz)
values enables to determine the contribution of the outer surface (k;v)
and inner surface (k2v'/?) to the total charge being stored at a given
potential:

Lt PR T ®

w2
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Fig. 7. TEM images and EDS spectra of a-c) Mo(AH), d-f) Pt@1T/2H-MoS; after 30 000 cycles and g-i) 1T/2H-MoS; after 30 000 cycles.

Fig. S9 shows the results of the Dunn's method application for the
analysis of the Mo(AH) charge storage mechanism (before modification
with Pt particles), namely cyclic voltammetry curves carried out at
different scan rates in the range from 10 to 500 mV s ! are presented. It
can be noticed that when the scan rate value increases, the increase in
the surface-controlled contribution is observed and it remains at a high
level with the inc ing scan rate applied. To analyze in detail how and
whether Pt-doping affects the energy storage mechanism, the presented
approaches of differentiating capacitances were used for both Pt@1T/
2H-MoS; and 1T/2H-MoS; electrode materials during repetitive cycling.

Another method of differentiating capacitances was proposed by
Trasatti and coworkers | 113] stating that it is possible to estimate the
contribution of diffusion-controlled and surface-controlled charge to the
overall charge being stored, according to Fq. (7):

qr =4+ 4o 7
where gy is the total amount of charge, g; represents the charge stored at
the “inner” surface and q, is the charge stored at the “outer” surface. The
proposed approach is based on the fact that charge storage at the outer
electrode surface is independent of the scanning rate, whereas the

process of charge storage at the inner surface is controlled by diffusion.
Performing cyclic voltammetry at different scan rates and evaluating
corresponding areal capacitances constitute a base to investigate
capacitive contribution from electrical double layer and pseudo-
capacitive reactions. Assuming that the diffusion of ions follows a
semi-infinite pattern, it should be possible to observe a linear relation-
ship between the reciprocal of the calculated areal capacitance (C ')
and the square root of the sean rate (v/2), according to Hq. (8):

C' = constv'? + ;! 8)
where Cr is a total capacitance, namely the sum of pseudo-capacitance
and electric double layer capacitance. Furthermore, plotting the
capacitance (C) versus the reciprocal of the scan rate allows to estimate
the value of the contributed capacitance of the electrical double layer
(Co), according to Eq. (9):

C = constv'* 4 Cy

(C))

Eventually, subtracting C, from Cy results in a determination of
maximum pseudo-capacitance value. The evaluation of the contribution
of the Mo(AH) electrode material before galvanostatic charge/discharge
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tests is presented in Fiy. Sa,b, whereas the final resulls are compared
with Dunn’s analysis in Fig. Se. The values were obtained from a linear
fit within the restricted range of the scan rate - the rest of the polari-
zation range was disregarded due to the high ohmic drop caused by the
electrode material’s internal resistance.

It is clearly seen in Iig. Sc that even though the non-diffusive
contribution is higher for the Dunn’s analysis, especially for the higher
scan rates. The trend towards an increase of surface-controlled contri-
bution may also be observed in the case of the highest scan rates, for
which the differentiation of the capacitance was carried out using
Dunn's method and the outer surface contribution reaches 94% (see
Fig. 89, Supplementary Information). Processes responsible for energy
storage reactions can be expressed as shown below in Fq. (10) [114,
115]:

(MoSy) e+ H e = (MoS,H') (§11)]

airefurs

On the other hand, as mentioned above, a layered structure allows
ions to intercalate, which results in a contribution of a pseudocapaci-
tance similar to a battery-type one [116], but often wrongly confused
with it. According to the literature and both empirical studies and
mathematical models presented therein, in the case of 2H-MoS; elec-
trode materials, it is necessary to provide a high voltage value that
would allow the transfer of electrons through a wide band gap in order
to fill the unoccupied states of 2H-MoS; and hence contributing to the
increasing pseudocapacitance contribution |[117]. Therefore, the 2H
phase is mainly characterized by EDL capacitive properties, especially in
aqueous electrolytes. On the contrary, 1T-MoS; is able to store charge
using both EDL and pseudocapacitive mechanisms. According to the
literature, reversible redox reactions may occur at a large density of
states, namely a significant number of d-orbitals of molybdenum atoms
above the Fermi level may be observed. For both crystallographic pha-
ses, pseudocapacitance’s occurrence is mainly due to Mo-edge activity
[17,117]. Furthermore, the cyclic voltammetry curves (see Fig. 83,
Supplementary Information) clearly show the combination of nearly
rectangular shape and pseudocapacitive behavior, and the latter may be
depicted as follows in Fq. (11}

Electrochimica Acta 435 (2022) 141389

Ma8; + xe” + xH™ = ({Mo¥ (11)

For the 1T/2H-MoSy electrode material, the results of Dunn's and
Trasatti's analysis after 15 000 and 30 000 cycles are presented in
Fig. §10 (Supplementary Information, with the CE and WE areas sepa-
rated). The obtained results indicate that with the successive charging
and discharging cycles, we do not observe such significant changes in
the energy storage mechanisms. As with the original material, energy is
mainly stored through the formation of an electrical double layer. The
conclusions are consistent with the previously presented observations
that the composition of the material does not change and neither does
the energy storage mechanism. On the other hand, for the Pr@1T/2H-
MoS;, as it was stated above, during the repetitive cycling and simul-
taneous Pt-modification, the change in the chemical composition of
electrode material may be observed, and thus a change in the energy
storage mechanism. Consequently, with the increasing number of cycles,
an increase in the diffusion-controlled contribution is observed (see
Fig. &d,e). The results are consistent with the presented XPS results,
which indicate that the material is transformed into mixed molybdenum
oxides MoQy. Transition metal oxides, including molybdenum oxides,
are characterized by pseudocapacitive properties and it has been already
reported that oxygen-deficient MoOy with varieties of oxidation states
are particularly promising for energy storage applications [40,118,119],
Therefore, due to its enhanced overall electrochemical performance, the
Pt@1T/2H-MoS; electrode material obtained after 10 000 repetitive
charge/discharge cycling was tested in a two-electrode system.

SH)

3.5. Two electrode configuration measurements

The results of the two-clectrode measurements for the Pt@1T/2H-
MaoSz electrode material obtained after 10 000 repetitive charge/
discharge cycling are presented in Fig. 9. The electrode material in the
two-electrode configuration was subjected to 50,000 charge/discharge
eycles with an applied voltage of 0.6 V and a flowing current of 11.9 mA
em 2. In Fig. 9a, it can be seen that the capacitance remains stable, and
the value of which does not decrease with time. Moreover, a slight
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Fig. 8. Determination of a) euter surface capacitance eontribution (Cg) and b) total capacitance (Cr) for MalAH) before Pt-surface modification, based on Trasatti
method; comparison of the results from Trasatti method and Dunn's methed ¢ before Pr-surface modification, d) after 15 000 cycles (Prt@1T/2H-MoS;) and e) after

30 000 cyeles of repetitive cycling (Pt@1T/2H-MoS; ).
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Fig. 9. a) Areal capacitance of the Pt@1T,/2H-MoS; symmetric supercapacitor calculated on the basis of 50 000 GCD cycles (inset: CV curves before and after 50 000
eycles); b) coulombic efficiency after 50 000 cycles; ¢) EIS results during subsequent cycles in the frequency range between 20 kHz and 100 mHz; d) galvanostatic

charge/discharge profile for the Pti@1T/2H-MoS, symmetric supercapacitor.

increase in capacitance was recorded with the increasing number of
cycles performed, which is probably due to the still occurring, albeittoa
smaller extent, intercalation process and the complementary changes in
the electrode material. The increase in capacitance is also visible in the
inset provided, showing the recorded voltammetry curves before and
after 50 000 cycles. The material in the symmetric supercapacitor sys-
tem was also characterized by a high-reaching coulombic efficiency
during multiple cycles (¥ 9b) and unprecedented capacitance reten-
tion (120% after 50 000 cycles), and it was recorded that by applying a
voltage of 0.6 V it is distributed almaost symmetrically over both elec-
trode materials (I'iz. 9d). Electrochemical impedance spectroscopy
analysis was also performed during the repetitive cycling and the results
are shown in Fig. “c, It can be observed that before the measurements,
the impedance curve was a straight line, also in the higher frequency
range, indicating capacitive properties. Along with the subsequent cy-
cles, in the high-frequency range, a semicirele can be distinguished,
pointing to the increasing resistance associated with the charge transfer
processes. Furthermore, the appearance of the semicircle in the high-
frequency range confirms that an ion adsorption/desorption on the
electrode material surface coupled with electron transfer to the surface
takes place [88], There is also a noticeable shift of the intersection with
the x-axis value towards higher ones, suggesting an increase in the
equivalent series resistance. Nevertheless, at each stage of the repetitive
cyeling, the overall resistance is small, indicating the good conductivity
of the electrade. Moreover, for a comparison, multiple charge/discharge
cycles were also performed for the 1T/2H-MoS, electrode material
without Pt surface modification (see Fig. $11, Supplementary Infor-
mation). In this case, an increase in the capacitance was also observed,
as well as an almost perfect coulombic efficiency, as in the case of ma-
terials in a three-electrode configuration cell. However, for the material

that was not modified with Pt particles, the values of the recorded
capacitance were much smaller, and therefore the supercapacitor was
working at lower current values and the operating voltage value was
lower, Nevertheless, Pt@1T/2H-MoS; symmetric supercapacitor was
primarily characterized by unprecedented capacitance retention, with
no significant degradation of the electrode material. A comparison with
current literature data on Mo-based electrode materials for super-
capacitors is provided in Table $1 (Supplementary Information).

4. Conclusions

The investigation of the different approaches for the synthesis of
MoSz electrode material was performed, including anedization, hydro-
thermal process, and annealing, with the results indicating that
depending on the processes carried oul, amorphous molybdenum oxide,
amorphous molybdenum sulfide or erystalline molybdenum oxide is
obtained. The electrode material prepared via anodization of a molyb-
denum plate, followed by a hydrothermal process in thiourea aqueous
solution was obtained in a form of a thin layer on metallic molybdenum
substrate. The electrode material was characterized by the increasing
capacitance during subsequent cycles, which was strictly related to the
platinum dissolution-deposition process that oceurred during repetitive
eycling in 1 M sulfurie acid with Pt acting as a counter electrode. The
analysis of the Pt-surface modification during multiple charging and
discharging cycles revealed that Pt-surface modification happening
simultaneously with the H' ions intercalation resulted in boosting the
exfoliation process, and as a result, the increase of capacitance was
higher in comparison with non-modified MoSs. After 60 000 cycles, the
specific capacitance of the Pt@1T/2H-MoS; electrode material
increased to over 1 F em 2, with the coulombic elficiency above 97%
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during all the eycles. Furthermore, this study revealed that upon Pt-
surface modification, the material’s composition has been changed.
XPS analysis revealed that the transition to mixed molybdenum oxides
took place altogether with the intraduction of oxygen vacancies into the
structure. Altogether with the platinum deposition, significant changes
in the energy storage mechanism were observed. Pt-madified electrode
material was characterized by a greater contribution of pseudocapaci-
tance in the charge storage processes, which was increasing with the
greater number of cycles applied. The phenomenon was strictly related
to the presence of mixed molybdenum oxides on the surface and thus,
such a modified material was used for the symmetric two-electrode
configuration with the capacitance reaching 140 mF em™ after 60
000 galvanostatic cycles and the coulombie efficiency at around 100%
during all cycles.

The authors also believe that the conclusions drawn and the obser-
vations presented are a noteworthy and profound insight that providesa
novel approach for understanding the ongoing processes taking place in
the measurement system, especially when the counter electrode for
electrochemical measurements is considered. Furthermore, the authors
are of the opinion that paying attention to the constant variability of the
material during charge-discharge processes, resulting in electrochemical
but also physicochemical changes, can certainly help in gaining in-depth
knowledge about the mechanisms underlying energy storage by elec-
trode materials. We also believe that careful consideration should be
taken into account when Pt counter electrode is used in the study of
energy storage materials due to the dissolution-deposition phenomenon
of platinum, which, may have a positive effect on the overall electro-
chemical performance of the electrode material, should not be ignored
regardless of the circumstances. Nevertheless, the results indicate that
Pt-surface modification of MoSz; may provide a novel approach lor
electrode materials for high-performance supercapacitors.
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Figure S1. Scheme presenting different approaches for molybdenum foil modifications.
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Figure S6. a) Areal capacitance calculated on the basis of 30 000 GCD cycles (inset: GCD curves before
and after 30 000 cycles) for the 1T/2H-MoS: electrode material: b) coulombic efficiency after 30 000 cycles
and CV curves (inset) before and after measurements; ¢) EIS results during subsequent cycles in the
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WE from the CE during the measurement; e) Mo 3d, ) S 2p and g) Pt 4f X-ray Photoelectron Spectroscopy

spectra for the 1T/2H-MoS: electrode material after 15 000 charge/discharge cycles.
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Figure S9. Cyclic voltammetry curves recorded for the Mo(AH) electrode material at different scan rates in

the range from 10 to 500 mV s with the calculated contribution of non-diffusion processes using Dunn’s

method.

o

[ diffusion controlied [Jll] non-diffusion controlied

-
8
-
=3
o

Capacitance contribution /% @
3 &8 3
Capacitance contribution / %
& 3

f

10 15 20 35 50 7% 100

Scan rate /mV s

Trasatti 10 15
method

Figure S10. Comparison of the contribution of inner (diffusion controlled) and outer (non-diffusion

o s

35 50 TE) 100
Scan rate /mV's”

controlled) capacitance calculated by Trasatti method and Dunn’s method for the 1T/2H-MoS: a) after 15
000 cycles and b) after 30 000 cycles (with the CE and WE areas separated).

a "E : sam ) L bt 100 C p /
: - : - :
25 é 60 ~§ [
£
s / 5 E 2
10 5 4 ™ - — =
i 8 3 - —aon‘g:;a
R S T T T T T R I I 00 o1 02 03 04 08
Number of cycles Number of cyclos Call voltage | V
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000 GCD cycles; b) coulombic efficiency after 50 000 cycles; ¢) CV curves before and after 50 000 cycles.
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Table 51. Comparison of the literature reports related to Mo-based electrode materials for energy storage

applications in supercapacitors.

3 — electrode configuration 2 — electrode configuration
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and type of nitrogen source
on the electrochemical performance
of TiIO2/N-MoS:; for energy storage
applications
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1. Summary of the publication

This study presents a straightforward hydrothermal route for the direct growth
of nitrogen-doped MoS:2 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 MoS:2
with controlled nitrogen incorporation was achieved. Moderate acid concentration
(0.5-1 M HCI) is shown to be critical for balanced MoS:2 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-MoS:2
composite prepared in 0.5 M HCI delivers an areal capacitance of 320 mF-cm?
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' at current density
of 3 A-g! was achieved, maintaining 84% of capacitance after 15 000 cycles,
and reaching energy and power density of 11.1 W-kg' and 5 193 Wh-kg,
respectively.
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Figure 10. Graphical abstract summarizing Chapter lll, 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-MoS:2
composite as promising candidate for next-generation energy storage
applications.
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ARTICLE INFO ABSTRACT
Keywards:

Malyhdenum sulfide
Titanium dioxide nanotubes

In this work, nitrogen-doped molybdenum sulfide was directly deposited on titanium dioxide nanotubes sub-
strate (TiO2/N-MoS,) during hydrothermal synthesis, The study focuses on the influence of hydrochloric acid
concentration used for the synthesis, with the results indicating its essential role in thioacetamide hydrolysis and

:i:‘j}::ﬁl‘:fj:i d thus in the effectiveness of the N-MoS; deposition. The electrode material itself is characterized by an inftal
Sl‘:’p:mapadmm capacitance of 320 mF em 2 with 76 % capacitance retention after 10 000 cycles. Moreover, the effect of ni-
Energy storage trogen source on the physical and capacitive properties is investigated, revealing that the simultaneous addition

of aniline and ammonium persulfate contributes to the improvement of erystallinity and overall electrochemical
performance of the electrode material. The analysis of charge storage mechanisms also indicates that the
introduction of nitrogen atoms significantly affects the contribution of diffusion-controlled processes. In the
construction of a symmetrical device, the specific capacitance of 76 F g~ ! and areal capacitance of 70 mF cm 2
with the superior coulombic efficiency and 84 % of capacitance retention after 15,000 cycles is observed, with
11.1 W kg ! and 5193.4 Wh kg ' of energy and power density of the device, respectively.

1. Introduction In the case of electrode materials for supercapacitors, the most

commonly used are carbonaceous ones, such as graphene, carbon

Nowadays, supercapacitors, also known as electrochemical capaci-
tors, are one of the key elements of energy management systems, mainly
due to their high-power density, bur also beecause of the possibility of
integrating them with energy conversion devices [1]. In addition to their
ever increasing use in electric vehicles [2,5], they are also attracting
attention for their use in portable and wearable electronics [4-6].
Furthermore, in order to constantly improve their properties, primarily
related to the improvement of the energy density and the expansion of
the device operation voltage, new electrode materials are still being
sought, as they are one of the key elements affecting the overall elec-
trochemical performance.

* Corresponding author.
E-mail address: zuzanna.zarach@pg.edwpl (Z. Zarach).

https://dof.org/10.1016/j.apsusc.2022. 155187

nanotubes and porous carbons of different types [7]. Carbon electrodes
store the charge mainly through an electrical double layer (EDL), which
is formed when a potential is applied to the electrode and the ions adsorb
on the surface. This group of electrode materials is one of the mostly
studied, as they possess a high specific surface area and a high porosity
which facilitates the diffusion of the charged species [8]. Furthermore,
2D materials like graphene have been receiving a considerable atten-
tion, mainly due to its two-dimensional structure and hence the possi-
bility of a large surface area accessibility, as well as its mechanical and
electronic properties |2-10]. Especially in the case of both Na- and Li-
ion batteries, expanding the spacing between graphene/graphite
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layers enables efficient energy storage [11]. It is the two-dimensional
structure that is one of the properties that draws the attention in the
relation to energy storage materials, Among these 2D structures, apart
from carbon ones, materials such as MXenes [12.13], transition metal
oxides and phosphates [14-17], but alse transition metal dichalcoge-
nides (TMDs) are of particular interest.

TMDs is a group of layered materials that are characterized by the X-
M- X structure, composed of transition metals (M) and chalcogens (X).
Materials from this group like MoSz, WSz, V5 and MoTe; [18-21],
recently are gaining more and more interest in terms of their application
in energy storage, mainly due to their properties such as edge sites, large
specific surface area and ease of intercalation [ 22|, Special attention is
paid to MoSs, which seems to be the most thoroughly studied one,
however, due to the variety of synthesis methods and attempts to deposit
MoS; en various substrates, there is still no systematic knowledge about
the correlation belween material properties and synthesis parameters,
and many other questions related to this arise, for which the answer still
remains open. Nowadays, an increasingly widely used approach is hy-
drothermal synthesis, which offers a fast and low-cost procedure for
obtaining nanostructured 2D TMDs. MoS; synthesized by hydrothermal
method in the form of various structures such as: nanosheets [23],
nanospheres [24], nanowires [25], nanorods [26], or hollow nano-
particles [27] has been repeatedly reported in the literature. However,
due to the diverse selection of precursors, solvents and additives, as well
as the inability to precisely control the processes taking place in the
hydrothermal vessel, the MoSs crystal growth mechanism and the in-
fluence of individual parameters on the final properties of the material
are not entirely clear. One of the most frequently chosen solvents in
hydrothermal synthesis is deionized water (25 30, but an aqueous
solution of hydrochlorie acid [31-32] or organic solvents 34,35 are
reported, and each of them plays an essential role in the final properties
of the material. Therefore, the crucial aspect of hydrothermal synthesis
is to understand the importance and the influence of each parameter on
material's growth mechanism. However, as far as authors are concerned,
so far there was no investigation on the impact of HCl concentration on
the physical and electrochemical properties of MoS; altogether with its
energy storage abilities.

In general, when it comes to electrode materials for energy storage,
apart from investigating the influence of individual synthesis parame-
ters, a number of studies are carried out in order to improve the
capacitive properties of the materials, Among such solutions, the aim is
to synthesize materials in the nanoscale and, above all, to create hybrid
electrode materials. TMDs are commonly combined with conductive
polymers [36,27], carbon materials [28,39], or MXenes 401, which
results in increased energy density and enhanced stability of electrode
within charge-discharge cycles. The improvement of electrochemical
properties, and in particular the improvement of material’s conductiv-
ity, is also performed by doping TMDs with varions metal atoms,
including: nitrogen [28,41,42], cobalt [43], platinum [44], or copper
[45]. Moreover, material doping may also lead to imperfections due to
atomic rearrangement and thus results in creating more active sites [45],

When it comes to materials used for energy storage, not only should
the capacitive properties be considered, but also the material’s inter-
action with the current collector at the interface. The most common
practice is the synthesis of materials in the form of powders altogether
with the polymer binders application for connecting the active material
with the current collector. Unfortunately, binders application contrib-
utes to an increase in resistance and reduction of the positive effect
caused by the formed nanostructures. Therefore, obtaining materials
directly on the conductive substrates is one of the steps to improve the
electrochemical performance of energy storage materials. In the case of
MoS;, only few papers have been reported about the synthesis of elec-
trode materials performed in this way [46—49|, However, a major lim-
itation is the fact that most of them require advanced equipment or/and
hard synthesis conditions, and thus an efficient, low-cost, and scalable
synthesis technique is still being sought.
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In this work, we present a facile hydrothermal synthesis of nitrogen-
doped molybdenum sulfide (N-MoSy) performed directly on TiDz
nanotubes substrate with a thorough investigation of the influence of
hydrochloric acid concentration on the physical and electrochemical
properties of the electrode material. Furthermore, the effect of the
addition of aniline and ammonium persullate during the synthesis was
studied, with the results indicating that their presence significantly
enhanced the capacitive properties of the electrode material. The
resulted TiOx/N-MoS; electrode material was characterized by the
initial capacitance of 320 mF em 2, and the improved electrochemical
performance was achieved mainly through adjusting concentration of
hydrochloric acid and introducing nitrogen atoms into MoSy structure.
Furthermore, TiO./N-MoS: material was used to construct a symmet-
rical device, for which the obtained specific capacitance reached 76F g !
(Careal = 70 mF cm 2}, with energy density of 11.1 W kg “Land superior
power density (5193.4 Wh kg™ 1).

2. Materials and methods
2.1. Materials

In the anodic oxidation process titanium foil (0.127 mm thick,
annealed, 99 %), purchased from Alfa Aesar, was used and the synthesis
was preceded by a sonication procedure using acetone and isopropanol
mixture (Chempur). The electrolyte consisted of reagents from Chem-
pur: ammonium fluoride (NH4F) pure p.a., ethylene glycol (CaHg02),
phosphoric acid (HsPO4), and distilled water. Hydrofluoric acid used for
etching was purchased from Fischer Chemical. Reagents used for the
hydrothermal process: potassium molybdenum oxide, anhydrous (99.8
% metals basis, Alfa Aesar), thioacetamide (Chemat), ammonium per-
sulfate (APS) (98 %, Sigma-Aldrich), and aniline (ANI) {(99.8 % pure,
Acros Organics) were all at pure analytical grade. Sulfuric acid (POCH)
was used for electrochemical measurements and as an electrolyte in
supercapacitor construction. The device was constructed using heat-
sealable foil and a fiberglass separator using a vacuum packing ma-
chine (CAS CVP-350/MS, Hertogenbosch).

2.2. TiOy nanotubes synthesis

Titanium dioxide nanotubes (TiO; N'Ts) were prepared by applying
an anodic oxidation procedure according to our previous report [50]. In
short, titanium foil was cut into pieces (2 cm = 2 cm), cleaned using
ultrasonic treatment in isopropancl: acetone mixture {(1:1 v/v) for 20
min, and rinsed with distilled water eventually. The as-prepared Ti foil
constituted a working electrode (WE) and another Ti foil as a counter
electrode (CE) in a two-electrode configuration in the anodization pro-
cess. The synthesis was carrled out at a constant temperature (23 °C)
using a cooling bath thermostar (KISS K6, Huber), with a voltage of 40V
applied for over 2 h. After that, the electrode was rinsed with distilled
water and etched by immersing in HF several times. In the final step, the
electrode was calcinated in the quartz tube furnace through heating up
to 450 °C in 2 h, sintering at this temperature for 2 h and 45 min.

2.3. TiDa/N-MoS preparation

Ti0D2/N-MoSa was obtained by hydrothermal synthesis. For this
purpose, 0.5 g of potassium molybdate and 1 g of thicacetamide were
diluted in 25 ml of 0.5 M HCI and stirred for 10 min. Subsequently, 63
mg of aniline (26 mM) and 153 mg ammonium persulfate (26 mM) were
added and stirred for anather 20 min. Finally, the mixture was trans-
ferred to the Teflon liner altogether with the TiO; NTs sample (inside of
a stainless steel autoclave) and placed in an oven for 24 h at 200 °C. After
the process, the TiO,/N-MoS; electrode was rinsed with distilled water
and dried at room temperature. In order to investigate the effect of the
hydrochlorie aecid concentration, it was changed from 0.1 to 5 M,
respectively,
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2.4. Electrochemical measurements

Electrochemical measurements were performed using potentiostat/
galvanostat (BioLogic VSF 2078) in a three-electrode configuration —
platinum mesh constituted a counter electrode (CE), Ag/AgClvs 3 M KCI
worked as a reference electrode (REF) and TiOz/N-MoS; was a working
electrode (WE). Measurements were carried out in 1 M sulfuric acid
(Hz504) aqueous solution and a number of electrochemical techniques
have been applied, e.g. cyclic try (CV), galvanostatic charge
and discharge tests (GCD), and electrochemical impedance spectroscopy
(EIS). EIS was performed in a frequency range between 20 kHz and 100
mHz with a voltage amplitude of 10 mV. The impedance of the constant
phase element Q used in the model is represented by the Equation
below:

Zim) = P ' (ju) ™" 48]

In order to investigate the performance in a two-electrode configu-
ration, a symmetric supercapacitor was constructed using two TiOz/N-
MaoS, electrodes. The total mass loading in the supercapacitor con-
struction was 1.83 mg. Electrodes were separated using a fiberglass
separator soaked in 1 M H,50, electrolyte and they were encased with a
heat-sealable foil using a vacuum packing machine,

2.5. Material characterization

The as-prepared electrode materials were characterized by micro-
scopic techniques, including Scanning Electron Microscopy (SEM) using
JSM-7800F (JEOL, Tokyo, Japan) field emission scanning electron mi-
croscope, The images were analyzed using a beam accelerating voltage
at 5 kV. EDX analysis was performed with a silicon nitride window’s
detector (OCTANE ELITE model, EDAX company, Mahwah, NJ, USA),
and Transmission Electron Microscopy (TEM) (FEL, Tecnai F20X-Twin)
with the measurement parameters: voltage 200 kV from FEG, imaging
in bright feld (BF) with CCD camera (Gatan, Orius), vacuum in the
chamber 107 Pa. Raman spectroscopy measurements were performed
with a micro-Raman spectrometer (Renishaw InVia) operating at 1 % of
its total power (50 mW), with Ar laser emitting at the wavelength of 514
nm. X-ray Photoelectron Spectroscopy was carried out with an X-ray
photoelectron spectrometer (Argus Omicron NanoTechnology) with Mg-
Ka source of X-ray and anode operated at 15 keV, 300 W. XPS mea-
surements were conducted under ultra-high vacuum at room
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temperature, with pressure below 1.1 » 10" mbar. XRD analysis was
done with a diffractometer (Xpert PRO-MPD) with Cu K emission (h =
0.15406 nm).

3. Results and discussion

3.1. Characterization of the TiOz/N-MoS; electrode materials prepared
with different HCl concentrations

Electrode materials obtained with different hydrochloric acid con-
centrations were investigated using Scanning Electron Microscopy
(SEM]) and the results are presented in Fig. 1, indicating that the con-
centration significantly influenced the morphology of the samples.
When the concentration was low (0.1 and 0.2 M), the formation of
nanostructures was not observed, whereas, for the highest HCl concen-
tration, nanostructures in a form of cubes and spheres may be distin-
guished. However, according to the results of Raman spectroscopy and
XPS analysis, it may be assumed that the cubes and spheres formation is
not due to the MoS; synthesis, but is strictly related to the change in the
structure of TiO: nanotubes, which was caused by the treatment with 5
M HCL According to some literature reports, treatment of TiO; nano-
tubes with HCl may considerably affect the shape of nanotubes, but the
pH value may have some impact on crystallinity and morphology, as
well [51-53]. Furthermore, Fan et al. also pointed out that the treatment
of carbon nanotubes with hot concentrated HCl led to the formation of
closed-capped nanotubes |52]. The closing of TiO; NTs was confirmed
by the cross-section image and EDS analysis for the 5 M sample (see
Flgs. 51 and 52a), which clearly shows that the composition is only ti-
tanium and oxygen, as well as that the tip of the nanotube has been
transformed into a cube, cutting off access to the inside of the nanotubes,

The enhanced signal from titanium was also reported for the sample
with 3 M HCI (Fig. 52b), indicating that the synthesis of MoS; was also
not fully effective. However, one may see that the resulting morphology
for 0.5 and 1 M samples of TiO2/N-MoS; is fairly similar, as the structure
of nanosheets may be observed for both of them. Furthermore, for both
of them, the EDS analysis confirmed the presence of elemental Mo and S
in the deposited layers (see Fig. 52¢,d). The SEM results are consistent
with the morphology that can be seen in the transmission electron mi-
croscopy (TEM) images (see Flg. 2). TEM measurements were performed
for the precipitate that was formed during the synthesis. It is impossible
to indicate the presence of nanostructures for the samples prepared with
0.1 M and 0.2 M HCl, however, the 0.2 M sample is noticeably more

Fig. 1. SEM images of TiQa/N-MoS; electrode materials ob

d after hydrott

is performed with different hydrochloric acid concentrations.
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Fig. 2. TEM images of TiO2/N-MoS; electrode materials obtained after hydrothermal synthesis performed with different hydrochloric acid concentrations.

crystalline. The crystal structure is also clearly distinguishable with 0.5
M and 1 M materials, especially at the edges of the nanosheets, whereas
materials prepared with the highest HCI concentration are mostly
amorphous. These results were also confirmed by the XRD results, pre-
sented in Fig. 3. Despite the fact that the results mainly show signals
from Ti/TiO; substrate, it is possible to extract the signals from mo-
lybdenum sulfide, as well. Peaks typical for the hexagonal structure of

MoS; may be indicated, including ones at 32.48° and 57.31° corre-
sponding to (100) and (110) planes, respectively [55]. However, the
signals are visible only for the materials prepared with 0.2 M, 0.5 M, and
1 M hydrochloric acid, with the highest intensities of the peaks recorded
for the 0.5 M HCI sample. Among other signals coming from the sub-
strate, one can distinguish signals of titanium at 40.36" and 53.15° for
(101) and (102) planes, respectively [56]. Moreover, several signals
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Fig. 3. XRD results for TiO,/N-MoS; electrode materials obtained after hydrothermal synthesis performed with different hydrochloric acid concentrations.
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from the anatase phase of TiOg were recorded, including 25.42°, 38,037,
38.70°, 48.05", 54.15", and 55.15" corresponding to (101}, (004),
(112), (200), (105) and (211) planes, respectively |57]. Also, the
presence of a rutile phase was confirmed, especially for the samples
treated with high concentration hydrochloric acid. It was shown
recently that the HCl environment enhances the anatase to rutile tran-
sition 581, which is probably even more triggered when the concen-
tration is increased.

On this basis, it may be concluded that the synthesis of MoS; was
strictly dependent on the hydrochloric acid concentration, as the
deposition was effective only when the concentration was moderate (0.2
—1 M). The conclusions were also based on Raman spectroscopy results
(see Fig. 53a), for which one may see the presence of a hexagonal phase
of MoS,, confirmed by the presence of peaks at 376 cm ! and 404 cm ™,
attributed to the vibrations in 2H-MoS; molecules, namely E’zg in-plane
and A out-plane active modes, respectively [59.60]. However, with
both decreased and increased concentration, the synthesis was not
effective as only the signals characteristic for TiO; may be distinguished.
To further verify the presence of the synthesized MoS; and the nitrogen
dopant, the XPS analysis was applied.

The results of the XPS analysis are presented in Fig. 4. The results
indicate, that even for the materials prepared with the lowest and the
highest hydrochloric acid concentration, some amount of melybdenum
in the form of Mo* and Mo®, as well as sulfur, may be detected,
However, in the case of the 3 M HCI sample, the signal mainly comes
fram the trigonal phase of molybdenum sulfide, whereas for the highest
HCI concentration, the most intense signal is due to the presence of
Mo, and stoichiometry does not indicate the presence of molybdenum
sulfide. Nevertheless, for the moderate acid concentration, two signals at
227.9 and 231.1 eV suggest the presence of the trigonal phase (1T) of
MoS2, whereas the existence of the 2H phase is confirmed by the signals
recorded at 228.9 and 232.2 eV [59,60]. Analogously, one can distin-
guish between signals recorded for sulfur - the values of the S 2py ; and
2ps,q signals from 2H and 17T phases are placed at 161.8 and 163.6 eV,
and 161.3 and 163.3 eV, respectively [61,62]. Furthermore, XPS spectra
reveal the presence of S07, which may be related to the presence of
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synthesis residues, but also the §% conversion [63]. For mast of the
samples, the XPS profile of the N1 s consists of the band at 394.3 eV,
assigned to Mo 3py, s, as well as two bands N1 at 399.5 eV and N2 at
397.0 eV, which resulted from nitrogen presence in the samples. The N1
signal is related to the presence of non-charged nitrogen, ascribed to the
N—C bonding. On the other hand, the signal designated as N2 indicates
the presence of negatively charged nitrogen resulting from Mo-N
bonding [54]. Comparing the results obtained for different HCl con-
centrations, it may be stated that the 0.5 M and 1 M samples are char-
acterized by the highest nitrogen content, and the difference is
particularly clear due to the higher intensity of the N1 signal. The atomie
percentage of nitrogen estimated from XPS analysis, % ratio of both N1
to N2 and total N to Mo is presented in Table §1.

3.2. Electrochemical measurements for TiO2/N-MoSz electrode materials
prepared with different HCI concentrations

For the evaluation of the electrochemical properties, electrode ma-
terials synthesized with various HCl concentrations were investigated in
3-electrode configuration in 1 M Hy50,. Firstly, using cyclic voltam-
metry, the potential range within which electrode materials are capable
of charge storage was determined and the results are presented in
Fig. 5a. It turned out that TiOs/N-MoS: electrode materials obtained
with both 0.5 M and 1 M HCl were characterized by the best capacitive
properties, which can be observed in the cyclic voltammetry curves, It
was also confirmed during galvanostatic charge and discharge mea-
surements (see Fig. 5b) — the results show that for the TiO2/N-MoSs
electrode material synthesized with 0.5 M HCI, the areal capacitance
value was the highest, which was indicated by the initial capacitance of
320 mF em™, as well as it was characterized by better capacitance
retention after 1000 cycles in comparison with other materials. It is
worth mentioning that the deposited MoS; layer was not very thick at
all, (which could be the cause of such improved capacitance value), and
despite its unevenness, it was only up to several micrometers at its
thickest point (see Fig. 52b). Therefore, for the TiOz/N-MoS, electrode
material presenting the best capacitive properties, a further study on the
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Fig. 5. a) CV curves (v = 50 mV s ') recorded in 1 M HS0, for Ti0./N-MoS, electrode materials prepared with various HCl concentrations; b) Areal capacitance
value during 1000 cycles, calculated on the basis of GCI tests; ¢} Areal capacitance and coulombic efficiency for TIOw/N-MoS. (0.5 M) electrode material during
10 000 GCD cycles; d) CV curves for TiO,/N-MoSz (0.5 M) before and after 10 000 GCD cycles.

ability of energy storage was conducted, After 10000 galvanostatic
charge—discharge cycles, electrode material was characterized by the
areal capacitance of 240 mF cm™2, with the coulombic efficiency of
around 99.98 % (see Fig. 5¢). Moreover, the shape of the cyelic vol-
t y curve after galv tatic tests indicates that despite the loss of
some capacitance, the material is still capable of charge storage.

3.3, The influence of HCl concentration on the growth of MoSz on TiO,
nanotubes substrate

MoS; synthesis using the hydrothermal method has been repeatedly
reported in the literature, however, the mechanism of molybdenum
sulfide crystal growth in solution still remains an open question. In order
to explore this issue, the influence of hydrochloric acid concentration on
the properties of the obtained MoS; layer was analyzed, and the possible
course of the reaction was proposed. The synthesis of molybdenum
sulfide begins with the hydrolysis of thivacetamide, and this process can
be efficiently catalyzed and accelerated through the acidic reaction
medium (65671, and the obtained hydrogen sulfide forms the following
equilibrium when dissolved in water:

CoHNS + H;0 H' — CH;COOH + H,§ + NH, (2)
i8Sy = Hy, + ST, @
HS —H +58% (4)

The hydrogen sulfide obtained in the reaction is the main source of
sulfur in the further synthesis process, and acts as a reducing agent that
reacts with the molybd precursor p t in the solution [68]:

4MoO]” +9H,S + 6 CH.COOH —4 Mo8, + 507 + 6 CH.CO0™ + 12H,0
(5)

When hydrochloric acid was not present during the synthesis, no
formation of nanostructures was observed, and the electrochemical
properties of the material were insufficient (see Figure S4). Similar
observations were made for the synthesis with low concentrations of
hydrochloric acid, but increasing its concentration to 0.5 M resulted in a
significant improvement in the material’s capacitive properties, and the
formation of nanosheet structures was observed, which is attributed to
the increased amount of HyS, and thus the accelerated reaction of thi-
nacetamide hydrolysis in a more acidic environment. Furthermore, ac-
cording to the TEM measurements, it may also be concluded that all
together with the increasing HCl concentration, the crystallinity of the
MoSz was improved, and similar observations were reported by Matsui
et, al for the ZrOy synthesis [69], as well as by Li et al. for the perovskites
synthesis [70], with pointing out the fact that the concentration of H'
ions significantly affects the single particle size. However, no further
enhancement in electrochemical properties was observed with
imcreasing acid concentration. The reason for such a phenomenon may
be the unfavorable interference of HCl with the substrate material - TiO,
nanotubes. As the results presented abave show, high concentrations of
HCI not only changed the surface of the nanotubes but also contributed
to the formation of an additional TiO; crystal phase (rutile). As a result,
it hindered the effective deposition of molybdenum sulfide on the sub-
strate, and the effect was intensified with an increase in the acid
concentration.

3.4. The role of aniline (ANT) and ammonium persulfate (APS) in the
hydrothermal synthests of Ti0,/N-MoS;

During the simultaneous synthesis and deposition of maolybdenum
sulfide on TiO; substrate by hydrothermal method, apart from pre-
cursors of molybdenum and sulfur, aniline and ammonium persulfate
were added. According to the literature, the synthesis of molybdenum
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sulfide altogether with polyaniline, commonly with the assistance of
hydrothermal synthesis, is frequently reported [71-76] and considered
successful. The presented synthesis was also initially aimed at obtaining
a layer of a hybrid MoS,/PANI electrode material, deposited on a TiO,
substrate. However, the results of the solid-state physics analysis do not
indicate the presence of polyaniline in the electrode material. Moreover,
the results obtained using cyclic voltammetry also do not evidence that
polyaniline was effectively deposited on the TiOy substrate (see Fig. Sa),
as characteristic peaks related to the polyaniline redox reactions [77]
can't be distinguished. Unexpectedly, when aniline and ammonium
persulfate were exeluded from the synthesis, the electrode material lost
a significant part of its capacitive properties, which is presented in
Fig. fa. On the basis of the cyclic voltammetry results, it may be
concluded that the addition of aniline or ammonium persulfate sepa-
rately caused a similar effect and the presence of both during synthesis
somehow contributes to improved electrochemical performance. In
order to investigate the differences between the electrode materials and
reveal the reason for the improved charge storage ability with the ANI
and APS addition, scanning electron microscopy was used for the
morphology study, and the resulls are presented in Fig. 6b. Each syn-
thesis was conducted with a 0.5 M hydrochloric acid concentration. For
the electrodes prepared with aniline and APS, the structure of the
nanosheet is observed, but in general, they look quite alike. One may say
that the structure of the nanosheets is more developed, especially in the
presence of both ANI and APS, and what was pointed out by TEM
measurements is that at the edges of these structures a crystalline form is
observed in particular. Moreover, although Raman spectroscopy
(Fig. 65e) showed no significant changes in the composition, only con-
firming the presence of the 2H Mo5; phase in each electrode material,
XRD analysis indicated some differences. XRD measurements were
performed on the layer scraped off the TiOs substrate in order to further
analyze the properties of the deposited layer. As presented in Fiy. 6d,
when ANI and APS were added during the synthesis, some characteristic
diffraction peaks at 12,85°, 32.30°, 35.44", and 57.04" may be distin-
guished that could be assigned to (002), (100), (102) and (11 0) planes
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oh hexagonal phase of MoS,, respectively (JCPDS No. 37-1492). Also,
two more diffraction peaks at 28.28° and 43.11" with considerably
lower intensities are visible, corresponding to the (004) and (006)
planes [55], However, when the additional reagents were not included
in the synthesis, a decrease in the intensity of the diffraction peaks was
observed, especially when both of them were not present. The results
indicate that the addition of aniline and ammonium persulfate may
significantly influence the crystallinity of the MoS; layer.

To further evaluate the differences between the electrode materials,
XPS analysis was performed with the recorded spectra shown in Fig. 7.
The results are consistent with the ones obtained from other techniques,
indicating the presence of both hexagonal and trigonal phases of mo-
Iybdenum sulfide (see Fig. 7a). Moreover, for each sample, a small
amount of molybdenum in a & + oxidation state was detected, probably
related to the sample oxidation upon the air. Sulfur was also identified in
each electrode material (see Fiz. 7b), with trace amounts of SOF , which
can be related both to the presence of synthesis residues, but also the §*
conversion [63]. Most informative are the results for the region of ni-
trogen binding energy, presented in Fig. 7e. It may be observed that
when aniline and ammonium persulfate were not present during the
synthesis, the XPS profile of the N1 s mainly consists only of the band at
394.3 eV, assigned to Mo 3psss, with a weak signal at 397.0 eV indi-
cating the presence of negatively charged nitrogen resulted from Mo-N
bonding. On the other hand, the band at 399.5 eV is only recognizable
for the sample with both ANI and APS, indicating that in this case, the
doping process was most successful.

The investigation of the influence of both aniline and ammonium
persulfate was also evaluated for the impact on the mechanism by which
energy storage takes place. Pseudocapacitance is frequently associated
with surface redox reactions, however, these reactions usually take place
not only at the interface between electrode and electrolyte but also
throughout the electrode material, altogether with reversible insertion
of charge balancing fons [/8]. According to Trasatti's approach [ 74, it
is possible to estimate the contribution of the “outer™ and “inner” surface
of the electrode in energy storage processes, using Eq. (6):

Fig. 6. a) CV curves (v =50 mV s~ 1) recorded in 1 M H,S0,, b) SEM images, ¢} Raman spectroscopy and d) XRD results for TiO,/N-MoS; and TiO,/MoS,; electrode
materials prepared with and without the addition of aniline and ammeonium persulfate during synthesis, respectively (with 0.5 M HCI).
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9r=4q,+4, (6]

where g, represents the total amount of charge, q stands for the
charge at the inner surface and q, represents the charge stored at the
“Inner” surface and q, i3 related to the charge stored at the outer surface.
After cyelic voltammetry measurements at different scan rates, a linear
relationship between the reciprocal of the calculated areal capacitance
{C™') and the sguare root of the sean rate (see Eq. (7))

C' = constev'™ + ! (71

Cy corresponds to the sum of both “outer” and “inner” capacitance.
Eventually, the dependence between the capacitance and the reciprocal

C=constev 74+ Cq 8)

On the other hand, Conway's approach [£0], modified by Dunn et al.
for nanostructured transition metal oxides, is based on the statement
that the total current response is the sum of the current related to the
diffusion-limited and surface-controlled processes:

(V) = kv +kav'? (9)

The linear dependence between the slope (k;) and Y-intercept (ka)
allows for determining the contribution of both surface-confined and
diffusion controlled processes to the total charge being stored:

of the scan rate enables estimating the contribution of the “outer” layer (V) kv 4k a0
(Cy,), according to Eq. (2): yE vk
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Fig. 8. Comparison of the contribution of the inner surface (and diffusion controlled), an outer surface {(and non-diffusion controlled) capacitance calculated by
Trasatti and Dunn's method, respectively, for a) TiO»/MoS, (without ANI and APS) and b for TiOw/N-MoS; (with ANI and APS); CV curves for ¢) TiO2/MoS: and d)
TiO,/N-MaS; with non-diffusion controlled capacitance contribution; EIS curves with electrical equivalent circuit used for both e) TiO2/MaS; and f) TiO3/N-MoSs.
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The results for the TiOy/N-MoS; and TiO./MoS; electrode materials
are presented in Fig. 5, The values obtained from Conway's analysis
show that when ANI and APS were not present during the synthesis, the
surface-confined processes have a major contribution to energy storage
(Fig. 8a). Furthermore, Trasatti’s approach also points out the enhanced
contribution of the “outer” layer. On the other hand, when the intro-
duction of nitrogen atoms was performed during the synthesis, mecha-
nisms of energy storage changed significantly. For the TiOz/N-MoS;
electrade material, the “outer” layer contribution decreased to 20 %
(according to the Trasatti method), and a similar dependence was
observed for the results obtained from Dunn’s approach (Fig. 8b),
namely the diffusion of iens into the whole body of the material plays a
major role in charge storage. An exemplary cyclic voltammetry curves
for TiOs/MoSs and TiOz/N-MoS; with the calculated non-diffusion
controlled processes contribution is presented in Fig. Sc and 8d. Such
a transition from surface confinement to diffusion limitation may be
observed when the path for ion transport lengthens due to the increase
in layer thickness |81]. The comparison of the layers thickness is pre-
sented in Figure 85, and the results indicate that when the synthesis was
performed with ANI and APS, the thickness of N-MoS, layer was
increased (which thickness is around 1.8 pm in comparison with 0.6
pm}. The electrode materials were also characterized by electrochemical
impedance spectroscopy. The spectra of TiOz/ MoSz and TiO2/N-MoS2
are presented in Fig. Se and 8f. A semicircle may be distinguished in the
high-frequency region of the spectra, and their diameter corresponds to
the charge transfer resistance Ry (R2) The decreased slope in the low-
frequency region may indicate pseudocapacitive behavior [7882]
Nevertheless, the electrode material that consists of differently obtained
MoSz on the TiO- nanotubes is a very complex system and elaboration of
the appropriate model is difficult to achieve, Thus, here the fragmentary
analysis that covers only the high-frequency range was performed. The
same electrical equivalent circuit (EEC) was applied for all spectra
(shown in the inset of I'iz. He), where () stands for constant phase
element (CPE). The results are shown in Table 52, R, (R1) values that
originate from the electrolyte and cable resistance are the same for both
spectra (—0.147 ). As could be predicted from the shapes of the
spectra, the R for N-modified electrode material is lower (0.33 22) than
for TiO2/MoS: (5.27 ), suggesting that nitrogen atoms in the MoS»
structure can significantly increase its conductivity |83 1. The P value of
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CPE that corresponds to the capacitance of electrode material is much
higher for Ti0Oy/N-MoS; which is in good agreement with cyclic val-
tammetry curves shown in Fig. 5S¢ and 8d. Moreover, the n values are
quite close to 1 (—0.91) for TiO2/MoSz thus both CPEs act here almost as
capacitors. The values of n for TiO2/N-MoSz (0.73 and 0.78) suggest that
diffusion-related phenomena may contribute to the CPEs used in the
analysis which is in line with the results presented in Fig. Sa and 8b.

3.5, Electrochemical measurements of N-MoS2/ TiQz electrode material in
symmetric supercapacitor (S5)

Finally, the TiO;/N-MoS, electrode material was investigated in the
symmetric two-electrode configuration in “coffee bag” construction. In
order to determine the operating voltage window, eyclic voltammetry
measurements were applied (see Figure S6). On this basis, the valtage
value was fixed at 0.6 V, for which the galvanostatic charge-discharge
tests at different current densities were performed. Regardless of the
current density, only a small iR drop was observed during the discharge
process in Fiz. Ya. Moreover, as presented in Fig, 9b, the specific
capacitance of 80 F g' was achieved at 3 A g', as well as areal
capacitance of 85 mF em™> at 2.6 mA em™2 The highest specific
capacitance value, 140 Fg ', was observed for the current density of 0.7
A g L. One of the crucial parameters for supercapacitors, which is long-
term cycling stability, was also evaluated for the symmetrical device for
the current density of 3 A g7, as displayed in Fig. 9¢, The device was
characterized by the initial specific capacitance of 76F g~ and areal
capacitance of 70 mF em 2, altogether with the capacitance retention of
84 % after 15 000 cycles, Taking SEM i 1l 1 to establish that
the electrode morphology did not change significantly, and that the
nanostructures retained their spherical shape with nanosheet structures
around them (see Figure 57). However, it was also observed that in
some places the shell in the form of nanosheets has detached, which may
have been one of the reasons for the decrease in capacitance after cycles.
The superior electrochemical performance of the device was also
confirmed by the coulombic efﬁciency of almost 100 % throughout the
whole long-term cycling test (see Fig. 9d). Moreover, the triangle shape
of chronopotentiometry curves before and after the cycles, presented in
the inset of Fig. 9d, indicates that even after long-term measurements,
the electrode material in the two-electrode configuration was
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Fig. 9. a) GCD curves for different current densities for TiOw/N-MoS., 55; b) Specific and areal capacitance the TiO./N-MoS: 8§ as a function of applied current
density; ¢} Long-term cycling testing at 3 Ag-1; d) Coulombic efficiency during long-term cycling with the inset presenting GCD curves for the initial and final cycles
at specific current of 3 Ag-1; e) experimental (o) and fitted with EEC (x) ELS data recorded before and after long-term cycling; f) Ragone plot with the results for TiO,/
N-MoSy 55 compared with literature reports on MoS,-based electrode materials.
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characterized by capacitive properties, which is also consistent with EIS
results (Fig. 9e). The analysis of the high-frequency range was per-
formed using the same EEC as shown in Fig. 2e. The differences between
the spectra recorded before and after the charge/discharge test are
subtle, however, according to the fitting results a slight increase in
charge transfer resistance with a simultaneous decrease in capacitance
has been determined. The results are shown in Table 52, As shown in
Fig. 9f, TiD2/N-MoS3 SS presented a maximum specific energy of 11.1
W kg ! (at power density of 432.8 Wh kg '}, and the highest specific
power of 5193.4 Wh kg ' (at specific energy of 2.4 W kg™ ') at high
current density of 9 A g ', which is much higher in comparison with the
literature results obtained for comparable current values [46.584 87,
Despite the fact that higher specific energy has been presented in some
literature reports, it is highly likely to achieve such results also with the
TiQ2/N-MoSs material, if used in an asymmetric construction.

4. Conclusions

In summary, the study focused on the synthesis of N-MoS; directly on
a solid substrate of TiQ; nanotubes using the hydrothermal method. The
synthesis procedure was evaluated for the effect of hydrochloric acid,
and on the basis of the results it was concluded that higher concentration
promoted more effective synthesis of molybdenum sulfide. However, an
excessive increase in HCl concentration led to both structure and
morphology disruption of the TiOz substrate. The TiOz/N-MoS; elec-
trode material obtained with 0.5 M HC] was characterized by the highest
areal capacitance value of 320 mF em™2 and the most appropriate
overall electrochemical performance for energy storage applications in
seneral. Moreover, the influence of aniline monomer and ammonium
persulfate during the synthesis was investigated. The results indicated
that their addition not only significantly increased the crystallinity of
the material, but also contributed to the enhanced capacitive properties.
The reason for this was the introduction of nitrogen atoms into the
structure of MoSy, which also led to change in charge storage mecha-
nism ~ from the surface confinement control, a major contribution was
ascribed to diffusion controlled processes related to Faradaic capaci-
tance. Finally, the symmetrical device constructed of two TiO,/N-MoS,
electrodes was characterized by the specific capacitance of specific
capacitance of 76 F g ! and areal capacitance of 70 mF cm 2, with the
superior coulombic efficiency and 84 % of capacitance retention after
15,000 cycles. Furthermore, the obtained values of energy and power
density (11.1 W kg~' and 5193.4 Wh kg™, respectively) indicate that
the presented synthesis of MoSz directly on solid substrates may be an
effective method for the preparation of electrode materials for high-
power applications.
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Figure S1. Cross-section images of TiO2 nanotubes after hydrothermal synthesis performed with SM HCI.
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Figure S2. EDS spectra for electrode materials after hydrothermal synthesis performed with a) 5M, b) 3M,
¢) IM and d) 0.5M HCI.

Table §1. Atomic % of nitrogen in the TiO2/N-MoS: electrode materials obtained after hydrothermal synthesis
performed with different hydrochloric acid concentrations (calculated from XPS analysis).

5 i 2 i % ratio
Sample designation | at. %N NI:N2 | N:Mo
0.1 M 2 50:50 14:86
02M 2 50:50 12:88
0.5M 5 67:33 21:79
1M 7 70:30 29:71
3IM 2 05:5 10:90
5M 1 55:45 48:52
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Figure S3. a) Raman spectroscopy results for N-MoS2/Ti0O; electrode materials obtained after hydrothermal
synthesis performed with different HCI concentration; b) Cross-section images of N-MoS»/TiO; after
hydrothermal synthesis performed with 0.5M HCI.
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Figure S4. a) SEM image and b) cyclic voltammetry results (v = 50 mV s™') of the electrode material

Figure S5. Cross section SEM images of a) TiO2/MoS: and b) TiO2/N-MoS:.
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Figure S6. CV curves for TiO2/N-MoS: SS in various operating voltage.

Figure S7. SEM images of TiO2/N-MoS: electrode material after galvanostatic charge-discharge cycles.

Table S2. Electrical equivalent circuit parameters for TiO2/MoS: and TiO»/N-MoS: electrode materials and

TiO2/N-MoS: symmetric supercapacitor.

TiO2/N-MoS: .
TiOYMoS: | TiO¥N-MoS: SS (before 513‘102/ N-MoS:
GCD) (after GCD)
R1[Q] 0.14732 0.14736 0.57711 0.57392
R2 [Q] 52727 0.32672 0.04539 0.0463
P2 Q7 5" 0.00275 0.01197 0.00273 0.00265
n2 0.91193 0.7774 1 1
P3[Q7 " 0.01206 0.27921 0.04537 0.04138
n3 0.91543 0.72595 0.66619 0.66551
N 8.99-10 4.85-10° 6.76:10" 1.56:10°
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Chapter IV

A Key to Material’s Stability: Tuning
Pyrolysis Temperature in SnSx@C Anodes
for Sodium-lon Batteries
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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 SnS:2
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! 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.

1 Collapsed Collapsed
SnS. (s) = SnS(s) +S(s) SnSz (s) = SnS (s) + S (q) carbon carbon
structure structure

Simer-iﬁg 3
Defects Defects

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

Zuzanna Zarach, PhD Dissertation | 131



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

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 wuniversally 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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A Key to Material’s Stability: Tuning Pyrolysis Temperature
in SnS, @C Anodes for Sodium-lon Batteries

Zuzanna Zarach,* Mirostaw Sawczak, Carsten Dosche, Konrad Trzciviski, Mariusz Szkoda,
Magdalena Graczyk-Zajqc, Ralf Riedel, Gunther Wittstock, and Andrzej P. Nowak

Developing robust and efficient anodes is essential for advancing sodium-ion
battery technology. Herein, a systematic investigation of SnS, @C composites
prepared at different pyrolysis temperatures to elucidate how their structural,
surface, and electrochemical properties govern sodium-ion storage is reported.
The study reveals that a lower synthesis temperature traps extra sulfur within
the carbon matrix, which hampers the complete SnS conversion reaction

and Na* intercalation processes. In contrast, pyrolysis at 800 °C facilitates
more thorough sulfur release, yielding a defect-rich but stable carbon matrix
that supports enhanced sodiation/desodiation reversibility. Operando Raman
spectroscopy and X-ray photoelectron spectroscopy depth profiling confirm
that the pyrolysis temperature strongly affects the formation and stability of the
solid electrolyte interphase. The SnS_ @ C material pyrolyzed at 800 °C not only
possesses superior ion transport characteristics but also delivers enhanced

1. Introduction

In teday's world, the rapidly growing de-
mand for electrical energy and the in-
creasing electrification of various sectors
require continuous advancements in en-
ergy storage technologies. This demand
spans from large-scale, stationary energy
storage systems to portable devices, in-
cluding electric vehicles (EVs), where the
performance of batteries is paramount.
The need for longer driving ranges, faster
charging, and higher overall energy den-
sity in EVs has driven scientific research
and innovation in advanced battery sys-
tems. While significant progress has been

electrochemical performance, maintaining a stable capacity of =500 mAh
g~ at Cf10 and retaining a substantial fraction of its capacity over 100 cycles,
in contrast to the rapidly decaying capacity of the material pyrolyzed at 600 °C.
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made in lithium-ion batteries (LIBs) tech-
nology over the past decade/'l the lim-
ited supply of lithium, along with finan-
cial concerns, has led to increased scrutiny
of this technology's long-term viability.!**!

Lithium's scarcity arises from its low ele-
mental abundance in the Earth's crust and
the geographically concentrated nature of its reserves. As de-
mand grows, particularly due to the exponential uptake of elec-
tric vehicles and portable electronics, the price of lithium has
surged, prompting the exploration of alternative energy stor-
age solutions. Sodium-ion batteries (S1Bs) have emerged as a
promising contender due to the abundant availability of sodium,
which is two to three orders of magnitude more plentiful than
lithium, both on land and in the oceans.*®! Although early re-
search into sodium-based battery technology dates back to the
1970s, LIBs gained traction due ta several key breakthroughs!®®!
resulting in a slowdown of sodium-ion research. However, given
the increasing disparity between lithium supply and demand,
S1Bs are now being revisited as a cost-effective alternative for
large-scale energy storage.|”!" Yet, several challenges are to he
faced when S1Bs are compared to their lithium-ion counterparts,
particularly in terms of energy density. Sodium ions are larger
(1.02 A vs 0.76 A for Li*) and heavier (23 g mol™! vs 6.9 g
mol™! for Li*}, which impede the achievement of high volumetric
and gravimetric energy densities."'! Commercial anode materi-
als like graphite, which are well-suited for LIBs, do not perform
optimally with sodium ions due to significant structural mis-
matches, resulting in poorer capacity retention during long-term
cycling.'*"* Nevertheless, SIBs offer several advantages that
make them attractive alternatives, For instance, $1Bs utilize alu-
minum current collectors, which do not form alloys with sodium,

& 2025 The Author(s). Small published by Wiley-VCH GmbH
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improving their safety profile compared to LIBs. Moreover, the
slightly smaller Stokes radius of sodium ions (e.g., in propylene
carbonate (PC): Na* (4.6 A) < Li* (4.8 A)) improves their diffu-
sion kinetics at the solid-electrolyte interphase (SEI), leading to
enhanced ionic conductivity!""! This can help mitigate some of
the performance drawbacks associated with the larger ionic size
and mass of sodium, offering potential for further improvements
in energy efficiency and cycle life."®! Furthermore, many S1Bs de-
signs employ stable insertion-based or carbon-based anodes that
limit dendritic plating, thereby enhancing their inherent safety
and suitability for large-scale applications.!'”%] However, den-
drite formation remains inevitable when metallic sodium is used
directly as the anode material, and thus, the search for suitable
anode materials continues to be a key challenge in improving the
performance and safety of SIBs.

Within the spectrum of emerging anodes, metal sulfides
(MeS,} have attracted attention due to their favorable electro-
chemical properties relative to their oxide counterparts. The in-
herent features of MeS,, including tunable crystal structures, lay-
ered architectures, and Hexible valence states, contribute to their
higher electronic conductivity and relatively faster sodium stor-
age kinetics in comparison with the corresponding oxides. !/
This faster kinetic profile is attributed to the smaller Me—S
bond energy in MeS,, which facilitates a swifter conversion re-
action than is possible with Me—O bonds in metal oxides.” ']
As such, many metal sulfides, including those based on Mo, W,
Fe, and Sn, exhibit multiple reaction mechanizms for sodium
storage, including intercalation, conversion and alloying reac-
tions, which together support enhanced charge capacity and ex-
tended cycle life. Within the MeS, group, tin-based sulfides stand
out due to their exceptional theoretical capacities. Tin(II) sul-
fide, for instance, exhibits a high theoretical capacity of 1022
mAh g™', resulting from a sequence of sodium storage reactions
that involve initial Na* ion intercalation, followed by conversion
to Na,$S and eventual alloying with Na to produce Na,,;Sn.!*
These multiple reaction pathways contribute to its impressive
energy density but also lead to notable challenges, primarily as-
sociated with structural integrity over repeated cycles. During
the sodiation (desodiation process, SnS may experience substan-
tal volume changes as bonds between Sn and 5 are repeatedly
formed and broken. This causes electrode expansion, pulver-
ization, and degradation, which can result in reduced cycling
stability, '

A key determinant of battery performance and lifespan is the
formation and stability of an SEL In carbon-based anodes, such
as hard carbon, the SEI is governed by the material's porosity,
surface functionalities, and defect structures, which can store
sodium via multiple mechanisms—ranging from surface adsorp-
tion at defect sites to intercalation between the domains and pore
filling at low voltages "l —making the SEI structure equally
complex and dynamic. On the other hand, metal sulfide an-
odes undergo repeated conversion and alloying reactions that
continuously reshape the electrode—electrolyte interface. This re-
structuring, with repeated structural expansion and contraction,
can fracture the SEI, triggering persistent electrolyte decom-
position, an increase in charge transfer resistance, and subse-
quent capacity fading*'***| Recent studies have highlighted
the importance of designing anodes with controlled porosity
and tailored surface chemistry to promote the formation of
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an inorganic-rich, uniform, and stable SEI, which can mitigate
these effects.|** 132 Especially, SEI layers with a well-structured
inorganic composition—such as NaF, Na,O, or Na,S—have
demonstrated improved stability and better Na* transport kinet-
ics, effectively reducing side reactions and enhancing long-term
performance.”’! Thus, designing SnS-based composite anodes
in which carbon phases mitigate volume changes, while promot-
ing stable SEI formation, is one of the most viable approaches to
achieving better cycling longevity and rate capability.

Understanding and controlling the SEI formation, as well as
degradation mechanisms responsible for capacity loss, is there-
fore essential to advancing the stability of S1Bs. Advanced in situ
and operando techniques, including Raman spectroscopy, have
proven invaluable for real-time monitoring of the dynamic pro-
cesses occurring during charge—discharge cycles. These meth-
ods provide crucial insights into the formation stability of the
SEI, but also for optimizing material design and electrolyte
composition.****] Gan et al. "l employed operando Raman spec-
troscopy to investigate a nitrogen-doped hard carbon anode for
S1Bs, revealing the presence of C—Ce and C—Ne radicals that sig-
nificantly contributed to additional sodium storage sites, Raman
measurements enabled the identification of reversible radical
evolution during sodiation and desediation, which was directly
linked to the enhanced capacity and long-term cycling stability,**]
Similarly, Weaving et al.’”| used operando Raman spectroscopy
to elucidate the sodiation mechanism in commercial hard car-
bon and demonstrated how changes in the I; and I, Raman
bands corresponded to sodium intercalation between turbostratic
nanodomains (INDs). The findings showed that sodium eccupa-
tion of edge sites and interlayer defects drives the sloping volt-
age profile, while pore filling dominates at low potentials. Im-
portantly, the study emphasized the necessity of operando tech-
niques, as ex situ measurements often fail to capture critical
transient states, such as those associated with SET formation or
sodium reversibility.*"!

Thus, in this work, SnS,@C composites for sodium-ion bat-
tery anode material are investigated, using operando Raman spec-
troscopy, thereby unveiling the differences that emerge during in-
tercalation processes within the carbon material. The study also
explores the impact of pyrolysis temperature on the material's
surface properties, porosity, and structural features, which col-
lectively influence the efficiency of sodium-ion storage and sta-
bility of chalcogenide-based anode materials. Furthermore, X-ray
photoelectron speciroscopy depth profiling i1s employed to eluci-
date how synthesis protocols and thermal treatments affect the
electrochemical performance. Overall, the findings provide criti-
cal insights into tuning the SnS_@C electrode architectures for
high-performance sodium-ion anodes and emphasize the role of
advanced spectroscopic techniques in guiding the design of en-
ergy storage materials.

2. Results and Discussion

Regardless of the temperature applied during the annealing
process, the SEM images reveal a distinct irregularity within
the morphology, accompanied by a similarity in particle sizes
(Figure 1), In addition, the observations indicate a tendency of
the materials to form agglomerates, suggesting that the thermal
treatment influences the degree of particle clustering. However,
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Figure 1. Scanning electron microscopy images of a,b) SnS, @C_600, c,d) SnS, @C_800, and e,f) SnS, @C_1000 materials.

the measurements conducted with the energy-dispersive X-ray
spectroscopy (EDX) show a change in stoichiometry of the tin-
sulfide compound (Tables $1-S4, Supporting Information). The
sulfur-to-tin ratio changed from 2:1 for the untreated sample
(SnS,@C), to a 1:0.92 ratio for SnS, @C_600 and a 1:0.95 ratio
for SnS, @C_800. Also, a significant loss of both sulfur and tin is
found for SnS_@C_1000, indicating the upper practical limit for
the thermal stability of tin-sulfide compounds.

The EDX results, confirming the presence of Sn and S atoms
at different stoichiometries, were consistent with the X-ray
diffraction (XRD) data—the obtained patierns are presented in
Figure 2a. The hydrothermal synthesis resulted in the synthe-
sis of the pure, single-phase SnS, (see Figure S2, Supporting
Information, ICDD-PDF 00-001-1010). This is confirmed by the
diffraction peaks registered at 28.7°, 32.9°, 50.3°, and 52.97 that
correspond to the (100), (101), (110}, and (111) planes of the
hexagonal SnS,, respectively! ! Since it is impossible to distin-
guish the reflection from the (001) plane at 15.0%, it is likely that
the adsorption of carbon species on this plane suppresses its de-
tection in the XRD pattern.*!

The thermal treatment of the SnS, @C material in Ar atmo-
sphere at elevated temperatures reaching 800 “C led to the con-
version of tin(1V) sulfide to tin{11) sulfide. For both SnS_@C_600
and SnS, @C_800, the XRD patterns indicate the formation of
orthorhombic Sn$§ (ICDD-PDF 00-033-1375).*"1 No reflections
attributable to SnS,, Sn,S,, or metallic Sn are present after py-
rolysis. However, the treatment at 1000 °C resulted in losing the
chalcogenide-hased part of the composite with the increased con-
tribution of an amorphous-type carbon structure, since the pat-
tern shows only the broad carbon (002) reflex at 24°. On the basis
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of the obtained results, the crystallite size was calculated by uti-
lization of Scherrer's equation:

Ka
b= feosd

(1)

where D represenls the crystallite size, K is a constant (0.94),
4 is the X-ray wavelength, § is the width at half maximum of
the peak, and @ is the Bragg angle. The (111) reflection of SnS
at 31.6" narrows from 0.78 to 0.72 (FWHM) when the pyrol-
ysis temperature is raised from 600 to 800 °C, corresponding
Scherrer sizes of 110.3 and 120.3 A, respectively. High-resalution
transmission electron microscopy (TEM) supports these X-ray
calculations. In the SnS, @C-600 sample, individual SnS parti-
cles are visible in the carbon matrix (Figure Ze). The small dif-
ference in size is expected since TEM images include a thin car-
bon shell and can show two overlapping crystals as one. More-
over, at 800 °C, SnS is still present as nanodomains (Figure 2f
and Figure S3a, Supporting Information), but fewer particles are
seen: at this temperature, tin and sulfur start to evaporate, and
neighboring grains start to sinter, so their edges are less dis-
tinct. In the SnS_ @C_1000, no SnS particles are detected—TEM
shows only the porous carbon framework (Figure S3b, Support-
ing Information), which is consistent with XRD results. Also,
some differences were revealed by Raman spectroscopy analy-
sis, the results of which are presented in Figure 2b (with a nar-
row range shown in Figure S4a, Supporting Information), re-
vealing four main carbon-related bands—D1, D3, D4, and the
G band—across all samples.|*'] All spectral parameters obtained
from the deconvoluted Raman spectra are listed in Table 55
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Figure 2. a) XRD patterns, b) Raman spectra, c) nitrogen adsorption-desorption isotherms, and d) pore size distribution calculated from N, adsorption
isotherms based on the DFT method for SnS,@C materials; TEM images for e) SnS,@C_600 and f) SnS, @C_800.
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(Supporting Information). The G band {1590—1605 cm ™!} is typ-
ically assigned to the in-plane stretching between sp” carbon
atoms, whereas the D1 band {1324-1337 cm™!) arises from disor-
dered, defect-activated modes and the vibration of graphene layer
edges.!”’l Two additional disorder-related features, D3 (1500—
1525 em™') and D4 (1170-1195 cm™'), were also deconvoluted.
For the SnS, @C_1000 sample, only these four carbon bands
are visible, indicating the almost complete loss of chalcogenide-
based phases at this temperature, which is in agreement with the
XRD data,

In contrast, both SnS, @C_600 and SnS_ @C_800 show addi-
tional bands at %158.7, 181.2, and 217.7 cm™~' corresponding to
the By,, B,,. and A, vibrational modes of SnS. respectively.*?]
Notably, the intensities of these SnS bands can vary substan-
tially with the laser excitation wavelength owing to resonance ef-
fects in chalcogenide-based materials.'**l Here, an excitation of
785 nm (=1.6 eV) closely matches the direct bandgap of 5n8
(=1.5 eV}, enhancing those vibrational features.*! Despite the
usual expectation that higher-temperature annealing produces
more ordered carbon (Le., lower I, /I ratio), the I, /I ratio
(see Table S5, Supporting Information) actually increases from
1.44 for SnS, @C_600 to 2.07 for SnS,@C_800, before drop-
ping shghtly to 1.84 for SnS_@C_1000. Although it is not a
common phenomenon, a similar trend was also reported by Li
et al.l¥l and Simone et al.??] for hard carbons with SIBs ap-
plication. The higher I, /I ratio at 800 °C suggests that sul-
fur released during pyrolysis may disrupt the carbon structure,
generating additional defects. In contrast, at 600 “C, more sul-
fur appears to remain within the matrix, reducing new defect
formation and thus yielding a lower Iy, (I, ratio. By the time
the temperature reaches 1000 °C, most sulfur-containing species
have sublimated, leaving predominantly carbon (the Iy, /I; ra-
tio of 1.84). The moderate decrease in the [, /I ratio compared
to SnS,@C_800 suggests a partial reorganization of the carbon
framework, likely driven by the high-temperature annealing pro-
cess, At the same time, the G-band width narrows steadily, from
50 em™! for SnS_@C_600, 45 em™' for SnS, @C_800 to 37 cm™
for SnS, @C_1000 (Table S5, Supporting Information). Accord-
ing to the Ferrari-Robertson amorphization model, a narrower
G band signals larger and more ordered sp* domains.|***7 Thus,
the observed values confirm that the overall graphitization degree
still increases with temperature even though the 1, /1 ratio is
highest for SnS, @C_800. The blue shift of the G band towards
the graphite value (1600 cm™') in the SnS_@C_1000 further sup-
ports this conclusion. Nonetheless, the removal of sulfur at ele-
vated temperatures can also impact the overall electrochemical
properties by altering the number and nature of carbon defects
available for sodium storage.

Further investigation included N, adsorption measurements,
for which the adsorption—desorption isotherms were obtained
and are presented in Figure 2c. The isotherms for the
SnS_@C_600 and SnS_@C_800 exhibit a type-1 behavior, accord-
ing to TUPAC classification, indicative of a predominantly micro-
porous structure. When the pyrolysis temperature is increased to
1000 °C, a type-1V isotherm is recorded with a pronounced hys-
teresis (see SnS, @C_1000), characteristic of micro- and meso-
porous carbons. The pore size distribution in Figure 2d indi-
cates that at 800 and 1000 "C, the pore size is in the range of
=1 to &4 nm (see also Figure S4b, Supporting Infarmation), con-
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Table 1. Specific surface area calculated with BET theory, total pore velume
determined with the DFT methed, and crystallite size obtained from the
Scherrer equation for SnS, @ C materials,

Sample Seer (M g7 v [em? g7
SnS,@C 600 212 017
SnS,@C_800 128 015
SnS,@C_1000 37 062

firming the formation of micro-mesoporous structure, whereas
the SnS, @ C_600 sample remains primarily microporous (pores
around 0.5 nm). Interestingly, both the total pore volume (V))
and surface area (Sy.) in Table 1 decrease when a substan-
tial Sn$ fraction is present. This effect is most proncunced for
SnS,@C_800, which shows ¥, = 0.15 cm® g~!, compared to 0.17
cm?® g for SnS, @C_600. A likely explanation is that partial sin-
tering and more thorough decomposition of Sn§, to SnS cause
pore collapse and a reduced overall pore volume at 800 °C. By con-
trast, pyrolysis to 1000 °C (where tin sulfide largely decomposes
and evaporates) leads to a predominantly carbon-based struc-
ture with significantly higher pore volume of 0.62 cm® g and
a broader size distribution of mesopores,

To further compare the SnS @C_600 and SnS,.@C_800 elec-
trode materials, an X-ray photoelectron spectroscopy (XPS) anal-
ysis was performed for layered materials, as shown in Figure 3,
Table 56 (Supporting Information) summarizes the correspond-
ing relative elemental composition, revealing that the surface of
both materials is dominated by carbon, but the Sn content is sig-
nificantly lower for SnS_ @ C_800 (0.64% compared to 1.34% for
SnS, @C_600), indicating that SnS starts to evaporate from the
sample surface already at 800 "C. These results are in contrast
to the EDX results with higher Sn and S contents, reflecting the
surface-sensitive nature of XPS versus the more bulk-sensitive
EDX. For SnS, @C_600, in the Sn 3d region (Figure 3a), two
main contributions at 487.1 and 495.6 eV were deconveluted into
two lines, indicating the presence of Sn** and Sn**.**! In both
SnS, @C_600 and SnS, @C_800 samples, Sn*t is the predomi-
nant oxidation state near the surface—an effect commonly ob-
served due to the material's exposure to air/*’! In the Sn 3d spec-
trum of SnS, @ C_800, a minor shoulder is observed at =497 eV,
A survey scan of the same electrode (see Figure S5a, Supporting
Information) reveals Na 1s and Na 2s signals together with the
Cu 2p peak from the current collector and weak O 1s and N 1s
contributions from surface adsorbates. The shoulder at 497 eV is
therefore assigned to the Na KLL Auger emission and not to an
additional Sn oxidation state. Depth-profiling experiments (see
Figure 55b.c, Supporting Information) confirm a stronger Sn**
signal beneath the surface, consistent with the presence of tin
sulfide. Notably, the relative molar Sn content at the surface is al-
most twice as high in SnS_@C_600 compared to SnS @ C_800.
In the S 2p region (Figure 3b), the first main 2p,, line at
161.5 eV indicates the presence of Sn—S§ bonds.""*1l Additional
peaks at 163.7 and 164.9 eV correspond to C—S bonding, indicat-
ing interactions between the carbon matrix and sulfur species,*]
[t is worth noting that the carbon black additive (5 wt%) can also
contain traces of sulfur, thus potentially contributing to the S 2p
signals in minor amounts, In addition, a weak feature at 168.2
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Figure 3. XPS spectra of a) Sn 3d, b) S 2p, and ¢} C 1s regions for the SnS, @C_600 and Sn5, @C_800 electrodes.

eV is assigned to the presence of sulfates(VI), likely formed by
partial oxidation of the sulfur species when exposed to air. The C
1s spectra region (Figure 3c) shows the principal component at
284.6 eV, ascribed to sp’ and sp” C atoms without electronegative
substituents. Peaks at higher binding energies are deconvoluted
into contributions from C—S8 and C—O, whereas signals at 287 eV
can be linked to O—C=0 groups (carboxyl/ester functionalities).
In addition, the line with an energy of 290.8 eV can be ascribed
to the shake-up excitation originating from sp’ carbon, which is
an additional confirmation of the extended x-electron system in
the material.**]

Thus, we propose that during the pyrolysis at 600 °C, most
of the SnS, is converted to SnS, but the lower temperature
may hamper the complete release of sulfur, which instead re-
mains partly retained or trapped within the carbon matrix (see

@ SnS:(s) ®5ns(s) @ S(s) " Carbonmatrix

Figure 4). This aligns with the XPS findings (Table 56, Support-
ing Information), which show comparatively higher surface con-
tents of tin and sulfur for SnS, @C_600. Some of this residual
sulfur may also bond with or become immobilized in the car-
bon framework. The overall lower temperature likely preserves
more micropores and minimizes sintering — an effect consis-
tent with the higher surface area (212 m? g~} for SnS, @ C_600,
measured by BET. In Raman spectroscopy, the Iy, /I ratio for
SnS, @C_600 is 1.44, which is unexpectedly lower than the 2.07
ratio for SnS_ @C_800. Although higher pyrolysis temperatures
typically yield more graphitic (and thus lower-defect) carbon, the
vigorous loss of sulfur at 800 °C is considered to locally perturb
the carbon structure and create additional defects, thereby rais-
ing the measured [, /I ratio. By 800 °C, the release of sulfur
is more effective, consistent with lower Sn and S levels at the

1 Collapsed Collapsed
SnS; (s) —= SnS (s} + 5 (s) 5nS; (s) =+ SnS(s) + S (g) carbon carbon
structure structure
BOOC
/‘_‘“\‘
Siuer'ir‘;g
Defects

Defects

Figure 4. Schematic illustration of the structural and chemical evolution of SnS.@C during pyrolysis a1 600, 800, and 1000 *C.
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Figure 5. Cyclic voltammograms recorded in 1 8 NaPF; in EC:DEC {30:70) + 5% FEC electrolyte (v = 100 p¥ 57 ') for half-cells with the a) SnS, @C_600

and b) SnS, @C_800 anode materials; galvanostatic charge-discharge curves recorded in 1w NaPFg in EC:DEC (30:70) + 5% FEC at current density of
€10 for the ) SnS, @C_600 and d) SnS, @C_RO0; ) rate capability tests; f) cycling performance at current density of C/10 for the SnS @C_600 and

SnS, @C_800 anode materials,

electrode surface, yet the ensuing partial sintering and structural
rearrangement reduce the surface area (128 m? g~'). Overall, the
SnS. @C_800 sample undergoes more thorough sulfur evolu-
tion and develops a defect-rich but compact carbon framework,
while SnS, @ C_600 retains extra sulfur in the matrix and conse-
quently exhibits a higher surface area but fewer carbon defects.
On the other hand, nearly all residual Sn-S species volatilize at
1000 “C, leaving behind pores that coalesce into an open mi-
cro/mesoporous network, Although the carbon backbone un-
dergoes partial graphitization and “collapses,” the newly created
voids contribute to the increased surface area of 321 m? g~! and
the pore volume of 0.62 cm* g™, Raman data support this picture:
the G band sharpens (HWHM 37 cm~' ve 45 cm ! at 800 °C) and
upshifts to 1605 em™', indicating increased ordering. However,
the I, /I ratio only falls from 2.07 to 1.84 (still being higher
than the 1.44 value at 600 °C) because the newly exposed pore
walls introduce fresh edge defects.
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The composites and their behavior during sodium-ion storage
were investigated via cycling voltammetry in 1 M NaPF; in ethyl
carbonate:diethyl carbonate (EC:DEC) (30:70) + 5% FEC. The CV
curves for the SnS,@C_1000 material (see Figure S6a, Support-
ing Information) do not show reactions associated with tin sul-
fide, which is in line with the characterization results that showed
the loss of tin sulfide. For the SnS, @ C_600 material (Figure 5a),
distinct yet subtle peaks are found that are not discernible for the
materials annealed at higher temperatures. In region [ of the first
cathodic scan, a small reduction signal at =2.2 V is followed by an
anodic peak at 1.6 V in the reverse scan. Given the XPS results
showing residual sulfur species and the Raman data indicating
SnS and C—=S interactions, these peaks likely correspond to redox
processes of surface-confined sulfur species. The initial cathodic
cignal suggests the reduction of surface sulfur species, forming
sulfur intermediates. The subsequent anodic peak indicates their
re-oxidation. Since these signals are absent in the SnS_@C_800
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material (see Figure 5b), it is reasonable to assume that sulfur
sublimation occurs more eficiently at 800 "C, reducing the avail-
able amount of the component, causing the redox process. For
both SnS_@C_600 and SnS_@C_800, an intense pealk is distin-
guished at around 0.56 V during the first negative scan at region
11, indicating the conversion of SnS to Na, S and metallic Sn, the
electrolyte reduction, and the formation of a SEL**** The peak is
only observed in the first potential cycle. In the reverse scan and
the region 111, multiple peaks were registered, including anodic
ones at .36, 0.72, 1,06, and 1.34 V, with the corresponding reduc-
tion peaks in cathodic scan at (.27, 0.69, and 1.01 V, attributed to
the Na-Sn alloying/dealloying reactions.|”**! For $nS_@C_600,
continuous changes and a decrease in current over successive
cycles indicate material degradation. For SnS, @C_800, the an-
odic peak at 1.7 V indicates a reversible conversion reaction of
Na, § back to SnS."*! which is clearly visible and remains stable
over cycles, However, in SnS, @C_600, this peak appears only
in the first cycle and diminishes thereafter, reflecting a progres-
sive loss of reversibility and electrochemical activity (see the in-
set for both Figure 5a,b). Differences in electrochemical perfor-
mance are further evident in the galvanostatic charge—discharge
curves. For SnS_ @C_600 {Figure 5¢), a clear decrease in capacity
is observed with each cycle, highlighting its limited cycling sta-
bility. In contrast, SnS,.@C_800 (Figure 5d) maintains a stable
capacity, with the initial coulombic efficiency (ICE) of 68%. On
the other hand, the ICE is 56% for SnS,@C_600 and 35% for
SnS, @C_1000. The first-cycle voltage profile of SnS_ @C_1000
(see Figure S6b, Supporting Information) confirms an unusually
large irreversible capacity centered above 0.6 V, exactly where ex-
tensive SEI formation is expected. This drop in 1CE correlates
with the BET analysis: the surface area exhibits a step-increase
from 128 m? g~' at 800 °C to 321 m* g~! at 1000 °C, while the
pore volume increases from 0.15 to 0.62 cm® g~', providing an
enhanced carbon/electrolyte interface that consumes Na* irre-
versibly in the first cycle. Regarding the effect of pyrolysis tem-
perature on ICE, Li et al.””! have reviewed temperature-induced
graphitization in hard carbons and concluded that raising the
carbonization temperature from =600 to 1400 °C steadily closes
open pores, lowers surface area, and therefore increases 1CE.
A typical example is paulownia-derived hard carbon, where the
ICE increased from 76.8% at 1000 °C to 85.9% at 1400 °C as
the pore volume collapsed and the graphitization degree roge."™!
Furthermore, it is generally stated that higher defect density low-
ers the ICE, because vacancies, edge sites and sp® domains may
trap Na* irreversibly. An example is the work by Yang et al.*®]
focusing on wheat-starch hard carbon and graphene-induced
graphitized carbons, where lowering the [}, /I ratio and the BET
area pushed the ICE up to 90%-94%. Yet, contrary to most of
the presented research, it seems that chemically engineered de-
fects can overturn this trend, which was discussed by Wang
et al*! Defect-rich long-range graphene nanoribbons were syn-
thesized by forcing N/S heteroatoms to escape at increased py-
rolysis temperature, The resulting hard carbon delivered 284.5
mAh g~ with an ICE of 85.9% (doped material), which was sig-
nificantly lower for the less-defective sample (ICE: 72.7%, pris-
tine material).|”! Density-functional caleulations showed that the
presence of vacancies lowers the Na-adsorption energy and cuts
the interlayer diffusion barrier from 0.69 to 0.51 eV, while the
same high-temperature step decreases the BET area, thus lim-
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iting SEI formation.!*"! A similar “beneficial-defect” pattern was
observed for the SnS @C_800 electrode material in this study:
sulfur volatilization at 800 °C increases the I;,/],; ratio to 2.07
(compared to 1.44 at 600 “C) yet simultaneously lowers the sur-
face area by =40% and removes sulfur from the matrix. The
surface-area and defect formation effects therefore outweigh the
possible Na-trapping by those additional defects, indicating that
the ICE is governed by the balance between defect chemistry and
electrolyte interface, and that controlled heteroatom escape is a vi-
able route to enhanced Na-ion kinetics and higher first-cycle effi-
ciency in both hard carbon and chalcogenide—carbon composites.
Rate capability tests, illustrated in Figure Se, confirm this trend,
showing a continuous capacity decay for SnS_ @C_600 across
increasing current densities. On the other hand, SnS,@C_800
demonstrates superior rate performance, maintaining a capac-
ity of 500 mAh g-! at a current density of C/10, underscor-
ing the ability of the material to sustain its electrochemical ac-
tivity, even under varying charge—discharge conditions. Finally,
long-term cycling results, shown in Figure 5F, further emphasize
the significant stability advantage of the SnS_@C_800 material.
Over 100 cycles, it retains 73% of its initial capacity, demonstrat-
ing robust performance and structural integrity, In contrast, the
SnS,@C_600 material exhibits rapid capacity loss, with a loss of
over 82% of its initial capacity within the first 50 cycles. Moreover,
average-voltage hysteresis (A V, see Table S7, Supporting Infor-
mation), which was calculated based on the hysteresis curves (see
Figure Sbe—e, Supporting Information), further confirms the dif-
ferences between the materials. SnS,@C_800 delivers the high-
est reversible capacity, with a low average charge voltage (1.21 V)
and a small hysteresis (0.53 V). In contrast, SnS,@C_600 is char-
acterized by a higher \_}chn of up to 1.30 V, further increasing upon
cycling, and rising hysteresis, which points to impedance growth
and sluggish desodiation process.[®' ] Literature reports suggest
that this may be the effect of a continuously growing SEI, which
is also consistent with decreased reversihility!*** However, it
still needs to be borne in mind that in comparison with materi-
als for SIBs, like hard carbons!®®! or polyanion-type materials,!*!
conversion-alloying materials suffer from high average voltages
and hysteresis that still need improvement.!”!

Electrochemical impedance spectroscopy was conducted in
staircase potentiostatic mode. The full-range frequency response
is presented in Figure S7 {Supporting Information), The Nyquist
plots obtained during the second sodiation and desodiation cycles
in a narrower frequency range reveal clear differences between
the SnS_ @C_600 (Figure 6a,b) and SnS, @C_800 (Figure 6c,d)
electrodes, providing insight into their charge transfer resis-
tance, sodium-ion diffusion behavior, and interfacial stability.
Fach spectrum consists of a high-to-medium frequency semicir-
cle, attributed to charge transfer resistance (R) and SEI charac-
teristics, followed by a low-frequency Warburg-type linear region,
corresponding to sodium-ion diffusion kinetics. In a Nyquist
plot, a Warburg element appears as an inclined line with a 45°
slope and 1s typically described as follows:

Zy (w) = gw 2 {l —J) 2)
where w is the angular frequency and o is the Warburg coeffi-

cient. To determine o, the real part of the impedance was plotted
against w™'% in the low-frequency region, and the slope of the
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Figure 6. Staircase potentio-EIS results for a b) Sns, @C_600 and ¢,d) SnS, @C_800 half-cells for sodiatian (a, ¢} during desediation (b, d), focusing on
the impedance range up to 800 £2, and &) calculated diffusion coefficient values in a frequency range of 20 kHz to 1 mHz.

linear fit was calculated. Eventually, the diffusion coefficient D of
the mobile ions can be estimated using:

d
b= ( Anf.z:’::o ) (3)

where R is the gas constant, T the absolute temperature, A the
electrode area, n the charge transferred per ion, F the Fara-
day constant, and ¢ the concentration of the diffusing species.
In this analysis, the low-frequency Warburg impedance was at-
tributed primarily to electrolyte diffusion within the electrode
pores (rather than solid-state ion transport in the active mate-
rial). Consequently, the bulk electrolyte concentration was used
in the diffusion coefficient calculations. It should be noted, how-
ever, that the actual in-pore concentration can deviate from the
nominal bulk value due to partial depletion and local mass trans-
port effects; hence, the resulting diffusion coeflicient reflects an
effective or apparent value for electrolyte infiltration under these
experimental conditions. Nyquist spectra were htted with the
equivalent circuit (Figure S8, Supporting Information), and the
fitted data for every potential step during desodiation for both
SnS,@C_600 and SnS, @C_800 are presented in Tables 58 and
89 (Supporting Information), respectively. During desodiation,
Rqy, fluctuates between 50 and 100 Q for SnS @C_600, indi-
cating a less stable SEI that continuously reforms.[**% On the
other hand, Ry, only rises from 13 to 81 Q for SnS,@C_800, ev-
idencing a thinner and more stable interphase.**”%7*1 R_ is an
order of magnitude lower (see Figure 59, Supporting Informa-
tion) for SnS,@C_800 (20-80 Q) than for SnS, @C_600 (100-
1100 ©), which is the consequence of a more conductive car-
bon matrix formed at 800 °C. Moreover, the tenfold smaller War-
burg coefficient (12 vs 123 Q s7'/?) indicates faster Na* trans-
port through the partially closed, mesoporous matrix. Calculated
sodium-ion diffusion coefficients further highlight the superior
ion transport in SnS, @C_800 (see Figure Ge). At the beginning
of sodiation, the diffusion coefficient for SnS, @C_800 is 4.0

Swall 2025, e04485

04485 (9 of 17)

% 107" am? 57, which is an order of magnitude higher than
in SnS, @C_600 (4.5 x 107 cm? s7'). As the sodiation pro-
cess continues, the diffusion coefficients increase, reaching 4.0
*x 1077 em’ s7' at 0.005 V for SnS,@C_800, compared to 4.9
x 1077 em? 57! for SnS, @C_600—a difference of nearly three
orders of magnitude. According to the calculated D, , sodium
extraction 1s also kinetically significantly more favorable in the
SnS_@C_800 matrix than for SnS_@C_600. This result suggests
that sodium-ion insertion and deintercalation is much more ef
ficient for SnS, @C_800, due to its higher electronic conductiv-
ity as a direct consequence of the higher pyrolysis temperature.
The striking difference in EIS response between SnS, @C_600
and SnS,@C_800 can also be linked directly to their pore archi-
tecture, BET analysis shows that SnS,@C_600 is dominated by
open micropores {(~0.5 nm), giving a high external surface area.
When electrolyte penetrates this network, SEI is forced to grow
throughout it, and the ICE is limited to 56%. However, raising
the pyrolysis temperature to 800 °C results in partial sintering
while also introducing a moderate 1-4 nm mesopore fraction (see
Figure S4b, Supporting Information), with an exposed surface
area reduced to 128 m” g=' and an improved ICE (68%]. These
new mesopores also shorten Na* diffusion paths, explaining the
order-of-magnitude higher Dy .. When the pyrolysis tempera-
ture was increased to 1000 °C, the volatilized SnS generates an ex-
tensive micro/mesoporous network, Although the transport may
be kinetically favored, significantly larger electrode/electrolyte in-
terface area results in a thicker SEI and the [CE falls to 35%,
limiting its practical application. This is consistent with recent
reports indicating that closed micropores enhance ICE, a moder-
ate mesopore fraction may facilitate ion transport, and excessive
mesoporosity results in suppressed ICE despite the enhanced
kinetics.| ™73

To gain insight into the behavior of these electrode mate-
rals during repeated charge-discharge (sodiation—desodiation)
cycles, operando Raman spectroscopy measurements were car-
ried out on both samples. The second cycle was examined in
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Figure 7. Raman spectra in a full range recorded during desodiation for a) SnS,@C_800 {2nd cycle) and b) SnS,@C_800 (2nd cycle); 100-500 cm ™'
range for ¢} 5nS,@C_600 (2nd cycle), d) SnS, @C_600 (20th cycle), e) SnS,@C_800 (2nd cycle), and f) SnS, @C_800 (20th cycle).

detail, along with the 20th cycle, to assess any long-term changes.
The analysis focused on spectral regions indicative of tin sulfide
phases and the carbon matrix within the composite, In addition
to the main features discussed in this section, several bands in
the Raman spectra can be attributed to the electrolyte, e.g., the
signals at 2715 and 892 cm™*, corresponding to the O=C ring
bending mode and a symmetric ring breathing mode of EC, re-
spectively. The CH,—O stretching of DEC is represented by the
band at =900 cm™!, while the band at 742 cm™? describes the
symmetric vibration of PF,~ ions,"* with a weaker band at 417
cm™!, typically associated with one of the bending or deforma-
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tion modes of PF,~. Representative Raman spectra for the deso-
diation process in the second scan are presented in Figure 7ab
{full-range sodiation spectra are provided in Figure $10a,b, Sup-
porting Information).

2.1. Second Scan: Tin Sulfide Evolution during Cycling
At 2.0V, before sodiation, both electrodes show a band at =217

cm™!, attributed to the presence of tin sulfide (see Figure S10c.e,
Supporting Information). Upon sodiation, this band weakens,
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indicating structural modifications as Na* intercalates. For the
SnS, @C_800 sample, an additional band emerges near =180
cm™!, which becomes more pronounced at low potentials, con-
firming the formation of a more sodiated phase (likely Na,S-
Sn, or Na,Sn phases). Notably, this 180 cm™ band is absent in
SnS, @C_600, suggesting an incomplete conversion reaction—
an observation consistent with the weaker electrochemical re-
=ponse in this voltage range, as seen in cyclic voltammetry, Dur-
ing the second desediation scan, the SnS band at 180 em ™! can
be distinguished (Figure 7c ), especially for SnS,@C_800, for
which an additional feature at ~150 cm ™! also appears transiently.
This sequential band behavior suggests the formation of multi-
ple partially sodiated tin sulfide intermediates, indicating a more
complex reaction pathway compared to SnS,@C_600. Moreover,
in SnS,@C_800, this low-energy band persists over a broader
voltage range during desodiation compared to sodiation, whereas
for SnS,@C_600, the signal is much weaker, indicating the pro-
cess is not as effective, leading to a more irreversible reaction
mechanism.

2.2. Second Scan: Carbon Matrix Evolution: I, fI. Ratio and
Band Shifts

In the higher-wavenumber region associated with the carbon ma-
trix, at first, both samples exhibit shifts in the D1 and G bands
upon sodiation, together with variations in band intensity ratio,
indicating sodium intercalation into the carbon structure.” In
SnS,@C_600, the I, /I ratio increases from 1.74 at 2.0 V to
1.94 at 0.005 V (Figure 8a and Table S10, Supporting Informa-
tion), before reversing to 1.71 upon desodiation (Figure 8b and
Table S10, Supporting Information). Simultaneously, the G band
downshifts from 1585 emi~' at 2.0 V to 1574 cm~! at 0.005 V, then
returns to 1579.43 em™! during desodiation, indicating that Na*
intercalation modifies the local bonding environment (reflected
by shifts in vibrational modes of the carbon), although the pro-
cess 1s largely reversible upon desodiation. For SnS @C_800, the
spectral shifts are even more pronounced. The Iy, /I ratio in-
creases from 1.82 (2.0 V) to 2.68 (0.005 V) (Figure 8e and Table
S$11, Supporting Information), before dropping back to 1.65 upon
desodiation (Figure 8f and Table S11, Supporting Information).
The G band follows a similar trend, shifting from 1592 em™" (2.0
V) to 1569 cm™ (0.005 V), then restoring to 1592 cm ™ after full
desodiation. The I, / I; ratio, which points to edge defects and va-
cancies, and the ratios I, /1 and I, /I, indicating chemical or
sp’-type defects, all rise in SnS, @C_800, but change only mod-
estly (or even fall) in SnS, @C_600. The large, tully reversible in-
creases in Iy, /Il and I, /1. for the SnS_ @C_800 point to re-
versible sp? to sp* re-hybridization, while the smaller response
for SnS, @ C_600 indicates that Na* mainly dopes preexisting de-
fects without creating new ones. The greater extent of the shifls
for SnS,@C_800 suggests a more defective carbon structure,
which allows stronger interactions with Na*. This aligns with pre-
vious Raman and BET findings, where higher pyrolysis temper-
ature resulted in more carbon disorder (higher I, /I ratio) and
a lower surface area, making the carbon more electrochemically
active. In contrast, the more microporous, less defective structure
of SnS,@C_600 appears to moderate these interactions, result-
ing in less intense spectral shifts. Notably, in this wavenumber
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region, at ®1115 and 1459 cm ™', one or two additional bands are
observed, which can be ascribed to signals arising from the EC
and DEC vibrations. |57l

2.3. Long-Term Evolution: 20th Cycle Changes

After 20 charge-discharge cycles, the Raman spectra of
SnS, @C_800 remain largely unchanged, retaining clear signals
associated with tin sulfide transformations. The SnS-related
band at =180 cm™ is still present before sodiation (Figure
S10f, Supporting Information). In addition, the transient 150
cm~! feature, which appeared in the second desodiation cycle,
persists (Figure 71), reinforcing the stepwise, controlled nature
of Na' insertion and removal. This suggests that SnS, @C_800
continues to maintain its well-defined reaction mechanism,
supporting its superior electrochemical performance over pro-
longed cycling. In contrast, significant changes emerge for
SnS, @C_600. The sodiated SnS-related signals at =180 and
150 cm ™! become unidentifiable (Figure S10d, Supporting Infor-
mation), suggesting that sodiation remains incomplete. There
is only a broadened, weakened signal at =217 cm™!, showing
the tin sulfide is still there, but does not participate in the sodi-
ation process, and the desodiation spectra are almost identical
(Figure 7d), confirming that energy storage is not engoing.

Moreover, sodium intercalation/deintercalation into the car-
bon framework also remains active in SnS, @ C_800, reflecting
the behavior abserved in earlier cycles. The G band shift from
1591 e~ at 2.0 V to 1565 em™" at 0.005 V remains significant
(Figure 8g and Table $13, Supporting Information), and the back-
shift during deintercalation is repetitive (Figure 8h and Table $13,
Supporting Information), confirming that Na* interaction with
the carbon matrix remains effective even after prolonged cycling.
The graphitization contrast established above persists after 20
cycles. SnS, @C_800 keeps a G-band width of 4345 cm™' and
still shows reversible swings in the intensity ratios Iy, /1, Ips /1.
and I, /1., confirming that the material is a more ordered sp?
framework that continues to intercalate Na*® between the layers,
In SnS @C_600, the G band remains broad and all D band ra-
tios vary insignificantly, indicating that the carbon matrix has be-
come electrochemically inert and Na™ storage is now limited to
surface sites. These consistent structural changes suggest that
SnS, @C_800 maintains its defect-rich carbon framework, en-
suring long-term Na* storage capability and structural resilience.
Conversely, in $nS, @C_600, the shifts in D1 and G bands be-
come negligible for both sodiation (Figure 8c and Table 512,
Supporting Information) and desodiation (Figure 8d and Table
§12, Supporting Information) processes, indicating that the car-
bon phase is no longer an active participant in the electrochem-
ical process. The I, /I ratio undergoes only minimal variation,
sharply contrasting the greater response in SnS,@C_800, sug-
gesting that the carbon network in SnS, @C_600 has undergone
irreversible transformations, limiting its ability to accommodate
Na*,

All the findings above can be attributed to distinct SEI for-
mation mechanisms, influenced by both the electrode surface
composition and its specific surface area. In SnS, @C_600, the
higher tin and sulfur content at the electrode surface and the in-
creased specific surface area (212 m” g~') appear to prevent the

© 2025 The Author(s). Small published by Wiley VCH CmbH

Zuzanna Zarach, PhD Dissertation

| 143



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

a) sns@csm| ) sns@cu o) SnS,@C_800 T
1,1, =1.74 1L =171
3 z 3 3
s : s s
Pt 2
£ z H g
8 || H s 8
E M= £ £ £ orv
07V E
) N “A
= _ | o =
0.005V I/l =1.44 0.005V I/, =1.26 0.005V 1)1, =268 0.005V
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Raman shift / cm” Raman shift / cm” Raman shift/ cm™ Raman shift / cm”
$nS @C_600) SnS @C_600 SnS @C_800
c) 11, =171 d) g) h) |10, =15
) » 5 .
< a s 3
2
E‘ ? .E §
§ §
£ £ E E
. LA g
- 0.005V
0.005 V 1A, =170 0.005V 1/, = 1.89 /1, =275 0.005 vV 1,/l,=278
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Raman shift/ cm” Raman shift / cm” Raman shift/ cm” Raman shift /cm”

Figure 8. Raman spectra deconvolution for a—d) SnS,@C_600 and e-h) SnS,@C_800, spectra recorded operando during 2nd sodiation (a.e), 2nd

desodiation (b,f), 20th sodiation (c,g), and 20th desadiation (d,h).

establishment of a stable, uniform SEI layer. As repeated
sodiation-desodiation induces volume changes in the tin sul-
fide, the SEI undergoes partial breakdown and reformation, lead-
ing to continuous electrolyte consumption. This ongoing pro-
cess is amplified by the larger surface area, which provides
more active sites for side reactions, accelerating capacity loss and
overall degradation. The pronounced decrease in the intensity
of electrolyte-derived Raman signals for SnS, @C_600 further
supports this, as it indicates continuous electrolyte decomposi-
tion and incomplete SEI reformation. By contrast, SnS, @C_800,
where the surface area is lower (128 m? g7') and the carbon
framework is more defective but structurally stable, a more co-
herent SEI layer likely forms, effectively passivating the electrode
and preventing excessive electrolyte consumption. This allows
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SnS, @C_800 to retain distinct tin sulfide signals in Raman spec-
tra even after prolonged cycling, indicating better preservation
of the chalcogenide-based phase. Moreover, the sustained D1/G-
band shifts confirm that its carbon matrix remains electrochem-
ically active, supporting a more stable and reversible Na* storage
process.

Electrodes were analyzed using XPS depth profiling after 20
charge-discharge cycles, studied in the desodiated state. By ex-
amining the surface and subsurface regions (Figure 9a—c for
SnS,@C_600 and Figure 9¢—g for SnS,@C_800), the spectra
were obtained before (0 s) and after 90 and 180 s sputtering time.
Additional spectral regions (O 1s, F 1s, and S 2p) are displayed
in Figure S11 (Supporting Information). The goal was to iden-
tify changes in chemical composition and potential interfacial
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reactions occurring during cycling. Prior to depth profiling, elec-
trodes were washed to remove residual electrolyte salts.

Initially (before sputtering, designated as 0 s}, both
SnS,@C_600 and SnS @C_800 display pronounced peaks
at 285.7 and 290.1 eV in the C 1s region, corresponding to C=0
and O—C=0 species, respectively (Figure 9a.e}. These features
are commonly associated with inorganic carbonates (Na,CO,)
and sodium alkyl carbonates (ROCO,Na, 0—C), indicating a
surface SEI layer rich in oxygen-containing compounds.|*| After
sputtering (90 and 180 s), the relative intensities from these
oxygenated spedies significantly decrease, while the C—C peak
at 284.4 eV grows (Figure 9b,c.fg). The simultaneous drop in
the O 1s signal at 532.2 eV (Figure S11, Supporting Informa-
tion} further confirms that a major portion of the organic or
carbonate-based SEI is etched away, exposing a higher fraction
of the underlying carbonaceous matrix. In this region, a distinct
peak is also observed at =528 eV, which corresponds to the
shifted Na KLL Auger signal, typically expected around 533 eV.

Interestingly, SnS, @C_800 retains =50 at% carbon at deeper
sputtering levels, whereas SnS_ @ C_600 shows only =30 at% C.
In addition, a C=S component—which had been observed in the
pristine electrodes—is visible, sugpesting a preservation of the
carbon-chalcogen framework."?! Analysis of the Sn 3d region re-
veals a larger fraction of metallic Sn and Sn** in SnS,@C_800,
while in SnS,@C_600, a peak at =4899 ¢V is also observed,
which corresponds to a shifted Na KLL Auger signal from metal-
lic sodium. In addition, a Na 1s signal at =1070.3 eV is detected,
which also indicates the presence of metallic sodium,/*#/ hint-
ing at more pronounced sodium incorporation and conversion
reaction that is not fully reversible. Furthermore, the Na 1 s peak
at around 1072.1 eV, typically attributed to Na* salts, indicated
the presence of sodium fluoride or related Huoride-based species
in both samples,/® which is in agreement with the F 1s sig-
nal at 685 eV (Figure S11, Supporting Information). Both Na
and F content increase with the etching time, which is consis-
tent with the established multilayer SEI model, where the outer
layer is predominantly composed of various organic species [e.g.,
ROCO,Na) generated by electrode instability and degradation
during cycling, while the inner layer mainly contains inorganic
compounds such as NaF."* ! Also, the overall sodium content
is nearly twice as high in the SnS_@C_600 electrode, even af-
ter 180 s of sputtering. This aligns with more extensive irre-
versible Na trapping or side reactions in the SnS, @C_600 mate-
rial. Such observations corroborate the operando Raman findings,
where SnS,@C_R00 showed more effective and reversible sodi-
ation. The XPS data imply that a thicker, more heterogenous SEI
is formed on SnS_,@C_600, with a higher proportion of organic
byproducts and residual Na*, In contrast, SnS, @ C_800 exhibits
a relatively thinner and more carbon-dominated near-surface re-
gion. Moreover, although bulk-averaged EDS (Tables S1-84, Sup-
porting Information) confirms the near-stoichiometric Sn/$S ra-
tio of both SnS_ @C_600 and SnS, @ C_R00, the surface-zensitive
XPS data reveal that SnS, @C_600 exposes more S sites than
SnS, @C_800. This surface enrichment promotes a thicker SEI
and the higher Ry, observed by EIS, whereas the lower cover-
age in SnS_@C_800 favors a thinner, more stable interphase and
improved cycling stability, A thicker or more heterogeneous SEI
(as implied for SnS, @C_600) can lead to irreversible capacity
losses and compromised ion transport.*! Altogether, the XPS

Small 2025, 04455

04485 (14 0 17)

www.small-journal.com

depth profiling clarifies why the SnS_@C_800 electrode exhibits
greater stability and reversibility: its near surface region contains
fewer irreversibly bound sodium species, a more robust carbon—
sulfur framework signal, and a higher fraction of stable inorganic
Sn-containing phases—all of which promote a more favorable
electrode—electrolyte interface during prolonged cycling.

3. Conclusion

In summary, this work demonstrates the pivotal influence of py-
rolysis temperature on the structure, interfacial chemistry, and
electrochemical performance of $nS,@C anodes for sodium-
ion batteries. By systematically comparing samples carbonized
at 600, 800, and 1000 °C, it was shown that the pyrolysis at
800 °C promotes more effective sulfur release from SnS, and
vields a defect-rich yet robust carbon matrix, resulting in a stable
electrode—electrolyte interface. Operando Raman spectroscopy
revealed that SnS_ @C_800 maintains reversible Sn—S redox
processes and Na® intercalation throughout extended cycling,
whereas the SnS, @C_600 sample retains extra sulfur in the
matrix, hindering complete conversion reactions and leading to
capacity decay. XPS depth profiling further confirms that the
800 “C composite forms a thinner SEI layer with fewer irre-
versibly bound Na species. As a result, SnS, @ C_800 achieves a
stable capacity of =500 mAh g~ at /10 and retains a substantial
fraction of this capacity over 100 cycles, significantly outperform-
ing its lower-temperature counterpart. These findings highlight
the crucial balance between carbon defects, surface area, and
SEI formation for optimizing Na* storage performance. Over-
all, the operando spectroscopic insights gained here underscore
the importance of tailoring thermal treatments to design sta-
ble chalcogenide-carbon anodes, paving the way toward high-
performance sodium-ion batteries.

4. Experimental Section

Sn5, @C Spnthesis:  The Sn5,@C electrode materials were prepared
as follows: 4.72 g of starch ((CoH5Os),,, Sigma-Aldrich, USA) and 2.98 g
of thivacetarmide (C;Hc NS, Chemat, Poland) were mixed with 100 mL of
ethylene glycol (C;Hz0,, POCH, Poland) under continuous stirring. Sub-
sequently, 3.4 mL of tin(IV) chloride (POCH, Poland) was added to the
mixture, and finally, the solution was placed in the Teflon-lined autoclave
at 150 °C for 20 h, The resulting suspension was centrifuged at 9000 rpm
with acetone (POCH, Poland) until clear phase separation was achieved.
The as-obtained solid fraction was preliminarily dried at 60 "C for 24 h,
and then subjected to annealing under an Ar atmosphere in a quartz tube
furnace with a vacuum systemn. Powders were heated from room tempera-
ture to the target pyrolysis ternperature at a heating rate of =1.7 °C min~!,
with a holding time of 4 h at the final temperature. Pyrolysis temperatures
of 600, 800, and 1000 "C were selected to probe three distinct regions:
below the onset of significant Sn/S volatilization, the region where SnS
does not yet sublime intensively, and an upper limit where SnS reaches a
high vapor pressure and is effectively removed. For brevity, the samples
are named as S5, @C_600, SnS, @C_800, and SnS, @C_1000 depending
on the pyrolysis temperature applied. The obtained samples were ground
in a martar and subsequently in a ball mill {(Rocker Mill MM 400, Retsch,
Germany), with a final step of sieving down to <40 pm, The scheme of
materials preparation is presented in Figure S1 {Supporting Information).

Electrode Preparation:  Electrodes for electrochemical testing were pre-
pared by mixing the active material with styrene-butadiene rubber (SBR,
Zeon, Japan), carboxymethylcellulose (CMC, Sigma-Aldrich, USA), and
carbon black (CB, TIMCAL Super P Conductive, Switzerland) in the
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Table 2. 5nS, @C-based slurry composition used for electrode printing.

Material Ws Composition

SnS, @C 85 Powder
Styrene-butadiene rubber 5 40 wiSh in Hy OJEIOH (vol. 3:7)
Carbaxymethylcellulose 5 5wi% in H, 0

Carbon Black 5 Powder

composition presented in Table 2. The chemicals were mixed with water
using an Ultra Turrax (IKA-Werke, GmbH, Germany). After that, the elec-
trades were printed on a copper foil using a doctor blade technique (gap
distarice 120 pm) and dried at 40 °C for 24 h. Finally, the round-shaped
electrodes with a diameter of 10 mm were cut with a cutter and dried in a
vacuum oven (B-585 BUCHI Glass Oven, Switzerland) at 80 °C for 24 h.
The weight of the materials on individual electrodes was 2.15 + 0.35 mg
cme.

Matenials Characterization:  Scanning electron microscopy (SEM) was
applied for morphological analysis of powders with an accelerating volt-
age of 30 kV (type 1430 VP, LEQ Electron Microscopy Ltd., equipped
with EDX). High-resolution TEM images were recorded using & |EOL |EM-
21000F field-emission microscope.

M sorption analysis was performed using ASAP2020 Plus (Micromerit-
ics) after outgassing in a vacuum at 200 “C for 24 h. The specific surface
area (Sger) value was obtained through calculations by the Brunauer—
Emmett-Teller equation, whereas the density functional theory (DFT)
method was applied to determine the pore size distribution. The total pore
volume (V,) was measured at a single paint at the maximum relative pres-
sure (pfpg).

XRD patterns were recorded for powders with the diffractometer
{Philips X'Pert) equipped with Cu K radiation detector [X'Celerator Sci-
entific, 4= 0.15406 nm).

Raman measurements were performed operando by means of Micro-
Raman spectrometer (Renishaw InVia) equipped with a 785 nm diode
laser (100 mW). Spectra were recorded through a quartz window of an elec-
trochemical cell using a 50 objective lens, Raman spectra were recorded
in two regimes by measuring the entire spectra in the range 120-3200
em™! and by fast measurement in a narrow spectral range, which enabled
shortening the recording time of a single spectrum during electrochemical
analysis.

%P5 analysis was performed with an ESCALAB 250Xi spectrometer
{ThermoFisher, GB), equipped with a monochromized Al Ka source (E,
= 1486.68 eV) set to 650 pm spot size, The standard lens mode was used
with a pass energy of 100 eV for survey and 10 eV for high-resolution spec-
tra. In-lens charge compensation was applied for samples with insulat-
ing SEI. For depth profiling, samples were etched with a MAGCIS Ar ion
source (ThermaoFisher, GB) in ion mode set at 3 keV and 1.5 mm spot
size in cycles of 15 5. Prior to XPS depth profiling, the cycled electrodes
were washed to remove residual electrolyte salts. The washing procedure
involved immersing each electrode in fresh dimethyl carbonate (DMC, an-
hydrous, =99%, Sigma-Aldrich, USA) for § min. This step was repeated
two additional times with fresh portions of DMC, for a total of three wash-
ing cycles. To remove remains of organic solvents, electrochemically mod-
ified samples were pretreated by etching with the MAGCIS Arion source
in cluster maode four times for 15 s at 6 keV. For data analysis, Avantage
5.9931 was used.

For operando measurements, the ECC-Opto-10 cell (EL-Cell GmbH,
Cermany), allowing for side-by-side arrangements of the electrodes,
was used with a galvanostat/potentiostat BioLogic SP-150. Apart from
operando Raman analysis, electrochemical measurements were performed
in a two-electrode Swagelok configuration, in 1 M NaPFg in EC/DEC (3.7
by wt3) supplemented with 5 wi% fluoroethylene carbonate (FEC) ad-
dition (E-Lyte, Germarty). The prepared materials were used as a work-
ing electrode, and a sodium disc (AOT, China) was used as a com-
bined counter and reference electrode, separated by a glass fiber separa-
tor (Schleicher&Schill, Germany). The galvanastatic charge/discharge was
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performed in the potential range from 0.005 to 2.5 V versus Naf/Na™* with
a current density based on the theoretical capacity of graphite, ie, 1C=
372 mA g~ {fully charged/discharged in 1h), eg, C/10=372 mA g™\
Staircase potentiostatic electrochemical impedance spectroscopy (SPEIS)
was conducted in a three-electrode Swagelok cell with two sodium discs
working as counter and reference electrodes, with an amplitude of 10 mv
in a frequency range of 20 kHz to 1 mHz. SPEIS measurements were per-
formed at a series of 100 mV potential increments during the charging and
discharging of the material. Prior to each impedance measurement, a sta-
bilization period of 4 h was employed to ensure that the system reached
steady-state current conditions, minimizing transient effects and enabling
accurate impedance data acquisition. All experiments were performed us-
ing the galvanostat/potentiostat BioLogic VMP3 and BioLogic VSP 2078,

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Table $1. EDS analysis for the SnS,@C-600 powder
SnS,@C-600 Mass fraction (%)

Spectrum C O Al S Cl Sn
Mean Value | 10.75 | 47.75 | 1.80 | 8.93 | 0.13 | 30.55

Sigma 1.38 | 1.32 {047 [0.53]0.01] 1.71
Sigmamean | 0.69 | 0.66 | 0.23 ]| 0.27 | 0.00 | 0.85
Relative elemental composition (%)
Value 19.95 | 66.53 | 1.49 | 6.21 | 0.08 | 5.74

Table S2. EDS analysis for the SnS,@C-800 powder
SnS,@C-800 Mass fraction (%)
Spectrum C 0 Al S Sn
Mean Value | 7.50 | 41.85 | 2.14 | 10.72 | 37.79
Sigma 4.72 | 13.61 | 0.54 | 3.07 | 14.71
Sigmamean | 2.36 | 6.80 [ 0.27 | 1.53 | 7.36
Relative elemental composition ( %)
Value 1572 | 65.85 | 2.00 | 8.42 | 8.01
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Table S3. EDS analysis for the SnS,@C-1000 powder

Mass fraction (%)

SnS,@C-1000
Spectrum C (0] Al | Si S | Sn
Mean Value |40.98 | 5143 | 1.18 1 0.20 | 4.30 | 1.90
Sigma 1.46 | 1.38 | 0.10 | 0.01 | 0.06 | 0.09
_Sigmamean | 0.73 | 0.69 | 0.05 ] 0.01 | 0.03 | 0.05
Relative elemental composition (%)
Value 49.97 | 47.08 | 0.64 | 0.11]1.97 [ 0.23

Table S4. EDS analysis for the SnS,@C powder
Mass fraction (%)

WILEY-VCH

SnS.@C
Spectrum C 0 Al S Cl Sn
Mean Value | 17.72 | 58.76 | 0.76 | 8.00 | 2.37 | 12.39

Sigma 8.01 | 676 | 0.2214.76 | 0.96 | 9.56
Sigmamean | 3.27 | 2.76 | 0.09 | 1.94 | 0.39 | 3.90

Relative elemental composition (%)

Value |26.36 | 65.62 | 0.51 |4.46[1.19] 1.86
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Figure S2. XRD patterns for the SnS.@C powder (without pyrolysis) in the full range.

Figure S3. TEM images recorded for a) SnS.@C_800 and b) SnS,@C_1000.
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Figure S4. a) Raman spectroscopy (short range) for the SnS,@C powders (pyrolyzed at
different temperature) and b) pore size distribution calculated from N> adsorption isotherms
based on DFT method for SnS.@C materials.

Table S5. Spectral parameters for the first-order Raman bands of SnS,@C_600, SnS,@C_800
and SnS,@C_1000 electrode materials: band position (Stokes Raman Shift), half width at half
maximum (HWHM), and peak intensity ratios relative to the G band.

Band | Spectral parameter | SnS,@C_600 | SnS,@C_800 | SnS,@C_1000

G Position (cm™) 1590.28 1601.51 1605.29
HWHM (cm™) 50.16 45.13 37.12

Position (cm'™) 1337.57 1324.55 1327.01
Dl HWHM (cm") 87.13 R87.42 92.01
Ini/lG 1.44 2,07 1.84

Position (cm™) 1500.33 1510.76 1525.13

D3 HWHM (cm'™!) 83.62 95.99 79.87
Ina/lc 0.77 1.11 0.77

Position (cm™) 1194.39 1172.27 1173.77

D4 HWHM (cm') 101.02 90.76 105.01
Ina/lc 0.74 0.86 0.42

Table S6. Elemental composition (atomic %) of the SnS:@C_600 and SnS,@C_800 electrodes’

surfaces (before cycling) determined by XPS.

Element Sn S C 0 N
SnS,@C_600 | 1.34 | 1.77 | 80.47 | 13.79 | 2.64
SnS,@C_800 ] 0.64 | 1.08 | 79.16 | 17.75 | 1.36

Atomic %

Impurities analysis

EDS (Table S1-84) and XPS spectra (Figure 3, Figure S5 and Table S6) provide both bulk-
and surface-sensitive information. Before pyrolysis, the precursor composite (SnS:@C)
contained ~ 1.2 % CI, originating from the tin(IV) chloride used as tin precursor. After pyrolysis

3
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at 600 °C, the chloride signal drops by more than one order of magnitude (~ 0.08 %), and is
already below the XPS detection limit (and was not detected in the other samples). Al was also
detected in EDS analysis for every sample, but does not show up in the corresponding XPS
survey, even after mild Ar* sputtering, indicating that it originates from the aluminum SEM
table and is not incorporated into the powder itself. Finally, a weak Si signal (0.11 %), detected
in EDS for the SnS,@C_1000 material originate from the quartz boat contamination at the
highest temperature. None of these clements forms a crystalline phase detectable by XRD, none
participates in the electrochemical reactions followed in the paper, and their summed
concentration never exceeds 0.3 at.% in the samples that were thoroughly evaluated
(SnS,@C_600 and SnS,@C_800).
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Figure S5. XPS (a) survey spectra of SnS.@C_800 electrode; (b) high-resolution spectrum of
Sn 3d and (c) high-resolution spectrum of the S 2p regions for the SnS;@C_800 electrode
materials after 60 s etching with Ar®.
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Figure §6. (a) Cyclic voltammetry curves recorded in 1 M NaPFg in EC:DEC (30:70) + 5%
FEC electrolyte (v = 100 uV s) for half-cells with the SnS.@C_1000 electrode material; (b)
galvanostatic charge-discharge curves recorded in 1 M NaPFs in EC:DEC (30:70) + 5% FEC
at current density of C/10 for the SnS,@C_1000; galvanostatic charge-discharge curves
exhibiting voltage hysteresis for (¢) SnS,@C_600, (d) SnS,@C_800 and (e) SnS,@C_1000.
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Table S7. Average charge and discharge voltages, with average voltage hysteresis calculated
for SnS,@C_600, SnS,@C_800 and SnS,@C_1000 based on the charge/discharge curves in
Figure S6.

Cycle no. | Ve /V | Vaes /V | AV JV
1 0.61 1.19 0.58
2 0.63 1.23 0.61
SnS:@C_600 3 0.61 1.26 0.65
4 059 | 128 | 0.69
5 0.58 1.30 0.72
1 0.62 1.18 0.56
2 0.65 1.20 0.55
SnS,@C_800 3 0.66 1.21 0.55
4 0.67 1.21 0.53
5 0.68 1.21 0.53
1 069 | 124 | 055
2 0.60 1.25 0.65
SnS,@C_1000 3 0.64 1.25 0.61
4 0.66 1.25 0.60
5 0.66 1.29 0.59
SnS, 600 -1 SnS @C_600 ———
a) e i o b) — O T T L T T e

SnS @C_800

c)

Figure S7. Staircase potentiostatic EIS results for (a-b) SnS,@C_600 and (c-d) SnS;@C_800
half-cells during sodiation (a, ¢) and desodiation (b, d), measured in the frequency range from
20 kHz to 1 mHz.
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Figure S8. Electrical equivalent circuit used for Nyquist spectra fitting: R1 is the electrolyte
resistance, R2/Q2 stands for the resistance (Rsgi1) and capacitance origination from SEI, R3/Q3
corresponds to the charge transfer (Re) resistance and double layer capacitance, and W4 is a

semi-infinite-length Warburg element that models Na™ diffusion.
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Table S8. Impedance fitting data for SnS,@C_600 during desodiation cycle.

SnS@C_600 Desodiation
E/V Rse1/ Q | Rat/Q | Weoett / Q 52 | R? (parametric) | R? (amplitude)
0.1 99.58 106.28 123.35 1.51e-4 1.83e-05
0.2 42.82 | 397.32 297.20 6.47e-4 6.22e-05
0.4 25.79 | 41143 448.99 7.27e-4 8.04e-05
0.6 59.81 | 434.52 722.60 1.30e-4 2.92e-05
0.8 82.67 | 499.89 873.78 2.16e-4 7.24e-05
1.0 55.35 | 543.08 942.39 8.35¢e-5 1.59¢-05
1.2 52.37 | 852.99 1099.60 1.86e-6 3.31e-05
1.4 50.95 | 803.81 1265.00 5.43e-5 1.13e-05
1.6 52.50 | 1085.30 1384.5 5.03e-5 1.27e-05
Table 89. Impedance fitting data for SnS,@C_800 during desodiation cycle.
SnS,.@C_800 Desodiation
E/V Rser/ Q | Rt/ Q | Weoerr / Q 577 | R? (parametric) | R? (amplitude)
0.1 12.61 | 20.77 12.17 2.49e-2 9.33e-06
0.2 17.91 19.96 17.33 2.50e-2 1.10e-05
0.4 25.38 | 23.22 27.36 3.13e-2 1.56e-05
0.6 2421 | 25.73 29.52 2.40e-2 1.81e-05
0.8 30.76 | 34.86 32.29 2.42e-2 1.36e-05
1.0 33.38 | 29.90 40.14 2.07e-2 1.14e-05
1.2 40.92 | 56.83 59.89 1.59e-2 7.20e-06
1.4 52.30 | 61.01 82.67 1.34e-2 5.60e-06
1.6 80.86 | 76.68 119.32 1.38e-2 6.22e-06
6
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Figure 9. Nyquist plots for SnS;@C_600 and SnS.@C_800 recorded during a) sodiation and
b) desodiation cycle at 0.005 V in the frequency range from 20 kHz to 1 mHz.

Table S10. Spectral parameters for the first-order Raman bands of SnS.@C_600 electrode
material recorder during 2™ charge/discharge test: band position (Stokes Raman Shift), half
width at half maximum (HWHM), and peak intensity ratios relative to the G band.

Sodiation — 2" scan Desodiation — 2" scan
20V 0.7V | 0005V [ 0005V | 0.7V 20V
Position (cm™) 1585.18 | 1585.38 | 1573.751 | 1573.751 | 1577.01 | 1579.43
HWHM (cm™) 42.14 45.54 48.62 48.62 3941 42.22
Position (cm™) 1322.8 | 1329.03 | 1340.51 1340.51 | 1331.37 | 1328.27
Dl HWHM (em) | 9225 | 96.55 | 110.84 | 110.84 | 95.13 | 93.74

Ini/Ig 1.74 1.79 1.44 1.26 1.92 1.71
Position (cm™) 1500.12 | 1505.39 | 1505.52 | 1505.52 | 1505.67 | 1500.12
D3 HWHM (cm™) 91.46 79.71 55.52 55.52 77.95 81.04

In3/lc 0.89 0.90 0.58 0.56 1.22 0.96
Position (cm™) 1169.25 [ 1166.23 | 1166.23 | 1166.23 | 1171.77 | 1169.25
D4 HWHM (cm™) 70.45 78.94 78.92 78.94 78.95 91.52
Ins/Ic 0.49 0.47 0.22 0.04 0.45 0.49

Band | Spectral parameter

G
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Table S11. Spectral parameters for the first-order Raman bands of SnS.@C_800 electrode
material recorder during 2" charge/discharge test: band position (Stokes Raman Shift), half

width at half maximum (HWHM), and peak intensity ratios relative to the G band.
Sodiation — 2™ scan

Band

Spectral parameter

Desodiation — 2™ scan

20V 07V 0005V 0005V | 07V 20V
G | Position (cm™) | 159225 | 1586.89 | 1569.47 | 1568.88 | 1577.35 | 159253
HWHM (em) | 4513 | 38.13 | 33.61 | 3263 | 41.77 | 3923
Position (cm™) 1323.49 | 1329.29 | 1339.53 | 1334.73 | 1339.49 | 1323.37
D1 HWHM (cm") 88.72 88.32 88.56 86.94 89.34 85.15
Ipi/lG 1.82 2.12 2.68 3.16 1.64 1.65
Position (cm™) 1509.59 | 1509.47 | 1502.46 | 1502.01 | 1506.08 | 1501.86
D3 HWHM (Cm'l_} 81.06 80.33 77.02 78.73 71.95 84.44
Ins/l 0.83 0.84 1.96 2.33 0.85 0.83
Position (cm™) 1176.15 | 1177.01 | 1186.01 | 1171.27 | 1189.84 | 1178.03
D4 HWHM (cm") T4.77 91.28 108.39 81.20 82.15 84.73
Ips/IG 0.43 0.45 0.77 0.77 0.32 0.46
8
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Figure S10. Raman spectra in a full range recorded during sodiation for (a) SnS:@C_600 (2"
cycle) and (b) SnS,@C_800 (2" cycle); 100 — 800 cm™! range for (¢) SnS,@C_600 (2™ cycle),
(d) SnS.@C_600 (20" cycle), (e) SnS,@C_800 (2" cycle), (f) SnS,@C_800 (20™ cycle).
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Table S12. Spectral parameters for the first-order Raman bands of SnS,@C_600 electrode
material recorder during 20" charge/discharge test: band position (Stokes Raman Shift), half
width at half maximum (HWHM), and peak intensity ratios relative to the G band.
Sodiation — 20" scan Desodiation — 20" scan

20V 0.7V [0.005V | 0.005V 0.7V 20V
Position (cm™) 1587.09 | 1587.27 | 1587.68 | 1588.10 | 1587.99 | 1587.74
HWHM (cm™) 38.79 45.43 42.38 39.46 40.85 39.92
Position (cm™) 132548 | 1328.46 | 1327.75 | 1324.32 | 1328.10 | 1326.16
Dl HWHM (cm™) 88.97 90.35 88.30 93.06 88.17 86.48

Ini/Ic 1.71 1.63 1.70 1.89 1.75 1.68
Position (cm™) | 1500.12 | 1500.51 | 1500.48 | 1503.51 | 1501.03 | 1500.03
D3 HWHM (cm™) 85.71 81.98 82.40 85.90 87.36 87.96

Band | Spectral parameter

G

Ina/Ic 0.96 0.89 0.93 1.03 1.03 0.99

Position (cm™) 1176.65 | 1176.65 | 1174.33 | 1162.344 | 1179.42 | 1181.14
D4 HWHM (cm']) 71.46 71.43 71.40 71.46 78.09 75.53
Ind/Ic 0.47 0.49 0.53 0.59 0.53 0.48

Table S13. Spectral parameters for the first-order Raman bands of SnS.@C_800 electrode
material recorder during 20" charge/discharge test: band position (Stokes Raman Shift), half
width at half maximum (HWHM), and peak intensity ratios relative to the G band.
Sodiation — 20" scan Desodiation — 20™ scan
20V 0.7V 10.005V 0005V ] 07V 2.0V
Position (cm™) | 1591.15 | 1587.34 | 1564.32 | 1565.09 | 1577.46 | 1592.04
HWHM (cm™) 34.32 38.65 35.75 35.74 37.05 37.68
Position (em™) | 1324.41 | 1324.41 | 1338.72 | 1339.78 | 1339.83 | 1324.81
D1 HWHM (cm™) 83.66 86.43 89.17 90.86 89.12 83.98
Ini/Ic 1.80 1.77 2.75 2.78 1.73 1.58
Position (cm™) | 1508.40 | 1507.57 | 1502.30 | 1505.69 | 1508.25 | 1501.67
D3 HWHM (cm™) 89.14 82.40 73.63 73.62 71.26 | 79.57
Iny/lc 0.99 0.91 1.98 2.00 1.02 0.81
Position (em™) | 1182.23 | 1171.21 | 1171.37 | 1178.99 | 1180.06 | 1178.97
D4 HWHM (cm™) 88.06 83.83 80.14 80.06 78.64 88.55
Ins/Ic 0.47 0.42 0.54 0.36 0.31 0.42

Band | Spectral parameter

G

Zuzanna Zarach, PhD Dissertation | 159



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

WILEY-VCH

1520 Sa8 fIC_600| (013 SnSGC %00 Fls 505 @C_$20 d) S 803 3C 800 O 1s $nS GC 200 (Fis 5nS @C_hte
a) o L] o o L s
i i &
1 § ;
£ w o /\
£ yan H -i A\
4 N ¢ & \ AR
o e ~—g ‘ k = A,
Pssliin Sty d | - (|
b) &2 &0 8¢ _600| [O1n Bo8,@C 000 Fle 505 @C_600 9) 82 “sns@aC 100 (0 Ss @ 300 Fis nS g1C_Boo.
20 s %0 901 94 208
3 A 3
L f 4 i
z a\ '.’ \ z /'\
g ; \ 1 £ \
£
ol Sm—— s _a. . | o g’ . \\
c) 520 $15.@C_600| [Otn 6nB,@C 500 F1a 8a8,@C_600) f) " 3n3 @c_nio
s 190 150 s 180 s
3 A ;
K 4 2
2 3 [ 2z /l‘.
£ " [ ] i
= Z A i j Y £ / \
s SN Luticn S o - oA
—»-——-L*‘
174 9T 18 165 102 159 530 s34 5392 530 52 520 68 000 0T eb4 031 178 v 16s 168 162 189 s8 s34 832 S0 525 s28 093 630 61 es 6hy
Binding energy / eV Binding energy eV Binding energy | eV Binding energy ( eV Binding energy / eV Binding energy / eV

Figure S11. XPS depth-profiling results for (a-c) SnS,@C_600 and (d-f) SnS,@C_800 at (a,
d)0s, (b,e)90s, (c, f) 180 s of Ar* sputtering.
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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 MoS: 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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electrode material, Regional Meeting of the International Society
of Electrochemistry (Prague, Czech Republic, 15.08-19.08.2022).
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Principal Investigator: Ph.D., Asst. Prof. Mariusz Szkoda

Role: Young Scientist (10.2024 — present)
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In-situ Raman Measurements”, National Science Centre (NCN)
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Statutory grants (Faculty of Chemistry, GUT)

8. Mini-grant subsidy from the fund supporting the development of young
academics in 2021 at Gdansk University of Technology, “Electrode
materials based on conductive polymers and transition metal
dichalcogenides for energy storage in asymmetric supercapacitors”

9. Mini-grant subsidy from the fund supporting the development of young
academics in 2022 at Gdansk University of Technology, “Study
of the structure-electrochemical activity correlation of molybdenum
telluride (MoTe2): analysis of the influence of synthesis parameters
on capacitive properties and energy storage mechanism”

10.Mini-grant subsidy from the fund supporting the development of young
academics in 2023 at Gdansk University of Technology, “Tungsten sulfide
as anode material for sodium-ion batteries: influence of synthesis
parameters on structural properties and electrochemical efficiency”

11.Mini-grant subsidy from the fund supporting the development of young
academics in 2024 at Gdansk University of Technology, “Mangosteen
as carbon source for enhancing the performance of metal chalcogenide-
based sodium-ion battery anodes”

Short-term scientific internships

1. Research stay and training in X-ray Photoelectron Microscopy (XPS)
at Prof. Gunther Wittstock’s research group at Carl von Ossietzky
University in Oldenburg, Germany

19.01.2025 - 24.01.2025

2. Research internship co-financed by Polish National Agency for Academic
Exchange (NAWA) under mobility STER programme at Prof. Ralf Riedel’s
research group at Technical University of Darmstadt (TUD), Germany

01.09.2023 - 01.12.2023
3. Research stay and training in Scanning Electrochemical Microscopy

(SECM) at PhD Wojciech Nogala’s research group at Institute
of Physical Chemistry (Polish Academy of Sciences), Poland

03.01.2021 - 17.01.2021
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Awards and Distinctions

1.

Honorable Mention — Poster Competition for Young Scientists
Conference “Nano(&)BioMaterials — from Theory to Application”

Torun, Poland, 11.06-13.06.2025

Awarded for the poster titled “Effect of Pyrolysis Temperature
on the Stability of SnSx@C Anode Materials in Sodium-/on Batteries”

NAWA Scholarship for the best PhD students carrying out PhD
projects in international cooperation, Polish National Agency
for Academic Exchange (NAWA), 2023

Awarded as part of the “Gdansk Tech Doctoral School Closer to Europe”
program, co-financed by NAWA

FRANCIUM Supporting Outstanding Doctoral Candidates, Excellence
Initiative — Research University (IDUB)
Awarded 3 times (10.2021-09.2022, 10.2022-09.2023, 10.2023-09.2024)

Best Master’s Thesis Award — Faculty of Chemistry

Polish Chemical Society (PTChem), 2021

Distinction in the competition for the best master's thesis defended
at the Faculty of Chemistry, GUT, in the academic year 2019/2020
Thesis title: “Electrode Materials for Photo-Supercapacitors”

XXX Edition of Prof. Jerzy I. Skowronski Award

Polish Committee for Electrotechnical Materials Association, Polish
Electrical Engineers (SEP), 2020

First prize for the best thesis in electrical engineering, high voltage
and electrical engineering materials, Thesis title: “Electrode Materials
for Photo-Supercapacitors”

Graduate Student Symposium on Advantageous Electrochemistry
Institute of Physical Chemistry, Polish Academy of Sciences (PAN), 2020
First award for the presentation of master's thesis results “Electrode
Materials for Photo-Supercapacitors”

Competition for Best Engineering and Master’s Thesis in Technical
Sciences Area

Pomeranian Council of the Federation of Scientific and Technical
Associations of the Supreme Technical Organization (FSNT NOT), 2019
First prize for best engineering thesis “Glucose Sensor Based on Titanium
Dioxide Nanotubes with Gold Nanopatrticles”
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Other scientific activities

Membership and Roles in Scientific Societies

1.

2.
3.

Treasurer — RedOx Scientific Club, Gdansk Tech Student Chapter
affiliated with the Electrochemical Society (ECS)

Gdansk University of Technology

Coordination of student activities and events; responsible for budget
management and funding resources

Member of The Electrochemical Society (ECS)

Member of The International Society of Electrochemistry (ISE)

Events co-organization

4.

Knowledge Transfer Lecture Series (RedOx Scientific Club)
Gdansk Universty of Technology, Gdansk
Organization of open academic lectures with invited speakers

Baltic Science Festival
Gdansk Universty of Technology, Gdansk
Hands-on educational workshops on energy storage for schools

Gdansk Tech Open Days
Gdansk Universty of Technology, Gdansk
Design and coordination of educational workshops on battery technologies

Materials Engineering Days (RedOx Scientific Club)
Gdansk Universty of Technology, Gdansk

Engagement in interactive demonstrations for visitors and students
“Sustainable Energy” Outreach Program (RedOx Scientific Club)
Fahrenheit Universities Association

Workshops and science shows for primary and secondary school students
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Teaching and Academic Involvement

Academic Employment

Research and Teaching Assistant

Department of Corrosion and Electrochemistry, Faculty of Chemistry, Gdansk
University of Technology

10.2024 — present

Teaching Activities

1.

Course: Chemia
Field of Study: Fizyka Techniczna (WFTIMS PG)

Course: Chemiczne Zrédta Pradu
Field of Study: Fizyka Techniczna, Inzynieria Odnawialnych Zrédet
Energii (WFTIMS PG)

Course: Metody Elektrochemiczne w Zastosowaniach Biomedycznych
Field of Study: Inzynieria Biomedyczna (WCh PG)

. Course: Materiaty Biozgodne i Specjalnego Przeznaczenia

Field of Study: Inzynieria Biomedyczna (WCh PG)

Course: Nanoskopia Powierzchni
Field of Study: Korozja (WCh PG)

Course: Techniki Spektroskopowe w Analizie Korozyjnej
Field of Study: Korozja (WCh PG)

Course: Elektrochemiczne Zrédta Energii
Field of Study: Technologie Wodorowe i Elektromobilno$¢ (WEIA PG)

Course: Elektrochemiczne Zrédta Energii
Field of Study: Technologia Chemiczna, Technologie Energii
Odnawialnych (WCh PG)

Course: Elektrochemia Techniczna
Field of Study: Technologie Wodorowe i Elektromobilnos¢ (WEIA PG)

10.Course: Korozja Materiatdw Konstrukcyjnych

Field of Study: Technologie Wodorowe i Elektromobilno$¢ (WEIA PG)

11.Course: Korozja w Przemysle Spozywczym

Field of Study: Korozja (WCh PG)

12.Course: Metody Badan Degradacji Materiatow

Field of Study: Technologia Chemiczna, Technologie Energii
Odnawialnych (WCh PG)

Zuzanna Zarach, PhD Dissertation | 176



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

Author Contribution
Statements

Zuzanna Zarach, PhD Dissertation | 177






Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

A2 C
:
Gl+ FACULTY OF
CHEMISTRY
GDANSK UNIVERSITY

OF TECHNOLOGY

Gdansk, 21.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below.

Article: Phenomenon of Increasing Capacitance Induced by 1T/2H-MoS:2
Surface Modification with Pt Particles — Influence on Composition
and Energy Storage Mechanism

Authors: Z. Zarach, M. Szkoda, K. Trzciriski, M. tapinski, G. Trykowski,
A.P. Nowak

Published: Electrochimica Acta 2022, 435, 141389

DOI: https://doi.org/10.1016/j.electacta.2022.141389

Contribution: Conceptualization, Methodology, Validation, Formal analysis,

Investigation, Writing — original draft, Writing — review & editing,
Visualization, Project administration

(7 P

(7 ~ ALY/
L/' LAl ;'v}|/ ) XA JIH }
Signature '
GDANSK UNIVERSITY = .
OF TECHNOLOGY gk Loty o PRIRIENN +]]] Fahrenheit
G. Nanitowicza 11/12 ek Universities

80-233 Gdansk, Poland

Zuzanna Zarach, PhD Dissertation | 179



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

2 R
2% AR S k.
Gls FACULTY OF
CHEMISTRY
GDANSK UNIVERSITY

OF TECHNOLOGY

Gdansk, 21.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Phenomenon of Increasing Capacitance Induced by 1T/2H-MoS:2
Surface Modification with Pt Particles — Influence on Composition
and Energy Storage Mechanism

Authors: Z. Zarach, M. Szkoda, K. Trzcinski, M. tapiriski, G. Trykowski,
A.P. Nowak

Published: Electrochimica Acta 2022, 435, 141389

DOI: https://doi.org/10.1016/j.electacta.2022.141389

Contribution: Conceptualization, Methodology, Validation, Writing — original draft,
Writing - review & editing, Supervision, Project administration,
Funding Acquisition

fomusr el
Signature
GOANSK UNIVERSITY 1ol +48 58 348164 34 = Fahrenheit
3 Nandowiss 112 sy el = Uaniv':nrsi:'es

80-233 Gdafsk, Poland

Zuzanna Zarach, PhD Dissertation | 180



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

A2 "

B

FACULTY OF

CHEMISTRY

GDANSK UNIVERSITY
OF TECHNOLOGY

Gdarnsk, 21.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Phenomenon of Increasing Capacitance Induced by 1T/2H-MoS:2
Surface Modification with Pt Particles — Influence on Composition
and Energy Storage Mechanism

Authors: Z. Zarach, M. Szkoda, K. Trzciriski, M. tapinski, G. Trykowski,
A.P. Nowak

Published: Electrochimica Acta 2022, 435, 141389

DOI: https://doi.org/10.1016/j.electacta.2022.141389

Contribution: Conceptualization, Methodology, Writing — review & editing

72 5 /
A '-"-\k/l 1 €O [
Signature
GDANSK UNVERSITY tol +48 58 3486434 TNl Fahrenheit
G Nandowcra 112 e &) Giversiies

80-233 Gdansk, Poland

Zuzanna Zarach, PhD Dissertation | 181



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

A2 g

LA

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF APPLIED
PHYSICS AND MATHEMATICS

~

Gdarisk, 22.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Phenomenon of Increasing Capacitance Induced by 1T/2H-MoS:2
Surface Modification with Pt Particles — Influence on Composition
and Energy Storage Mechanism

Authors: Z. Zarach, M. Szkoda, K. Trzcinski, M. tapirnski, G. Trykowski,
A.P. Nowak

Published: Electrochimica Acta 2022, 435, 141389

DOI: https://doi.org/10.1016/j.electacta.2022.141389

Contribution: Investigation, Resources

Zastgpea Dyrektora
ds. infrasgruktury bagawcze)
dr hab W pinski, prot. PG
INSTYTUTQWANOQRECHNOLOG!H
| INZYNIERI MATERIALOWE)
Signature
GDANSK UNIVERSITY =
OF TECHNOLOGY (9104858 348 65 16 $[]] Fahrenheit
&m%&f L m;;m";lwl@mmuu M Universities

Zuzanna Zarach, PhD Dissertation | 182



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

- NICOLAUS COPERNICUS
UNIVERSITY RESERRCH
IN TORUN UNIVERSITY

Faculty of Chemistry FLLENCE STIATIVE

Gdansk, 22.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this

work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Phenomenon of Increasing Capacitance Induced by 1T/2H-MoS;
Surface Modification with Pt Particles — Influence on Composition
and Energy Storage Mechanism

Authors: Z. Zarach, M. Szkoda, K. Trzcinski, M. tapinski, G. Trykowski,
A.P. Nowak

Published: Electrochimica Acta 2022, 435, 141389

DOI: https://doi.org/10.1016/].electacta.2022.141389

Contribution: Investigation, Resources, Writing — original draft, Visualization

PODPIS ZAUFANY

GRIEGORZ
TRYKOWSKI
bbb

Signature

NICOLAUS COPERNICUS UNIVERSITY IN TORUN Faculty of Chemistry
Gagarina Street 7, 87-100 Torun, Poland, tel, +48 54 611 43 02, e-mail: wydzial @cham.umk.pl
chem.umk.pl/en

Zuzanna Zarach, PhD Dissertation | 183



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

Q

GDANSK UNIVERSITY
OF TECHNOLOGY

2 C N -
FACULTY OF
CHEMISTRY

Gdarnisk, 21.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Phenomenon of Increasing Capacitance Induced by 1T/2H-MoS:2
Surface Modification with Pt Particles — Influence on Composition
and Energy Storage Mechanism

Authors: Z. Zarach, M. Szkoda, K. Trzcinski, M. tapiriski, G. Trykowski,
A.P. Nowak

Published: Electrochimica Acta 2022, 435, 141389

DOL: https://doi.org/10.1016/j.electacta.2022.141389

Contribution: Conceptualization, Validation, Formal analysis, Writing — review &

editing, Supervision

Prelng  Noreh

| Signature
GDANSK UNIVERSITY =
tel +48 58 34664 34 * .
gFJECHNOLOGY e-mail: andnowak@pg.edu.pl u Fahrenhelt
arutowicza 11/12 Wi ol Universities

80-233 Gdansk, Poland

Zuzanna Zarach, PhD Dissertation | 184



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

g

A2
’ 4§

GDANSK UNIVERSITY
OF TECHNOLOGY

-

FACULTY OF
CHEMISTRY

Gdansk, 21.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below.

Article: Influence of hydrochloric acid concentration and type of nitrogen
source on the electrochemical performance of TiO2/N-MoS:2 for
energy storage applications

Authors: Z. Zarach, AP. Nowak, K. Trzciriski, G. Gajowiec, G. Trykowski,
M. Sawczak, M. tapinski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOI: https://doi.org/10.1016/j.apsusc.2022.155187

Contribution: Conceptualization, Data curation, Formal analysis, Investigation,

Methodology, Validation, Visualization, Writing — original draft,
Writing — review & editing

f

X ) r/ {

| (R W7\

AR L W AL .1/-'-./-“

Signature /

GDANSK UNIVERSITY =

tel +48 58 348 64 34 +M1| Fahrenheit

OF TECHNOLOGY . anrenhel
G Nenaowicza 4 1H3 e-mail: 2uzanna zarach@pg. edu.pl M Universities

80-233 Gdarsk, Poland Yowpgaodss

Zuzanna Zarach, PhD Dissertation | 185



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

FACULTY OF
CHEMISTRY

GDANSK UNIVERSITY
OF TECHNOLOGY

Gdansk, 21.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Influence of hydrochloric acid concentration and type of nitrogen
source on the electrochemical performance of TiO2/N-MoS:2 for
energy storage applications

Authors: Z. Zarach, A.P. Nowak, K. Trzcinski, G. Gajowiec, G. Trykowski,
M. Sawczak, M. tapiriski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOI: https://doi.org/10.1016/j.apsusc.2022.155187

Contribution: Data curation, Formal analysis, Supervision, Validation, Writing —

review & editing

Madng Nosah

ISign'ature
GDAKSK UNIVERSITY = .
OF TECHNOLOGY i $J)) Fahrenheit
G, Narutowicza 11/12 W p edupl Universities

80-233 Gdafisk, Poland

Zuzanna Zarach, PhD Dissertation | 186



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

75y : 3 1
@ FACULTY OF
CHEMISTRY
GDANSK UNIVERSITY
OF TECHNOLOGY

Gdarnisk, 21.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Influence of hydrochloric acid concentration and type of nitrogen
source on the electrochemical performance of TiO2/N-MoS:2 for
energy storage applications

Authors: Z. Zarach, A.P. Nowak, K. Trzciriski, G. Gajowiec, G. Trykowski,
M. Sawczak, M. tapinski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOI: https://doi.org/10.1016/j.apsusc.2022.155187

Contribution: Formal analysis, Methodology, Validation, Writing — review & editing

- 7 (7
v. - % y
Al m e, Kotr-xt
Signature
GDANSK UNIVERSITY = ;
OF TECHNOLOGY b fskancl o8 5 T $]]) Fahrenheit
G, Nansiowicza 11/12 www.pg edupl Universities

80-233 Gdansk, Poland

Zuzanna Zarach, PhD Dissertation | 187



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

2 C

{ ¢§ ]

GDANSK UNIVERSITY
OF TECHNOLOGY

|‘9|| FACULTY OF
MECHANICAL ENGINEERING
AND SHIP TECHNOLOGY

Gdansk, 22.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Influence of hydrochloric acid concentration and type of nitrogen
source on the electrochemical performance of TiO2/N-MoS:2 for
energy storage applications

Authors: Z. Zarach, A.P. Nowak, K. Trzcinski, G. Gajowiec, G. Trykowski,
M. Sawczak, M. tapinski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOI: https://doi.org/10.1016/j.apsusc.2022.155187

Contribution: Investigation, Resources

Signature
GDANSK UNIVERSITY - .
OF TECHNOLOGY 10 448 8 347 1601 +])| Fahrenheit
G. Nanvtowicza 11/12 e-mail: grzgajow@pg edu.pl Universitie
80-233 Geansk, Poland waw.09.edu.pl Ll

Zuzanna Zarach, PhD Dissertation | 188



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

NICOLAUS COPERNICUS

UNIVERSITY RESEARCH
IN TORUN UNIVERSITY
Faculty of Chemistry MCELLEACE Az

Gdansk, 22.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this

work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Influence of hydrochloric acid concentration and type of nitrogen
source on the electrochemical performance of TiO2/N-MoS: for
energy storage applications

Authors: Z. Zarach, AP. Nowak, K. Trzcinski, G. Gajowiec, G. Trykowski,
M. Sawczak, M. tapinski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOI: https://doi.org/10.1016/j.apsusc.2022.155187

Contribution: Investigation, Resources

PODPIS ZAUFANY

Signature

NICOLAUS COPERNICUS UNIVERSITY IN TORUN Faculty of Chemistry
Gagarina Street 7, 87-100 Torun, Paland, tel. +48 56 611 43 02, e-mail: wydzial @chem.umk.pl
chem.umk.pl/en

Zuzanna Zarach, PhD Dissertation | 189



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

' ”p The Szewalski
’ ) INSTITUTE OF FLUID-FLOW MACHINERY
= o POLISH ACADEMY OF SCIENCES

JGDANS 4

Sy 80-231 Gdansk J. Fiszera 14 Poland
Tel.(operator):  +48 58 3460881 Fax: +48 58 3416144 e-mail: imp @imp.gda.pl
Tel.(office): +48 58 3416071 www.imp.gda.pl

Gdansk, 15.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this work
was as stated below.

Article: Influence of hydrochloric acid concentration and type of nitrogen
source on the electrochemical performance of TiO2/N-MoS:z for
energy storage applications

Authors: Z. Zarach, A.P. Nowak, K. Trzcinski, G. Gajowiec, G. Trykowski,
M. Sawczak, M. tapinski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOI: https://doi.org/10.1016/].apsusc.2022.155187

Contribution: Investigation, Resources

/[Z (bv JB]&;) S—C( LJC:\Aﬁk

Signature

% PCA REGON: 000326121 NIP: 584-035-78-82 POLTAX VAT-5UE: PL5840357882
g I>II

1808001 _w=nivs  NATO Commercial and Goverment Entity Code NCAGE: 0409H

Zuzanna Zarach, PhD Dissertation

190



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

A2 C
”4P|':;§‘
Gl+

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF APPLIED
PHYSICS AND MATHEMATICS

8

Gdansk, 22.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Influence of hydrochloric acid concentration and type of nitrogen
source on the electrochemical performance of TiO2/N-MoS:2 for
energy storage applications

Authors: Z. Zarach, A.P. Nowak, K. Trzcinski, G. Gajowiec, G. Trykowski,
M. Sawczak, M. tapinski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOl: https://doi.org/10.1016/j.apsusc.2022.155187

Contribution: Investigation, Resources

Zastgpca Dyrektora

ds. nfrastryktury badawcze)
drhab.&j‘gﬁﬁz ifiski, prof. P,
INSTYTUT NANOTEEHNOLOG!!

1INZYNIERII MATERIALOWE ]
Signature
GDANSK UNIVERSITY =
OF TECHNOLOGY bttt g:i:u o ssip $])| Fahrenheit
G. Nanstowicza 11/12 ¢ 3 SR Universities

80-233 Gdarisk, Poland

www.pg.edu pl

Zuzanna Zarach, PhD Dissertation |



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

2D w : -'
Gl’ FACULTY OF
CHEMISTRY
GDANSK UNIVERSITY

OF TECHNOLOGY

Gdanisk, 21.07.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: Influence of hydrochloric acid concentration and type of nitrogen
source on the electrochemical performance of TiO2/N-MoS:2 for
energy storage applications

Authors: Z. Zarach, A.P. Nowak, K. Trzcinski, G. Gajowiec, G. Trykowski,
M. Sawczak, M. tapinski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOI: https://doi.org/10.1016/j.apsusc.2022.155187

Contribution: Formal analysis, Funding acquisition, Methodology, Resources,

Supervision, Validation, Writing — review & editing

Howosy  GRrladha

Signature
GDANSK UNIVERSITY =
tel +48 58 34864 34 . e
g‘ TEO‘",OLO?J e-mail: manusz szkoda@pg.edu.pl M Fai.\renl'ge‘n
- Nantowicza 11/12 Www.pg.80u.pl Universities

80-233 Gdansk, Poland

Zuzanna Zarach, PhD Dissertation | 192



Metal chalcogenide-based electrode materials for electrochemical

energy storage applications

2 R
7 dplfh
Gl+

GDANSK UNIVERSITY

OF TECHNOLOGY

-

FACULTY OF
CHEMISTRY

Gdarnisk, 01.08.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below.

Article:

Authors:

Published:
DOI:

Contribution:

80-233 Gdansk, Poland

A Key to Material's Stability: Tuning Pyrolysis Temperature in
SnSx@C Anodes for Sodium-lon Batteries

Z. Zarach, M. Sawczak, C. Dosche, K. Trzcinski, M. Szkoda,
M. Graczyk-Zajgc, R. Riedel, G. Wittstock, A.P. Nowak

Small 2025, e04485
https://doi.org/10.1002/smll.202504485

Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Validation, Visualization, Writing — original draft, Writing
- review & editing

\f.\' 2
Y /r)(') )
~L A 10 ¢ AN //(f :
2 ]
Signature
GDANSK UNIVERSITY = .
OF TECHNOLOGY el R R @ Fahrenheit
G. Nandowicza 1112 wowwe.pg.800.p1 Universities

Zuzanna Zarach, PhD Dissertation

193



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

The Szewalski
ﬂ) INSTITUTE OF FLUID-FLOW MACHINERY

:
= POLISH ACADEMY OF SCIENCES
ey 80-231 Gdansk J. Fiszera 14 Poland
Tel.(operator):  +48 58 3460881 Fax: +48 58 3416144 e-mail: imp@imp.gda.pl
Tel.(office): +48 58 3416071 www.imp.gda.pl

Gdansk, 01.08.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this work
was as stated below. | acknowledge that Zuzanna Zarach was the lead author of this work.

Article: A Key to Material's Stability: Tuning Pyrolysis Temperature in
SnS«@C Anodes for Sodium-lon Batteries

Authors: Z. Zarach, M. Sawczak, C. Dosche, K. Trzcinski, M. Szkoda,
M. Graczyk-Zajac, R. Riedel, G. Wittstock, A.P. Nowak

Published: Small 2025, e04485

DOI: https://doi.org/10.1002/smll.202504485

Contribution: Investigation, Methodology, Resources, Writing — review & editing

/{(vd\)’gd g( L\.’&.Aﬁl

Signature

%5 prp REGON: 000326121 NIP: 584-035-78-82 POLTAX VAT-SUE: PL5840357882

1508001 _wwiis  NATO Commercial and Goverment Entity Code NCAGE: 0409H

Zuzanna Zarach, PhD Dissertation

194



Metal chalcogenide-based electrode materials for electrochemical

energy storage applications

Oldenburg, 01.08.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this work
was as stated below. | acknowledge that Zuzanna Zarach was the lead author of this

work.

Article:

Authors:

Published:
DOI:

Contribution:

A Key to Material's Stability: Tuning Pyrolysis Temperature in
SnS«@C Anodes for Sodium-lon Batteries

Z. Zarach, M. Sawczak, C. Dosche, K. Trzcinski, M. Szkoda,
M. Graczyk-Zajac, R. Riedel, G. Wittstock, A.P. Nowak

Small 2025, 04485
https://doi.org/10.1002/smll.202504485

Investigation, Methodology, Writing — review & editing

LAl dd

Signature

Zuzanna Zarach, PhD Dissertation

195



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

A2

RN 1
FACULTY OF

CHEMISTRY
GDANSK UNIVERSITY
OF TECHNOLOGY

Gdarisk, 01.08.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: A Key to Material's Stability: Tuning Pyrolysis Temperature in
SnSx@C Anodes for Sodium-lon Batteries

Authors: Z. Zarach, M. Sawczak, C. Dosche, K. Trzciniski, M. Szkoda,
M. Graczyk-Zajac, R. Riedel, G. Wittstock, A.P. Nowak

Published: Small 2025, e04485

DOI: https://doi.org/10.1002/smll.202504485

Contribution: Conceptualization, Formal analysis, Methodology, Writing — review

& editing

Signature
GDANSK UNIVERSITY o=
tol +48 58 348 6434 r ;
OF TECHNOLOGY ema: kontroc@og.adu.ol 1J)) Fahrenheit
G. Narutowicza 11/12 w5300 Universities

80-233 Gdafisk, Poland

Zuzanna Zarach, PhD Dissertation | 196



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

A2 <

GDANSK UNIVERSITY
OF TECHNOLOGY

-

FACULTY OF
CHEMISTRY

Gdarnisk, 01.08.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article: A Key to Material's Stability: Tuning Pyrolysis Temperature in
SnS,@C Anodes for Sodium-lon Batteries

Authors: Z. Zarach, M. Sawczak, C. Dosche, K. Trzcinski, M. Szkoda,
M. Graczyk-Zajgc, R. Riedel, G. Wittstock, A.P. Nowak

Published: Small 2025, e04485

DOI: https://doi.org/10.1002/smll.202504485

Contribution: Conceptualization, Methodology, Resources, Supervision, Writing —

review & editing

/1 // oamuo2  Siodw.

Signature
GDANSK UNIVERSITY ==
tel +48 58 348 64 34 +
gF'TECNNOLO&\’I’ 2 e-mail: mariusz szkoda@pg.edu pl & B:';;en'ﬁ"
£0-233 Gdarsk, Poland vrww.pg-adu ol rsities

Zuzanna Zarach, PhD Dissertation | 197



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

EnBW
Energie Baden-Wiirttemberg AG

BW Energie Haden -Wirttermberg &G Grofikunden-PLT 74180 Harlsro ha E n B w

Durlacher Alles 73
76131 Karlsruhe

Grofikunden-PL
Telelon +4% 72
Telefax +
wwwienbw.com

B Karlsruhe

name  Dr. Magdalena Graczyk-Zajac
gereich - Forschung

Teloton  +4% 1516 7162319

Teisfae  +4% 721 63-17888

E-Mail M. graczyk-zajacienbw.com

August 7" 2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution
to this work was as stated below. | acknowledge that Zuzanna Zarach was the
lead author of this work.

Article: A Key to Material's Stability: Tuning Pyrolysis Tempera-
ture in SnSxidC Anodes for Sedium-lon Batteries

Authors: Z. Zarach, M. Sawczak, C. Dosche, K. Trzcinski, M.
Szkoda, M. Graczyk-Zajac, K. Riedel, G. Wittstock, A.P.
Nowak

Published: Small 2025, eD4485

Dol https://dai.org/10.1002/smll.202504485

Contribution: Resources, Supervision, Writing - review & editing

Dr. Magdalena Graczyk-Zajac
R&D Project Leader

Sitz der Gesetlschalt: Karlsruhe
Amtsgericht Mannheim
HREB Nr. 107936

Jﬂ.«imm orﬂﬂ»lﬂ-lg"‘ : Z@]M Steuer-Nr, 35001/01075
EnBW Energie Baden-Wiirttemberg AG Verstand
Dr Georg Stamatelopoulos

[ ender)

usterer (Stv. Vorsitzender|
wetl

Peter Heydecker

Colatte Ruckert-Henner

Zuzanna Zarach, PhD Dissertation | 198



Metal chalcogenide-based electrode materials for electrochemical

energy storage applications

Co-Author Contribution Declaration

As the co-author of the following paper, | hereby declare that my
contribution to this work was as stated below. | acknowledge that
Zuzanna Zarach was the lead author of this work.

Article: A Key to Material's Stability: Tuning Pyrolysis
Temperature in SnSx@C Anodes for Sodium-lon
Batteries

Authors: Z. Zarach, M. Sawczak, C. Dosche, K. Trzcinski,

M. Szkoda, M. Graczyk-Zajgc, R. Riedel, G.
Wittstock, A.P. Nowak

Published: Small 2025, e04485
DOI: https://doi.org/10.1002/smll.202504485

Contribution: Resources, Supervision, Writing — review & editing

Kol el

(Prof. DF'Dr. h. ¢. R. Riedel)

Institut fOr
Materialwissenschaft

FG Materials & Resources

Prof. Dr. Dr. h. c.
Ralf Riedel

Otto-Berndt-Str. 3
64287 Darmstadt

Tel. +49 6151 16 - 21624
Fax +49 6151 16 - 21623
ralf.riedel@tu-darmstadt.de

Datum
01.08.2025

Ihre Nachricht

Unser Zeichen

Sparkasse Darmstadt

BLZ: 508 501 50

Kto. Nr. 704 300

IBAN:

DE 36 5085 0150 0000 7043 00
BIC: HELADEF1DAS

Zuzanna Zarach, PhD Dissertation | 199



Metal chalcogenide-based electrode materials for electrochemical

energy storage applications

Carl von Ossi y Universitat Ol 9/ 26111 Oldenburg

Ms Zuzanna Zarach

Faculty of Chemistry

Gdansk University of Technology
Gdansk 80-233

Poland

electronic transmission to
zuzanna.zarach@pg.edu.pl

Dear Ms. Zarach,
| am happy to formally declare the contribution to our joint paper
for the purpose of the PhD process.
Co-author Contribution Declaration
As the co-author of the following paper, | hereby declare that my

contribution to this work was as stated below. | acknowledge that
Zuzanna Zarach was the lead author of this work.

Avrticle: A Key to Material's Stability: Tuning Pyrolysis
Temperature in SnS,@C Anodes for Sodium-
lon Batteries

Authors: Z. Zarach, M. Sawczak, C. Dosche, K.
Trzcinski, M. Szkoda, M. Graczyk-Zajac, R.
Riedel, G. Wittstock, A.P. Nowak

Published: Small 2025, e04485

DOI: https://doi.org/10.1002/smll.202504485

Contribution:  Conceptualization, Formal analysis, Resources,
Supervision, Writing — review & editing

Kind regards
\(‘ (i Hefod

(Gunther Wittstock)

Carl von Ossietzky

Universitat
Oldenburg

Fakultat V - Mathematik
und Naturwissenschaften
Institut fir Chemie

e

Institut fir Chemie

Arbeitsgruppe Elektrochemie und
Grenzflachen kondensierter Systeme
Prof. Dr. Gunther Wittstock

Tel: 0441 798 - 3971
wittstock@uol.de

Sekretariat

Heike Hillmer

Tel. 0441 798 - 3970
Fax: 0441 798 - 3979
heike hillmer@uol.de

Oldenburg, den 03.08.2025

Standort

Campus Wechloy, Raum W03 1-105
Carl-von-Ossietzky-Str. 9-11

26129 Oldenburg

Postanschrift
26111 Oldenburg

Paketanschrift
Ammerlander HeerstraRe 114-118
26129 Oldenburg

Bankverbindung

Landessparkasse zu Oldenburg

IBAN DE46 2805 0100 0001 9881 12
BIC SLZODE22

Steuernummer
6422008701

Zuzanna Zarach, PhD Dissertation | 200



Metal chalcogenide-based electrode materials for electrochemical

energy storage applications

A2 R
N P|:§
Gls+

GDANSK UNIVERSITY

OF TECHNOLOGY

-
FACULTY OF
CHEMISTRY

Gdarnisk, 01.08.2025

Co-author Contribution Declaration

As the co-author of the following paper, | hereby declare that my contribution to this
work was as stated below. | acknowledge that Zuzanna Zarach was the lead author of

this work.

Article:

Authors:

Published:
DOL:

Contribution:

80-233 Gdansk, Poland

A Key to Material's Stability: Tuning Pyrolysis Temperature in
SnS@C Anodes for Sodium-lon Batteries

Z. Zarach, M. Sawczak, C. Dosche, K. Trzciiski, M. Szkoda,
M. Graczyk-Zajac, R. Riedel, G. Wittstock, A.P. Nowak

Small 2025, 04485
https://doi.org/10.1002/smll.202504485

Conceptualization, Formal analysis, Funding acquisition;
Investigation; Methodology, Resources, Supervision, Writing —
review & editing

ﬂ\\dﬂu. Norsh,

Signature
GDANSK UNIVERSITY =
OF TECHNOLOGY N il @ Fahrenheit
G. Narutowicza 11/12 s Universities

Zuzanna Zarach, PhD Dissertation

201






Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

Copyrights

Zuzanna Zarach, PhD Dissertation | 203






Metal chalcogenide-based electrode materials for electrochemical

energy storage applications

Article: Phenomenon of Increasing Capacitance Induced by 1T/2H-
MoS: Surface Modification with Pt Particles — Influence on
Composition and Energy Storage Mechanism

Authors: Z. Zarach*, M. Szkoda, K. Trzcinski, M. tapinski,
G. Trykowski, A.P. Nowak

Journal: Electrochimica Acta 2022, 435, 141389

DOLl: https://doi.org/10.1016/j.electacta.2022.141389

License: The content is available under CC-BY-NC-ND

Copyrights Available

statement:

The phenomenon of increasing capacitance induced by 1T/2H-MoS2
surface modification with Pt particles - Influence on compaosition and
energy storage mechanism

Elechoctumicn Author:
Arta

Zuzanna Zarach,Mariusz Szkoda, Konrad Trzciiski,Marcin tapinski,Grzegorz Trykowski,Andrzej P.
Nowak

I Publication: Electrochimica Acta
: Publisher: Elsevier
B2 pate: 10 December 2022

@ 2022 The Author(s). Published by Flsevier Ltd,

Welcome to RightsLink

Elsevier has partnered with Copyright Clearance Center's RightsLink service to offer a variety of options for reusing this
content.

Note: This article is available under the Creative Commans CC-BY-NC-ND license and permits non-commercial use of
the work as published, without adaptation or alteration provided the work is fully attributed.

For commercial reuse, permission must be requested below.

1would like to... @ make a selection v

To reqguest permission for a type of use not listed, please contact Eisevier Global Rights Department.

Are you the author of this Elsevier journal article?

€ 2025 Copyright - All Rights Reserved | Copyright Clearance Center, Inc. | Privacy statement | Data Security and Privacy
| For California Residents | Terms and ConditionsComments? We would like to hear from you. E-mail us at customercare@copyright.com

Zuzanna Zarach, PhD Dissertation | 205



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

Article: Influence of hydrochloric acid concentration and type of
nitrogen source on the electrochemical performance of
TiO2/N-MoS: for energy storage applications

Authors: Z. Zarach*, A.P. Nowak, K. Trzcinski, G. Gajowiec,
G. Trykowski, M. Sawczak, M. tapinski, M. Szkoda

Published: Applied Surface Science 2023, 608, 155187

DOLl: https://doi.org/10.1016/j.apsusc.2022.155187

License: The content is available under CC-BY-NC

Copyrights Available

statement:

€ 2025 Copyright - All Rights Reserved | Copyright Clearance Center, Inc. | Privacy statement | Data Security and |

Influence of hydrochloric acid concentration and type of nitrogen source
on the electrochemical performance of TiO2/N-MoS2 for energy storage
applications

applied .
- ailince Author:

Z, Zarach,A.P. Nowak, K. Trzcinski,G. Gajowiec,G. Trykowski,M, Sawczak,M. kapinski,M. Szkoda
Publication: Applied Surface Science

Publisher: Elsevier

Date: 15 January 2023

& 2022 The Author(s), Published by Elsewvier B.V,

Welcome to RightsLink

Elsevier has partnered with Copyright Clearance Center's RightsLink service to offer a variety of options for reusing this
content.

MNote: This article |s available under the Creative Commons CC-BY-NC license and permits non-commercial use,
distribution and reproduction in any medium, provided the original work is properly cited.

For commercial reuse, permission must be requested below.

| would like to... make a selection v

To reguest permission for a type of use not listed, please contact Elsevier Global Rights Department

Are you the author of this Elsevier journal article?

aly

For California Residents | Terms and ConditionsComments? We would like to hear from you. E-mail us at customercare@copyright.com

Zuzanna Zarach, PhD Dissertation | 206



Metal chalcogenide-based electrode materials for electrochemical
energy storage applications

Article: A Key to Material’'s Stability: Tuning Pyrolysis Temperature
in SNSx@C Anodes for Sodium-lon Batteries

Authors: Z. Zarach*, M. Sawczak, C. Dosche, K. Trzcinski,
M. Szkoda, M. Graczyk-Zajgc, R. Riedel, G. Wittstock,
A.P.Nowak

Published: Small 2025, e04485
DOLl: https://doi.org/10.1002/smll.202504485

License: The content is available under CC-BY

Copyrights

Available
statement:

A Key to Material's Stability: Tuning Pyrolysis Temperature in SnSx@C
Anodes for Sodium-lon Batteries

Author: Andrzej] P, Nowak, Gunther Wiltstock, Ralf Riedel, et al

Publication: Small

Publisher: John Wiley and Sons

Date: Jul 31, 2025

@ 2025 The Author(s). Small published by Witey-VCH GmbH

Open Access Article

This is an open access article distributed under the terms of the Creative Commons CC BY license, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

You are not required to obtain permission to reuse this article,

For an understanding of what is meant by the terms of the Creative Commons License, please refer to Wiley's Open Access
Terms and Conditions.

Permission is not required for this type of reuse.

Wiley offers a professional reprint service for high quality reproduction of articles from over 1400 scientific and medical
journals. Wiley's reprint service offers:

* Peer reviewed research or reviews

= Tailored collections of articles

= A professional high quality finish

= Glossy journal style color covers

« Company or brand customisation

= Language translations

= Prompt turnaround times and delivery directly to your office, warehouse or congress

Flease contact our Reprints department for a quotation, Email corporatesaleseurope@wiley.com or
corporatesalesusa@uwiley.com or corporatesalesDE@wiley.com.

© 2025 Copyright - All Rights Reserved | Copyright Clearance Center, Inc. | Privacy staterment | Data Security and Privacy
| ForCalifornia Residents | Terms and ConditionsComments? We would like to hear from you. E-mail us at customercare@copyright.com

Zuzanna Zarach, PhD Dissertation | 207



