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Abstract

Due to the intermittent nature of renewable energy sources, the development of energy
storage devices is paramount for the successful transition towards sustainable future.
Electrochemical capacitors (ECs) offer several advantages over standard lithium-ion
batteries (LiBs), including exponential longevity and power density, but they suffer from
moderate energy density. This PhD dissertation addresses the main issue of ECs,
i.e., low energy density, by utilizing novel two-dimensional (2D) electrode materials

characterized by high capacitance.

The first part of the dissertation (Chapter 1) focuses on a theoretical introduction
to the current state-of-the-art in ECs. It will provide an in-depth explanation of their
fundamental charge storage mechanisms, including the formation of electrical double-
layer (EDL) at the electrode/electrolyte interface and the emergence
of pseudocapacitance. The standard components of ECs cells, such as electrolytes
and electrode materials are thoroughly discussed. Special attention is given
to introducing 2D materials, such as transition metal dichalcogenides (TMDs),
as electrodes in ECs. Novel trends in the use of 2D materials and how to understand

their electrochemical performance are also described.

In Chapter Il, the objective and structure of this PhD dissertation are explained.

The Motivation for pursing this research is provided before each subsequent chapter.

Chapter lll, consisting of three research papers (P1, P2, P3), introduces the concept
of using 2D materials as electrode materials in aqueous-based ECs. Synthesis protocols
for obtaining different TMDs materials (ReS2, MoS,, NiS., FeS>) and their integration with
carbon into composite materials have been developed. The relationship between the
materials’ morphology and electrochemical behavior is thoroughly discussed. The

advantages and disadvantages of using TMDs as electrode material are also explained.

Chapter IV consists of one research paper (P4) and aims to address the issues identified
in Chapter Ill. Based on the synthesis methodology developed in Chapter Ill, MoS-
has been obtained for further functionalization with redox-active compound,
i.e., anthraquinone (AQ). These grafted AQ species have been found to improve
the capacitance and longevity of the electrode material. Power-law relationship
and electrochemical impedance spectroscopy (EIS) studies reveal the ion movement

kinetics and dominant charge storage mechanism. Given the disadvantages observed
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for symmetrical cells in Chapter Ill, an asymmetrical setup was utilized to prevent
the oxidation of MoS,, thus capacitance decay. Preliminary electrochemical studies

in an organic medium have also been performed.

Based on the interesting electrochemical behavior of MoS; in organic media, different
sulfur precursors, i.e., thiourea (TU), thioacetamide (TAA), L-cysteine (LC), were used
for their hydrothermal synthesis in Chapter V, which includes additional data (5). Chapter
V reveals that depending on the sulfur precursor used for the hydrothermal synthesis of
MoS,, different physicochemical, structural, morphological, and porous properties are
obtained. Induced by the nanostructured particle size, MoS: shows slightly different
pseudocapacitive electrochemical behavior. Additional operando measurements, such
as X-ray diffraction and dilatometry, were used to study crystal structure and electrode
height changes during electrochemical operations. Dependent on the particle size,

different results were found.

The thesis is concluded with general conclusions, followed by a presentation

of the scientific track record and a list of references.
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Streszczenie

Ze wzgledu na niestabilny sposéb dostawy energii ze zrédet odnawialnych, rozwoj
urzadzen do magazynowania energii ma kluczowe znaczenie dla zréwnowazonej
przysztosci. Kondensatory elektrochemiczne (KE) majg kilka zalet w poréwnaniu ze
standardowymi akumulatorami litowo-jonowymi (Li-ion), w tym wysokg trwatos¢ i gestos¢
mocy. Niestety charakteryzujg sie one umiarkowang gestoscig energii. Niniejsza
rozprawa doktorska porusza gtéwny problem niskiej gestosci energii, poprzez
wykorzystanie nowatorskich dwuwymiarowych (2D) materiatdw elektrodowych

charakteryzujgcych sie duzg pojemnoscia.

Pierwsza czes¢ rozprawy (rozdziat |) skupia sie na teoretycznym wprowadzeniu do
aktualnego stanu wiedzy o KE i zawiera szczegdétowe wyjasnienie ich podstawowych
mechanizméw magazynowania tadunku, w tym tworzenie podwdjnej warstwy
elektrycznej na granicy faz elektroda/elektrolit oraz zjawisko pseudopojemnosci.
Omowiono szczegdétowo standardowe skfadniki KE: elektrolity oraz materiaty
elektrodowe. Szczegdlng uwage poswiecono wprowadzeniu materiatéw 2D, takich jak
dichalkogenki metali przejsciowych (ang. transition metal dichalcogenides — TMD), jako
elektrody w KE. Zostaty opisane réwniez nowe trendy w stosowaniu materiatow 2D oraz

sposoby wykorzystania ich wtasciwosci elektrochemicznych.

W Rozdziale Il wyjasniono cel i strukture rozprawy doktorskiej. Przed kazdym kolejnym

rozdziatem przedstawiono motywacje do podjecia badan.

Rozdziat 1ll, sktadajacy sie z trzech artykutéw naukowych (P1, P2, P3), wprowadza
koncepcje wykorzystania materiatow 2D jako materiatéw elektrodowych w wodnych KE.
Opracowano metodologie syntez hydrotermalnych umozliwiajgcych otrzymywanie
réznych materiatbw TMDs (ReS2, MoS,, NiSy, FeS,) i ich integracje z weglem w celu
tworzenia kompozytéw. Szczegdtowo omowiono zwigzek pomiedzy morfologig
materiatdbw a zachowaniem elektrochemicznym. Wyjasniono takze zalety i wady

stosowania TMDs jako materiatow elektrodowych.

Rozdziat IV sktada sie z jednego artykutu naukowego (P4) i ma na celu wyjasnienie
problemoéw zidentyfikowanych w Rozdziale Ill. W oparciu o metodologie syntezy
opracowanej w Rozdziale Ill, otrzymano MoS; do dalszej funkcjonalizacji zwigzkiem o
aktywnosci redoks, tj. antrachinonem (AQ). Wykazano, ze funkcjonalizacja MoS;

antrachinonen zwigksza pojemno$¢ oraz stabilno$¢ materiatu elektrodowego. Badania
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wykorzystujgce techniki woltamperometryczne oraz spektroskopii impedancyjnej
pozwolity na oszacowanie wplywu obecnosci grup funkcyjnych na kinetyke oraz
dominujgcego mechanizmu magazynowania tadunku. Biorgc pod uwage wady
zaobserwowane dla ogniw symetrycznych w rozdziale lll, zastosowany zostat uktad
asymetryczny w celu unikniecia utleniania MoS;, a tym samym szybkiej utraty trwatosci
ogniwa. Przeprowadzono réwniez wstepne badania elektrochemiczne w elektrolicie

organicznym.

Bazujgc na interesujgcych wiasciwosciach elektrochemicznych MoS, w elektrolitach
organicznych, w rozdziale V (5), wykorzystano do syntezy hydrotermalnej rozne
prekursory siarki, tj. tiomocznik (TU), tioacetamid (TAA) i L-cysteine (LC). Wykazano, ze
w zaleznosci od wykorzystanego prekursora, uzyskuje sie rézne wiasciwosci
fizykochemiczne, w tym strukturalne, morfologiczne oraz porowatosci otrzymywanego
materiatu. Réznice w wyzej wymienionych wtasciwosciach, powodujg, ze zachowanie
elektrochemiczne MoS:; jest nieco rézne. Zostaty réwniez wykonane dodatkowe badania
typu operando, badajgce zmiany struktury krystalicznej, ekspansji oraz kurczenia sie
elektrody podczas pracy elektrochemicznej. W zaleznosci od wielkosci czgstek materiatu

uzyskano rozne wyniki.

Ostatnig cze$¢ dysertacji sg wnioski ogdlne, po ktérych nastepuje prezentacja dorobku

naukowego oraz wykaz literatury.
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Motivation and context of the research

The climate is a set of expected weather conditions at a specific time of year.
While it naturally varies over the years due to factors such as volcanic eruptions,
solar radiation fluctuation or tectonic movements, since 1950s a gradual increase
in surface average temperatures has been observed. This phenomenon was termed
‘global warming’ by NASA (National Aeronautics and Space Administration) in the 1980s
and further expanded to ‘climate change’ in the 2000s, defined as changes in climate
patterns [1, 2]. The last decade (2011-2020) was identified as the warmest on record,
with average global temperatures being 1.1 °C higher than those in the pre-industrial
era. If this trend continues, with temperatures rising by about 0.2 °C per decade,
reaching 2 °C could lead to severe consequences for the natural environment and human
health [3]. In response, nearly 195 countries, including Poland, signed the Paris
Agreement in 2015, aiming to keep the global temperatures increase well below 1.5 °C

above pre-industrial levels.

COq; is the largest contributor to global warming, with its concentration having increased
by nearly 48% compared to the pre-industrial era [4]. It is primarily produced by burning
fossil fuels for energy production. As the energy consumption rises exponentially with
human population growth, there is a significant need for development of efficient
methods to harvest sustainable energy sources. Sustainable energy can be produced
from renewable sources such as wind, water, and geothermal energy.
Various technologies convert these renewable sources into electrical energy,
for instance, solar cells use the photovoltaic effect to convert solar to electrical energy,
wind turbines convert kinetic energy from the wind to electrical energy. However, these
renewable sources often depend on weather conditions and regional climate, meaning
they do not consistently deliver a steady current load, even though continuous energy
is needed [5].

To maintain continuous and reliable access to electrical energy, energy storage devices
have been developed such as rotating flywheels, hydraulic lift systems, etc.
Among these, electrochemical energy storage devices have emerged as a promising
solution. These devices bridge the gap between energy generation and consumption

by storing surplus energy for later use, thus improving grid stability and reliability.
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There are various types of devices capable of efficient storing and releasing electrical
energy, including batteries, fuel cells and capacitors (Fig. 1). Despite their differences,
they are ‘electrochemically’ comparable, i.e., the electrochemical process of charge

storage/generation occurs at the electrode/electrolyte interface [6].
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Figure 1 Ragone plot presenting different electrochemical energy storage systems.

Fuel cells, for example, convert energy by breaking down hydrogen molecules into water
during electrochemical processes. They are scalable devices used in transportation

and some stationary applications.

Batteries store chemical energy and release it as electrical energy on demand.
They are categorized into primary cells, such as Leclanché, where electrochemical
processes are non-reversible meaning they can be only used once, and secondary cells,
such as lead-acid (Pb), nickel-metal hydride (Ni/MH), lithium-ion (LiBs), nickel-cadmium
(Ni/Cd), and redox-flow batteries (RFBs), where the redox processes are reversible,
and they can be used many times. Batteries can supply stable power output during long
discharges. Two contrary devices among the batteries are LiBs and RFBs. LiBs are used
in portable electronics and electric cars due to their high energy density, light weight,

Maciej Tobis, PhD Dissertation | 13
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and relatively high power, allowing for quick charging. RFBs store energy via charge
transfer processes in electrolyte ions, achieving high energy levels depending
on the tank size storing the electrolytes. In general, batteries show high energy density,
but their electrochemical performance is often kinetically limited by sluggish ion transport

within the electrode material, giving usually low power density.

Contrary, there are devices which can deliver the energy much quicker, in form of burst
of energy. Initially, dielectric capacitors were used for small devices where the charge
is stored on metal plates. By adding electrolyte solution and high-area electrodes,
ECs were developed. Their energy storage mechanism is based on the reversible
adsorption of ions at the electrode/electrolyte interface. Due to the physical nature
of this mechanism, the energy values reached by these systems are usually
intermediate, but the specific power values are typically extremely high. This mechanism
allows for quick charging and discharging, making ECs ideal for applications where quick

burst of energy is needed, such as regenerative braking in electric vehicles.

Hybrid devices, combining the charge storage mechanism of ECs and batteries, are also
possible. There are different levels of hybridization, e.g. on electrode, electrolyte, device,
or connection level, each allowing for reaching higher energy density than standard

systems.

This dissertation will focus on the development of the ECs components, especially

electrode materials showing battery-like behavior will be tailored to the ECs needs.
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Electrochemical capacitors (ECs)

Electrochemical capacitors (ECs) belong to a class of electrochemical energy storage
devices capable of quickly storing and releasing energy, much faster than conventional
batteries. However, in contrast to batteries, ECs exhibit significantly lower energy
density. In this context, many researchers are focusing on enhancing the ECs energy
values, while maintaining their high-power characteristics. Consequently,
the development of ECs components, such as, electrode materials, electrolyte solutions,
or membranes is paramount when designing a novel EC device. Currently, there are
numerous ways for enhancing the operational parameters of ECs. To address these
effectively, the following paragraphs will introduce the operational principles of ECs and
provide insights into the current state-of-the-art related to the ECs components,

with a special attention on electrode materials technology.
1 Principle of ECs operation

Generally, ECs are composed of two current collectors coated with highly porous
electrodes, submerged in an electrolyte solution, and separated by a non-conducting
membrane to prevent short-circuiting. (Fig. 2 a) [5]. Capacitors operate through
electrostatic adsorption of ions at the electrode/electrolyte interface, induced
by the polarization of the current collectors [7]. The nature of the ion adsorption process
is purely physical, meaning that there is no chemical or phase changes during charging
and discharging [8]. Consequently, it allows the capacitors to reversible store energy
for thousands of cycles without any loss of the initial capacitance [9]. The term,
capacitance (Ceie), refers to the ability of a capacitor to store charge and is expressed
by the amount of charge (Q in A s) accumulated within operational voltage window
(UinV) (eq.1).

Cele = % = [#] [F] (eq. 1)

Consequently, capacitance linearly increases when applying a higher potential range
(Fig- 2 b). When referring to a device, it should be noted that a full capacitor (Ccen)
consists of two electrodes which are considered as separate capacitors connected

via series circuit as shown by the equation below (eq. 2).
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o= (ot o)
cell = Cele— Cele+ (eq' 2)

With Cee- and Cee+ being the capacitance of the negative and positive electrode,
respectively. In this way, the electrode with smaller capacitance determines the total
capacitance of a system. Consequently, the capacitance expressed per electrode (Cee)
is 4 times bigger than the capacitance expressed per device (Ccen), assuming the same

electrodes were used in terms of mass and capacitance [10].

A
a) b)
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© + Sl | 9090909000 [ttt .
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Figure 2 (a) Schematic drawing of a capacitor. (b) linear relationship between accumulated charge
and capacitor voltage range.

However, the capacitance of a device does not directly reflect the practical application
of capacitor as an energy storage system. Therefore, other parameters, such as energy
(Ecen in Wh) and power (Pcen in W), allow for the comparison of energy storage systems
in terms of how much energy they can store and how quickly they can release it [11].
Based on the relationship between energy and power, different energy storage devices
can be compared on a chart called Ragone plot (Fig. 1) [12]. The energy of a cell can
be expressed by the equation (eq. 3) [13].

Cu?
Ecen =—— [Wh] (eq. 3)

Consequently, the energy of a capacitor is dependent on the capacitance (C in F)
and operational voltage range (U in V) of a device. The energy improvement can
be realized through increasing the system capacitance (e.g., by introducing
pseudocapacitive electrode materials or using redox-active electrolyte solutions)

and/or increasing the voltage range (e.g., by using different electrolyte media) [14].
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The power of a device expresses how quickly energy can be extracted from it.
It can be determined at the maximum voltage range and divided by the resistance of the
capacitor cell (eq. 4).

UZ
Peen = o [W] (eq. 4)

It can also be expressed in relationship to energy, where the energy is divided

by the discharge time (t) (eq. 5).

Peen = — [W] (eq. 5)

| m

Nevertheless, there is a general practice in academia to demonstrate the values
of energy and power of a device while referring to the active mass of electrode materials,
rather than the total mass of a device, i.e., including mass of the separator, electrolyte
solution, coatings, or casings. For example, in the energy storage devices industry,
crucial improvements are made by reducing the ‘dead mass’ of a cell (i.e., mass which
does not actively participate in energy storage processes), where the weight of the cell
components is reduced, such as limiting the mass of a current collectors [15, 16]. Another
important parameter of an energy storage device is time constant (1), which indicates
the time required to release half of the energy stored in the device and is expressed
by the capacitance of the system multiplied by resistance of a cell. The following sections

focus on the introduction to the charge storage phenomena.
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2 Electrical double-layer models

The primary energy storage mechanism of ECs involves the reversible electrostatic
accumulation of ions at the electrode/electrolyte interface upon polarization
of the electrodes. However, the concept explaining this phenomenon has evolved over
the years. The first model was proposed by Helmholtz in 1853 [17]. It describes that after
polarization of current collectors, the separation of charges occurs at the surface
of electrodes, forcing ions of opposite sign in the vicinity of the electrolyte to diffuse
toward the electrodes. lons at the electrode/electrolyte interface form a stiff layer,
a few nanometers in thickness, in a plane parallel to the electrode surface. Such charge
storage phenomenon is called the electrical double-layer (EDL) [18]. As observed
in Figure 3 a, the electrical potential of the electrode (@) linearly decreases
as the distance between the positively charged surface and negatively charged ions
(two, or double layers) increases. The ability to store charge by the electrode
is expressed as capacitance (C in F). In this case, the capacitance of such simplified
EDL model (Ch) is expressed in the same way as that of a capacitance of a conventional
electrical capacitor (operating through separation of charges without the electrolyte
solution) given by the equation below (eq. 6) [19].

& & A
CHZOTT

[F] (eq. 6)

where, € is the vacuum permittivity (£0=8.854-10"'2 F m™"), ¢, is the dielectric constant
given for the specific electrolyte, A is the available specific surface area of the electrode
material [m?], and d is the effective thickness of the double-layer [m]. The Helmholtz
model encompasses the electronic structure of the electrode material, its polarization,
and the electrolyte effect, giving a relationship between the capacitance and the type
of electrode (i.e., accessible surface area) and the type of the electrolyte

(i.e., dielectric constant).

However, the equation introduced by Helmholtz was a simplified model that does
not consider several factors such as the diffusion of ions in the electrolyte vicinity
and the interaction between the dipole moment of the solvent and the electrode material.
Consequently, the Gouy model was introduced in 1910 and later improved by Chapman
in 1913 [20]. They used the Boltzmann and Poisson equations to describe diffusion
phenomena. However, their model was valid only for diluted electrolytes. At higher

concentrations, other phenomena such as layering effects, ion pairing formation,
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or ion crowding occur which do not allow for correct approximation of a model. The Gouy-
Chapman model (Cec) assumed ions as a point-like charged non-interacting with each
other particles, where the solvent is a continuous dielectric medium with uniform
electrical permittivity. Consequently, the electrical potential of the electrode exponentially

decreases from the electrode surface to the electrolyte bulk vicinity (Fig. 3 b).
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Figure 3 (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern models of the electrical double-layer
formed at a positively charged electrode in an electrolyte. The electrical potential (¢) decreases
when going away from electrode (pe) to the bulk electrolyte (ps). (Adapted from Ref. [18]).

The Gouy-Chapman theory was improved by Stern in 1924, which introduced
the concept accounting for the dimensions of ions and solvent molecules existence
in the bulk electrolyte [21]. Finally, the Stern model consider the EDL phenomenon
as a combination of Helmholtz (Cx) and Gouy-Chapman (Csc) models (Fig. 3 c).
The Stern model derives the capacitance (CepL) as equivalent to two capacitors in series

combining Cx and Cqc to a total capacitance of the EDL model as given below (eq. 7)

S T (eq.7)
=—+— eq.
Cooe Cn  Caoc q
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Further theory was introduced by Grahame in 1947, which presented the concept
of specifically adsorbed ions at the surface of the electrode material [22]. Basically,
the ions in the electrolyte bulk are surrounded by the solvation shell. However,
when solvated ions are approaching the electrode surface, the solvation sheath can
be dropped upon specific adsorption. Graham introduced the division of the Stern layer
into the inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP), where IHP forms
by the centres of the specifically adsorbed ions, whereas OHP represents the rigid plane
formed at the centres of the solvated ions. The final component of the Graham model
was introduced by Bockris, Devanthan and Miuller (BDM) in 1963, which included
the action of the solvent molecules at the electrode/electrolyte interface [23]. The dipoles
of the solvent molecules are specifically oriented in accordance with the nature
of the ions charge. The IHP passes through the centres of the specifically adsorbed ions
at the surface of the electrode and the solvent molecules, which are oriented accordingly
to the nature of the surrounding ions. It means that the surface of the electrode
submerged in the electrolyte solution is being surrounded by the solvent molecules.
The OHP passes through the centres of the solvated ions near the electrode surface.
Outside of the OHP there is a diffuse layer with solvated ions. The BDM model

is presented in the Figure 4.

IHP OHP
I I

9deyins pasgieyd Ajaanisod

+ + 4+ 4+ + + + + + +

% Solvated anion

O Specifically
adsorbed cation

Figure 4 Schematic representation of the Bockris, Devanthan and Miiller (BDM) double-layer
model on a negatively polarized electrode.
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3 Emergence of pseudocapacitance in electrode materials

The process of charge storage in ECs is not exclusively limited to the EDL phenomenon
but can also involve charge transfer between the electrode and electrolyte components.
Capacitance, which originates from processes other than EDL, was called ‘pseudo-
capacity’ in 1941 by Graham [24]. Conway introduced the concept that the electrode
capacitance can arise from two phenomena, i.e., involving non-specifically adsorbed
ions (charge is induced, not transferred) and adsorption pseudocapacitance (charge
is transferred) [8]. It was later identified that mainly three processes could be occurring
at the electrode/electrolyte interface which involve charge transfer phenomena
(other than EDL), i.e., surface redox reactions, electrochemical intercalation
reaction, and conversion/alloying reactions [25]. These reactions are faradaic
in nature, meaning that they adhere to Faraday’s laws and are accompanied by the clear
and distinct signs of a charge transfer processes during electrochemical operation [26].
However, some of these processes show electrochemical features typical for capacitive,
potential-dependent relationship while being faradaic in origin [27]. This phenomenon
is described as ‘pseudocapacitance’, where the electrochemical behavior seems
to be capacitive in nature, while kinetically and thermodynamically adhere
to the Faraday’s laws [28]. Charge transfer processes can generally be explained
by an equation corresponding to an electron transfer process between the oxidized (Ox)

and reduced (Red) forms of the reagents (eq. 8).
Ox + ze~ & Red (eq. 8)

According to Conway, pseudocapacitance can be classified into three different types
(Fig. 5): adsorption pseudocapacitance, redox pseudocapacitance,
and intercalation pseudocapacitance. Each of these pseudocapacitance phenomena
occur via different physical processes and arise from various types of materials.
However, they show comparable electrochemical signatures due to relationship between
the potential and charge that develops as a result of adsorption/desorption process

at the electrode/electrolyte interface (eq. 9) [29].

X
1-X

RT
E~E°+Eln< ) V] (eq. 9)
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Where, E is the electrochemical potential [V], E is the standard electrochemical potential
[V], R is the gas constant, 8.314 [J mol' K], T is the temperature [K], n is the number
of electrons transferred during redox reaction, F is the Faraday constant,
96 485 [C mol'], and X is the extent of the fractional coverage of the surface/inner
structure [29, 30]. This relationship highlights that such adsorption/desorption
phenomena are hindered by the thermodynamic kinetics of the processes [29-31].
The relationship between voltage and charge is not totally linear, as in the EDL capacitor,
thus the capacitance does not remain constant with increasing potential, which is why
it is referred as pseudocapacitance. The total amount of charge stored
via pseudocapacitive electrodes can be expressed as capacitance (C in F)
by the equation below (eq. 10), when the relationship of U vs. Q (Fig. 2 b) becomes

linear.

Co (“_F) (eq. 10)

m
Where, m is the molar mass of active material in the electrode. From a theoretical point
of view, the capacitance realized in pseudocapacitive systems is substantially higher
(10 to 100 times) than those observed for purely EDL-based systems for the same weight
or volume [8]. For that reason, it is often observed to overuse the term
pseudocapacitance and refer the battery-like materials showing plateaus
of electrochemical reaction as a pseudocapacitor and refer to capacitance,
not capacity [32, 33]. A comparison of potentially reachable capacitance by materials

showing different natures is presented in Table 1.

Table 1. Comparison of the number of stored charges through double-layer, pseudocapacitance,
and in battery-like electrode materials. (Based on [8]).

Type of material
. . Stored charge
in mechanism context

. i.e, 0.17-0.20 electrons per 1 atom
Electrical double-layer ) .
of electrochemically active surface area

Based on 500 pF cm™, = ca. 500 pC V-’
L i.e., 2.5 electrons per 1 atom.
Pseudocapacitive . .
For hydrogen chemisorption,

1 electron per 1 atom.

. i.e., 1-3 electrons per 1 atom
Battery-like
or molecule of bulk phase
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Figure 5 Three different types of pseudocapacitance with their corresponding cyclic
voltammogram response, a), d) adsorption of H* ions on Au surface, b), e) surface redox reaction
of hydrous RuO; with protons, c), f) intercalation pseudocapacitance of Li* into layered structure
of Nb,O:s. (Adapted from Ref. [34]).

The adsorption pseudocapacitance occurs through the electrosorption of cation

A" onto the surface of the electrochemically conductive surface M (eq. 11) [34].
M+ AT +e” > MAggs (eq. 11)

This electrosorption process is assumed to follow a Langmuir-type (monolayer) isotherm
of adsorption [35]. A classic example is the electrochemical adsorption of Pb?* ions
on the surface of a gold electrode [36]. It is also known to occur at the surface of noble
metals such as Pt, Rh, Ru, and Pd with the adsorption of hydrogen ions [37].
The reversible electrosorption of hydrogen ions is observed just before the cathodic
recombination of adsorbed H® into Hz, hence, it is called ‘underpotential

pseudocapacitance’ (Fig. 5 a).
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In the energy storage context, hydrogen electrosorption appears to be the most relevant
in aqueous ECs utilizing microporous carbon-based electrode materials [38]. Hydrogen
storage occurs through electrochemical electrolyte decomposition and subsequent
electrosorption of nascent hydrogen in the porous texture of the negative electrode [39].

The reactions can be summarized in equations below (eq. 12-14) [40, 41].

H,0+e” > H+ OH™ (eq. 12)
H;0" + e~ > H+ H,0 (eq. 13)
<C>+4+H,0+e™ ><C>Hy;,+0H™ (eq. 14)

When polarization is reversed, adsorbed hydrogen is released, forming water together

with the OH" anion present in the electrolyte.

Thanks to the hydrogen storage in the microporous texture of the carbon electrode,
aqueous ECs can operate above the thermodynamic potential limitation of water
decomposition (i.e., 1.23 V). It is caused by the locally alkalized pH
of the electrode/electrolyte interface due to the formation of OH" ions during hydrogen
storage (eq.14) [40]. It causes the shift of the Nernst potential for the Hz evolution

and subsequently the shift of the H, evolution overpotential [42].

The amount of stored hydrogen is dependent on the physicochemical properties
of carbon material (i.e., porous texture, specific surface area, elemental composition,
and surface functionality), but also on the electrolytic medium as well as
the electrochemical experiment conditions [43] [44]. The additional capacitance
originating from the hydrogen storage is dependent on the amount of stored hydrogen.
Calculated from Faraday’s law, ca. 1 % of stored hydrogen corresponds to 274 mAh g’
[45]. For that reason, carbon electrodes utilizing pseudocapacitive hydrogen storage

can be utilized as an anode in a full secondary cell [46].

Surface redox pseudocapacitance arises from redox reactions between the electrode
material and electrolyte ions (Fig. 5b). The first materials exposed as pseudocapacitive
in nature were ruthenium oxide (RuO) in acidic and manganese oxide (a-MnO,)
in neutral electrolytes, both displaying higher values of capacitance than typically
available for carbon materials [47-49]. The charge storage mechanism in these materials
is limited to the electrode surface, as demonstrated by X-ray photoelectron spectroscopy

(XPS) analysis of the electrode’s oxidation state during charge/discharge.
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In thin electrodes, changes of the oxidation state of MnO, from Mn*" to Mn*" during
charging was observed [50]. In turn, no changes for bulk electrode were detected

indicating that only thin layer electrodes are electrochemically active.

It was found that the electrochemical properties of RuO; are strongly dependent
on the crystalline structure. Especially, structural water in RuO», in form of RuO; 0.5 H»0,
was also proved to be important. It allows for the redox behavior of the Ru** cations,
the metallic-like conductivity of RuO», rapid proton transfer during charge storage,
and a larger specific surface area which shortens the diffusion path length of ions [51-
53].

In the context of electrodes showing surface redox pseudocapacitance,
the high reversibility of an electrochemical process at all applied potential ranges was
noticed. The anodic and cathodic voltammograms are almost mirror images (RuO3),
whereas battery-like materials, such as Pb/PbCl,, show irreversible electrochemical
process at certain potentials. This is common for any battery materials as they involve
phase changes that are subject to kinetic limitations of ion movement in the host material
[54].

However, pseudocapacitance does not have to be limited to the surface. Intercalation
pseudocapacitance occurs when the ions are inserted into the bulk structure
of a host material (Fig. 5¢). This type of pseudocapacitance is associated with at surface
or near-surface reversible redox reactions which are not burdened by solid-state
ion diffusion. The shortened ions diffusion pathway allows for rapid charge/discharge,
usually within minutes, thanks to the surface-controlled mechanism. Consequently,
it excludes the existence of phase transformation, since the ions can instantly occupy

the reaction sites upon entering the host material [55, 56] .

Orthorhombic T-Nb>Os shows pseudocapacitive intercalation of lithium ions
in non-aqueous electrolytes at potentials below 2 V vs. Li/Li* [55]. The galvanostatic
charge/discharge profiles are almost linear, which allows T-Nb.Os to be classified
as a pseudocapacitive material. The electrochemical behavior is strongly dependent
on its crystalline structure [57, 58]. In T-Nb2Os, the charge is stored via redox couple
of the Nb®*/Nb*" [57]. The reaction is facilitated by the low energy barrier of (001) plane
in the T-Nb2Os crystal lattice [59].
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There is a significant increase in the number of scientific works that are referring
the electrochemical behavior of electrode material as pseudocapacitive in nature,
while in fact, they are exhibiting battery-like behavior. For this reason, novel
nomenclature has been introduced by P. Simon and B. Dunn to describe the materials
that show pseudocapacitive properties because of their intrinsic properties as intrinsic
pseudocapacitive materials. Otherwise, if the pseudocapacitance occurs due
to extrinsic properties of electrode material and is caused as a result of its structure,
such material is referred to as an extrinsic pseudocapacitive material [60].

Performance of both materials is demonstrated in Fig. 6.

Intrinsic pseudocapacitive materials show the capacitive electrochemical response
regardless of a crystallite size, disorder, or morphology. These materials include RuO-
0.5 H20, MnO2, Nb2Os[61-63].

Extrinsic pseudocapacitive  materials exhibit a strong dependency
on the aforementioned properties in regard to their electrochemical behavior.
This is primarily due to reduction of ion diffusion length path, or suppression of phase
transformations. In these materials, the bulk electrodes show slow solid-state diffusion
of ions, controlled by the diffusion mechanism, which hinders the redox reaction kinetics
and influences the very slow charge/discharge rates [32]. The movement
of Li* concentration within the host crystal lattice induces stress, often leading to phase
transformation, e.g., disorder transitions, two-phase reactions, or crystal lattice

rearrangement, which can affect the electrode’s longevity [54, 64].

The pseudocapacitive effect can be achieved upon nanosizing the crystallites [65].
As aresult, charge is stored and released much quicker with comparable capacity values
to the bulk electrode materials. Electrochemically, the material exhibits nearly linear
galvanostatic charge/discharge profiles and lacks of redox reaction plateaus [54].
Additionally, square-shaped cyclic voltammograms can be also distinguished,

resembling capacitive behavior [27].

The nanosizing effect is already well reported in the literature to allow for
the transformation of the electrochemical response of a battery-like material

to pseudolinear performance which resembles a capacitor.
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Figure 6 Electrochemical behavior of intrinsic and extrinsic pseudocapacitive materials.
(Adapted from Ref. [60]).

Exemplary material is LixCoO2 (a cathode material used in LiBs) (Fig. 7), where for
the bulk material, plateaus of electrochemical reaction is noticed [66]. Upon nanosizing
the particle sizes, the transition from a plateau to isosceles galvanostatic

charge/discharge profiles can be observed [67].

Recently, two-dimensional (2D) materials such as transition metal carbides (MXenes)
or transition metal dichalcogenides (TMDs) were reported to exhibit capacitive features
in both aqueous and organic media. Molybdenum disulfide (MoS2), a typical
representative of the TMDs family, shows linear galvanostatic charge/discharge profiles
and square-shaped cyclic voltammograms resembling a capacitive response in aqueous
media. In organic media, it presents features of battery-like behavior such
as electrochemical plateaus during galvanostatic charge/discharge and distinct peaks

during cyclic voltammetry measurements.
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Figure 7 Cyclic Discharge curves for crystalline LixCoOz as a function of a particle size where
a transition from a battery-like behavior to nearly linear, a pseudocapacitive-like behavior

is observed with decreasing of a particle size. (Adapted from Ref. [68]).

Upon nanostructuring, MoS, exhibits improved lithium intercalation kinetics due

to shortened diffusion path length of ions and suppression of a first-order phase

transition. Consequently, the material gives electrochemical features resembling

a capacitive response. However, it will be in-detail explained in the next paragraph.

Figure 8 presents a brief comparison of different electrochemical responses based

on phenomena including, EDL, pseudocapacitance and battery-like.
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Figure 8 Comparison of different electrochemical behavior. a) Electrochemical capacitor,
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Due to the attractive capacity/capacitance values presented by pseudocapacitive
materials, a vast number of scientific works focus on the utilization of such materials
in full cell applications. For this reason, different composites with capacitive,
pseudocapacitive, or battery-like components are prepared, and their electrochemical
behavior is evaluated. Thus, the necessary characterization methods needed

to be developed to correctly evaluate the dominant charge storage of a material.

To this day, electrochemical characterization remains the most important tool to describe
the phenomena occurring in a pseudocapacitive material. The first-line tool is based
on the cyclic voltammetry studies. The power-law relationship (known as b-value
analysis) between the applied scan rate and electrochemical peak current can be applied
to assess whether the process has a dominant surface-controlled (capacitive)

or diffusion-controlled (battery-like) kinetics (eq. 15).
i(V) = av? (eq. 15)

Where i(V) is the peak current density, a and b are diffusion parameters, and v
is the scan rate. By plotting a log(i) vs. log(v) function, dependent on the b values
determined from the slope of the function, it is possible to probe if the process has
a dominant diffusion-controlled (b=0.5), mixed, finite diffusion-controlled (b=0.6-0.8),

or surface-controlled (b=7) kinetics (Fig. 9).
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Figure 9 a) Cyclic voltammetry obtained at different scan rates, b) resulted logarithmic peak
current variations obtained at different scan rates from CV analysis. (Adapted from Ref. [55]).
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Figure 10 Matrix of CVs demonstrating a continuous transition from (l) electrostatic double-layer,
through a (ll) transition region, to (lll) Faradaic intercalation in nanoconfined environment.
(Adapted from Ref. [70])

Finally, there is a vigorous discussion in scientific community of the cross-sectional
understanding of the pseudocapacitance in terms of theory and utility. Some researchers
link these two processes (EDL and redox) as phenomenon, where one could not exist
without another. Recently, the concept of confined electrolytes has been developed
where the faradaic phenomena can be observed related to the dropping of the solvation
sheath upon adsorption in microporous carbons with tuned porosity. This viewpoint has
been extended to layered materials with intercalation charge storage mechanism. From
the practical point of view, the electrochemically active surface area of layered electrode
materials in non-uniform. The existence of the porous texture and tortuosity of pores
in electrode cannot be excluded. Consequently, it evolved into a new concept
of a continuous transition from double layer to faradaic charge storage in confined
electrolytes (Fig. 10) where different phenomena could be occurring in the layered
system dependent on the ion desolvation and ion-host interaction. Thus, the need
towards fundamental works focusing on the explanations of the phenomena occurring

in such systems is especially important [70].
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4 Electrolytic solutions for ECs

Regardless of the phenomena occurring in the ECs, the cell construction requires using
the electrolyte solution, which serves as the source of ions capable of transporting
charges from the electrolyte bulk to the electrode/electrolyte interface. Various types
of electrolytes have been proposed, including liquid, solid-state, and quasi-solid
electrolytes [71, 72]. In the context of this thesis, mainly liquid electrolytes will
be considered. We can differentiate three different groups of liquid electrolytes:
aqueous, organic, and ionic liquids [73, 74]. The choice of electrolyte significantly
impacts the electrochemical performance of ECs, particularly in terms of their energy
and power density values. Depending on the application, the ideal electrolyte should
be characterized by a wide operational voltage window (to achieve high energy, eq. 3)
and high ionic conductivity (to achieve high power, eq. 4). However, specific utilization
of ECs requires consideration of other aspects such as flammability, environmental

issue, or price [74]. Characteristics of different electrolytes are presented in Table 2.
Table 2. Characteristics of electrolytes for EC applications (Based on Ref. [74]).

Electrolyte Aqueous Organic lonic liquids

lonic conductivity

ot 25 °C ~1000 mS cm™ ~60 mS cm™ ~10 mS cm™
Voltage range 1-16V 2.5-3.7V >3V
Assembly Air Inert Inert
Safety High Low High
Price Low Moderate High
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Aqueous electrolytes are environmentally friendly and inexpensive compared to other
types. However, they are limited by the thermodynamic potential of water decomposition,
i.e., 1.23 V. Exceeding this voltage may lead to hydrogen evolution on the negative
electrode and oxygen evolution on the positive electrode [75]. Certainly, the electrode
materials affect the realization of a voltage extension. Hydrogen storage on the negative
electrode in microporous carbons can locally change the pH of the electrode/electrolyte
interface, altering the hydrogen evolution overpotential [76]. On the positive electrode,
oxidation of the electrode is considered prior to oxygen evolution [77]. The surface
chemistry of carbon electrode affects the porous texture of an electrode material,

capacitance, and thus longevity [78, 79].

First reported electrolytes used for ECs construction were acid-(H2S04) and alkali-(KOH)
based solutions, demonstrating high conductivity (~1 S cm™" at 25 °C), significantly higher
than the common organic electrolytes (e.g., ~ 60 mS cm™ for 1 M TEA BF4 in ACN
at 25 °C) [80-82]. In a consequence, the capacitance of carbon-based materials is also
relatively high (~150-200 F g') in comparison to other type of aqueous electrolytes [83].
The operational voltage window of H.SO4 and KOH electrolytes is ca. 0.8-1.2 V,
depending on the electrode material, current collector, and electrolyte concentration.
Due to the low operational voltage window and corrosion problem of current collectors
and cell components, H.SO4 and KOH were disregarded for the practical application [84,
85].

Acid and alkali-based electrolytes were replaced with neutral salts such as sulfates [86,
87], nitrates [78, 88, 89], or perchlorates [90, 91] to mitigate the issues of low operational
voltage window and corrosion. The voltage window can be increased due to hydrogen
sorption within the porous texture of electrode material, shifting the overpotential
of hydrogen evolution towards more negative values [92]. On the positive electrode,
oxidation of the surface can be observed upon cycling, depending on the anion used
and voltage applied [78]. ECs based on sulfates (e.g., 1 M Li.SO4) can reach
up to 2.2 V due to the strong solvation shell of Li* cations and SO4? anions, providing
long-term stability of over 15000 galvanostatic cycles. Generally, the electrode
capacitance values in sulfate salts are slightly lower than those observed in HxSO4
or KOH (~100-150 F g) [87].
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To increase capacitance, hybrid devices employing Faradaic components can
be considered. In the context of electrolytes, an increase in cell capacitance is realized

through the implementation of redox active species in the electrolyte [93, 94].

A representative of halides, i.e., iodides have been shown to participate in reversible
redox reactions at the electrode/electrolyte interface, contributing to the total charge
stored through the following redox reaction occurring on the positive electrode (eq. 13)
[95, 96].

217" & I, 4+ 2e~ (eq. 13)

The theoretical capacity calculated from Faraday’s law is 211 mAh g, which shows
a competitive value compared to other pseudocapacitive materials [97]. When I,
is present at the electrode/electrolyte interface, it can also form polyiodides (I3 and I5)

during long-term cycling (eq. 14-15) [98, 99].
I+, oI5 (eq. 14)
I3 +1, oI35 (eq. 15)

Redox active electrolytes have usually limited longevity due to the formation of insoluble
deposits (e.g., 103). They also suffer from a low operational voltage window
(ca. 1.2 V for 1 M Kl in carbon//carbon systems) due to the near thermodynamic
H. evolution potential window of the negative electrode [100]. Low concentration redox-
active electrolytes (e.g., 0.2 M KI) or binary solutions of neutral and redox-active
electrolytes (e.g., 0.2 M Kl with 1 M Li.SO. have been found to improve capacitance

without affecting longevity (over 10 000 cycles) and voltage window (~1.5 V) [99-101].

Organic electrolytes offer a significantly higher operational voltage window of about
2.5-3.0 V compared to aqueous solutions. Most organic electrolytes consist
of ammonium salts (e.g., tetraethylammonium tetrafluoroborate — TEA BF.) dissolved
in organic solvents such as acetonitrile (ACN) or propylene carbonate (PC) [102-104].
They exhibit a wide range of applicable temperatures (-30 to 80 °C) and good ionic
conductivity (~60 mS cm™) [82]. Therefore, organic electrolytes are commonly used
in commercial cells [105]. However, ACN or PC solvents are flammable and toxic,
prompting research into developing safer and more environmentally friendly organic

electrolytes.
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lonic liquids (ILs), which consist solely of ions without any solvent, offer a ‘green’
alternative to toxic organic electrolytes [106]. For EC applications, ILs must be liquids
at room temperature, hence the term room temperature ILs (RTILs). ILs offer high heat
conductivity, low vapor pressure, chemical and thermal stability (between -60 to 100 °C)
[107, 108]. Their physicochemical properties can be tuned, to some extent, by matching
the cations and anions or combining ILs into binary or ternary solutions [109-111].
As solvent-free solutions, ILs’ ions are not solvated by solvent molecules. Instead, ions
are surrounded by layers of opposite charge shells in a phenomenon called Coulombic
ordering [112]. In bulk solutions and on flat polarized surfaces, the concept is simple.
However, in confined spaces such as micropore or layered environment, Coulombic
ordering partially breaks upon electrode polarization, leading to increased concentrations
of oppositely charged ions at the electrode/electrolyte interface [113]. Consequently,
IL-based ECs show improved performance when the micropores match the ion sizes
of the ILs [114]. Commonly used cations include 1-ethyl-3-methylimidazolium [EMI],
1-butyl-3-methyl-imidazolium [BMI], N-butyl-N-methyl-pyrrolidinium [BMP].
Anions consist of bis(trifluoromethylsulfonyl)imide [TFSI], bis(trifluorosulfonyl)imide
[FSI], and tetrafluoroborate [BF4] [115, 116]. However, ILs are complex and require
advanced purification techniques, resulting in high costs. They must also be stored under
inert conditions to prevent electrolyte decomposition, which can limit their operational
voltage window [117]. ILs’ drawbacks include high viscosity and often low ionic
conductivity due to large ion sizes. Consequently, even with high operational voltage
windows (sometimes up to 4.0 V), the capacitance of microporous carbon electrodes
in IL-based ECs typically does not exceed 100 F g™' [118-120].
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5 Electrode materials for ECs

The selection of an appropriate electrolytic solution is only halfway towards designing
a stable, high-energy, and high-power device. Equally important is the selection
of an adequate electrode material. Not all electrolytes suit every electrode material,
and vice versa. In recent studies, carbonaceous materials have been predominantly
used in two-electrode cell assemblies due to their wide abundance, different
dimensionalities, and high electrical conductivity. However, the dominant charge storage
mechanism of carbon-based electrode materials is physisorption of ions
at the electrode/electrolyte interface. Therefore, materials with faradaic properties have
emerged as attractive alternatives. The following sections introduce different energy

storage materials.

5.1 Carbonaceous materials

Carbonaceous materials are highly appealing for EC applications due to their ability
to form various allotropes with different architectures. They exhibit various
dimensionalities, ranging from zero-dimensional (0D) to three-dimensional (3D)
structures, each with unique properties (Table 3). Depending on their dimensionality,
they possess diverse thermal and electrical conductivities, specific surface areas (SSA),

and crystallinities.

Table 3. Different carbon-based materials used as electrodes in ECs. (Based on Ref. [121]).

. Carbon Activated
. Carbon onion Graphene
Material [122] nanotubes (124] carbon
[123] [125]
Dimensionality 0D 1D 2D 3D
Electrical
conductivity High High High Moderate
Relative
capacitance Low Low Moderate High
Structure
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Among different carbon materials, carbon nanotubes (CNTs), activated carbons
(ACs), and graphene have emerged as particularly significant electrode materials,
offering an attractive balance between electrical conductivity, capacitance, [126-130].
CNTs exhibit a tubular structure composed of sheets of sp? carbon atoms rolled into
seamless cylinders with nanometric dimensions [131]. Depending on the preparation
method, they can be produced as single layer carbon nanotubes (SWCNTSs)
or multiwalled carbon nanotubes (MWCNTSs) [132]. However, achieving a strict control
over the number layers is challenging and often accompanied by the formation
of amorphous carbon or metal catalyst residues. For energy storage application,
CNTs present ballistic electrical conductivity values, allowing for quick charging
of the electrode/electrolyte interface [133]. However, the most critical parameter for their
application as an electrode material in ECs is the SSA [134]. CNTs typically exhibit
relatively low SSA, dependent on the number of walls and nanotube diameter,
with theoretical values ranging from 50 to 1315 m? g' [135]. Despite their high electrical
conductivity, only CNTs are not optimal material for ECs. Instead, they serve as a high
conductive support for the deposition of materials with faradaic response, facilitating
rapid charge/discharge processes. Consequently, oxides such as MnO, [136-138],
RuO: [139, 140], Nb2Os [141], and many others have been integrated with nanotubes

in a composite electrode material for ECs application [142-147].

ACs offer high SSA (ranging from 1 000 to 2 000 m? g') due to their porous texture,
generated by the disoriented structure of graphitic-like sheets randomly linked with each
other [148]. The linkage between such fragments generates slits and tunnels throughout
the AC matrix [149, 150]. ACs can be produced at moderate costs from various naturally
abundant resources such as coke, coal, wood, or coconut shells. Subsequent activation,
typically by carbon dioxide, steam, or air, generates their porosity [151-153]. Additionally,
ACs can be obtained in different shapes, including powders, fibers, or granulates.
Their porous texture can be controlled to some extent by using various templating
methods, making ACs suitable for numerous commercial applications [154-157].
Despite their popularity, ACs-based electrode materials primarily exhibit purely
capacitive charge storage behavior. Modifying the surface chemistry of ACs
can introduce pseudocapacitance, thereby enhancing their electrochemical performance
[87]. ACs enriched with heteroatoms such as nitrogen, oxygen, sulfur and phosphorous
show altered local electronic density of the carbon matrix, influencing the polarity
of the surface [158]. Mainly nitrogen and oxygen are introduced to ACs

for electrochemical applications. Nitrogen can be introduced by thermal treatment of AC
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in the presence of nitrogen-rich compounds such as urea, ammonia,
or melamine, improving the capacitance, stability and voltage window of ACs electrode
materials [159-162]. Oxygen functionalities enhance the wettability of the carbon surface
and act as redox-active species, improving total specific capacitance. Li et al. found that
carboxyl and carbonyl groups increase the wettability and charge propagation of AC-
based electrodes at certain concentrations [163, 164]. Later, it was found that the redox
activity of oxygen functionalities is also pH dependent. For example, quinones
and carbonyl groups show redox activity in acidic media, while carboxylic, lactone,
or phenol groups react in alkaline media [165]. However, the main drawback of such
systems is the relatively low operational voltage window due to the necessity of using
sulfuric acid or potassium hydroxide solutions [166]. Pamete et al. introduced low pH
electrolytes (i.e., 1 M BeSO.) for use with anthraquinone-functionalized carbon material.
The constructed ECs operated at 1.6 V for 10 000 cycles [167]. Although ACs
are relatively well-studied as electrode materials for EC applications, other materials

are extensively investigated to find those with beyond-capacitive behavior.

Graphene is a 2D material that was isolated from graphite in 2004 by Novoselov using
the scotch tape method [168]. This discovery was awarded the Nobel Prize in 2010.
Graphene was considered a material of the future due to its outstanding mechanical
strength, excellent thermal and electrical conductivity, and lightness. However,
its production costs are high, since graphene consists of a single sheet of carbon atoms
connected by strong sp? bonding in a honeycomb lattice [169]. Producing high-quality
graphene is often difficult and neither cost- nor time-efficient. During production, defects
can be introduced, altering the local electronic structure, and affecting its extraordinary
physicochemical properties and electrochemical behavior [170, 171]. Theoretical SSA
of graphene is approximately 2600 m?qg, making it attractive for EC applications
as an electrode material [172]. Due to its high electrical conductivity, graphene has also
been integrated with materials that exhibit faradaic properties to create composite

electrode materials [173-176].
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5.2 Two dimensional transition metal dichalcogenides (TMDs)

Since the development of methods for isolating graphene layers from graphite,
researchers, motivated by the promising properties of graphene, have broadened their
exploration to include other 2D materials. Transition metal dichalcogenides (TMDs)
are a rapidly emerging family of 2D materials that consist fundamentally two layers
of chalcogen atoms (e.g., S, Se, or Te) sandwiching one layer of metal atoms
(e.g., Mo, Re, V, etc.) and can be represented by a general formula of MX:
(where M is a metal atom and X is a chalcogen atom) (Fig. 11 a) [177, 178]. They can
exist in different crystallographic forms depending on the atomic arrangement
in the crystal lattice and the number of successive layers in the crystal unit (i.e., 1T, 2H
and 3R). As there are various materials, e.g., molybdenum disulfide (MoS.), vanadium
disulfide (VS2), rhenium disulfide (ReS:), etc., each can exhibit slightly different
physicochemical properties [179]. One of the most studied materials in the literature
is molybdenum (IV) disulfide (MoS:) due to its wide natural abundance
and extraordinary optoelectronic, catalytic and energy storage properties [180-183].
MoS;, naturally crystallizes in a hexagonal order (2H) with a monolayer bandgap of
ca. 1.9 eV, which renders its semi-conductive properties [183] (Fig. 11 b). In the context
of energy harvesting, the metallic trigonal (1T) form of MoS:; is particularly attractive
due to its high electrical conductivity (approximately 107 times more conductive than
a semiconductive form) [184]. Single sheets of MoS, can be prepared by various
bottom-up (chemical vapor deposition — CVD, or wet-chemical synthesis),
and top-down (exfoliation) methods. CVD involved the formation of MoS:
on a substrate from gaseous precursors (such as molybdenum oxides/chlorides and
sulfur) at high temperatures (above 600 °C) in a flow of inert gas [185, 186]. This method
requires separate heating zones to control the reaction kinetics [187]. Even if this method
allows for preparation of high quality continuous films of single sheeted MoS,, it is more
expensive than other. Wet chemical methods allow for preparation of large quantities
of MoS; via hydrothermal or solvothermal syntheses. Those methods employ different
soluble (in organic solvents — solvothermal, in water — hydrothermal) molybdates
and sulfur precursors to prepare MoS; at high temperatures in a sealed container called
an autoclave [188-190]. Depending on the temperature, pressure, types of precursors,
and reaction time, the resultant material can exhibit different morphologies,
and physicochemical and crystallographic properties. Thus, resultant functional

properties such as catalytic, charge storage properties in aqueous medium, or even
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Figure 11 a) Known layered TMDs in the periodic table with a general formula of MX;, b) stick-
balls model of 2H and 1T phases of MoS; in side and top view. Yellow and blue balls represent
S and Mo atoms, respectively. (Adapted from Ref. [180])

lithium storage can be altered [191-195]. The top-down approach involves exfoliating
bulk materials down to single layers and include mechanical, liquid phase, chemical
and electrochemical methods [196]. Mechanical methods are based on delaminating
single layers of MoS. bulk crystalltes down to single layers and are comparable
to scotch-tape method used for obtaining graphene [197]. Liquid phase exfoliation allows
for a high yield of single-sheeted MoS: with the assistance of sonication in an adequate
solvent. It is necessary to match the solvent’s surface tension with the surface energy
of MoS; to achieve high exfoliation yields [198, 199]. Solvent such as N-methyl-2-
pyrrolidone (NMP), or dimethylformamide (DMF) were mostly reported due to matched
surface tension energies to the surface energy of MoS; [200-202].
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MoS, can be also exfoliated using chemical approaches, including organolithium
treatment. This method involves the chemical intercalation of lithium ions derived from
organolithium compounds (e.g., n-buthyllithium — n-BuLi) and subsequent exfoliation
of lithiated MoS; (LixMoS>) in water with sonication assistance [203, 204]. Organolithium
treatment yields high quantities of MoS; with flake thickness of about 1 to 5 layers [205].
The charge transfer during Li* intercalation causes the transformation from 2H to the 1T
phase, leading to the emergence of metallic properties in the exfoliated MoS, [206].
After exfoliation and purification, MoS, layers are found to bear a negative charge,
stabilizing the aqueous suspension [207]. Interestingly, negatively charged layers
of MoS; (or TMDs in general) can react with various organic and inorganic molecules
[208]. Consequently, it is possible to functionalize MoS; with diazonium salts, amines,
thiols, and other compounds with a formation of different bonding such as covalent,
coordination or ‘ligand conjugation’ (Fig. 12) [209-211]. Such modified materials
with different molecules were found to show altered physicochemistry which broadens

the range of TMDs application and improve their functional properties [212].
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Figure 12 Ways to functionalize TMDs with small molecules. (Adapted from Ref. [209]
with permission from John Wiley and Sons).
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In the context of energy storage, layered MoS;, along with other TMDs (such as TiSy,
or VSy), has been extensively studied as a host material for electrochemical metal ion
storage. The intercalation chemistry of TMDs has been well known since 1970s when
Whittingham investigated TiS,; as a potential cathode material for future lithium-ion
batteries [213]. In fact, TiS, is the lightest of all dichalcogenides, why it was initially
introduced as positive electrode material in a battery pilot plant [213, 214]. The charge
storage mechanism of TiS, is based on the reversible intercalation of lithium ions.
TiS2 naturally occurs in the metallic 1T phase, which excludes the phase transformation
upon de/lithiation [215]. Based on the electrochemical behavior of TiS,, it was initially
assumed that TiS, exhibits a pseudocapacitive charge storage mechanism,
but it was unclear if bulk structures could show comparable electrochemical properties.
It was later confirmed by Miller et al. that few-layered nanocrystalline TiS, shows
improved lithiation kinetics when the bulk structure is reduced to few-nanolayers [216].
Later, it occurred that TiS, shows pseudocapacitive behavior with two different lithiation

kinetic regions (non-limited and limited by the diffusion) [217].

In the case of the MoS,, the situation is more complex. Naturally occurring bulk MoS
crystallizes in the 2H phase, which transforms to the 1T phase upon electrochemical
intercalation of lithium ions at 1.1 V vs. Li/Li* via a first order phase transition [218].
Subsequent lithiation/delithiation cycles proceed within the potential range of 1 — 3 V
vs. Li/Li* (eq. 16) [219, 220]:

MoS, + xLi* + xe™ > Li,MoS,, where0 < x <1 (eq. 16)

Bulk MoS; shows distinct plateaus during galvanostatic cycling and high current humps
on cyclic voltammograms, indicating phase transformations occurring in the crystal
lattice (Fig. 13) [218]. Consequently, the movement of such ion concentration gradient,
is responsible for the sluggish kinetics of lithium intercalation, leading to low charge
propagation at elevated current densities. However, when MoS, crystallites
are nanostructured, first order phase transition is suppressed, giving rise to solid-solution
intercalation behavior, which shows pseudocapacitive characteristics. Due to the lack
of phase transformations, nanostructured MoS, demonstrates fast lithium intercalation

kinetics allowing for quick charge/discharge [221].
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Figure 13 Electrochemical behavior of Nano and Bulk MoS,. a) Galvanostatic profiles
of Nano MoS;, b) cyclic voltammograms of Nano MoS,, ¢) galvanostatic profiles of Bulk MoS,,
d) cyclic voltammograms of Nano MoS,. Cyclic voltammograms present values obtained
for b-value analysis. (Adapted from Ref. [218] with permission from American Chemical Society).

TMDs have also gained significant attention for ECs applications in aqueous media.
Commercially available bulk (2H) MoS. exhibits rather poor electrochemical
performance, with an electrode capacitance of ca. 15 F g’ at a 0.6 V window
in symmetrical cell in 1 M Na>SO4 [222]. Due to its layered structure, MoS: is assumed
to store charge via electrochemical intercalation of ions. However, the relatively weak
van der Waals forces cannot be broken to convert this structure into 1T phase upon
electrochemical intercalation reaction within a reasonable potential window.
As described previously, the conversion reaction occurs at 1.1 V vs. Li/Li* (ca. -2 V
vs. SHE), which is above the thermodynamic potential for hydrogen evolution (especially
in sulfuric acid when referring to hydrogen storage). In addition, TMDs are also known
for their exceptional hydrogen evolution catalytic properties due to unsaturated sulfur
atoms present at the edges of their structure, which is also unfavorable for energy
storage in aqueous media [223]. Therefore, it is assumed that the charge storage
mechanism in 2H MoS; is mostly based on adsorption of ions at the basal planes,

not on intercalation within the interlayer spacing.
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Instead, researchers have shifted towards the metallic form, which shows much more
attractive charge storage properties than the bulk counterpart. Bulk MoS; can
be converted to metallic form via n-BuL.i treatment, as presented by Acerce et al. [184].
They prepared self-standing electrodes via filtration of an aqueous suspension
of exfoliated MoS: (Fig. 14 a). X-ray diffraction patterns revealed a broader (002) peak
after exfoliation, indicating that the layers of MoS; are randomly arranged in the crystal
lattice (Fig. 14 b) with a high content of the 1T MoS. phase (Fig. 14 c).

After conversion of bulk MoS; to the metallic form, it showed capacitive square-shape
behavior with significantly increased capacitance, from ca. 70 F cm™ to 650 F cm™ (Fig.
14 d-e). The authors studied the electrochemical behavior of restacked MoS;
in different electrolytes, which showed comparable capacitive features. In comparison
to carbon-based electrode materials, TMDs show improved values of capacitance

showing higher values of energy and power (Fig. 14 f).
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Figure 14 Physicochemical and electrochemical characterization of bulk and chemically exfoliated
MoS,, a) scanning electron microscopy image, b) X-ray crystallographic diffraction (XRD) patterns
of bulk and exfoliated MoS,, c) X-ray photoelectron spectroscopy (XPS) results, d) three-electrode
cell electrochemical results of bulk and exfoliated MoS, €) volumetric capacitance vs. scan rate,
f) Ragone plot expressed per volumetric energy density. (Adapted from Ref. [184]).
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Chhowalla group conducted ex situ XRD analysis of the cycled electrodes in different
electrolytes (Fig. 15). Interestingly, they showed that upon cycling, the position
of the (002) peak, indicating interlayer spacing (dooz2), shifts according to the dimensions
of the cation used. Electrodes cycled in sulfuric acid revealed a lack of (002) peak
position changes, indicating that small, mobile protons can easily diffuse between
the interlayer spacing. After cycling in neutral aqueous salts, i.e., Li2SO4, Na;SOa,
and K>SOy, the position of the (002) peak shifts accordingly to the solvated cation size.
In organic electrolyte, (002) peak position shifts according to the presence of the sole
cation. These results indicate that the MoS. electrode can dynamically expand
to accommodate cations during the intercalation process, suggesting the capacitive

nature of the charge originated in the 1T MoS..
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Figure 15 Ex-situ XRD results from different exfoliated MoS; films and cycled electrodes.
a) XRD patterns from: (i) exfoliated MoS,, (ii)-(v) electrodes of exfoliated MoS; cycled in aqueous
electrolytes, Li>SOs4, Na SOs K;SOs4 and H»SOs respectively, (vi) electrode cycled in organic
electrolyte, TEA BF4 in MeCN. b) Modelling of the MoS; structure with solvated and desolvated
cations within the interlayer spacing. (Adapted from Ref. [184]).
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However, the detailed mechanism of charge storage in aqueous media is still unclear.
The potential-dependent pseudolinear character of electrochemical behavior
and changes in interlayer spacing suggest a pseudocapacitive sign with a solid-solution
mechanism, but it remains unclear whether the originated charge is faradaic.
Some works suggest that the electrochemical performance of MoS: is purely capacitive
and occurs only based on adsorption of ions within the interlayer spacing of MoS; [224].
Other works consider the redox behavior of 1T MoS;, involving two different possible
mechanisms: proton insertion/desertion into the MoS interlayers (eq. 17), and the redox

deposition of protons on the interlayer surface of the MoS; nanosheets (eq. 18) [225].
MoS, + Ht + e~ - MoS — SH (eq. 17)
MoS, + H* + e~ » MoS, — H (eq. 18)

Overall, the detail mechanism of charge storage in aqueous media is still under
consideration, as not all TMDs are the same in terms of defects, structure, morphology,
porous texture, and defect sites. As reviewed above, there are different methods
to obtain TMDs in various structures, and depending on the intended application,
it is possible to control their physicochemical properties. These properties can be further

adjusted by altering their surface chemistry, which can expand their tunability.

In the context of energy storage, TMDs exhibit improved capacitance values compared
to commercially available carbons. They can display pseudocapacitive properties,
which can be enhanced when paired with different conductive carbon substrates.
The development of novel TMDs composites is crucial for advancing electrochemical
energy storage technologies, especially in ECs and batteries. Future research should
continue to explore new synthesis methods, functionalization techniques, and hybrid

composites to utilize the full potential of TMDs in energy storage applications.
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Aim of the dissertation

ECs are promising energy storage devices which offer significant advantages over
conventional LIBs in reachable power-density and longevity. Nevertheless, there
is a significant gap between the energy-density of ECs and LIBs. Consequently, the main

direction of ECs research is the development of ways to improve their energy density.

The energy density of a EC can be improved by enhancing the capacitance of the system
and by widening its operational voltage window. Within the electrode materials, research
focuses on the development of novel electrode materials able to show attractive values

of capacitance and wide potential window.

Recently, 2D materials such as transition metal dichalcogenides (TMDs) have been
demonstrated to give high values of the capacitance (above than carbons) which could

improve the overall energy density of a device.

Considering the above, the research hypothesis arises — can 2D materials such as

TMDs be used for ECs application to effectively increase their device capacitance?

Chapter Il presenting three published articles (P1, P2, P3) focuses on the
development of hydrothermal synthesis protocol for the synthesis of novel 2D TMDs.
Due to their low electrical conductivity, they were paired with highly conductive carbon
supports which effectively improved their electrochemical performance in symmetrical
cell. However, due to the hydrogen evolution reaction (HER) catalytic activity of TMDs,

the voltage window of such device was limited to below 1 V.

Chapter IV presenting one published article (P4) addresses the HER catalytic activity
issue and highlights the possibility of covalent functionalization of 2D TMDs with redox
active species. Such modified TMD is utilized as the EC negative electrode material
which significantly improves the electrochemical cell performance. As TMDs are layered

materials, they were also exploited as a host for lithium-ion storage in organic electrolyte.

Chapter V presenting additional results (5) highlights the importance of a sulfur
precursor choice during hydrothermal synthesis of TMDs. Dependent on the utilized
precursor, different structure, morphology, and porous texture properties were found
which affected the electrochemical lithium intercalation behavior. Operando
measurements, i.e., XRD and dilatometry were utilized to study the charge storage

properties.
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Dissertation structure

Results obtained in this PhD dissertation are divided into three parts. Chapter lll

consists of three published articles attached and focus on the implementation of the

2D materials as electrode materials in ECs application.
Chapter lll Evaluation of the electrochemical properties of 2D materials

P1. Electrochemical Capacitor Performance of Nanotextured

Carbon/Transition Metal Dichalcogenides Composites
P2. Supercapacitor with Carbon/MoS, Composites

P3. Electrochemical Capacitor Based on Reduced Graphene Oxide/NiS:

Composite

Chapter IV consists of one published article attached, which focus on the

functionalization of layered nanostructured MoS> with redox active molecules. This
chapter describes the electrochemical performance of such modified MoS:

in different aqueous and organic media.
Chapter IV Covalent modification of 2D material by redox-active species
P4. Nanostructured MoS; grafted by anthraquinone for energy storage

Chapter V consists of additional publicly open data, but not peer reviewed yet

(sent for review). The results presented in this chapter was obtained during scientific

internship in Helmholtz Institute of Ulm, Germany. They are consistent to the PhD
dissertation topic and are complementary data. This chapter focuses on the utilization of
different sulfur precursors during hydrothermal synthesis of MoS,. Dependent on the
properties of the resultant MoS,, the pseudocapacitive behavior of MoS; will vary in

organic media.
Chapter V Emergence of pseudocapacitive properties of 2D materials

5. Controlling structure and morphology of MoS; via sulfur precursor for

optimized pseudocapacitive lithium intercalation hosts
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Context of research & summary

Generally, electrode material research predominantly focuses on carbon-based
materials such as ACs, CNTs, and graphene. These materials offer significant
advantages such as low cost, developed SSA, and excellent electrical conductivity.
However, their charge storage mechanism is limited to the physisorption of ions at the
electrode/electrolyte interface, resulting in moderate capacitance values. Consequently,
many studies aim to integrate carbon-based materials with redox active components to
enhance their capacitance, and thereby, the energy density of a device. A prime example
is Skeleton Technologies, a company known for the commercial production of ECs based
on carbon materials operating in organic electrolytes. However, to broaden their range
of application, they introduced a device called SuperBattery, which integrates carbon-
based materials with metal oxides, enabling fast reversible redox reactions and achieving

high energy and power densities [226].

In this context, TMDs are emerging as promising layered materials capable of exhibiting
faradaic behavior, potentially reaching higher capacitance values than those observed
for carbon-based materials. However, TMDs generally suffer from moderate electrical
conductivity, and for that reason they are paired with conductive supports such

as carbonaceous materials to enhance capacitance and charge propagation.

This study presents the integration of TMDs, specifically rhenium disulfide (ReS>)
and iron disulfide (FeS.), with a carbonaceous matrix to obtain composite materials with

improved electrochemical performance.

Among the TMD family, ReS, has been poorly studied. It was recently synthesized
through hydrothermal route, allowing to obtain nanostructured few-layered flakes of ReS;
[227]. ReSz naturally crystallizes in the 1T phase, avoiding the formation of 1T/2H phases
mixture, where the 2H phase offers limited charge storage properties as explained before
in the case of MoS; [228]. Both composites (ReS. and FeS;) were fabricated
using a hydrothermal synthesis method, with multiwalled carbon nanotubes (NTs)
and a three-dimensional graphene-like network (3DG) serving as the substrates

for the deposition of ReS; and FeSz, respectively.

Scanning electron microscopy (SEM) imaging revealed that the ReSy/7wt% NTs
composite resembles morphology of the NT support, with surface well covered

by the perpendicularly positioned ReS; nanolayers. For the FeS,/3DG composite,
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FeS, was deposited on the hierarchical porous structure of 3DG. The morphology was

found to significantly influence the electrochemical properties of the composite material.

A symmetrical cell containing the ReS./NTs-based composite electrode material
displayed square-shaped cyclic voltammograms (CVs) at low voltage (0.5 V),
characteristic for capacitive phenomena. Hybridization of ReS, and NTs also led
to increased capacitance and conductivity confirmed by CV, constant current charging,
and electrochemical impedance spectroscopy (EIS) measurements. During voltage
extension, the cell exhibited a high current density peak at 0.8 V, indicating hydrogen
evolution at the negative electrode and oxygen evolution at the positive electrode.
This suggests that the perpendicularly positioned ReS, nanolayers may induce catalytic
effects related to electrolyte decomposition. At 0.8V, the symmetrical cell exhibited

a high capacitance of 110 F g at 0.2 A g current density.

Conversely, the FeS,-based composite exhibited a higher voltage limit of 1.5 V,
highlighting the importance of material selection in optimizing electrochemical
performance, with a high capacitance of 240 F g at current density of 0.2 A g™.
Furthermore, the study examined the cyclic stability and rate performance
of the composites. The ReS,/CNTs composite retained about 85% of its initial
capacitance after 13 000 charge-discharge cycles at 0.8 V and 1 A g current load.
The 3DG/FeS; composite showed minimal capacitance loss over 8 000 cycles at 1.5V
and 10 A g'. Rate performance tests revealed that both composites maintained

a significant fraction of their capacitance at higher current densities.

In conclusion, integrating nanotextured carbon with TMDs such as ReS; and FeS; offers
a promising pathway for developing high-performance electrodes for ECs. The results
of this study suggests that the catalytic nature of certain TMDs could limit their practical

application and need to be appropriately addressed in further studies.
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Electrochemical Capacitor Performance of Nanotextured
Carbon/Transition Metal Dichalcogenides Composites

Elzbieta Frgckowiak,* Masoud Foroutan Koudahi, and Maciej Tobis

Transition metal dichalcogenides (TMDs) are emerging low-dimensional
materials with potential applications for electrochemical capacitors (EC). Here,
physicochemical and electrochemical characterizations of carbon compos-
ites with two sulfides ReS, and FeS, are reported. To enhance conductivity,
multiwalled carbon nanotubes (NTs) serve as a support for ReS, while 3D
graphene-like network (3DG) is utilized for FeS, deposition. Unique structure
of carbon/TMDs composites allows a faradaic contribution of sulfides to be
exploited. Capacitance values, charge/discharge efficiency, capacitance reten-
tion, charge propagation, cyclabilty, and voltage limits of EC with carbon/
sulfide composites in aqueous neutral solutions (Li,SO,, Na,SO,) are ana-
lyzed. Special attention is devoted to energetic efficiency of capacitive charge/
discharge processes. Structure-to-capacitance correlation for the composites
with various TMDs loading is thoroughly emphasized. The more defected
structure of layered NTs/ReS, composite is responsible for the lower capacitor
voltage (0.8 V) owing to quicker electrolyte decomposition. Additionally, the
catalytic effect of Re for hydrogen evolution reaction plays a crucial role in EC
voltage restriction. Contrary, the operating voltage of capacitor based on 3DG/
FeS, is able to be extended until 1.5 V in sodium sulfate electrolytic solution.

used in ECs. However, they offer moderate
capacitance due to the limited specific sur-
face area and non-uniformly distributed
pores which hinder the accessibility
of the vacant sites for ions. Therefore,
more efforts are directed into developing
new composites with redox phenomena
which will meet the requirements of high
energy and power density as well as high
cyclability.*® 2D transition metal dichal-
cogenides (2D-TMDs) are promising can-
didates due to their layered structure, a
large variety of metal-dichalcogenide com-
binations, and exposed active sites.’"?
Yet, they offer moderate conductivity and
stability which limits their application in
long-term operating devices. So far, molyb-
denum disulfide (MoS,) and tungsten
disulfide (WS,) are the most often reported
as EC electrode materials.*! Application
of carbon materials as a conducting sub-
strate for TMDs is indispensable. Depo-

1. Introduction

Electrochemical capacitors (ECs) are high-power energy storage
devices that are expected to play a significant role in various
future applications, for example, electrical cars, shuttles, cell
phones, or power plants. It is worth noting that EC escape
battery safety and disposal issues. The energy storage in ECs
occurs mainly through the electrostatic accumulation of charges
at the electrode/electrolyte interface, hence, it is required that
the electrode materials should possess a developed specific
surface area and high conductivity.'*l Many representatives
of carbons such as activated carbon, carbon fibers, carbon NT/
composites, or graphene fit those characteristics and are mostly
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sition of a thin layer of TMDs on carbon

scaffold (e.g., carbon nanotubes (NTs),
graphene) improves not only the power rate but also capaci-
tive behavior of the composite. For example, electrode based on
MoS,-carbon nanoplates have been prepared by hydrothermal-
calcination method and symmetric capacitor cell with such
composite demonstrated a specific capacitance of 248 F g™! at
a current density of 0.1 A g 1.} Moreover, the aforementioned
electrode showed a fast response, that is, even at high scan rate
of 300 mV s! the electrode preserved its rectangular shape. In
another study, Chen et al. designed a composite based on car-
bonaceous materials such as CNTs, graphene, and carbon black
as the substrate and MoS$, as the redox active material. Among
the synthesized electrodes, CNTs/MoS, showed a high specific
capacitance of 402 F g™ at a current density of 1 A g~'. Also, this
electrode exhibited a good cyclability by maintaining nearly 80%
of its initial capacitance after continuous 10 000 charge—dis-
charge cycles at a current density of 1 A gVl WS, /composites
have been widely investigated in EC application. For instance,
Rout et al. tailored a hybrid electrode based on reduced gra-
phene oxide (GO) and WS, through one-step hydrothermal pro-
cedure. A high specific capacitance of 350 Fg~' was achieved at
a scan rate of 2 mV s I8/ Additionally, other types of TMDCs
such as CoS, " SnS,,% and VS, were utilized for EC appli-
cation. For example, Jun et al. synthesized electrode materials
based on CoS, deposited on S and N co-doped nanosheets
and such electrodes delivered a high specific capacitance of
283 F g! at a current density of 1 A gl Furthermore, this

© 2021 The Authors. Small published by Wiley-VCH GmbH
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electrode showed no capacitance decrease after 5000 cycles of
constant charge—discharge at a high current density of 20 A g™
which indicates its favorable stability at harsh conditions.

Even if in the literature cited above, the high capacitance
values are indicated, very often only cyclic voltammetry (CV)
results in a three-electrode cell are shown without comparison
to galvanostatic data from a two-electrode cell (real system).
Additionally, capacitance values are frequently calculated taking
only Coulombic efficiency (discharge time) but not energetic
efficiency where capacitance is estimated from integrating the
galvanostatic discharge curve. Especially if discharge curve
is concave, the capacitance value calculated from discharging
time is highly overstated. Some studies are performed with the
electrode mass below or equal to 1 mg what is practically not
applicable, long-term cycling by CV in a three-electrode cell has
no sense as well. Hence, the critical point of view is necessary
during literature analysis.

Aside from the most popular TMDs mentioned, rhenium
disulfide (ReS,), which has rarely been explored in the case of
energy storage devices has recently gained significant attention
in metal-ion batteries (MIBs).-2%] ReS, is popular in MIBs due
to similar interlayer spacing to MoS, (0.614 to 0.615 nm) and
more than 25 times weaker interlayer energy coupling.?* How-
ever, in the case of EC, it has been never reported.

Here, the original composites with a various proportion of
multiwalled carbon NTs and ReS, have been prepared by hydro-
thermal method to study capacitor performance. Additionally,
novel material based on 3D graphene network (3DG) like struc-
ture as a matrix for iron sulfide has been designed. Interest-
ingly both carbon networks (CNTs and 3DG) are characterized
by different structure/texture, hence, composites supplied dis-
tinct electrochemical performance. The target of this research
is to synthesize the composites which show synergistic prop-
erties of both materials, that is, carbons and TMDs, to exploit
their electrochemical performance, conductivity, and unique
structure. The reason of different operating voltage limits for
both composites has been revealed. Voltage range, in turn, is
an important metric that affects the energy of capacitor device.

Three-Dimensional
Graphene (3DG) s
like structure R

Carbon
nanotubes
(NTs)

reaction

www.small-journal.com

2. Results and Discussion

Low-dimensional materials such as graphene and TMDs have
been under significant consideration as novel materials for the
ECs. Herein, we report on the hydrothermal synthesis of com-
posites based on rhenium disulfide with multiwalled carbon
NTs and iron disulfide with 3DG. The scheme of TMD/carbon
composite preparation via a hydrothermal synthesis is pre-
sented in Figure 1, where carbon NTs and 3DG materials play a
scaffold role for deposition of Fe and Re sulfides.

First, different proportions of NTs and Re sulfide in com-
posite were studied to find the optimal composition. It is well
known that carbon NTs, as highly mesoporous material, pro-
vide negligible capacitance (a few F g7); generally the more
pure and well organized structure of NTs, the lower capacitance
values.[”>%6] Hence, the very moderate amount of NTs (7 wt%)
was the most beneficial. In fact, ReS, was the main component
(93 wt%) in this composite. Mesoporous character of the nano-
textured ReS,/7 wt% NTs and NTs was proven by N, adsorp-
tion/desorption. Figure S1, Supporting Information presents
the isotherms and inset with a pore size distribution. Isotherms
show a steep increase of N, adsorbed at low relative pressure
exhibiting limited presence of micropores and a peak at high
relative pressure region indicating presence of bigger pores.
During desorption a significant hysteresis is observed. Type IV
isotherms demonstrate clearly a mesoporous character of both
materials. The volume of N, adsorbed/desorbed by ReS,/7 wt%
NTs is significantly lower than for the pure NTs. It means that
the deposited TMD layers have decreased the overall surface
area mainly in the range of mesopores. Specific surface area
and porosity features are compiled in Table S1, Supporting
Information.

The distribution of elements and the morphology/texture
of such composite (Figure 2) was studied by scanning electron
microscopy (SEM) combined with energy dispersive spectros-
copy (EDS).

The SEM images with different scales show that the com-
posite exhibits derivative morphological shape to the NTs with

FeS,/3DG

C/TMDs
composite

Figure 1. The simplified scheme of synthesis for two different composites: 3DG/FeS, and CNTs/ReS,.

Small 2021, 17, 2006821

2006821 (2 of 10)

© 2021 The Authors. Small published by Wiley-VCH GmbH

Maciej Tobis, PhD Dissertation |

56



Study of two-dimensional nanostructured materials for electrochemical
energy storage applications

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

Py

ReS,/7Wt% NTs
-

B
4

+
¢ty R

d
1pm

www.small-journal.com

Carbon

Rhenium

Sulfur

Figure 2. SEM images (left) and EDS mapping (right) of ReS,/7 wt% NTs composite.

cauliflower-like structure. However, at high magnification the
perpendicular flakes with exposed edges are well visible. EDS
mapping shows that the individual atoms of ReS; are well dis-
tributed on the surface of the NTs, it means that the carbon
NTs are firmly covered by ReS, layers. During the synthesis of
the composite, ReS, layers are being formed on the surface of
the NTs favorably at the structural defect sites. Typically, during
deposition process the defect sites play a nucleation role. This
unique morphology allows the electrolyte to penetrate through
the whole electrode. Thus, the dense layered structure cre-
ates many active sites for ions to be freely adsorbed and des-
orbed during ECs charge/discharge. Generally, the layers can
be directed perpendicularly or parallel to the NTs plane.?’) In
this case, due to the low controllability of the hydrothermal
synthesis process the layers are distributed randomly and most
likely vertically to the NTs surface as it can be observed in the
inset of Figure 2.

To analyze the crystal structure of the powdered materials,
both samples (ReS, and ReS,/7 wt% NTs composite) were
investigated by the X-ray diffraction (XRD) technique. As shown
in the Figure 3, peaks at 14.5°, 32.5°, 43.5°, and 60.9° (26) are

(001)

Intensity (a.u)

ReS,/7wt% NTs

20 30 40 50 60 70 80
20 (deg.)

Figure 3. XRD diffractograms for ReS, and ReS,/7 wt% NTs composite.
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observed and can be attributed to ReS, (JCPDS # 00-063-0205)
namely (100), (002), (006), and (008) planes, respectively. The
lack of intense peak confirms the disordered layered structure
of the composite.

After a detailed physicochemical characterization, synthe-
sized materials were successfully employed as electrodes in
electrochemical capacitor (EC) cells and investigated by CV, gal-
vanostatic charge/discharge with potential limitation (GCPL),
and electrochemical impedance spectroscopy (EIS). For the
two-electrode electrochemical investigations, Swagelok cell with
two stainless steel pistons was used. Two separated electrodes
of similar mass were soaked with 1 mol L™ Li,SO, electrolyte.
Detailed investigation of the individual electrodes was per-
formed utilizing a cell combined additionally with Hg/Hg,SO,
reference electrode.

Deposited ReS, onto carbonaceous materials improved the
overall performance of the assembled EC system due to the
exhibition of faradaic reactions. Cells prepared with ReS,/7 wt%
NTs demonstrated a capacitance of 108 F g™ (Figure 4). For
comparison, the cells with pure carbon materials (N'Ts) were
also investigated.

The performances of the ECs cells were evaluated accordingly
to the very well-known methodology.?® At the beginning, the
symmetrical cell assembled with ReS,/7 wt% NTs was studied
by CV. The window voltage was extended by 0.1 V beginning
from 0.5 V with the 1 mV s™! sweeping rate (Figure 4a). The
performance of the full cell with the separate behavior of posi-
tive and negative electrodes is presented in Figure 4b. It can
be observed that at low scan rates the electrodes exhibit nearly
rectangular square shape which is characteristic for the capaci-
tive behavior of electric double-layer capacitors. Further voltage
extension shows no faradaic contribution until 0.8 V where
the characteristic peaks, which can be attributed to oxygen and
hydrogen evolution are appearing on the positive and the nega-
tive electrode, respectively. While it is understandable that the
oxygen evolution appears close to the calculated potential value
for the water decomposition, the hydrogen evolution limit is
much further from what is observed experimentally. Layered
ReS, and most of other representatives of 2D-TMDs family, are
consisting of inert basal plane and active edge sites.?>3! TMDs

© 2021 The Authors. Small published by Wiley-VCH GmbH

Maciej Tobis, PhD Dissertation |

57



Study of two-dimensional nanostructured materials for electrochemical
energy storage applications

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

a) 400
ImVs'
300
200
@ 100
o
04
-100-
2004— " y " y
=300 T T T
0 0z 04 05 o8 i z R TR R
E vs. SHE (V)

©)

z

<3}

=

w

¢

m

2 . 053V,
-0.6 | ———|
; ; i 09

Figure 4. a) Electrochemical characterization of symmetric EC with ReS,/

7 wt% NTs by cyclic voltammetry (1 mV s7') with a gradual voltage extension.

b) Electrochemical behavior of individual electrodes is depicted, c) with the thermodynamic limit of O, and H, evolution. Electrolyte—1 mol L™' Li,SO,,

will promote hydrogen evolution, dependent on the amount of
edge site exposed.??-33 Additionally, Figure 4c shows that the
positive electrode works on a wider potential window than the
negative one. From characteristics of the negative electrode, it
looks that the hydrogen storage does not proceed at all, just
contrary this material has a tendency to catalyze hydrogen evo-
lution reaction (HER) during the voltage extension. It should
be considered that the NTs as typical mesoporous material
cannot store hydrogen, additionally NTs amount is very low. On
the other hand, hydrogen evolution is governed by a balance
between the surface coverage and reactivity illustrated by the
so called volcano plot, that is, M—H bond strength versus log
iy (exchange current). Re as metal occurs close to noble metals
(Pt, Pd) which greatly catalyze HER. Due to the high evolu-
tion peaks indicating oxygen and hydrogen evolution at higher
voltage, it was decided to perform other electrochemical inves-
tigations at 0.8 V.

The voltammetry characteristics of cells assembled with
ReS,/7 wit% NTs at various scan rate from 2 to 200 mVs™ are
shown in Figure 5a. The rectangular shape of the voltammo-
grams at all sweeping rates indicates the capacitive behavior of
the electrodes. Thanks to the intimate interconnection of the
ReS, nanolayers to the NTs, the composite electrode exhibits
higher conductivity from NTs and increased capacitance due to
the TMD presence as well as because of the higher specific sur-
face area of composite. It can be stated that the composite pos-
sesses the intermediate properties to the parent materials. NTs
significantly improve the charge propagation of the electrode.

Small 2021, 17, 2006821 200682

GCPL characteristics for the cells with ReS,/7 wt% NTs lim-
ited to 0.8 V at different current loading from 0.2 to 2 Ag™! are
shown in Figure 5b. The curves represent close to ideal trian-
gular lines which are associated with capacitive behavior. The
integrated capacitance values for ReS,/7 wt% are 108, 94, 82,
and 73 F g'at0.2,0.5,1,and 2 A g!, accordingly.

The same voltammetry test was conducted for the cell with
pure ReS, (Figure S2, Supporting Information). The ReS, alone
showed a high capacitance but with much lower charge propa-
gation and inferior conductivity. Cell with ReS, comparably to
composite shows nearly squared shape profile but only at lower
scan rates. At higher sweeping rates, the voltammograms lose
the squared shape because of the diffusion limits. The EC in
both cases (ReS, and ReS,/NTs) did not show redox peaks.
It is well known that some electrochemically active materials
do not show redox peaks (e.g., ruthenium oxide, nitrogenated
carbons). Hence, in that case, the faradaic reactions of TMD
should not be excluded. The following reaction can be consid-
ered: ReS, + Li* + e~ <> ReS — SLi

EIS is very valuable, complementary technique for capac-
itor investigation. Nyquist plots and the analog circuit dia-
grams for capacitor built with all materials, that is, NTs,
ReS,, and ReS,/7 wt% are presented in Figure S3, Sup-
porting Information. EIS results were measured within
the frequency range of 1 mHz-10 kHz. Pure NTs in com-
parison to composites showed significantly smaller capaci-
tance but exhibited superior charge propagation and great
conductivity. The capacitor working with NTs exhibited

1 (4 of 10) © 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. a) Voltammetry and b) galvanostatic characteristics for the capacitor built from ReS,/7 wt% NTs composite. Electrolyte—1 mol L™ Li,SO,,

negligible values of ESR and EDR (0.77 and 1.58 Ohms).
The imaginary part of the impedance characteristics grows in
parallel to the y-axis meaning that there is no effect of redox
reactions especially for NTs. However, for the composite clear
diffusion limitation is observed. In case of the cell constructed
with ReS,/7 wt% NTs, the system showed comparable values
of ESR and an increase of EDR value (0.8 and 8.2 Ohms,
respectively). Such an increase in resistance of the cell comes
from the addition of ReS, to the composite material. Also,
the shape of the impedance curve is no longer parallel to the
y-axis. Cell assembled with ReS, exhibited distinct semi-circle
due to the redox reactions and lower conductivity of the mate-
rial. Charge propagation is an important EC metric. EIS tech-
nique is perfectly adapted for monitoring this property. In addi-
tion to Nyquist plots, the capacitance versus frequency chart
has been presented in Figure 6. Due to a significant difference
between the capacitance values depicted for NTs in comparison
to other materials, capacitance has been replaced with capaci-
tance retention. Fast response of the N'Ts cell can be explained
by the very high conductivity of the material. For NTs the
capacitance remains stable up to 3 Hz while gradually drops
for ReS,, the composite still preserves 50% value at 1 Hz. As

100
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Figure 6. Capacitance retention versus frequency for ReS,/NTs com-
posite and its components.
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expected, the composite possesses the intermediate character-
istics. In conclusion, a proportion of components in composite
has a fundamental influence on charge propagation.

The cyclability of the ReS,/7 wt% NTs were also studied
(Figure S4, Supporting Information) by performing 13 000 gal-
vanostatic cycles at 0.8 V with current rate of 1 A g™'. Capaci-
tance retention was found to be 85% of the initial value.

The second TMD/composite material studied in this work
is graphene-like 3DG/FeS,. This unique carbon skeleton char-
acterized by an interconnected, porous structure including
pores with various size, ranging from a few micrometers to
nanometers, provides excellent electron and ion conduc-
tivity.?* Considering the chemical stability and physical
robustness of 3DG-like structure, it can be used as the prom-
ising scaffold for deposition of other active material*>~**) such
as FeS,. The structure of 3DG is affected by its precursor, that
is, graphite oxide. The proper oxidation of graphite powder to
graphite oxide is important, since it affects the dispersion of
GO layers inside the solution.*) Graphite oxides with high
content of different oxygenated functionalities guarantee the
creation of 3DG matrix with interconnected porous structure.
Subsequently, the dispersion level of GO layers has the main
influence on the size of the pores, in the porous skeleton of
3DG.M" Deposition of a thin layer of the TMDs on 3DG net-
work improves not only the power rate but also the capacitive
behavior of the TMDs-based electrodes, since all of the TMDs
content will be accessible to ions for surface electrochemical
interactions.

For physicochemical characterization of graphene-like
3DG/FeS, composite, N, sorption measurements were per-
formed. Figure S5, Supporting Information presents the iso-
therms and the pore size distribution for the nanotextured
3DG/FeS,. Specific surface area and the porosity properties
are displayed in Table S1, Supporting Information. A moderate
drop of porosity is observed for composite material. Figure 7
shows the SEM images of freeze-dried 3DG and 3DG/FeS,
composites. 3DG sample consists of a hierarchical highly
porous structure. The pores are connected to each other and
are spread in the internal structure of this substrate. The walls
of the graphene-like network are thin and majority of the
internal space is occupied by void, which implies the minimal
aggregation of graphene layers.*?l Deposition of the active
materials on such a porous structure, including pores with
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Figure 7. SEM images of freeze-dried 3DG and 3DG/FeS, composites at different magnifications a,b) 5, ¢,d) 10, e,f) 15, g,h) 20 wt% FeS,.
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Figure 8. XRD structural characterization of 3DG/FeS, composites with
various content of sulfide.

a wide range size, can be challenging, since high percentage
of loading will result in losing a majority of small pores
which plays a crucial rule in capacitive applications based
on sorption/desorption. Figure 7 displays the images taken
from the inner space of 3DG-5 wt% FeS; (a,b), 3DG-10 wt%
FeS, (c,d), 3DG-15 wi% FeS, (e,f), and 3DG-20 wi% FeS,
(g.h), respectively. All the samples are highly porous and they
are comparable to the internal structure of 3DG skeleton.
Inhomogeneous deposition of FeS, is observed especially for
higher sulfide percentage with a thickness of =30-50 nm.
It can be suggested that too high loading of active material
(20%) can severely deteriorate the transportation of adsorbed
ions into the bulk of capacitor electrode. This fact was proven
further by the electrochemical evaluations.

Figure 8 reveals the XRD pattern of 3DG-FeS, with different
percentage of loaded active materials. The characteristic peaks
which appear at 26°, 34°, 39°, 44°, 57°, 62°, and 65° (26) are
allocated to (111), (200), (210), (211), (311), (023), and (321) planes
of FeS; with JCPDS Card Number of 98-005-9067. The peaks are
quite sharp, it means that all the samples have a well-structured
crystal lattice. From 3DG-5% FeS, to 3DG-20% FeS,, the inten-
sity of the characteristic peaks increases, that confirms the dif
ferent amounts of deposited active materials over the surface of
the 3DG substrate.

EDS mapping of C, Fe, and S elements for 3DG-5 wt% FeS,
to 3DG-20 wt% FeS, proved a gradual increase of sulfide in
composite. All elements have been uniformly scattered at entire
surface of the surveyed area, which verifies the hierarchical
structure of the composites. No significant agglomeration was
spotted while monitoring a broad area of the surface. Moreover,
the elemental characterization of the EDS spectrum is aligned
with the observations from the maps, and further indicates the
presence of Fe, and S elements at the surface of graphene sub-
strate. Figure S6, Supporting Information shows example of
EDS results for 3DG-15 wt% FeS,.

The capacitive performance of the porous carbonaceous elec-
trodes can easily be affected by structural transformation. As
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Figure 9. Comparison of CVs at 2 mV s™' for composites with a different
FeS, content. Electrolyte—1 mol L' Na,SO,,

already discussed, deposition of active materials higher than
an optimum amount decreases the accessible surface area of
the substrate. To specify the proper percentage of loading, the
prepared samples were evaluated by CV analysis. Figure 9 rep-
resents the capacitive/faradaic behavior of the assembled sym-
metric cells based on each composite in comparison with the
ideal behavior of 3DG which has most EDLC profile among
all the other samples. As it can be seen, all the samples show
almost a rectangular CV graph with a low resistance. At applied
scan rate of 2 mVs! redox reactions are well observed in the
form of a wide hump from 0 to 0.6 V. It enhances with the per-
centage of FeS, from 5% to 20%. This ill-defined peak is the
result of redox activities in the composites. The surface area
under the voltammograms for electrodes based on 3DG and
with a higher content of FeS, until 15 wt% gradually increases.
However, 3DG-20 wt% FeS, shows no further charge expansion
in comparison with 3DG-15 wt% FeS, This observation may
suggest that 3DG-20 wt% FeS, has an inferior porous structure
compared to the other samples. Surely, the sample with the
higher content of FeS, lost a part of microporosity at the sacri-
fice of having a higher content of redox active materials.

Faradaic reactions have been confirmed by running a three-
electrode cell investigation of capacitor based on 3DG-15 wt%
FeS, in various voltage windows (Figure 10a-d). It seems that
hydrogen storage could be considered for the negative elec-
trode in the range of potential from —0.33 to —0.7 V versus SHE
(Figure 10c). Redox activity of Fe species is also well observed
from 0.2 to 0.4 V versus SHE.

The quality of interconnected porous structure of composite
can be studied through analyzing the capacitive behavior at the
scan rates from 2 to 200 mV s~ and at the current densities from
0.2t0 2 A g7l Interconnected porous structure allows a fast charge
response for the 3DG/15 wt% FeS, composite (Figure S7a,b,
Supporting Information). However, at very high rates a sig-
nificant aggravation of characteristics is observed for both
dependences. EIS, in the form of Nyquist plot, for 3DG mate-
rial and all composites with FeS, clearly shows the difference
between materials with various loading (Figure S8, Supporting
Information). To study the charge propagation, capacitance
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Figure 10. a) Voltage extension of 3DG/15 wt% FeS, electrode material in two-electrode cell, b) galvanostatic charge/discharge at 0.5 A g7, ¢) with
separation of performance for (+) and (-) electrodes and d) indication of hydrogen and oxygen evolution.

versus frequency has been reported in Figure S9, Supporting
Information for 3DG and composite with 15 wt% FeS,. 3DG
material supplies 50% capacitance at 1 Hz but for the composite
with redox activity capacitance drops rapidly already at 50 mHz.

The cyclability of the 3DG/15 wt% FeS, composite were also
investigated. Figure S10, Supporting Information presents 8000
galvanostatic cycles with current rate of 10 A g7,

For the comparison of both capacitor materials based on Re
and Fe sulfides, the detailed charts of capacitance versus cur-
rent loading are represented in Figure S11, Supporting Infor-
mation. Energetic and Coulombic efficiencies for all materials
are also indicated. As a rule of thumb, the higher redox activity,
that is, higher capacitance, the lower charge propagation as well
as energetic efficiency.

3. Conclusion

Two different composites based on carbon materials (NTs or
3DG) and TMDs were successfully prepared by hydrothermal
synthesis and used as EC electrode materials. After detailed
physicochemical characterization, their electrochemical per-
formance was tested in ECs two- and three-electrodes cells.
Mechanism of the energy storage has been elucidated. It was
proven that type of transition metal such as rhenium restricts
the voltage range of the capacitor (0.8 V). The composites show
a specific capacitance of =110 F g™! for ReS,/7 wt% NTs at 0.2 A
g™'and 240 F g! for 3DG/15 wt% FeS,. The composition of the
prepared composite differed completely. 3DG/FeS, consisted
of mainly highly porous carbon matrix, with a small loading
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of TMDs while in ReS,/7 wt% NTs, the majority of the com-
posite was ReS, and NTs served as a conductive additive. The
two different approaches of using TMD as an additive or as a
fundamental component have brought different results based
on the initial properties of the matrix. Selection of the carbon
support and method of composite preparation affect the final
electrochemical performance. Energetic efficiency of charge/
discharge process was exploited for true capacitance evaluation.
It has been proven that voltage extension in aqueous medium
is affected by materials structure, that is, edge sites strongly
restrict operational window, type of metal. The species of the
most noble metals catalyze water decomposition.

4. Experimental Section

Preparation of ReS, and CN'Ts/ReS, Composite: First, 0.6 g of ammonium
perrhenate (Sigma Aldrich), 0.25 g of hydroxylamine hydrochloride (Sigma
Aldrich), and 1.6 g of L-Cysteine (Sigma Aldrich) were dissolved in 40 mL
of distilled water. The substrate solution was mixed for 2 h before the
autoclave reaction. Then, 0.039 g of (which constituted a 7 wt% of ReS,
material) MWCNTs (OD: 20-40 nm; L: 5-15 um; 95+%, lolitec) were
dispersed in 40 mL of distilled water by the ultrasonic device (Hielscher—
UP50H) for 30 min. The as-prepared mixtures were transferred into a
stainless steel autoclave (Parr Instruments—High-Pressure Compact
Reactor 5521) and kept at 180 °C for 48 h with stirring (125 rpm). After
the reaction, a black precipitate was collected by filtration and then dried
at 70 °C for 12 h. The same procedure was adopted for the synthesis of
ReS,, but without using NTs.

Preparation of 3DG and 3DG/FeS,: Tailoring 3D porous structure
based on graphene was carried out using one-step hydrothermal self-
assembly treatment. GO was prepared according to the modified
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Hummers’ method.*l GO aqueous dispersion (4 mg mL’') was
prepared by sonication of graphite oxide solution using ultrasonic
bath for 1 h. Next, the GO solution was transferred into a Teflon-lined
stainless steel autoclave (100 mL), and was kept without any stirring at
180 °C for 24 hr. Then, the autoclave was cooled down to 25 °C, and the
formed cylindrical hydrogel was extracted and was stored in DI water to
replace the undesired by-products inside the pores with water molecules.
The purified hydrogel was freeze-dried prior the structural and elemental
characterizations. The synthesis of 3DG/FeS, was carried out using a
one-step hydrothermal reaction. For this purpose, different amounts of
FeCl; 4 H,0 were dissolved in 20 mL ethylene glycol. Then, 60 mg of GO
was dissolved into 30 mL of DI water. Later, the FeCl; and GO solutions
were homogeneously dispersed in each other using ultrasonic bath.
The samples contained 5, 10, 15, and 20 wt% of FeCl; in GO solution.
Then, 15 mg of elemental sulfur was added to all the mixtures. The pH
of the mixture was tuned to 9 before it was transferred into a 100 mL
Teflon-lined stainless steel autoclave, and maintained at 200 °C for 24 h.
After, the autoclave was cooled down to the room temperature and
the 3DG/FeS, hydrogels were rinsed with water and ethanol before
electrochemical analysis. Prior to physicochemical characterizations, the
samples were freeze-dried.

Physical Characterization: Morphology of the samples was determined
with the use of SEM Tescan Vega 5135 coupled with the PGT Avalon
X-ray microanalyzer adapter for the evaluation of the EDS.

Diffractograms were obtained from aparatus, BRUKER D8 Advanced,
equipped with Johansson monochromator using Cu Ke radiation (Cu
Ka, A = 1.5406 A) and silicon strip detector LynxEye. The minimum
measurement angle was 0.6 20 deg.

The specific surface area of samples were determined during N,
adsorption/desorption at 77 K by using porosity analyzer ASAP 2460
(Micromeritics, USA). The samples were degassed for 24 h at 100 °C
(He atmosphere and then for 5 h under the high vacuum) prior the
measurements. Pore size distribution was evaluated using 2D-NLDFT
model. The range of 0.01-0.05 relative pressure (p/po) was used for
calculation of the specific surface area.

Electrode Preparation and Electrochemical Characterization: All the
electrodes based on ReS,/7 wt% NTs composite contained 90 wt%
of active material, 5 wt% of binder, that is, polytetrafluoroethylene
(60 wt% dispersion in water, Sigma Aldrich) and 5 wt% of conducting
agent (C-NERGY Super C65, Imerys). Components were mixed in a
mortar until dough-like material was obtained. Then it was rolled on
a calendaring machine in order to obtain 200 pum thickness sheet of
electrode material. Electrodes in a shape of discs with the diameter of
10 mm were cut from the foil, followed by drying in 70 °C for 24 h. The
electrodes of similar mass separated by a glass microfiber membrane
(GF/A, Whatman, diameter of 12 mm) were soaked with 1 mol L™ Li,SO,
aqueous electrolyte.

For 3DG self-standing samples 1 mol L™' Na,SO, was used. Active
materials loading per electrode was 8-10 mg for NTs/ReS; and 2.5-3 mg
for 3DG/FeS, composites.

All the electrochemical cells were investigated by using VMP3 multi-
channel potentiostat/galvanostat (Biologic, France) with the EC-lab
software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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MoS: is relatively well documented in the literature, however, most of the reports highlight
the electrochemical behavior of a single electrode (very often the active mass loading is
below 1 mg) operating in the sulfuric acid. Therefore, it is difficult to evaluate if the MoS-
material could be practically used as an EC electrode. Having in mind the moderate
conductivity of the TMDs, the results of this study present the integration of MoS; with
different carbonaceous materials with open porosity such as carbon nanotubes (NTs)
and carbon black (CB) to omit the blockage of microporous texture and allows for
homogenous distribution of layered MoS,. By combining MoS; with different carbon
materials, it could be expected to observe enhanced electrochemical performance,

improved conductivity, and optimized voltage window of the ECs.

MoS,-based composites were prepared by using hydrothermal method assisted
by L-cysteine, which acts as a sulfur source. This process led to the formation of MoS:
nanolayers on the carbon substrates which morphology, structure and porous texture
were investigated by nitrogen sorption at 77 K, X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscopy (SEM) imaging coupled with energy

dispersive spectroscopy (EDS) and transmission Electron Microscopy (TEM).

Electrochemical studies were conducted by using symmetric ECs assembled with
the prepared composites. The MoS2/CNTs exhibited the highest capacitance
of 150 F g, while the MoS,/BP2000 reached 110 F g at current load of 0.2 A g
at 0.8 V. The performance was compared to pure carbon supports, demonstrating

the superiority of the composites.

Additional tests in two-electrode cells equipped with a reference electrode allowed
for monitoring the electrochemical behavior of both electrodes during voltage extension.
These tests revealed that the MoS; show some signs of the hydrogen evolution reaction
(HER) on the negative electrode and high redox peak on the positive electrode during
potential extension. Because of this, the electrochemical voltage window of the cells with

MoS,-based materials was limited to below 1 V.

The study suggests that further optimization of the composite materials and their
synthesis process is necessary to fully exploit the potential of MoS,-based electrodes

in energy storage applications.
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Supercapacitor with Carbon/MoS,
Composites

Maciej Tobis, Sylwia Sroka and ElzZbieta Frackowiak *

Institute of Chemistry and Technical Electrochemistry, Poznan University of Technology, Poznan, Poland

Transition metal dichalcogenides (TMDs) with a two-dimensional character are promising
electrode materials for an electrochemical capacitor (EC) owing to their unique
crystallographic  structure, available specific surface area, and large variety of
compounds. TMDs combine the capacitive and faradaic contribution in the
electrochemical response. However, due to the fact that the TMDs have a strong
catalytic effect of promoting hydrogen and oxygen evolution reaction (HER and OER),
their usage in aqueous ECs is questioned. Our study shows a hydrothermal
L-cysteine—assisted synthesis of two composites based on different carbon
materials—multiwalled carbon nanotubes (NTs) and carbon black (Black Pearl-
BP2000)—on which MoS, nanolayers were deposited. The samples were subjected to
physicochemical characterization such as X-ray diffraction and Raman spectroscopy
which proved that the expected materials were obtained. Scanning electron
microscopy coupled with electron dispersive spectroscopy (SEM/EDS) as well as
transmission electron microscopy images confirmed vertical position of few-layered
MoS, structures deposited on the carbon supports. The synthetized samples were
employed as electrode materials in symmetric ECs, and their electrochemical
performance was evaluated and compared to their pure carbon supports. Among the
composites, NTs/MoS, demonstrated the best electrochemical metrics considering the
conductivity and capacitance (150 Fg™"), whereas BP2000/MoS, reached 110 Fg™' at a
current load of 0.2 Ag™'. The composites were also employed in a two-electrode cell
equipped with an additional reference electrode to monitor the potential range of both
electrodes during voltage extension. It has been shown that the active edge sites of MoS,
catalyze the hydrogen evolution, and this limits the EC operational voltage below 1 V.
Additional tests with linear sweep voltammetry allowed to determine the operational
working voltage for the cells with all materials. It has been proven that the MoS,/
carbon composites possess limited operating voltage, that is, comparable to a pure
MoS, material.

Keywords: wm disulfide, metal di
electrochemical capacitors, neutral electrolyte

2D materials, carbon nanotubes, carbon black,
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INTRODUCTION

The industry is constantly facing issues on advanced and more
efficient energy storage systems for intermittent renewable energy
harvesting that can successfully inhibit the overexploitation of
natural reserves of fossil fuels. For this reason, a booming
interest in the area of research and development of energy
storage devices has been noted. Electrochemical capacitors (ECs)
in particular, owing to their remarkable features such as superior
cyclability and high-power density, can be successfully employed in
this field (Sharma and Bhatti, 2010; Chen, 2016; Gonzalez et al.,
2016). However, in order to compete with modern batteries, the
research aim is largely focused on increasing EC energy density
while retaining their fast charge/discharge rate. The performance of
such storage devices can be effectively improved through extension
of voltage window or an increase of specific capacitance, as shown
in the following equation (Simon and Gogotsi, 2008):

E—lc V2
T2

where E represents energy density, C capacitance, and V the
operating voltage. As the energy in ECs is stored mainly through
adsorption of ions at electrode/electrolyte interface, one of the major
requirements for the electrode materials is developed specific surface
area (SSA) and high conductivity. Electrode materials based on
carbons have been already well known to possess those characteristic
features (Frackowiak and Béguin, 2001; Pandolfo and Hollenkamp,
2006; Cherusseri et al,, 2016; Ratajczak et al., 2019). Although, due to
limitations related to a nonuniform distribution of pores and their
availability for ions, they usually offer capacitance ca. 100 Fg™" (Fic
et al, 2012). For this reason, a regained interest in the field of
electrode material development such as ones based on transition
metal dichalcogenides (TMDs) has been observed. These two-
dimensional inorganic materials, including MoS,, WS,, VS,, or
MoSe, (Acerce et al, 2015; Balasingam et al., 2015; Chen et al,
2019; Xu et al., 2020), can possess both “faradaic” and “non-faradaic”
behaviors, very thin structure (which in turn leads to short transport
length for electrons and ion migration), high conductivity, and large
surface tunability (Coogan and Gun’ko, 2021; Lukatskaya et al., 2016;
Bissett et al, 2016; Choi et al, 2017; Zhang and Huang, 2017).
Thanks to these qualities, TMDs can be effectively employed as
electrode materials for ECs. MoS,, in particular, has been extensively
studied in capacitor applications over the past few years. Layered
MoS, consists of a single Mo atom sandwiched between two S atoms,
with weak Van der Waals interactions stacking them together. One
way in which the electronic conductivity of the composite can be
noticeably improved is the incorporation of conducting materials,
such as carbon blacks or carbon nanotubes (CNTSs) (Yang et al,
2017; Lin et al,, 2019; Sun et al,, 2019). However, when paired with an
aqueous electrolyte, the EC system is characterized by a narrow
voltage window due to electrolysis of water, which, in turn, affects its
energy density. In electrochemical systems, this process is governed
by oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER). However, aqueous electrolytes have superior
advantage in terms of safety, cost, feasibility of use, and eco-
friendliness, as compared to organic electrolytes (Zhong et al,
2015). A lot of research has been devoted to TMD composites as

Supercapacitor with Carbon/MoS; Composites

EC materials and very high capacitance values exceeding even 400
Fg~' have been reported, but most of these studies are performed
only in a three-electrode system with an excess of electrolyte, the
mass of electrode is often below 1mg, and calculations are not always
correct. Hence, apart from the fundamental significance, practical
application of some studies is meaningless. From our point of view,
only investigation in a two-electrode system resembles a real
capacitor performance. Estimation of safe operating voltage of
capacitor with TMD-based electrodes is crucial. Unfortunately,
the reason of voltage limitation was not studied in detail
Electrochemical reactions associated with activity of MoS, result
in its inherent limited potential window. Nasir et al. have reported an
electrochemical window of MoS, where both anodic and cathodic
regions were investigated (Nasir et al, 2015). At the anodic
potentials, oxidation of Mo™ to Mo®" occurs, while at the
cathodic potentials, the reduction of H;O" present in the solution
results in electrocatalytic HER at the surface of MoS, (Nasir et al.,
2015; Sangeetha and Selvakumar, 2018; Tseng and Lee, 2020; Yuan
et al,, 2020). Hence, even if interconnected network is created, such
as in MoS,/carbon-based materials, TMD presence can lead to
enhanced HER activity due to its morphology and much faster
movement of electrons (Sangeetha et al., 2020; Rendén-Patifio et al.,
2020). All the parameters mentioned have a great impact on the
potential window of MoS,-based materials and have to be considered
carefully.

In this study, the MoS, composites with 7 wt% amount of
BP2000 or NTs were prepared with the use of hydrothermal
process utilizing L-cysteine which acted as an effective and
nontoxic source of sulfur in the reaction (Huang et al.,, 2013;
Park et al., 2013; Huang et al., 2014). Synthetized composites and
sole materials were physicochemically characterized, prepared in
the form of electrodes, and further studied electrochemically in
two-electrode and two-electrode with reference cells with a
special attention to voltage frontiers.

EXPERIMENTAL
Material Synthesis

Layered MoS, was obtained during a hydrothermal reaction.
1.6 g of L-cysteine (Sigma Aldrich, 97%) and 0.6 g of
Na,Mo0O,-2H,0 (Sigma Aldrich, > 99%) were mixed in 80
ml of DI water. Then, the pH of the solution was adjusted to 6
with the use of 5% HCl which turned the solution from
colorless to scarlet orange. The mixture of the precursors
was then transferred into a stainless steel autoclave (Parr®
5500 Series compact reactor) for 24 h at 210°C. After the
reaction, the solution was filtered and washed several times
with DI water and isopropanol. Black powder was collected
and dried at 70°C for 12 h. The composites of NTs/MoS, and
BP2000/MoS, were synthetized accordingly but with the use of
NTs (IoLiTec nanomaterials, outer diameter: 20-40 nm,
length: 5-15 pm, and > 95% purity) and BP2000 (Cabot).
0.035 g of the NTs and BP2000 were sonicated (Hielsher
UP50H) for 30 min and then mixed with the solution of
precursors. The resulting solution was treated as prior, and
composite sample was collected and dried. The process of
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FIGURE 1 | Simplified process of carbon/MoS; synthesis.
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synthesis (Figure 1) can be presented by the following
equations (Chang and Chen, 2011).

HSCH,CHNH,COOH + H,0 — CH;COCOOH + NH; + H,S
4MoO?™ + 9H,S + 6CH,;COCOOH
— 4MoS, + SO + 6CH;COCOO™ + 12H,.

Materials Characterization

Raman scattering spectroscopy was performed using a Thermo
Scientific DXR Raman Microscope with a laser emitting at A = 532
nm and power of 5 mW. The total exposure time was 60 s, carried
out in 3 scans series, and each lasting 20 s. The measurements
were repeated at least 3 times for each sample at different
locations to ensure uniformity throughout.

Scanning electron microscope (SEM) Tescan Vega 5135
coupled with the PTG Avalon X-ray microanalyzer adapter for
the evaluation of the energy dispersive spectroscopy (EDS) was
employed to study the texture morphology and atomic content on
the surface of the material at different magnifications.

Additional structural and morphological studies were
performed by transmission electron microscopy (TEM) FEI
Titan G2 80-300 equipped with an energy dispersive X-ray
spectrometer (Hillsboro, OR, United Sates).

In order to confirm crystallographic structures, the samples
were investigated by X-ray diffraction (XRD) technique
employing BRUKER D8 Advanced, equipped with Johansson
monochromator using Cu Ka radiation (Cu Ka, X = 1.5406 A)
and silicon strip detector Lynx Eye. The minimum measurement
angle was 0.6 of 20 degree.

Electrode Preparation and Electrochemical
Tests

The electrodes were prepared from 90wt% of an active material, 5
wt% of a conducting agent (C-NERGY™ Super C65, Imerys), and
5 wt% of polytetrafluoroethylene binder (60% dispersion in water
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FIGURE 2 | Raman spectra of BP2000/MoS,, NTs/MoS,, and MoS,.

PTFE, Sigma Aldrich). The materials were weighed and mixed
with isopropanol and sonicated for 30 min. After isopropanol was
evaporated and dough-like consistency of the material was
obtained, it was then transferred in-between two sheets of
plastic foil, rolled, and passed through a hot roller in order to
obtain a uniform thickness of about 200 um. Then, it was cut into
disc electrodes of a 10mm diameter and dried at 70°C for 24 h in
an oven.

Symmetric electrochemical capacitors with stainless steel 316L
current collectors were assembled with two electrodes of equal
mass (ca. 10 mg). They were soaked with an appropriate amount
of electrolyte (1M Li,SO,), then separated with a glass microfiber
membrane (GF/A, Whatman™, thickness of 260 pum and disc
diameter 12 mm), and mounted under normal atmosphere using
Teflon Swagelok® tube fitting. Hg/Hg,SO, served as a reference
electrode to monitor performance of both electrodes. The
voltammetry response of each electrode was determined
according to the previous investigations (Slesinski and
Frackowiak, 2018). The specific capacitance per one electrode
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FIGURE 3 | EDS and SEM images of BP2000/MoS; at different magnifications.
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was calculated according to a very well-known methodology
(Lahedir et al, 2015). Taking into account the information
gathered from all electrochemical measurements and
calculations, a successful comparison between each material
was completed.

RESULTS AND DISCUSSION

Material Characterization

Raman spectroscopy allowed to obtain information regarding a
chemical composition of MoS, and its composites with BP2000
and NTs. Figure 2 shows Raman spectrum of BP2000/MoS,,
NTs/MoS,, and MoS, composites. Spectrum contains distinctive
G and D band peaks at 1,604 and 1,345 cm™, respectively, with a
loss of intensity for both peaks. Raman spectrum of NTs/MoS,
composite showed three distinctive features: two sharp peaks at
~1,575 and ~1,345 cm ™" belonging to G (graphite in plane mode
due to stretching vibrations of C-C bond) and D (disorder)
band, respectively. D band of BP2000 is widened due to
disordered structure and amorphous nature of the BP2000
instead of less defects than the CNTs. G' second order
harmonic is visible at ~2,685 cm™ (Zdrojek et al., 2004). In
both samples, the G band can be further divided into G1 and G2
bands at 1,572 and 1,608 cm™', respectively. These bands are
related to lattice vibration of sp® bond carbon materials, as
reported in other works (Rao et al, 1997; Duesberg et al.,
2000). Raman spectrum bands at ~ 375 cm™" can be assigned
to an in-plane E,, mode where sulfur atoms vibrate in one
direction, whereas molybdenum in another direction, with a
literature value of 400 cm™" (Conley et al., 2013).

Figure 3 shows SEM and EDS images of BP2000/MoS,.
Carbon blacks are known to be created from the spherical
particles which connected together form a complex micro-
and mesoporous bead-like structure. SEM images revealed that
the composite, comparable to NTs/MoS, (Figure 4), has
remained in the original shape of BP2000 and NTs,
accordingly. Higher magnifications show that the surface of
the composites is covered by the MoS, nanolayers which form
accessible structure favorable for transportation and diffusion of
ions during adsorption/desorption. EDS mappings (Figures 3
and 4) show the elemental distribution on the surface of the
composite. Presence of Mo, S, and C atoms is confirmed in both
cases, that is, BP2000/MoS, and NTs/MoS,. A low amount of
carbon detected suggests tight and homogenous coverage of
carbon supports by MoS, layers. During the synthesis process,
MoS, layers are formed and deposited on the surface of the NTs
favorably at the defect sites. The layers are directed
perpendicularly or horizontally to the NTs surface. Generally,
“bottom-up” methods such as hydrothermal synthesis are
characterized by low controllability of the process, unlike
chemical vapor deposition (CVD) (Gao et al, 2016).
Therefore, it is most likely that the composite possesses
randomly positioned layers with a major perpendicular
orientation (inset of Figures 3 and 4). Such unique structure
possesses many adsorption sites for ions created by deposited
MoS, layers and quick diffusion routes originating mostly from
NTs and BP2000.

Transmission electron microscopy (TEM) was conducted to
determine the microstructure and crystallinity of the
composites. TEM images in Figures 5A,E showed
consistency with the SEM/EDX results in Figure 4. High
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FIGURE 5 | TEM and SAED images of BP2000/MoS,—(A)-(D) and NTs/MoS,— (E)-(H).

magnifications of BP2000/MoS, (Figure 5C) show two
significantly different sections in the image. Wide disordered
area can be attributed to carbon black, while black lines can be
considered as MoS, edged layers. Images show that the MoS,
layers are predominantly grown in the vertical direction to the
carbon support. Additionally, MoS, present in the form of few
layers stacks is strongly linked to carbon support. Sample NTs/

MoS, showed comparable stacking, although it seems that the
MoS, are much better distributed on the NTs surface. It may
origin from the mesoporous character of the NTs. The number
of individual layers of MoS, appears to be lower which can also
be attributed to the texture of NTs. In both cases, selected area
electron diffraction (SAED—Figures 5D,H) patterns showed
weak diffraction rings indicating low crystallization of MoS,.
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FIGURE 6 | X-ray diffractograms for different materials.

For the NTs/MoS, sample, it was possible to differentiate two
weak diffraction rings, that is, 002 and 101 attributed to NTs.
The XRD method allowed to investigate the crystallographic
structure of the samples. Figure 6 shows diffractogram patterns
registered for MoS,, BP2000/MoS,, and NTs/MoS,. Each
sample exhibited peaks at 17°, 33°, and 58° indicating (002),
(100), and (110) planes of MoS,, respectively (JCPDS card
number 37-1492). Low intensity of the peaks is related to the
disordered and layered, differently oriented structure of the
MoS, on the carbon supports.

Supercapacitor with Carbon/MoS, Composites

Electrochemical Measurements

After physicochemical characterization, the composite materials
and pure components were further investigated in the capacitor
cells to evaluate the electrochemical properties. The fundamental
electrochemical measurement consisted of electrochemical
impedance spectroscopy (EIS) with a frequency between 100
kHz-10 mHz, followed by cyclic voltammetry (CV) from 0 to 0.8
V with varying scan rates 1, 2, 5, 10, 20, 50, 100, and 200 mVs,
galvanostatic charge/discharge at a current densities of 0.2, 0.5, 1,
and 2 Ag™', and subsequent EIS measurement with the same
parameters. Next, the two-electrode cell equipped with a
reference electrode was subjected to a gradual CV extension of
the voltage window starting from 0.6 to 1.5 V with increments of
0.1 V at a constant scan rate of 2 mVs™' and galvanostatic
measurements with a constant current density of 0.2 Ag™’,
finishing up by the EIS measurement. General comparison of
capacitor metrics between each sample is shown in Figure 7.
Additionally, the detailed electrochemical characterization
including effect of scan rates and different current density
applied was placed in Supplementary Figures S1 and S2.

A perfectly rectangular shape of the cyclic voltammetry
profiles for the EC cells with carbonaceous materials is not a
surprise in the low voltage ranges. Such materials are already
known to be ideal capacitor materials with high conductivity.
MoS, itself demonstrated higher capacitance than both carbons
owing to the dual mechanism, that is, capacitive charge/discharge
but also possible redox phenomena (lithium insertion and various
oxidation state of Mo). However, the CV characteristics of MoS,
and its composite derivatives exhibited slightly sloping shape that
indicates higher intrinsic resistance of the TMD material. Both
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FIGURE 7 | Electrochemical performance of pure BP2000, NTs, MoS,, and their MoS, composite materials. (A) Cyclic voltammograms, (B) galvanostatic charge/
discharge, (C) electrochemical impedance spectroscopy, and (D) capacitance retention vs. frequency.
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FIGURE 8 | Electrochemical characterization of symmetric EC cells. Cyclic voltammograms of gradual voltage extensions for BP2000, NTs, and MoS,— (A), (D),
and (G). Individual cyclic voltammograms for (+) and (-) electrodes—(B), (E), and (H). Operational potentials for both electrodes at each voltage—(C), (F), and (I).

EC cells with composites showed significantly higher capacitance
than maternal materials. Nevertheless, the NTs/MoS, composite
exhibited ~definitely better behavior than BP2000/MoS,.
Figure 7C presents a Nyquist plot for composites and
precursor materials. Carbons in comparison to MoS, and its
composites possessed significantly smaller intrinsic resistance.
Carbon blacks and nanotubes are known to possess very high
conductivity which reflects low equivalent series resistance (ESR)
values (0.82 and 0.74 Q, respectively). Fast capacitive charging of
these carbons is proven by the parallel direction of line to the
y-axis with equivalent distributed resistance (EDR) of 1.65 and
1.58 Q. Oppositely, MoS, alone as a semiconductor possesses
lower conductivity with ESR of 1.1 Q with a distinct semicircle
exhibiting EDR of 4.85 Q. At low frequencies, MoS, line showed
high slope reflecting diffusion effects. Such discrepancy between
the values obtained from MoS, and carbons can be explained by
the lower conductivity and high charge transfer resistance of
MoS,. Cells constructed with BP2000/MoS, and NTs/MoS,
exhibited intermediate values of ESR to the parental materials
(0.78 and 0.80 Q, respectively). Additionally, slope character of
the MoS, composites with EDR of (2.05 and 3.32 Q, adequately)
indicates diffusion effects of faradaic processes. To explain the
charge propagation of the composites, the capacitance retention
vs. frequency chart has been prepared (Figure 7D). It can be
observed that the carbon black and nanotubes were able to hold
their maximum capacitance up to 1 and 10 Hz, respectively. At 1

Hz, MoS, was able to retain only 20% of the initial capacitance
which originates from its low conductivity and high charge
transfer resistance. Composites prepared with BP2000 and
NTs exhibited intermediate charge transfer properties as they
were able to hold around 65% of the initial capacitance. It can be
observed that such moderate addition of carbons (~7 wt%) to the
composite has improved the overall performance of the cell.
Different loadings of carbon supports in the composite mass
have been studied separately (Supplementary Figure $3). It has
been proven that 7 wt% of carbon support was an optimal
amount. The morphology of both carbon supports is different;
hence, the process of MoS, layers formation and deposition is
dissimilar.

Taking into account the main goal of our research, we focused
on the possibility of voltage extension and elucidation of
electrochemical behavior of (+) and (=) electrode, separately.
Hence, the further electrochemical performance of the samples
was studied in a two-electrode cell with an additionally positioned
Hg/Hg,SO, reference electrode. At the beginning, operational
voltage windows of the cells containing pure materials, that is,
BP2000, NTs, and MoS, were studied. Figure 8A displays
performance of the full cell containing BP2000 as an electrode
material, whereas Figures 8B,C indicate performance of single
electrodes. Cell with BP2000 showed steady window potential
extension at both electrodes with stable rest potential. This
carbon black is a micro- and mesoporous material with
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developed surface area (1540 m®g™"). Due to such unique
morphology, it possesses a smaller amount of sharp edges on
which the electrolyte decomposition phenomena can occur,
meaning that the material can withstand higher operational
voltages. Contrary, for the cell with NTs (Figures 8D-F) at
the low voltages (0.6-0.8 V), rest potentials of both electrodes
remain stable. The maximum positive and negative potential
values are gradually and equally extended. Beginning from 0.9 V,
the rest potential is being shifted toward more negative values.
The maximum positive potential remained more or less
unchanged during the tests, and it was placed within the range
of oxygen evolution. NTs possess essentially mesoporous
structure (90 ng’l) which  excludes the hydrogen
electrosorption, and the peaks are most likely related to the HER.

Figures 8G-I show results obtained for the cell with MoS,.
Opposite to the carbon-based materials, the cell with MoS,
exhibited higher capacitance values (ca. 150 Fg') and higher
intrinsic resistance, seen at each step of the voltage extension. It
can be observed that the positive electrode operates with a wider
potential window than the negative one. It may be explained by the
possible redox reactions occurring on the negative electrode
involving hydrogen ion, for example, (MoS, + H* + ¢ —
MoS-SH") which further leads to its evolution (Soon and Loh,
2007; Jietal,, 2015; Cao et al., 2019). The additional charge flowing
through the system is being balanced on the positive electrode. The
system worked relatively stable up to 0.8 V, where the
decomposition reactions started to occur. Further voltage
extension resulted in peaks showing at both negative and
positive sides. Those peaks can be attributed to hydrogen and
oxygen evolution. Such phenomena could be understood in the
situation where the positive and negative electrodes are working
near the thermodynamic limit of O, and H, evolution.
Additionally, from the characteristics of the negative electrode,
it looks that the hydrogen storage does not take place, there is a lack
of peak related to desorption of hydrogen. Generally, the layers of
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FIGURE 9 | Electrochemical characterization of symmetric EC cells based on MoS, composites. Cyclic voltammograms during gradual voltage extension— (A) and
(D). Individual cyclic voltammograms for (+) and (-) electrodes—(B) and (E). Operational potentials for both electrodes at each voltage—(C) and (F).

TMDs are composed of inert basal plane and edge sites which
remain electrochemically active (Gao et al, 2016). Therefore,
dependent on the number of active sites exposed, the layered
MoS, will promote hydrogen decomposition definitely excluding
its electrosorption (Hinnemann et al., 2005; Soon and Loh, 2007; Ji
etal, 2015; Shi et al., 2015; Voiry et al., 2016; Cao et al., 2019). It is
visible on the CV of the negative electrode that the hydrogen
sorption/desorption is not observed. Figures 9A-F show CV for
both electrodes and separate positive and negative electrode
performance of BP2000/MoS, and NTs/MoS, composites.

Cell working with BP2000/MoS, started to exhibit faradaic
reaction above 1V, which is relatively higher if we compare it with
the cell containing MoS,. Additionally, peaks which can be
attributed to the HER and OER are significantly smaller than
those for MoS, sample. It can be explained by the synergetic effect
of capacitive behavior of BP2000 and faradaic processes of the
deposited MoS,. It can be interpreted that the BP2000 could be
responsible for the hydrogen storage and MoS, for the hydrogen
evolution. Despite of only 7 wt% of the carbon in the full
composite, these processes can be distinguished. The cell
showed comparable shifts of the rest potential during voltage
extension which is comparable to the cell with pure MoS,. On the
contrary, cell with NTs/MoS, showed significantly higher
hydrogen evolution peaks than BP2000/MoS, and MoS,.
Carbon nanotubes are mainly mesoporous materials which
cannot store hydrogen; on the other hand, they are
structurally defected that promotes electrolyte decomposition.
Additional peaks on the positive electrode which occurred during
extension of voltage prove it. As the final effect, the composite
based on nanotubes has demonstrated a smaller operational
voltage window. Positive electrodes of both composites exhibit
small humps during charging/discharging near 0.3-0.5 V. It
should be stressed that MoS, exhibits the typical electrical
double layer even if the specific surface area is low (40 m*g™")
but also redox reactions connected with Li" insertion accordingly:
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MoS, + Li* + e~ < MoS - SLi.

Redox reactions connected with the higher oxidation state of
molybdenum should not be excluded.

Electrochemical stability of the electrodes working in a
symmetrical two-electrode cell with reference was also
determined with the use of linear sweep voltammetry (LSV).
Voltage of the cell was extended from 0 to + 1.5 V with a scan rate
of 2mVs™" with simultaneous monitoring of electrodes potentials
(Slesinski and Frackowiak, 2018). It was possible to observe real
responses of each electrode since their performance are mutually
governed. These investigations were conducted in two-electrode
Swagelok cell with limited amount of electrolyte. This means that
the local changes of the pH at electrode/electrolyte interface
influence the electrodes behavior during voltage extension. The
maximum operating window for each sample was determined by
observing current increase related to hydrogen and oxygen
evolution. The stability of each material with distinct
electrodes is compiled in Figure 10. It can be marked that the
BP2000 has the widest operational window. Thus, the potential
was gradually extended in both directions, which is also reflected
on CVs in Figure 8. LSV for NTs is characterized with narrower
voltage window. In comparison to BP2000, hydrogen evolution

Supercapacitor with Carbon/MoS; Composites

on NTs occurs quicker, mostly due to the presence of defects and
catalytic impurities, that is, Ni used for nanotubes production.
MoS, in comparison to the carbon material showed much
narrower voltage range of 0.6 V which is not a surprise due to
its catalytic properties. What can also be observed is earlier
evolution of hydrogen than in comparison with oxygen. Both
composites, BP2000/MoS, and NTs/MoS,, possess comparable
HER and OER potentials. It can be also noticed that the
composites possess slightly sharper anodic and cathodic
responses. Such phenomena can be explained by significantly
higher amount of vertically placed few-layered structures with
exposed active edge sites which catalyze hydrogen and oxygen
evolution reactions. Also, due to increased conductivity of the
composites, the reaction of electrolyte decomposition can also
occur earlier due to higher electron mobility.

CONCLUSION

Two morphologically different MoS, composites based on carbon
nanotubes and carbon black have been prepared by a facile
hydrothermal r-cysteine-assisted synthesis. Physicochemical
characterization such as XRD and Raman spectroscopy proved
that the desired materials were obtained. SEM/EDS and TEM
analysis showed that the carbon supports are homogenously
covered by the MoS, nanolayers. After physicochemical
characterization, composites were prepared in a form of
electrodes and their electrochemical performances in ECs cells
were evaluated. N'Ts/MoS, and BP2000/MoS, demonstrated
higher capacitance and intermediate conductivity to the
parental materials—150 and 110 Fg™' at 0.2 A g™*, accordingly.
MoS, was the major material in each composite; hence, main
electrochemical responses were coming from the nanolayered
structure of the TMD. Carbons served mainly as structural
supports. Additional tests of the symmetric two-electrode cell
with reference were performed. Investigation revealed that
materials based on MoS; possess narrow range of operational
voltage. On the contrary, carbon materials exhibited much
wider operational voltage window. It was proven that MoS,-
based materials possess many active site edges which catalyze
hydrogen evolution and restrict the operational voltage
window to < 1 V. Additional experiments using the LSV
method proved that pure MoS, possessed the narrowest
voltage window of 0.6 V due to early hydrogen and oxygen
evolution. BP2000/MoS, and NTs/MoS, composites exhibited
comparable voltage range to MoS, but with slightly sharper
anodic and cathodic responses caused by a vertical placement
of few-layered structures with exposed active sites which
catalyze HER and OER.
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Context of research & summary

The utilization of 2D materials, specifically TMDs, as electrode materials presents an
intriguing approach to enhance the electrochemical performance of energy storage

devices.

Graphene, due to its extraordinary physicochemical characteristics (Chapter 1), is a
promising 2D material for electrodes in energy storage application. However, current
methods of graphene production are not cost-effective. Instead, reduced graphene oxide
(rGO), prepared through the oxidation and subsequent reduction of graphite flakes,
constitutes an attractive alternative to graphene. However, such synthesis protocol can
often lead into formation of structural defects potentially affecting its electrical
conductivity. Nevertheless, rGO offers a good cost-effective ratio with satisfactory

electrical conductivity comparable to graphene.

TMDs, in addition to their 2D form, can also exist in non-layered forms. A well-known
example is nickel sulfide (NiSz), which exhibits a pyrite-like structure. NiS, is known for
its ability to participate in reversible redox reactions, significantly improving the energy
storage properties of the system. However, due to its highly crystalline structure, most of
the bulk electrode material remains electrochemically inactive. Therefore, these
materials are often paired with conductive substrates during synthesis of composite to

increase their electrochemically active SSA.

In this published article, contrary to previous papers, a pyrite-like TMD (NiS.) material is
deposited onto 2D (rGO) material. In the first step, the preparation protocol for obtaining
rGO suitable for electrochemical application were developed. It was found that
hydrothermally prepared rGO at pH 12 exhibited fewer oxygen functionalities and optimal
structural properties for subsequent binding with NiS,. Various weight percentages of
NiS, were deposited onto the rGO, with 5wt% of NiS- identified as the most effective in
enhancing the electrochemical performance of a device. In the context of previous
research where the catalytic activity of TMDs were recognized, hybrid systems consisting
of rGO negative electrode and rGO/NiS; positive electrode were assembled. Such
system showed improved capacitance from 147 F g to 165 F g' at 0.2 A g
Consequently, TMDs offer various possibilities of improving the overall performance of

the ECs system.
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Electrochemical Capacitor Based on Reduced Graphene

Oxide/NiS, Composite

Andrii Kachmar, Maciej Tobis, and Elzbieta Frackowiak*®

The use of a pyrite-like structure transition metal dichalcoge-
nides (TMDs) such as NiS, is not reported as frequently as
layered structured TMDs in electrochemical capacitors. Our
study shows a reduced graphene oxide (rGO) preparation and
its further use as a substrate for the deposition of NiS, during
the hydrothermal reaction. The influence of pH for the GO
solution on the structural and textural properties of the
resultant rGO was explained in detail by using Raman
spectroscopy, UV, X-ray diffraction (XRD), scanning electron
microscopy (SEM) and nitrogen sorption at 77 K. The electro-
chemical response of the rGO samples obtained from various
pH solutions was studied and compared in symmetric two

Introduction

In order to fulfil the increasing demand toward sustainable
energy consumption, there is a strong need for development of
devices that are able to efficiently generate/store energy.
Among a wide variety of systems, high-power electrochemical
capacitors (ECs) have found many commercial applications, e.g.,
in consumer electronics, heavy industry, automotive sector of
hybrid electric vehicles (HEVs), or as power grid buffer in
powerplants. Compared to other energy storage systems, they
are characterized by superior cyclability, low maintenance
needs, and favourable environmental profile."” Such devices
are constructed with two porous electrodes, an ion permeable
separator, and an electrolyte. The electrode materials are
usually made of carbonaceous materials, e.g., activated carbons,
carbon blacks, carbon nanotubes, or graphene derivatives.
Carbons are usually able to provide high capacitance values
due to the controlled distribution of pores and the developed
specific surface area.’™ Yet, they cannot compete with metal-
ion batteries in terms of specific energy density values.
Primarily, the energy storage mechanism within ECs is purely
based on the formation of an electrical double layer (EDL) at
the electrode/electrolyte interface.®” It means that ions are
physically adsorbed on the surface of the carbon material. Thus,
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Faculty of Chemical Technology

Poznan University of Technology
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E-mail: elzbieta.frackowiak@put.poznan.pl
g Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202200834
© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
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electrode Swagelok® cells. As a result, rGO pH 12 was chosen
for further modification with NiS,. The average size of the
crystallites, and electronic structure of the rGO/NiS, composite
have been determined. The effect of the NiS, content in the
composite on the electrochemical results was further inves-
tigated. It occurred that 5wt% NiS, in the composite was
sufficient for a significant improvement of the capacitive
response. Interestingly, an asymmetric cell with rGO/5 wt % NiS,
working as a positive electrode and rGO pH 12 as a negative
electrode was able to reach a high capacitance of 165 Fg~' at
0.2 Ag " with 92% coulombic and 79 % energetic efficiency.

carbon-based systems usually reach around 100-150 Fg~'.®9

Enhancement of capacitance can be obtained from components
of the electrolyte or electrode material that participate in fast
reversible reduction/oxidation reactions. One of the exemplary
materials that exhibit redox phenomena are transition metal
dichalcogenides (TMDs)."” They are chemically versatile materi-
als which can be presented by the formula of MX,, where M is a
metal atom (e.g., Mo, V, Zr, Nb, Ni etc.), and X is chalcogen
atoms (e.g., S, Se, or Te). The majority of TMDs crystallize in the
layered structure with three different polymorphs, that is, 1T,
2H and 3R (number represents the amount of X—M—X units in a
single unit cell)."" Contrary, some TMDs are commonly found in
non-layered structures (usually group 8-10 in the periodic
table)."” Recent development of TMDs within energy storage
systems suggests great potential to fill the gap between
modern requirements and final performance of the device."*™"
Yet, numerous recent articles are describing the performance of
the layered materials (e.g., MoS,, WS,, VS,, etc.) within energy
storage devices, with only few papers about non-layered, e.g.,
FeS,, NiS,. One of the interesting examples of the nonlayered
TMD is nickel sulphide (NiS,). It is characterized with a high-
symmetry pyrite structure and a wide range of electrical,
optical, and magnetic properties. Among a variety of potential
applications, NiS, has found particularly use in energy storage
devices. It was already described that NiS, is able to augment
the specific capacitance of the system through the reversible
redox reaction."” W. Ni et al. presented the preparation of NiS,
during the high-pressure sulfidation process for its subsequent
electrochemical study in a three-electrode system. The active
material (NiS,) was pressed in the nickel foam serving as the
working electrode and investigated within the 0.6 V potential
window. Such electrode exhibited 1545Fg~' at 1 Ag™"."¥ D.
Zhang et al. showed preparation of NiS,/NiO nanosheet grown
on a nickel foam during the hydrothermal reaction. The

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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prepared nickel composite electrode was used as a working
electrode in a three-electrode system and tested within a
narrow potential window of 0.5V reaching 2251 Fg™' at
1Ag " Y. Ji etal. presented the hydrothermal preparation
and electrochemical performance of heterostructured compo-
site MnO,@NiS,/Ni(OH),. The electrochemical system was able
to reach 1010Fg™" at 1 Ag~'.” The aforementioned authors
tried to refer the visible redox response during electrochemical
performance to the reaction given below (equation 1):

NiS, -+ OH~ < NiS,0H + e )

It is worth underlining that TMDs are also recognized as
hydrogen evolution reaction (HER) catalysts. Generally, each
member of the TMDs family is able to promote HER due to
presence of unsaturated sulphur atoms on the edge sites of the
material structure.?’** NiS, was also recently recognized as an
efficient hydrogen evolution catalyst.?**' It is necessary to
underline that the catalytic properties of TMD materials cause
shrinkage of negative electrode potential window. Therefore,
due to the catalytic properties on the negative side (HER), TMD
was recently implemented in asymmetric system as a positive
electrode.”® NiS, has great potential to be used as an electrode
material additive for improving the overall EC performance.
However, aforementioned studies present mainly use of NiS,
composites in the three-electrode system which does not
represent the conditions in the real EC cells. In addition,
electrochemical characteristics in the form of well-defined peaks
in cyclic voltammetry (CV) or wide plateau for galvanostatic
discharge (GC/GD) should not be expressed in Fg™', but rather
mAhg ' typically for battery response. Moreover, nickel foam
served as a current collector which in the very positive potential
can exploit reversible redox reduction of nickel oxides. Hence,
even if the literature values of capacitance for NiS, measured in
the narrow potential range seem to be impressive, it is worth
considering that calculations is often not truthful and apart
from that mass of electrodes should be significantly higher than
0.5 mg.

In this paper, reduced graphene oxide (rGO) samples have
been prepared and combined with NiS, to form composites.
Different rGO were obtained during hydrothermal reduction
whereas the pH of the GO solution varied from 8 to 12.
Interestingly, if pH was higher the resultant rGO sample has a
lower content of surface oxygen groups. Rich oxygen function-
ality affects the capacitance decay during cycling. Hence, the
electrochemical performance of the cells with rGO samples
dependent on the pH of GO solution was the criterion for rGO
selection to prepare NiS, composite. Then, NiS,/rGO composites
were formed during hydrothermal reaction with various content
of NiS,. After adjusting the optimal NiS, content within the
electrode matrix, asymmetric EC cells were assembled and
tested.

ChemElectroChem 2022, 9, 202200834 (2 of 12)

Results and Discussion

The Raman spectra of graphite powder, GO, rGO samples
hydrothermally reduced at different pH values and rGO/NiS,
composite are presented in Figure 1A. The characteristic two
peaks at around 1340-1360 cm ™' (D band) and 1565-1595 cm ™'
(G band) correspond to breathing A;; mode by a second order
Raman scattering process and first-order scattering of E,; mode,
respectively.”” The G band indicates the sp? carbon presence
where D band corresponds to sp® carbon networks and its
intensity grows with the enlarging of disordered carbon
content.”® Complex composition of the D band reflects the
type of defects and their concentration. The multiple Lorentzian
peaks were used for D—G spectral region fitting. The best
deconvolution result for GO sample was achieved for four
Lorentzian fitting (Figure 1A). D* peak at about 1100-1200 cm ™'
was previously observed in disordered amorphous carbons with
high content of sp*> bonds.”” The origin of the D** peak in our
case can be assigned to contribution from the electronic state
in graphitic nanocrystals.”” The fitting parameters of Raman
spectra component are presented in Table S1 and Table S2. The

A) B)

Dband G band

1GO/Swive NiS,

1GO/Swith NiS,

o

GO il 12
DD
G
g \ G0
e
/GO pit 10
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a
/*"4(6\\ @D
. o 3 Y
e L
GO pH S

GO pH & DDy

Intensity (a. u.)

Graphite

800 1000 1200 1400 1600 1800 2000 2400 2550 2700 2850 3000 3150 3300

Raman shift (cm™) Raman shift (cm™)

Figure 1. (A) Multiple peak fitting for DG region of the graphite, GO and
rGO materials hydrothermally reduced at different pH values and rGO with
NiS, deposited. (B) Multiple peak fitting for 2D band regions of the graphite,
GO, rGO materials hydrothermally reduced at different pH values and rGO
(pH 12) with NiS, deposited.
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intensities of D and D* modes for all samples of reduced
graphene materials are comparable. At the same time, the
relative intensities of G mode for all rGO materials are
decreasing with pH.

The G band of rGO pH 12/5 wt% NiS, composite is shifted
to a slightly higher value (~1596 cm™'") compared to the G band
of carbon (~1590 cm™), which signifies the strong synergistic
effect between metal sulfides with carbon.?” Figure S1 shows
the Raman spectra of NiS, material. The bands at 270, 282, 470,
509, 549 and 1048 cm™' are assigned to the Aig and Ey modes
of NiS,.% It is known that the linear dependence between the
total intensity of D component A, and the intensity of G mode
(Ao) allows to estimate the average lateral size L, (equation 2 —
average length of crystallite along to basal (002) crystallo-
graphic plane of graphitic lattice).*”

L(nm) = (2.4 x 10°)2* <;—”) @
G

where, 4 (nm) is a laser line wavelength. The average size of
graphite crystallites for GO sample is about 6.39 nm. The
reducing procedure causes the decrease of L, values to 5.48 nm,
5.25nm, 5.06 nm for rGO pH8, rGO pH 10 and rGO pH12
whereas for rGO pH 12/5 wt % NiS, is 7.43 nm. The lateral size of
crystallites strongly depends on the pH. Complex 2D band
observed on Raman spectra in a range of 2400-3300 cm ™' is a
second order of D band which is caused by overtone of two
phonon lattice vibrational processes and is sensitive to the
electronic band structure of the graphitic materials, but not
associated with defects.” This band intensity is sensitive to the
stacking order of graphene sheets along the c-axis to the basal
plane and for single layer graphene 2D band shows strong
single Lorentzian peak at about 2696+ 5 cm™'.*¥ Increase of
layers causes the variation of electronic structure, additional
modes are formed with simultaneous blue-shift of all 2D
band.®® Bulk graphite has a two peak profile of 2D band.®® The
fitting procedure of 2D region with three Lorentzian functions
was performed (Figure 1B) and obtained results are presented
in Table S2. Peaks observed for Raman spectra of reduced
materials at about 2692-2701 cm™' are assigned to 2D (G')
Raman modes. The peaks at 2917-2921 cm ™' correspond to D +
D' or D+G modes which are associated to defected
structure.?” Low intensity peaks at 3170-3183 cm™' are attrib-
uted to 2D’ and G+D’ modes or 2G overtones.®” The reducing
process leads to the increase of G’ and decrease of D+ D’ mode
intensity. It means that with the increase of the pH, the
structure of the resultant sample is less defected. At the same
time, 2D band structure for all rGO samples indicates that the
pH value does not affect the graphene layers stacking and we
can estimate the average number of layers close to 3-4. The
specific surface area (SSA) and pore size distribution of the
obtained samples were analysed using nitrogen sorption at
77 K. Table S3 shows sorption properties for prepared materials.
The sorption isotherms correspond to type IV of IUPAC
classification which is typically assigned to monolayer-multi-
layer adsorption on the mesopore walls.*® The evolution of
hysteresis loop for materials obtained at pH8 to 12 can be

ChemElectroChem 2022, 9, 202200834 (3 of 12)

associated with filling of micropores with the simultaneous
increase of mesoporosity (Figure 2A). The density functional
theory (DFT) calculation (slit pore model) of pore size distribu-
tion confirms this assumption (Figure 2B). All hydrothermally
obtained materials are characterized with comparable textural
properties, whereas higher pH of GO solution prior reduction
causes enlarging the meso and micropores volume with the
decrease of the average micropore size. Pores in the range of
0.4-5.0 nm are formed by interconnection of graphene pack-
ages within the particles. At the same time the large mesopores
in a range of 25-45 nm correspond to interparticle cavities. All
samples show comparable characteristics of pore size distribu-
tion. The pH values affect the porous texture and the reduction
degree of rGO. Furthermore, mesopores of the graphene-based
structure can accommodate the NiS, volume changes during
charging/discharging. Thus, it provides effective ions diffusion
path contributing to the increase of the power-rate response as
well as cycling performance.””!

For evaluation of electronic properties of the prepared
materials, the more detailed characterization was completed.
Mott-Schottky characterization was performed in order to
estimate the donor or acceptor concentration (Np) and flat
band potential.?** Mott-Schottky plots were prepared with the

A) 125
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m:u rGO pH 10
8 754
B ; YSWOANIS,
2 GO pH 12/5w1% NiS,
2 504
-
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E — 00
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2 014 — 1GO pH 12/5w1% NiS,
o
E
2 0.08
>
2 0.06
E 0.04
=
2
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Figure 2. (A) N, adsorption/desorption isotherms for rGO and composite
samples obtained at different pH; (B) DFT pore size distributions.
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assumption of ideal semiconductor characteristics following
equation 3:

1 2 K,T
C 7 eg,A%N, (E ~Ew T) @)

where ¢ refers to the relative permittivity (dielectric constant
taken as €=6," ¢, is the vacuum permittivity, e is the charge
of the electron, Ny is the donor concentration, N, is the
acceptor concentration), E is the applied potential and Ej, is the
flat band potential. By means of this equation, the flat band
potential of the material can be determined by evaluating the
interception of the linear region with the axis representing the
applied potential.

Figure 3 shows Nyquist (A) and corresponding Mott-
Schottky (B) plots for rGO pH 12/5 wt% NiS,. These plots for GO
and rGO materials are also compiled in Figure S2. Nyquist plot
consists of two distinct regions, a semi-circle at high frequency
related to the electron transfer processes where the diameter of
the semicircle is related to the electron transfer resistance
whereas a linear region at lower frequencies corresponds to

A) 35
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Figure 3. (A) Nyquist plot; (B) Mott-Schottky plot for the rGO pH 12/5 wt%
NiS,.
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diffusion-controlled processes.“” Electrochemical impedance
spectroscopy (EIS) spectrum for the GO electrode is practically
linear throughout the frequency range studied, showing that
the GO electrode has low ability to transfer electrons. The
sample exhibited negative slope, suggesting that it was p-type
semiconductor. Band potential value was calculated and it is
equal to 0.79V. The acceptor charge density of GO was
6.59-10° m~® (1 kHz).””’ Contrary, the Nyquist plots of all rGO
materials show that the bias potential is nearly vertical and at
high frequency shows a very small semicircle, which indicates
an ideal capacitive behavior, i.e, very low charge-transfer
resistance with high electrolyte diffusion inside the rGO
electrode.*” Mott-Schottky analysis of rGO exhibits a positive
slope indicating n-type semiconductive nature of material."””
The semicircle radius for rGO pH 12/5wt% NiS, composite
electrode is lower than for rGO. It indicates that incorporation
of NiS, into rGO effectively reduces its charge transfer
resistance.*” The flat-band potential (E) of rGO pH 8-0.21V,
rGO pH 10-0.03 V, and of rGO pH 12-0.02 V (vs. SHE) but shifted
anodically to ca 0.41V for the rGO pH 12/5 wt% NiS, material.
Thermodynamically, £, of an n-type rGO pH 12 semiconductor
determines the conduction band position, and the positive shift
of the conduction band suggests narrowing of the energy
barrier of hydrogen evolution (H*/H, -0.83V vs. SHE in 6 M
KOH), leading to enhanced electrocatalytic performance of the
material.“? The donor concentration was estimated from the
slope of Mott-Schottky plots for GO - 6.59-10% m~3, rGO pH 8-
263-102m™>, rGO pH 10-1.16-10°m™3, rGO pH 12-
1.5:10"m~, and rGO pH12/5wt% NiS, - 5.9:10°m™
(1 kHz).®*#7%8 The decrease of donor concentration can be
connected with better graphene material reduction, losing
oxide groups on the graphene surface with higher pH levels,
and higher specific surface area. Further characterization of
samples was performed by using X-ray diffraction (XRD).
Characteristic crystallographic parameters [interlayer space
(dog), crystal stack height (L), in-plane crystallite size (L,), and
number of graphene layers in the crystal (N,)] were determined
as follows (equation 4-7):

A

dooz = m (4)
Y
< = FWHM - cos0, 6)
k-2
L = FWAM - cost; ©
L
N, =
oor Z

where: 1 - radiation wavelength, 6, - (002) diffraction peak
position (°), 6, — (100) diffraction peak position (%), k;, — form
factor (k,=0.9), k, — Warren form factor constant (k,=1.84),
FWHM - width at half height of the corresponding diffraction
peak (rad).***% Figure 4 shows XRD studies for rGO and rGO/
5 wt% NiS, and NiS, samples.
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Figure 4. XRD patterns for rGO pH 12, rtGO/5 wt% NiS, and NiS,.

The peak observed at 260 =25.21 confirms partial restoration
of the graphitic structure in the rGO sample®” and it is
consistent with a separation between layers (dyy,) of 0.35 nm.
Another peak in the 26 range of 44°, is due to (100) reflection.
Crystallite dimensions as well as average number of sheets in
crystallite®™ were determined and are shown in Table S4.
Spectra characteristic for cubic, pyrite NiS, structure containing
discrete S, units were revealed. The S-S distance of these S,
units is very close to that of a single S-S bond.”* Peaks for NiS,
observed at 26,9°, 31.8°, 35.6°, 39.1°, 45.4°, 53.8°, 58.8°, 61.3°
and 74.9° were assigned to the (111), (200), (210), (211), (220),
(311), (230), (321) and (420) diffraction peaks of NiS, (JCPDS No.
11-0099).°¥ The crystallite dimension of the NiS, was calculated
using the Scherrer formula giving approximately 23.7 nm what
is close to results reported in works.***? Peaks occurring at 19°
and 29.7° could be identified as NiS, 23.3° for Ni,S,.*” XRD
pattern for composite rGOpH12/5 wt%NiS, confirms presence
of NiS,. In addition, NiS, nanoparticles attached onto the surface
of rGO prevented the aggregation and restacking of rGO sheets
and thus weakened the diffraction intensity of rGO sheets."™
The morphology of the samples was examined by scanning
electron microscopy (SEM). Figure 5 shows that graphene oxide
has packed structure consisting of thin and homogeneous
layers.

Such layers are folded and sequential with individual sheets
that are characterized by kinked and wrinkled areas. The rGO
pH 12 presents more ordered structure with folding and curling.
Composite rGO pH 12/5 wt% NiS, reveals that the rGO particles
are entirely wrapped by the NiS, material. During the hydro-
thermal reaction, negatively charged GO sheets with high
content of oxygen functionalities electrostatically attract pos-
itively charged Ni’* ions. At elevated temperature, sodium
thiosulfate can act both, as a reductive agent and a source of
sulfur ions able to react with Ni**, forming NiS, structures on

ChemElectroChem 2022, 9, 202200834 (5 of 12)

b)G0 e |4 ]GO I 12 1160 pH 12/5w% NiS,

Figure 5. SEM images of GO, rGO pH 12 and rGO pH 12/5 wt% NiS, at
different magnifications.

the surface of the GO sheets. Simultaneously, the GO is reduced
to rGO.®” It can be seen that the NiS, particles are distributed
with the rGO sheets uniformly. Transmission electron micro-
scopy (TEM) images with selected area electron diffraction
(SAED) pattern are shown in Figure 6. At lower magnification
(Figure 6A), various morphology of the composite is observed.
It could be caused by the low content of NiS, in the structure as
well as amorphous character of the rGO. At higher magnifica-
tion (Figure 6B), it is possible to distinguish two distinct areas
with different order stacking. The area with high crystallo-
graphic order can be attributed to the closely packed NiS,
layers with calculated interlayer spacing of ca. ~0.32 nm which
is in good agreement with determined dy, value. The
amorphous part of the material should be attributed to the
rGO. It is worth notifying that only part of the rGO surface is
covered by the NiS, material. Synthesis of the rGO/NiS,
composite is initiated with electrostatic attraction between
negatively charged GO layer and Ni*' ions with a consequent
reduction of GO to rGO. SAED diffraction (Figure 6C) shows rich
diffraction patterns assigned to (111), (211), and (230) which
could be attributed to the presence of the bulk NiS, in
accordance with the XRD results. Additionally, the UV spectra of
the samples were performed. Figure 7 shows the UV-spectra of
GO, rGO, and composite rGO pH 12/5 wt% NiS,.

Based on the absorbance spectra of GO, the main
absorption peak at 229 nm indicates the m-t* transition of the
aromatic C—C ring, whereas the weak absorption at 300 nm was
due to the n-m* transition of C=0 bonds.®® When GO was
reduced, a red shift within the UV region was observed for rGO
pH 8, 10 and 12; the decrease in oxygenated functional groups
and the increase of aromatic C—C bonds facilitated the electrons

Figure 6. TEM images at different magnifications. (A) Magnification of 20 nm,
(B) magnification of 2 nm with distinct areas corresponding to rGO and NiS,
structures, and (C) SAED pattern along the (011) axis.
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A) Table 1. Values of band gap energy, ESR and conductivity of solid i
GO materials for GO, rGO and rGO pH 12/5 wt% NiS, samples. %
—r(?O pH 8 Sample Band gap ESR Conductivity of E
—~ "‘f“ pH 10 energy Q] solid materials
= ~——1GO pH 12 [eV] [mSem '
K ——1GO pH 12/5w1% NiS,
o GO 43 078 -
g rGO pH 8 43 1.03 0.76
© rGO pH 10 34 0.77 0.93 =
2 GO pH 12 33 0.43 214 F
8 rGO pH 12/5 wt% NiS, 38 0.58 153 E
o
<
be linked with ESR and conductivity of solid materials. Addition g
300 350 400 4350 500 of NiS, to the rGO structure affects slight increase of ESR.
Physicochemical characterization was completed by the
Wavelength (nm) electrochemical studies. Electrochemical comparison between
the prepared carbon materials were performed by using
B) 250 standard electrochemical techniques. The results for symmetric

35 335 4

hv (eV)

(ahv)? ((eV/cm)?)

—G0
1009 — 6o pH 8
£GO pH 10
GO pH 12
50 £GO pH 12/5wt% Nis,

325 35
hv (eV)

2.5 2.75 3

Figure 7. (A) UV spectra; (B) Tauc plots of GO, rGO and rGO pH 12/5 wt%
NiS, samples.

to be easily excited at low energy. The band gap of material
(equation 8) can affect its catalytic properties.

(ahv)/" = A(hv — E,) (8)

where, h is Planck’s constant, v is the photon’s frequency, a is
the absorption coefficient, £, is the band gap and A is the slope
of the Tauc plot in the linear region. The value of the exponent
denotes the nature of the electronic transition. Typically, the
allowed transitions dominate the basic absorption processes,
giving either n="/, or n=2, for direct and indirect transitions,
respectively.®"®? The results for band gap energy, equivalent
series resistance (ESR) and conductivity of solid materials
(measured by four point resistance test) of GO, rGO
materials'®>*® and rGO pH 12/5wt% NiS,*” were shown in
Table 1. The variation of band gap of the rGO can be associated
with pore structure and surface oxygen functionality. The effect
of pore size could be attributed to quantum confinement effect,
and the surface oxygen functionality might be ascribed to the
localization effect similarly to doped semiconductors.™ It could

ChemElectroChem 2022, 9, 202200834 (6 of 12)

cells assembled with GO and rGO samples are presented in
Figure 8. It can be observed that with the increase of pH during
the hydrothermal reduction, the shape of each CV becomes
more rectangular (A). GO surface is rich with oxygen functional
groups that are known to be responsible for various redox
reactions. Strongly oxidized surface is not participating in the
physisorption of ions during EC charge/discharge. Additionally,
it decreases the conductivity as well as the reachable
capacitance of the cell. During hydrothermal reduction these
functional groups are removed from the surface. The structural,
textural and morphological properties of the samples will vary
depending on the pH of the GO solution. Thus, these differ-
ences will affect the electrochemical behaviour of the cell. It can
be observed on the CV and galvanostatic charge/discharge with
potential limitation (GCPL) curves (B) that the cell with GO is
characterized with significantly lower capacitance (16 Fg™' at
0.2Ag™" with 57% of energetic efficiency) as well as poor
conductivity in comparison to cells with rGO samples. Cells with
rGO pH8 and 10 showed significantly better capacitive
response than cell based on GO (both 117 Fg™' at 0.2 Ag™’, but
with 79% and 82% energetic efficiency, respectively). Yet, the
voltammograms are typical for cell with material exhibiting
surface redox phenomena attributed to activity of remaining
oxygen surface groups. High equivalent series resistance (ESR)
values as well as diffusion limited character of impedance curve
at high frequencies suggests redox activity (C, D). Cell with rGO
pH 12 exhibited the highest capacitance and charge propaga-
tion (130Fg™" at 1Ag™' with 81% of energetic efficiency) as
well as good conductivity, in turn, the rectangular shape of the
CV. In addition, we have performed tests of rGO pH 12 in 1M
Li,SO, (Figure S3) which showed slightly higher operational
window, but with smaller capacitance. Cells assembled with
6 M KOH and 1 M Li,SO, were also subjected for cycle-life study
(Figure S4). The cell with 6 M KOH reached 2500 cycles, and cell
with 1 M Li,SO, 5000 cycles until 20% of capacitance decay.
Obtained values of capacitance are comparable to other works
(Table 2). The best performance was obtained for rGO through
electrochemical reduction” and operating in 6 M KOH
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Figure 8. Comparison of electrochemical results. (A) Cyclic voltammograms;
(B) galvanostatic charge/discharge curves; (C) Nyquist plots; (D) capacitance
vs. frequency dependence.

(147 Fg~" at 1 Ag™"). Comparable electrochemical performance
is reported in this work.

ChemElectroChem 2022, 9, 202200834 (7 of 12)

improve the performance of the cell. Comparable result was
obtained for the cell with rGO/10 wt% NiS,. After deposition of
50wt% of NiS, on the rGO surface, significant decay of
electrochemical performance was observed. It can be explained
by blocking the porous structure of the rGO by bulky pyrite
structure of NiS, during composite synthesis. Interestingly, the
improvement of the capacitance is only observed at low voltage
range 0-0.6 V. Slightly lower response is registered at higher

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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A) 300 Table 2. Electrochemical performance of rGO prepared through different i
6M KOH techniques. %
20010mY s g
( o 144Fg Technique Electrolyte Specific Reference
. = > > — capacitance
- ( F 1
S /' 14F g"/ (Fg7
= 0 @ Electrochemical 1M NaNO; 675at1Ag" e
9} / reduction 1M H,S0, 72at05Ag™" 7
a0y [ — 6 M KOH 147 at1Ag" o) =
s - —Go Temperature 0.5 M KCl buffer 26 at 25 mvs™' i =
200 = } GO pH 8 reduction :
——1GOpH 10 Hydrothermal 6 M KOH 130at 1Ag ' Our work
300 § . § TGO pH 12 reduction
0 02 04 06 08 1 2
U 5
B) RYETT — Presence of structural defects on the surface of the material :
1H02Ag"! GO pH 8 will negatively affect the electrochemical performance of the =
On Y ]
os == ::’E:g:: :‘1’ cell. Raman spectroscopy confirmed that with the increase of 5
’ the pH, the structure of the resulted material is less defected. 5
S 06 The sample rGO pH 12 was proven by the Raman spectroscopy ]
2 121Fg' to be the least defected by the presence of low intensity D+ D’ g
044 or D+G' modes. Less defected structure led to high conductiv- 2
z
R 16F g’ ity and lesser tendency to decompose electrolyte on the defect 4
92 \ sites. Comparable conclusions can be obtained from nitrogen g
0 X - ; sorption results as the highest capacitance exhibited sample ;3
400 200 0 200 400 with the most developed SSA. Based on XRD results, average ;
t(s) size of particles was determined. It can be observed that with i
O 2000 the increase of the crystallites size, the conductivity, thus £
. R & frequency response of the cell is increasing. Based on the [
1500 g E determined values of band gaps, cells characterized with lower A
gy 3 & A Eg values were able to reach higher specific capacitance and g
= e conductivity, which is in accordance to the measured con- 3
% 1000 . r&“" ductivity of solid materials by four point resistivity test. %
) / ¥ Ryt 2 Based on the above considerations, rGO pH 12 (named rGO £
500 & ——GO for easier recognition) was selected for further electrochemical g
9/ _"‘2‘8 P::’I‘“ characterization and modification with NiS,. Figure 9 shows the
9 5O pl " " .
" 9GO pH 12 effect of scan rate (A) and application of different current
0 500 1000 1500 2000 density (B). It can be observed that the cell exhibited very high
Re(Z) () charge retention and was able to retain original shape of the CV
D) up to 200 mVs . Galvanostatic charge/discharge curves show
140 Pan ° GO linear response owing to the high conductivity of the material
120> 9809, $ roopHs proven by four point resistivity test and low ESR values. Then, :
909909, ,%%% rGO pH 10
100 TN e @ GOpH 12 the cell was subjected to voltage expansion from 0.8V to 1.2V
°
- 2 o with 1mVs™" while observing both, negative and positive
T 80 2 o electrode (Figure 9C, D). Capacitive response suggests that the
[ a . .. .
T 6010, ® cell is able to withstand voltage regime (1.2 V) due to lack of
2
% °.° 20, ® active sites which could lead to electrolyte decomposition.
°°¢ °;° At the beginning, different loadings of NiS, in the
- pL PO "-n;se composite, i.e.,, 5 wt%, 10 wt% and 50 wt%, were prepared and
-t o 299995 AARR studied by CV technique (Figure 10A). It occurred that just
D001 0L 0k " :‘ 10 200 000 5wt% content of NiS, in the composite was sufficient to
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E vs. SHE (V)

pH 12 at 6 M KOH.

voltage range 0.6-1V. Nyquist plot (Figure 10B) at high
frequency revealed relatively low values of equivalent series
resistance (ESR) for each sample. Linear increase of resistance
can be observed with higher content of NiS, in the composite.
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U (V)

Figure 10. (A) CV comparison of symmetric cells with different loading of
NiS, composites; (B) comparison of impedance spectroscopy; (C) effect of
current density for rGO/5 wt% NiS,; (D) effect of scan rate for rGO/5 wt%

NiS,. Studies perfori

'med in 6 M KOH.

After deposition of NiS, on the rGO, a clear presence of higher
semi-circle related to the sluggish penetration of ions at

electrode/electrolyte

interface was observed. The higher
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amount of NiS, in the composite material, the higher the semi-
circle diameter of Nyquist plot. Composite of rGO/5 wt% NiS,
was further characterized at various scan rates and different
current densities (Figure 10C-D). Cell cycling with higher scan
rates showed lower charge retention typically for system with
redox reactions. Cell subjected to different current density
presented a small deviation from the linear profile at low
voltage. Capacitance vs. frequency chart (Figure S5) displayed
higher initial capacitance for composite in comparison to rGO
pH 12, but lower retention at 1Hz of 54% and 73%,
respectively.

Generally, TMDs are known to be an excellent promoter of
hydrogen evolution reaction (HER). They can negatively affect
the electrochemical performance of the cell by electrolyte
decomposition at elevated voltage. Therefore, it was decided to
assemble asymmetric cells with rGO/5 wt% NiS, as a positive
electrode and rGO pH 12 as a negative one. Comparison of
electrochemical performance between asymmetric and sym-
metric cells is presented in Figure 11A. The highest capacitance
was observed for asymmetric cell with (=) rGO| |[rGO/5 wt%
NiS, (+) which reached 146 Fg™' at 1Ag™' with 73% of
energetic efficiency. The summary of reached capacitance for
each cell is shown in Table S5. The rGO presented better
electrochemical behaviour while working as a negative elec-
trode than the composite material rGO/NiS, because of the
blockage of porous structure by bulky pyrite structure NiS,.
Contrary, due to utilization of redox processes, the composite
material rGO/NiS, disclosed improved electrochemical perform-
ance while acting as a positive electrode. Despite deposition of
only 5 wt% of redox active material, it has significant influence
on capacitance increase. Interestingly, the capacitive response
is significantly higher for the asymmetric cell at low voltages.
Comparable capacitance is observed at higher voltages for
asymmetric and symmetric cell with pristine material. This effect
can be explained by the activity of redox reactions on the
positive electrode.

It was decided to conduct voltage extension of the
asymmetric cell from 0.8-1.2V while tracking positive and
negative electrode response (Figure 12).

In comparison to the symmetric cell with pristine rGO, the
negative electrode showed the same behaviour. However,
positive electrode exhibited improved electrochemical perform-
ance with small redox peaks occurring from —0.45 to —0.3 V vs.
SHE. The system presents stable operation at 1V. At higher
voltages, start of electrode oxidation is observed on the positive
electrode. Therefore, it was decided to evaluate life-time of the
assembled asymmetric system by galvanostatic charge/dis-
charge at 1V with 1Ag™" current density (Figure S6). The
system was able to operate for only ~2000 cycles until 20% of
initial capacitance fade. Mass balancing of both electrodes
could give further benefit towards better EC performance.
Figure 13 shows Ragone plot of symmetric and asymmetric
system. The highest values of the energy and power have been
obtained for the hybrid cell with NiS, composite on the positive
electrode (5.73Whkg™' and 3784 Wkg™', respectively). We
have also compared the electrochemical performance of other
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Figure 11. (A) Comparison of symmetric vs. asymmetric cells; (B) effect of
scan rate for (—) rGO| [rGO/5 wt% NiS, (++); (C) effect of current density for
the same configuration.

works based on asymmetric devices with NiS, composites on
positive electrode (Table 3).

Conclusion

This study provides a better understanding of how the
morphology and structural properties of rGO are affected by
the pH of the GO reaction medium, and this will help to
develop novel graphene-like hybrid composites under hydro-
thermal conditions. Our results show that a higher pH of
reaction solution decreases the size of crystallites of reduced
graphene and for rGO pH 12 it is 5.06 nm. In addition, better

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH

wo papeojumoq 17

A,2001°01

SUONIPUO.) puv SULI21 301 33 *[Z07/90/1 1] U0 A101qrT AWMU A1 “VHSNYNZOd VIINHOTLITOA £ e

o1IE VO fasi Jo sajn 103 Areiqr

]

g
[

Maciej Tobis, PhD Dissertation

90



Study of two-dimensional nanostructured materials for electrochemical
energy storage applications

Research Article
ChemElectroChem doi.org/10.1002/celc.202200834

Chemistry

Europe

European Chemical

400

6M KOH
300{1mVs’

2004
100

04

C(Fg"

-100
2004

-300

-400

6M KOH

42 -1 08 06 04 02 0 02 04
E vs. SHE (V)
C)
04
E =04V =
02 FAMESS
o
- 0 D,
< 02 -k,
g 02
7 04
@

0.6
-0.8 \0\\
 [Eu=-083V

u(wv)

Figure 12. (A) Voltage extension; (B) operation of individual electrodes; (C)
electrode potentials vs. voltage for cell with () rGO| |rGO/5 wt% NiS, (+)

operating in 6 M KOH.

0.7 08 0.9 1 1.1 1.2 1.3

10 T
o 3 3 3
2  SGEEEE? by I s
= -
I
o 14 . y
H -9 ()1GO pH8 [ GO pHS (+)
o (-)1GO PH10 | 1GO pHI0 (+)
b2 - (11GO pHI2 | (GO pHI2 (+)
g - () 1GO pHI2 | 1GO pHI2 NiS, (+)
@
5 o
0.1 T
10 100

Specific power (W kg™')

Figure 13. Ragone plot of symmetric and asymmetric systems.

ChemElectroChem 2022, 9, €202200834 (10 of 12)

1000

Societies Publishing

Table 3. Comparison of previously reported asymmetric systems.

System Specific Energy Specific Reference

)] capacitance density power
[Fg™ Whkg™1  Wkg™'l

TRGO | [NCC2 146 504 2360 el
at3Ag’’

AC| |CoS,@NiS, 91 5 4016 el
at05Ag "’

SC| |MXene NiS, 102 321 749.9 o
at1Ag '

rGO| | rGO NiS, 146 57 378 Our work
at1Ag™’

reduction of graphene material led to higher electrical con-
ductivity, thus demonstrating the restoration of the sp’
electronic structure. Also, it increases specific surface area of
rGO (257 m?g™"), and in consequence, the specific capacitance
for this material was 134 Fg~' at a current density of 0.2 Ag™'
with 54% of energetic efficiency. Such rGO served as a support
for NiS, by application of hydrothermal method. Utilization of
rGO/5 wt% NiS, composite as (+) electrode and rGO as (—) one
allowed the system to increase the specific capacitance to
165 Fg ' at a current density of 0.2 Ag ' with 79% of energetic
efficiency. Application of carbon/NiS, composite seems to be an
interesting option as positive electrode; however, further
balancing of the hybrid system is necessary.

Experimental Section
Materials preparation

Graphene oxide (GO) synthesis

Graphite powder (4 g) was added to a mixture of H,SO, (150 mL)
and H;PO, (30 mL). The resulting colloidal solution was cooled to
0°C and stirred for 4 h. KMnO, (24 g) was added to the solution at
temperature <5°C. The mixture was heated to 35-40°C and stirred
for 2h. Next, 360 mL of distilled water was added dropwise,
followed by addition of H,0, (30% aqueous solution) until the
solution changed a color to yellow. Large graphite particles were
separated by centrifugation. The resultant material was washed
with distilled water and HCl solution to reach a pH of about 6.5-7.

Reduced graphene oxide (rGO) synthesis

2 M NaOH solution was added to 50 mL of colloidal GO to obtain
the value of pH=8, 10 and 12. Then, colloid was stirred for 30 min
and ultrasonicated for 2 h. The mixture was transferred into Teflon-
lined autoclave and heated at 160°C for 15 h. The resulting rGO
was collected from the bottom of the autoclave in the form of a
black solid. It was centrifuged and thoroughly washed with water.
Finally, it was filtered over cellulose nitrate membrane and dried in
oven at 70°C for 12 h.

NiS, and rGO/NiS, synthesis

First, NiCl,-6H,0 (2.37 g, 0.005 mol) were stirred in 25 mL distilled
water for 30 min. In the same way, Na,5,0;-5H,0 (4.96 g, 0.01 mol)
were stirred in 25 mL distilled water for 30 min. Next step, both
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solutions were mixed together and stirred for 30 min to form a
clear green solution. This solution was put into the autoclave and
maintained at 160°C for 15 h. As-prepared black precipitate was
collected by filtering, washed with distilled water, and dried at
70°Cfor 12 h.

The synthesis of rGO/NiS, composite materials was realized hydro-
thermally by the addition of GO solution (pH 12) to a solution of
nickel  chloride  hexahydrate and  sodium thiosulfate
pentahydrate.”'7>7% The percentage of NiS, in composite was
calculated from the proportion of dried materials. We used known
mass of colloidal GO, which was the source material in rGO pH 12
synthesis. After successful synthesis of rGO, we could obtain its final
mass. The same methodology was used to determine the NiS,
loading in the composite material. Hence, the percentage of
expected NiS, in the composite was reached. XRD spectra
confirmed presence of nickel sulfides only.

Physicochemical characterization

The powder X-ray diffraction (XRD) analysis was performed on a
diffractometer BRUKER D8 Advanced, equipped with Johansson
monochromator using Cu Ka radiation (Cu Ko, 4=1.5406 A) and
silicon strip detector Lynx Eye. The minimum measurement angle
was 0.6 of 26 degree.

Raman spectra were obtained by Thermo Scientific DXR Raman
Microscope with a laser emitting at 532 nm and a power of 5 mW.
The total exposure time was 60 s with 3 measurements each lasting
20s. Measurements were repeated 3 times for each sample
ensuring the homogeneity of the sample.

UV-visible spectra were analyzed in UV-9000S UV/VIS spectropho-
tometer at room temperature. To prepare solutions of graphene
materials and composite, the same quantity of powders was added
to a given volume of solvent, with an initial concentration of
0.5 mgmL~". N-methyl-2-pyrrolidone (NMP) was used as solvent.””

The isotherms of N, adsorption/desorption were recorded at 77 K
with the use of porosity analyser ASAP 2460 (Micromeritics, USA).
Each sample was degassed for 24 h at 100°C (He atmosphere) prior
the measurements. Pore size distribution was evaluated using 2D-
NLDFT model. The range of 0.01-0.05 relative pressure (p/p,) was
selected for calculation of the specific surface area.

The morphology and the surface characterization of the samples
were investigated using a FEI Quanta 250 FEG Scanning Electron
Microscope.

Electrochemical characterization

For electrochemical studies, all electrodes contained 90 wt% of
active material, 5wt% of conductive agent (C-Nergy Super C65,
Imerys), and 5wt% of binder (polytetrafluoroethylene, 60 wt%
dispersion in water, Sigma Aldrich). Each component was mixed
together in mortar with isopropanol to form dough-like material.
Then, it was rolled on a calendaring machine to obtain a uniform
200 pm thickness foil which was later cut into 10 mm diameter
round electrodes. Prepared electrodes were dried during 24 h at
70°C. Two alike electrodes (ca. 10 mg) and separator (GF/A,
Whatman™, thickness of 260 um and disc diameter of 12 mm)
were soaked with 6 M KOH and put together between two stainless
steel 316 L current collectors assembled in two- and three-electro-
des Swagelok® cells. Ag/AgCl reference electrode (E=0.226V vs.
SHE) was used to record performance of each electrode during cell
operation. Such assembled cells were subjected to cyclic voltamme-
try (CV), galvanostatic charge/discharge with potential limitation

ChemElectroChem 2022, 9, €202200834 (11 of 12)

(GCPL), and electrochemical impedance spectroscopy (EIS) by VMP
(Biologic, France). The specific capacitance per one electrode was
calculated according to well-known methodology.”
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Context of research & summary

Considering previous findings that TMD electrode materials exhibit catalytic activity
towards HER, further research focused on the development of methods to inhibit these

catalytic properties while enhancing the electrochemical performance of MoS,.

The hydrothermal preparation method, due to largely uncontrolled reaction kinetics,
often produces MoS; with a high content of structural defects. These defects are primarily
responsible for the material's catalytic properties. Therefore, finding ways to limit these
defects or limiting their activity, could be crucial for increasing the operational voltage

window of MoS;-based devices.
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Recent discoveries show that the surface of TMDs can be functionalized with various
organic and inorganic molecules such as diazonium salts, amines, or thiols.
While some of the molecules affect the electronic properties of TMDs, others influence
on their physicochemical properties such as interlayer spacing or lattice disorder.
Some of these properties were found beneficial for improving the catalytic activity
towards HER due to expanded interlayer spacing that facilitates ionic transport [229],
other show to suppress the catalytic activity towards HER due to protected S-active sites
[230]. Although there is only few reports about using diazonium salts for MoS;
modification. It was found that S-vacancies on the MoS; surface enhance reactivity with
diazonium salts (Fig. 16) [231]. Thus, hydrothermally prepared MoS, with a defect-rich
surface is an ideal candidate for modification with redox-active species through

diazonium salt chemistry.

a) 4-NBD b) c)
NP
4' *
‘\
Q N,
-

QQQ0QQV0V0000Q0 elelelolelolelele o lelo 00 [o] O Vacancy or defect

@ Covalently attached group

MoS,

B MoS, basal plane
OH @C @N @F B @S OMo @O B Region of increased reactivity

Figure 16 Covalent functionalization of MoS, with aryl diazonium salt. a) Schematic reaction
of 4-nitrobenzene tetrafluoroborate, b) nitrophenyl is attached to the surface of MoS;, with
a C-S covalent bond, c) reaction starts from an S-vacancy defect on the surface of the MoS;
due to increased reactivity region around the defect and covalently attached groups.
(Adapted from Ref. [231] with permission from American Chemical Society)

Quinones are known for their reversible redox reactions which can significantly enhance
the reachable capacitance of an electrode material. Specifically, anthraquinone (AQ)

has been studied for grafting onto carbon black (CB) surface.

This article layered nanostructured MoS, synthesized via hydrothermal reaction
and subsequently grafted with anthraquinone molecules during in-situ generation of aryl
diazonium cations, formation of radicals, and reduction on the MoS; surface. X-ray
photoelectron spectroscopy (XPS) confirmed covalent bonding between AQ molecules
and the MoS; surface. X-ray diffraction (XRD) patterns and transmission electron

microscopy (TEM) revealed that AQ molecules were grafted onto both the surface
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and within the interlayer spacing of MoS.. Elemental analysis showed that ca. 20 wt%

of AQ was grafted onto the MoS..

Electrochemical studies demonstrated that AQ-MoS; exhibited enhanced capacitance,
from 191 F g (461 F cm™) to 263 F g (631 F cm™) at a current density of 0.2 A g™

ina 1 M H.SO, solution which is attributed to the additional AQ redox reactions.

Two-electrode cells were also assembled utilizing carbon electrode (BP2000)
as a positive electrode to limit the oxidation of the MoS: during positive polarization
reaching 1.2 V. Such hybrid cell, (-)AQ-MoS;||BP2000(+) revealed increased

capacitance in comparison to cell with pristine material (-)MoS2||[BP2000(+).

Further analysis using electrochemical impedance spectroscopy (EIS) and b-value cyclic
voltammogram (CV) analysis revealed that ion intercalation within the interlayer spacing
of MoS; was not hindered by the presence of AQ. It also showed that the electrochemical
behavior has a capacitive response, meaning that the charge storage mechanism could
be based on physisorption of ions upon entering the interlayer spacing of MoS,.
The modification primarily occurred at defect sites, reducing the catalytic activity of MoS,

towards HER and thereby improving the stability of the electrode material.

It is also assumed that the redox reaction of anthraquinone decreases the concentration
of hydrogen ions near the electrode/electrolyte interface, thereby shifting
the thermodynamic potential of H, evolution towards more negative values,

artificially suppressing the catalytic activity of MoS..

In organic electrolytes, AQ-MoS; also demonstrated enhanced pseudocapacitive
behavior, indicating its potential for lithium-ion storage applications. This study detailed
the synthesis, grafting process, physicochemical and electrochemical characterization
of both pristine and modified MoS.. The results present a novel concept of 2D materials
functionalization for improving their energy storage properties. These findings could

open new possibilities for further exploitation of TMDs electrochemical behavior.
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HIGHLIGHTS GRAPHICAL ABSTRACT

e Nanostructured molybdenum sulfide
(MoS,) successfully grafted by anthra-
quinone (AQ).

o Grafting was on the outer surface of
MoS, as well as within interlayer
spacing.

e AQ-MoS, improved capacitance due to
redox behavior of grafted molecules.

ABSTRACT

Two-dimensional materials such as molybdenum disulfide (MoS3) can be employed as an electrode material in energy systems due its good electrical conductivity and
high reachable capacity/capacitance. We demonstrate the concept of a covalent modification of nanostructured MoS; with anthraquinone (AQ) molecules through
diazonium salt chemistry for electrochemical capacitors and lithium-ion storage. AQ molecules are chemically bonded to MoS, which was proved experimentally by
spectroscopic techniques. Here, AQ is grafted (ca. 20 wt%) to the outer surface of nanostructured MoS,, but also confined within the MoS; interlayer spacing.
Modified AQ-MoS exhibited faradaic response which improved the overall charge stored from 191 F g~ (461 Fem ™) to 263F g~! (631 Fem ) at0.2A g 'in1 M
H3S04. The process of intercalation of ions within interlayer spacing of AQ-MoS; was not hindered by the presence of confined AQ molecules. Impedance spec-
troscopy and voltammetry analysis revealed comparable non-diffusion limited response of MoS; before and after modification. The MoS, modification was likely
conducted on the defect sites limiting the catalytic activity of MoS, towards hydrogen evolution improving stability of electrodes. In organic medium, the pseu-
docapacitive response of MoS,, enhanced by additional redox reactions of grafted AQ was observed during lithium-ion storage.

1. Introduction

Increasing demand for high performance electrochemical energy
storage systems has forced the direction of the research towards
searching for advanced electrode materials capable of operating at high
charge/discharge rate [1-3]. Two-dimensional transition metal dichal-
cogenides (2D-TMDs), such as molybdenum disulfide (MoSy), with
layered structure and intercalation type charge storage behavior fulfil
such requirements [4]. Taking into account that energy storage is based

* Corresponding author.
** Corresponding author.

on the efficient insertion of ions in a layered structure, structural and
physicochemical properties of this electrode material are the most
important factors when designing a battery or a capacitor [5,6]. MoSz
has a layered structure consisting of molybdenum atoms sandwiched
between two layers of sulfur atoms. It usually occurs in a semi-
conducting phase, i.e., hexagonal (2H) consisting of two adjacent layers
in the crystal unit which possesses ~ 107 times lower electrical con-
ductivity and higher hydrophobic properties in comparison to its
metallic trigonal (1T) counterpart [7,8]. These properties of 1T MoS; are
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favorable for aqueous electrochemical capacitors (ECs), but the charge
storage mechanism of MoS; in aqueous media remains ambiguous. The
2H MoS; phase cannot be cycled within the rational potential range in
aqueous media to convert this structure to 1T phase which could effi-
ciently host the electrolyte ions during intercalation process. Thus, the
charge is mainly stored through formation of electrical double-layer on
the basal plane of 2H MoS; [9]. The mechanism for 1T MoS; in aqueous
media is complex, distinct plateau for intercalation of ions is not typi-
cally noticed [10]. Instead, rectangular cyclic voltammograms are
observed which many authors refer to as pseudocapacitive phenome-
non. It is enabled by the fast kinetics of ions diffusion facilitated by the
metallic character of MoS; phase [11]. However, it has been noticed that
after cycling of the electrode material in aqueous media, depending on
the ionic radii of solvated cations (i.e., H', Li", Na™, K™), different
interlayer spacing is observed, which could indicate a mechanism
comparable to sorption of solvated ions within the interlayer spacing [7,
12-14]. Though, more studies are required to further validate this
concept. In addition, 1T MoS; is also already recognized as an efficient
promotor of hydrogen evolution reaction (HER) in aqueous media due to
the presence of the edge sites, grain boundaries, and sulfur defects [15,
16]. Moreover, the major contribution to the overall HER catalytic
properties is assigned to the sulfur vacancies in the basal plane of TMDs
with the estimated Tafel slopes of 65-85 mV dec ™! [16]. Consequently,
the use of TMDs in energy storage devices featuring aqueous electrolytes
is restricted by the thermodynamic limit of water decomposition (i.e.,
1.23 V), which is additionally diminished due to the catalytic activity of
the TMDs structure. Such nanostructured composite materials used in a
symmetrical, two-electrode system have high capacitance (MoSy/NTs —
150 F g’1 at0.2A g’l), but a narrow voltage window (0.8 V) due to the
quick HER phenomena on the negative electrode [17,18]. Yet, ECs based
on TMDs can offer higher capacitance than carbon and satisfactory level
of electrical conductivity, which in consequence could constitute an
attractive direction for further development of ECs. There are several
reports of integrating MoS, with carbon-based materials such as, gra-
phene fibers [19], carbon nanotubes [20], microporous carbons [21],
carbon cloths [22], etc., which results into increased overall conduc-
tivity and capacitance making them attractive electrode materials for
future energy storage devices.

Integration of MoS, with surface functionalities has also been tested
using various methods including modification with the use of different
organic molecules, e.g., thiols, organohalides, or maleimide derivatives
[23-28]. Such treatment often leads to altered physicochemical prop-
erties of the material. Interestingly, the same catalytically active sulfur
defects used as the HER promotors are efficiently exploited during co-
valent modification as a reaction mediator [29]. This may result in a
decreased catalytic activity of modified MoS,, which could be a prom-
ising approach for designing stable MoSy-based, or generally,
TMDs-based electrode materials for high performance energy storage
devices. However, in the case of the reports given above, TMDs func-
tionalization was conducted on a model material, i.e., micrometric
commercial TMDs converted from 2H to 1T phase during organolithium
treatment. Such exfoliated MoS, possesses lower content of structural
defects, which consequently limits the functionalization Kkinetics,
affecting the total amount of grafted species [29]. Especially, taking into
account that dependent on the synthesis methodology, different prop-
erties such as particle size, structure, and texture can be found, which
might affect the electrochemical behavior of TMDs. Moreover, the
electrochemical properties of functionalized TMDs have not been fully
elucidated [30]. Y. Zhuo et al. fabricated (EC) electrode materials by
electrochemically exfoliating 2H MoS; and subsequently functionalizing
it with 4-nitro-benzenediazonium tetrafluoroborate (NBD). Their study
demonstrated enhanced capacitance values, but without providing the
explanations regarding the impact of the functional groups on the
electrochemical electrode performance [30].

Besides direct functionalization with diazonium salt, there is a lack of
reports describing the spontaneous grafting of quinones onto the
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nanostructured TMDs. Quinones are aromatic compounds with conju-
gated aryl groups existing in different molecular configurations. Due to
the high reactivity of the double-bonded oxygen in the aryl group,
quinones can undergo reversible redox reactions, enhancing system
capacitance. Quinones such as 1,2-dihydroxybenzene (catechol) [31],
anthraquinone (AQ) [32], or chloroanthraquinone [33] have been
grafted onto the surface of carbonaceous materials during the in-situ
diazotization of the corresponding amino-substituted molecules into
diazonium cations and subsequent reduction at the carbon surface with
the release of Ny. Various carbonaceous materials have been employed
for grafting, including glassy carbon [34], carbon fabrics [32], and
carbon blacks [35], resulting in improved capacitance through partici-
pation in reversible redox reactions [36,37].

At the same time, the quinone family is also recognized in non-
aqueous systems for improving the reachable capacity through re-
actions with metal ions, especially lithium [38]. Depending on the
atomic composition and carbonyl group arrangement, the additional
capacity and redox reaction potential vs. Li/Li™ can slightly vary [39,
40]. Therefore, quinone-containing composites can offer a wide versa-
tility in terms of pairing with other energy storage materials with the
desired potential region of redox reaction in a full cell design. From the
layered material approach, conjugation with quinone compounds could
also be performed under confinement where the functional groups are
grafted within the interlayer spacing. Consequently, the potential of the
electrochemical redox reaction of confined species could be controlled
and induced by the process of metal ion intercalation [41]. Lithiation of
MoS; in organic electrolyte is possible within 3.0-0.0 V vs. Li/Li* with
conversion reaction to Mo and Li,S occurring below 0.6 V vs. Li/Li*
[42]. Depending on the morphology, i.e., the particle or crystallite size
of the MoS,, the kinetics of ion intercalation will be different with
induced fast pseudocapacitive charge storage upon nanostructuring [43,
44]. This is caused by the suppression of the first order phase transition
and reduction of diffusion pathway resulting in nearly ideal MoS;
pseudocapacitive performance. Having in mind the layered nature of
TMDs, controlling the redox behavior of quinone molecules could be an
interesting direction for further research.

Herein, we present an original concept of functionalization of 2D
materials with redox active species for energy storage application. We
have selected MoS; as a typical representative of the TMDs family for
covalent functionalization with anthraquinone (AQ), which is known for
redox activity in aqueous media. AQ has never been previously used for
grafting onto 2D-TMDs. Our study shows that AQ has been successfully
grafted on the outer surface of MoS; but also confined within interlayer
spacing. The physicochemical as well as electrochemical properties of
the sole and functionalized MoS; have been studied in detail.

2. Experimental section
2.1. Synthesis of pristine MoS>

Nanostructured MoS; was prepared during hydrothermal reaction
using 1.2 g L-Cysteine (Sigma-Aldrich, 97 %), 0.9 g sodium molybdate
tetrahydrate (Sigma Aldrich, 98 %) in 180 ml of water. Once the sub-
strates were dissolved, the pH of the solution was adjusted to 4.5,
changing the color of the solution to orange. The reaction was carried
out in a hydrothermal reactor with monitored temperature and pressure
(Parr Instruments — High-Pressure Compact Reactor 5521). The reaction
was conducted at 180 °C during 24h with stirring at 300 rpm. Once the
reaction was finished, black precipitate was collected by filtration and
washed with water and isopropanol. Obtained MoS, was dried in 70 °C
overnight.

2.2. Chemical grafting of MoSz

The modification of the nanostructured MoS; was conducted via in-
situ generation of aryl diazonium cations and their consequent reduction
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on MoS,. Previously synthetized MoS; (300 mg) was sonicated (Hielsher
UPH50, 40 % Watts output) for 1h in 5 ml of acetonitrile (Sigma Aldrich,
HPLC gradient grade) which formed a stable black suspension. 560 mg
of 2-aminoanthraquinone (Sigma Aldrich, 98 %) was dissolved in 450 ml
of acetonitrile under N; flow for 1h. Then, 300 pL of tert-buthyl nitrile
(Acros Organics, 90 %) was added to the 2-aminoanthraquinone solu-
tion. After 30 min of stirring, the freshly sonicated MoS, was added to
the solution of 2-aminoanthraquinone. 300 pL of tert-buthyl nitrite was
added two more times, each after 30min. The reaction mixture was left
for 2.5h under N, flow and without access to light. Finally, the solution
was filtered over nylon membrane (Whatman, 0.45 pm diameter).
Collected powder was then cleansed with aliquots of acetonitrile,
acetone and N,N-dimethylformamide using a Soxhlet system. The non-
attached anthraquinone molecules are removed with the solvent dur-
ing Soxhlet extraction. Repeated washing of AQ-MoS; surely eliminate
all the non-covalently bonded anthraquinone molecules from AQ-MoSy
compound. For clarity, this material is not a composite of AQ and MoS,,
but a covalently bonded AQ to the surface of MoSy. The collected
powder was dried in 70 °C overnight under vacuum (Biishi, B-585).

2.3. Structural and morphological characterization

Surface chemistry was investigated by the X-ray photoelectron
spectroscopy PHI VersaProbell Scanning XPS system, using a mono-
chromatic source of radiation (Al K, = 1486.6 eV) with a resolution of
0.5 eV and an analysis spot size of 400 pm. The morphology of the
samples was studied using TEM FEI Titan 80-300 operating at 80 kV.
Elemental composition of the prepared samples was evaluated using
Thermo Fisher Scientific FlashSmart™ Elemental Analyzer. The content
of C, H, N, S was evaluated in a column filled with copper and copper (II)
oxide during incineration at 950 °C. The content of O was determined in
a separate measurement in a column filled with nickel plated carbon
during pyrolysis at 1060 °C. The crystallinity of the samples was
examined by Bruker D8 Advanced X-ray diffractometer with Cu K, ra-
diation (. = 1.5406 A). Measurements were taken for 1h in the range of
6-60 2theta. Infrared spectrometer (Nicolet iS5 FT-IR) in the 600-1800
cm ™! wavenumber range was used to obtain infrared spectra of grafted
materials. Raman spectroscopy analysis was performed using Thermo
Scientific DXR Raman Microscope with laser emitting at A = 532 nm set
for 1 mW power. Each measurement lasted for 300 s during 3 scan series.
The textural properties of the prepared materials were evaluated
through Ny sorption at 77 K using ASAP 2460 (Micromeritics, USA).
Samples were degassed by helium gas flow at 100 °C for 12h. Before
recording the isotherms, samples were degassed during 5h under vac-
uum. The specific surface area (SSA) was determined using Brunauer-
Emmett-Teller model using 0.01 to 0.05 P/P, range. The pore size dis-
tribution (PSD) was evaluated using SAIEUS program (Micromeritics,
USA), employing 2D-NLDFT heterogenous surface model.

2.4. Electrodes and electrochemical cell setup

The electrodes consisted of 80 wt% active material, 10 wt%
conductive carbon (Super C65, C-NERGY™, Imerys), and 10 wt% binder
(polytetrafluoroethylene — PTFE, 60 % dispersion in water, Sigma
Aldrich). The constituents were mixed in 5 ml of isopropanol and son-
icated for 30 min. The suspension was transferred into a mortar and
mixed until solvent’s evaporation. After dough-like consistency was
obtained, the material was rolled between two sheets of plastic foil and
passed through a hot roller to obtain a uniform thickness. The resulting
sheet of prepared material was cut into 10 mm diameter discs, and
subsequently dried at 70 °C overnight. The electrode mass ranged from 3
to 6 mg with a thickness of approximately 10-20 pm. The electro-
chemical behavior of the prepared electrodes in an aqueous environ-
ment was evaluated using a custom made three-electrode cell made from
PTFE. The setup utilized a golden current collector for the working
electrode, while a platinum mesh served as a counter electrode. For full
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cell characterization, PTFE Swagelok® type of cell was used. The
negative electrode (MoSz or AQ-MoS;) was paired with a positive
electrode made from carbon — BP2000 (commercially available carbon
black typically used as an electrochemical capacitor electrode material,
from Cabot) and separated by a porous membrane (Whatman GF/A).
The MoS; negative electrode was matched with the BP2000 positive
electrode with the same mass. In the case of the negative electrode
prepared from AQ-MoSy, a twice heavier positive carbon electrode was
used to balance the additional charge from the redox reaction. In both
cell configuration, 1 M HySO4 was utilized as an electrolyte, and to
monitor the potential of the electrodes, Hg/Hg,SO, reference electrode
(640 mV vs. SHE) was employed. The electrochemical behavior of the
prepared electrodes in an organic environment was studied in a stainless
steel Swagelok® setup. The inner part of the cell was covered by the
polyether ether ketone (PEEK) casing to prevent the stainless steel cur-
rent collector from short circuiting. The electrodes were dried at 120 °C
under vacuum in Biishi (B-585) prior to introducing into an argon filled
glovebox introduction (Jacomex, HoO and Oz content below 1 ppm).
Working electrode was separated by Whatman GF/D porous membrane
from a 10 mm lithium disc (Sigma Aldrich, 0.38 mm thickness) and
soaked with 200 pL of 1 M LiPF dissolved in ethyl carbonate and
dimethyl carbonate (EC:DMC, 1/1 v/v) (Sigma Aldrich, battery grade)
used as an electrolyte.

2.5. Electrochemical characterization

At the beginning, the electrodes in the three-electrode custom made
volume cell were subjected to a gradual potential extension (20 mV per 5
scan series beginning from +0.2 V vs. open circuit potential) using cyclic
voltammetry (CV) at a scan rate 1 mV s ! to evaluate the operational
potential window. For the assembled full cell, the operational voltage
window was evaluated using alternately CV (2 mV s ! scan rate) and
galvanostatic cycling with potential limitation (GCPL) (0.2 A g™1) from
0.4V to 1.2 V. Based on the potential measured by the reference elec-
trode, the scan rate and potential window of negative and positive
electrode were determined. The cycle lifetime of electrode materials was
evaluated by using CV at a scan rate of 5 mV s ', The ability to withstand
high charge/discharge regimes, for both kinds of cells, was evaluated
using CV and GCPL at different scan rates (1-200 mV s71) and current
densities (0.1-10 A g~1). The electrochemical impedance spectroscopy
(EIS) was performed at 0.1 V vs. SHE and 0.36 V vs. SHE in a frequency
range between 100 kHz and 1 mHz. The cycle lifetime of the cells was
investigated by using GCPL with 1 A g ™! at 1.2 V. All electrochemical
measurements were conducted using a computer controlled multi-
channel potentiostat/galvanostat (VMP3, Biologic®, France). The
capacitance in the three-electrode cell is expressed per one electrode and
is calculated as follows:

1 1
Ccvun) = 45— and CCVW) = (€5}
2. LA 2.1A
Cac/pm) = Pm and Cgc D(V) = m )
-1
Crsiy) = mfZ v 3)

where, Cey(m): gravimetric electrode capacitance calculated from CV in
F g, Cevv): volumetric electrode capacitance calculated from CV in F
cm ™, Cge/p(m): gravimetric electrode capacitance calculated from GCPL
inF g !, Ceyqy): volumetric electrode capacitance calculated from GCPL
inFem 3, Crrsv): volumetric electrode capacitance calculated from EIS
(Fem ™), £ frequency (Hz), Z”: resistance taken from the imaginary part
of the Nyquist plot (Q), I current (A), dU/dt: scan rate (V s71), m: mass
of working electrode (g), A: area under discharge (V s), U: potential (V),
v: volume (cm®).

The capacitance, energy, and power in the two-electrode cell is
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expressed per both electrodes, i.e., per full device and is calculated
accordingly:

Cev 3)
Coon = o @
S0 ®

= ; ®)

where, Cgy: cell capacitance calculated from cyclic voltammetry (F g~1),
Cae/p: cell capacitance calculated from galvanostatic charge/discharge
(F g’l), I: current (A), dU/dt: scan rate (V s~ 1), m: mass of positive and
negative electrode (g), A: area under discharge (V s), U: voltage (V), E:
energy (Wh g’l), P: power (W g’l), tais: cell discharge time (h).

3. Results & discussion

3.1. Synthesis and functionali:

of MoSz F

Nanostructured MoS; was synthetized via facile hydrothermal reac-
tion which is an important bottom-up synthesis method for obtaining
various TMDs. After filtration and drying, the black powder was
dispersed and suspended in acetonitrile (ACN) during sonication to
uniform the MoS, particles and provide even access of the reagents to
the layered MoS,. The process of AQ grafting can be expressed by the
following reaction mechanism (egs. (7)-(9)). The AQ diazonium cations,
generated by aromatic amine (AQ-NH>) and tertbutyl nitrite (Fig. S1),
lead to the formation of aryl radicals through the loss of nitrogen gas (eq.
(8)). In the next step, the formed radicals react with the MoS; surface,
through a radical addition mechanism, resulting in the attachment of AQ
moieties to the MoS; surface (eq. (9)).

AQ — NH, + (CH;),CONO—AQ — N = N* @)
AQ — N =N*5AQ" +N} ®)
AQ® + MoS,—~AQ — MoS, [©)]

Covalent attachment of anthraquinone (AQ) species to the surface of
MoS; forms AQ-MoS; is shown in Fig. 1.

X-ray photoelectron spectroscopy (XPS) analysis was performed to
determine the type of interaction between AQ and MoS; (Fig. 2 a-b). For
the non-modified sample, the S2p spectrum confirms the presence of
MoS; in both phases (1T at 161.9 eV and 2H at 164.0 eV) with a

reduction of the diazonium cation

‘Mo'
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Fig. 2. XPS spectra of pristine and functionalized MoS,. (a) High-resolution
spectra from the C1s and S2p regions corresponding to MoSy, and (b) AQ-MoS,.

dominant 1T metallic phase (~85 wt%) (Table S1). Peaks positioned at
164 eV on the S2p and 287.7 eV on the Cls spectra show C-S type of
bonding, which within the TMDs family could be referred as sulfur de-
fects within MoS; crystal lattice [24]. It could be also related to the
traces of precursor (L-Cysteine) after synthesis. The C-C bonding on the
Cls spectra at 288 eV can be assigned to the amorphous carbons formed
during the decomposition of the MoS; precursor during the hydrother-
mal reaction. After functionalization, the ratio of 1T/2H-phase remains
comparable, indicating that both phases could undergo covalent graft-
ing, which is also confirmed in the Mo 3d region (Fig. 52). The very low
content of MoO2 and MoOj3 on the surface of the MoS is also a proof that
the hydrothermal synthesis allows for the preparation of high purity
MoS, material. A significant increase in the C-C bonding can be
observed due to the presence of the AQ molecules on the surface of
MoS;. It also explains the low intensity of the signals in the S2p region.

« Mos, |© p p

o0 o®Y In & OO ruriionaiens wes,
"" Y ee ".' 00' .o p ’t‘ (.Ao-n:oiz)

p °! .:..7.0 ) ¢ .! P ...o ) ¢ ’! ..oo..o

f ,.' 60.0'.% f " Q/..to. f Q. oo..o

o ® : I Demication. | o : o ® :
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Fig. 1. Synthesis scheme of covalently functionalized MoS, with anthraquinone molecules via in-situ formation of diazonium salt.
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The intensity of the peak indicating the C-S bonding in the C1s and S2p
region has changed upon functionalization which implies the chemical
interaction between AQ molecule and MoS,. This means that the MoSy
can be successfully functionalized by AQ molecules via diazonium salt
chemistry. By calculating the ratio of the C-S bonding to the content of
MoSz in the 1T and 2H phases, it is possible to estimate the content of the
covalently attached anthraquinones at ca. 20 %.

Transmission electron microscopy (TEM) was used to study the
samples morphology and local arrangement of layers. Both samples at
lower magnifications (Fig. 3a and d) revealed a structure organized in a
few layers’ packs. Images of the modified material show no structural
impact of the chemical modification on the particle morphology or
separation. Typically, liquid phase sonication of MoS; in ACN does not
provide enough shear force to efficiently exfoliate high quantity of MoSy
into single layers [45]. At higher magnifications (Fig. 3 b-c and e-f), both
materials showed a layered structure with different sheets separation.
For pristine MoS;, we observed around 0.6 nm interlayer distance be-
tween the individual layers. However, by analyzing the interlayer
spacing at different regions of AQ-MoS,, we found various interlayer
distance ranging from 0.6 nm to 1.2 nm. This could mean that the MoS;
has been partially grafted by AQ within the interlayer spacing. It appears
that part of the MoS; has been modified on the outer surface where the
interlayer spacing remains intact (ca. 0.6 nm). In the other regions of the
MoS, with altered the interlayer spacing (ca. 0.9-1.2 nm), anthraqui-
nones could be at least partially confined within the interlayer spacing.
Interestingly, different layer separation could indicate various arrange-
ment of anthraquinone molecules between the MoS; layers, such as,
horizontal, perpendicular or tilted positions. The interlayer spacing
values of the modified MoS; are in good agreement with dimensions of
the AQ molecule model presented in Fig. S3 with length of 1.16 nm,
height of 0.83 nm and depth of 0.39 nm.

Fig. 4 a shows the elemental analysis of pristine and AQ modified
MoS;. The elemental weight content of C, H, N, S, and O contains
important information about the elemental composition of MoS; and the
quantity of grafted anthraquinones. It can also allow to estimate the
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total amount of AQs, regardless of the molecule’s position, whether
grafted on the surface or within the interlayer spacing. Hydrothermally
obtained MoS; usually contains a small amount of amorphous carbon
(3.90 wt%) due to the usage of alkyl sulfur precursor (L-Cysteine). Some
content of oxygen in the sample (8.20 wt%) was detected, which could
originate from unreduced molybdenum oxide during the reaction. After
modification, AQ-MoS, showed increased carbon content (19.60 wt%),
which can be attributed to the grafted AQ molecules. Considering that
81.16 % of anthraquinone’s molar mass is carbon, we can estimate that
the modified sample contains ca. 20 wt% of covalently attached an-
thraquinones. X-ray diffraction (XRD) was used to evaluate the crys-
tallographic properties of the pristine and modified MoSy (Fig. 4 b).
Pristine MoS; exhibits a semi-crystalline pattern with peaks positioned
at 20 = 14°, 35°, 42°, and 58° corresponding to the (002), (100), (103),
(110) planes, respectively, assigned to the trigonal (1T) MoS, indexed by
the JCPDS card no. 04-017-0898. The peak (002) at 20 = 14° indicates
an interlayer distance which in pristine MoS, is ca. d(go2) = 0.6 nm. No
presence of MoOz or MoOj3 impurities was observed in the XRD pattern.
After modification, the position of the (002) peak shifted from 14° to
6.8°, indicating an interlayer spacing of ca. d(oo2) = 1.3 nm in AQ-MoS;.
The shift confirms the presence of AQ molecules not only on the surface
of MoS,, but within the interlayer spacing too. Interestingly, the (002)
peak was broadened after functionalization, suggesting a reduction in
the crystallographic domains size. This broadening could also be a non-
uniform arrangement of AQ molecules within the interlayer spacing,
leading to variations in the interlayer distance of AQ-MoS,. Moreover,
there was no presence of unwashed 2-aminoanthraquinone. To further
verify whether the process of functionalization affects the porous texture
properties of AQ-MoS,, we have performed N3 sorption measurements.
The isotherms (Fig. 4 ¢) display the typical shape of isotherm type II,
which is commonly observed in nonporous, or mesoporous samples
[46]. The comparable shape of the isotherms suggests that the porous
texture of the AQ-MoS; sample remains intact after the modification.
The SSA has slightly increased after the modification (from 39 to 64 m?
g 1) which confirms our assumptions about the reduction of the

Fig. 3. TEM images of pristine and modified MoS, with marked interlayer spacing. (a), (b), (c) pristine MoS,. (d), (e), (f), AQ-MoS,.
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Fig. 4. Materials characterization of pristine and AQ modified MoS,. (a) Elemental analysis showing content of C, H, N, S, O in the sample. (b) X-ray diffraction
patterns. (c) Isotherms of nitrogen sorption. (d) Corresponding pore size distributions. (e), (f), Raman spectra at different regions.

crystallite sizes after functionalization observed in the XRD pattern. This
consequently leads to the separation of MoS stacks, revealing the SSA
previously unavailable for nitrogen adsorption. It is worth noting that
such a small SSA before and after modification also suggests that the AQ
molecules are most likely positioned within the interlayer spacing of
MoS; due to small total adsorption area. In comparison, the function-
alization of carbon materials (e.g., activated carbon xerogel) has led to a
significant decrease of the SSA from 2350 m? g~! to 1317 m? g~ with
16.9 wt% loading of AQ [47]. This suggests, that in our case, the AQ
molecules are distributed within the interlayer spacing and on the sur-
face of the MoS, particles. Comparable pore size distribution (Fig. 4 d)
indicates that the textural properties of the prepared materials remain
comparable. However, the onset of the microporous range in the
structure has shifted from 0.40 nm to 0.80 nm, suggesting that the AQ
molecules are blocking the access to microporosity of MoS; (Table 52).
Further confirmation of the presence of AQ molecules on MoS, was
obtained through Fourier-transform infrared spectroscopy (FT-IR). The
spectra (Fig. S4) showed a strong signal corresponding to the C=0
stretching vibration at 1674 cm™'. Raman spectroscopy (Fig. 4 e-f)
revealed the presence of two characteristic bands for MoS,, i.e., E%g,
resulting from S atoms vibrations in the opposite direction with respect
to the molybdenum atom, and Ay, out-of-plane S atoms vibrations [48].
The position of these peaks on the Raman spectra could suggest the
number of successive layers in the crystal lattice. In our case, pristine
MoS;, shows E}g and Ajg at 376 em™! and 403 cm’l, respectively,
indicating 4 adjacent layers. After the modification, peaks positions
shifted to 378 ecm ! and 405 cm ™! for Eég and Ajq, correspondingly,
indicating the decrease of the number of layers in the particle to ca. 2-3.
Raman spectra of AQ-MoS; show strong signals at 1360 em™?, 1560
em™, and 2800 cm ™! which can be attributed to the D, G, and 2D bands,
correspondingly. The presence of bands typical for carbonaceous ma-
terials could be a proof that the MoS, has been functionalized by AQ
molecules. Functional groups are most likely burned off during the laser
exposure, giving the signals usually attributed to the carbonaceous
materials. This can be also explained by the stretching and vibrational
signal from uncoordinated sp? and sp® bands which is enhanced by the
MoS, lattice.

3.2. Covalently linked AQ to nanostructured MoS; for energy storage
applications

Subsequently, nanostructured MoS; and AQ-MoS; materials were
prepared in a form of 10 mm round self-standing electrodes. The initial
evaluation of the electrochemical behavior was conducted in a three-
electrode setup with 1 M H2SO4 as the aqueous electrolyte. Typically,
MoS; in acidic media exhibits a well-defined electrochemical response
due to high ionic conductivity and great proton ion mobility [7,49].
Moreover, cycling in 1 M H2SO4 does not cause significant expansion of
the interlayer spacing [7]. The abundance of H ions in the electrolyte
bulk is the most conducive for quinone/hydroquinone redox reaction as
well. Non-modified MoS,, as a layered material presents electrochemical
characteristics typical for a pseudocapacitive material, i.e., square-shape
cyclic voltammograms (Fig. 5 a-b) and isosceles galvanostatic charge/-
discharge (Fig. 5 c). The rapid kinetics of charge/discharge is primarily
attributed to the nanostructured crystalline domains, where the process
of ion intercalation is not limited by diffusion within the interlayer
spacing of the host crystal lattice, especially with the small ion size. In
pristine MoS,, two different charge storage mechanisms could be
occurring, i.e., sorption of ions at the MoS; basal planes and intercala-
tion within the interlayer spacing, described by the following equation
(eq. (10)) [50].

MoS; + H" + e~ < MoS — SH (10)

Fig. 5 d shows a cyclic voltammogram with the potential expansion
of AQ-MoSy, revealing characteristic peak (from —0.1 to 0.1 V vs. SHE)
corresponding to the redox reaction of carbonyl groups originating from
grafted AQ molecules, given by the equation below (eq. 11) [51,52].

[o] OH
O e ~= QL w
[} OH

Interestingly, the rectangular shape of the CV, besides the AQ redox
peak, is preserved as showed by the grey dotted line (Fig. 5 d). This
observation could support the concept that the intercalation of ions
vastly contributes to the total capacitance rather than the sorption of
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ions at the basal plane of MoS; [53]. Furthermore, the presence of
grafted AQs within the interlayer spacing does not alter the electro-
chemical response of MoS,. The transport properties of ions in the
crystal lattice during charge/discharge are not kinetically disrupted by
the presence of confined AQs, but it could also be related to the small
ionic radii of intercalated ions. It is also worth noting that the oxida-
tion/reduction peaks of the AQ molecules are in the similar position at
low scan rates, meaning that the redox reactions are not kinetically
limited by the diffusion of ions. The high reversibility of the redox peaks
also indicates that the AQ molecules are not detaching from the surface
of the MoS,. After modification, we observed an increase in reachable
capacitance from 191 F g’1 (461 F cm ™) for MoS; to 263 F g’1 (631 F
em3) for AQ-MoS; at 0.2 A g’1 within the potential range from 0.46 V
to —0.16 V vs. SHE (Fig. 5e and Fig. 6). Comparing the capacitance at
each scan rate (Fig. 5 b and e), we can observe a gradual decrease in
capacitance until they become equal at 200 mV s~ !, where charge is
mainly stored through ion sorption.

So far, AQ grafting has primarily been conducted on carbonaceous
materials (e.g., carbon black - BP2000 or SC2A) to incorporate the redox
reactions in the EC system which boosted the capacitance (from 100 F
g !0 185 F g~ for BP2000 at 10 mV s ') [51,52,54]. However, the
capacitance originating from EDL decreased, this is mainly associated
with a smaller available SSA of the electrode material after modification.
In our case, the charge storage behavior is mainly connected with the
intercalation of ions which seems to be not kinetically disrupted by the
presence of AQ molecules. Therefore, the stored charge originating from
the intercalation of ions remains intact after the modification which is in
good agreement with the decreasing capacitance during increasing
sweep rate (Fig. 6).

We estimate that the grafted AQ molecules could not only signifi-
cantly boost the capacitance in the functionalized MoS; electrode ma-
terial, but also affect the overall charge storage behavior and ion
movement kinetics within the interlayer spacing. The grafted AQ mol-
ecules could: decrease the number of the adsorption sites for ions during
charge storage and affect the ion movement within the interlayer

spacing. Therefore, to further elucidate the nature of the stored charge
and determine the limiting parameters for ions intercalation we used the
power-law relationship of current to scan rate (i = av?), known b-value
analysis (Fig. 7 a-b). By determining the slope of the log() vs. log(v)
function, it is possible to assess whether the process is diffusion-
controlled (b = 0.5), finite diffusion-controlled (b = 0.6-0.8) or
surface-controlled (b = 1) [55,56]. To prove the above hypothesis, we
have decided to conduct the b-value analysis at two different potentials
where the AQ redox reactions were occurring (AQ region) and at po-
tential of rectangular voltammogram shape (flat region). The results
provide crucial insights into how grafted AQ species influence the
charge storage behavior and whether they impact the kinetics of ion
intercalation. We started by plotting the peak redox current density over
different scan rates at different potentials, i.e., flat region (at 0.36 V vs.
SHE) and AQ region (at 0.1 V vs. SHE) for both materials. It was found
that in pristine MoS,, both regions tend to b = 1, i.e., AQ region = 0.89
and flat region = 0.97 (Fig. 7 b) indicating surface-controlled processes.
There could be two explanations for this behavior, which include the
formation of electrical double layer (EDL) upon intercalation of ions
within the interlayer spacing of MoS,, or the surface redox processes of
MoS; [57]. In this case, it is difficult to distinguish between those two
mechanisms. The formation of an EDL upon intercalation of ions is
possible due to the rectangular shape of the CV and the small ion radii of
intercalated ion. On the other hand, the change of the oxidation-state of
MoS; (into MoS-SH, equation (10)) cannot be excluded as well. After AQ
modification, by using b-values analysis, b = 0.79 for AQ region and b =
0.94 for the flat region were found. For the flat region, the b-values,
remain comparable and approach 1. In the AQ region, the b-value has
shifted towards the intermediate value indicating a finite
diffusion-controlled process. This could indicate a mixed contribution
from the diffusion-controlled redox reaction of AQ molecules and the
surface-controlled charge storage of MoS,. In our case, the b-value
analysis can only give some hints regarding the kinetics of the electro-
chemical processes. Therefore, we have decided to conduct electro-
chemical impedance spectroscopy (EIS) to deconvolute the mechanism
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Fig. 6. Comparison of electrode capacitance given in gravimetric (left y-axis)
and volumetric (right y-axis). The values obtained from (a) cyclic voltammetry,
and (b) galvanostatic charge/discharge techniques recorded at different
charge/discharge regimes (from 1 to 200 mV s, and from 0.2 to 10 A g™,
correspondingly).

of the charge storage. Fig. 7 shows EIS and corresponding Bode plots
dependence (volumetric capacitance and phase angle vs. frequency) of
pristine and modified MoS; recorded at different potentials, i.e., at 0.1
vs. SHE (AQ region) and 0.36 V vs. SHE (flat region). Considering pristine
MoS; (Fig. 7 c), the EIS shows negligible internal resistance (ESR), i.e.,
0.74 Ohm. We have also decided to express the capacitance in volu-
metric, instead of gravimetric metrics to omit the effect related to the
increase of the electrode weight after grafting. The linear profile of the
EIS spectra at both potentials at high frequency indicates that the pro-
cess is not limited by the kinetics of the ion diffusion. Corresponding
Bode plots (Fig. 7 d) show comparable capacitance at both potentials
with slightly higher capacitance at AQ region potential. Phase angle (¢)
represents the balance between the capacitive (¢ = 90°),
diffusion-limited (¢ = 45°), and resistive (¢ = 0°) response [57].
Regardless of the applied potential, the phase angle curves are compa-
rable with transition from resistive to ideally capacitive (¢ = 82°)
response versus frequency accompanied by the increase of the volu-
metric capacitance (to 601 and 805 F cm 3). It could be an indication
that the pristine MoS, has a dominant capacitive nature, especially when
the profiles of the phase angle do not change at fixed potentials. It means
that the charge storage mechanism is based on the reversible adsorption
of ions through the formation of an EDL within the interlayer spacing of
MoS, upon their intercalation. The Nyquist plot for AQ-MoS; (Fig. 7 e)
presents a low ESR of 0.89 Ohm with a profile indicating a Warburg-type
diffusion-limited process. At 0.36 V vs. SHE, in the corresponding Bode
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plot dependence (Fig. 7 f) we could observe a comparable transition
from resistive to capacitive characteristics. Interestingly, smaller
capacitance is noticed at 0.36 V vs. SHE, i.e., 601 F em 2 and 531 Fem ™2
for MoSz and AQ-MoS;, correspondingly. It could indicate that the
number of adsorption sites within the interlayer spacing are occupied by
AQ molecules and are not accessible during EDL charge storage. At the
region of AQ redox reaction (0.1 V vs. SHE), the phase angle versus
frequency shows a deviated transition from resistive to capacitive
behavior as well. The deviation is most likely due to a mixed contribu-
tion from the diffusion of ions and redox reaction. We can also observe a
significant capacitance increase from 531 F cm™ for MoS, to 1626 F
cm 3 at flat and AQ regions, correspondingly. In general, the presence of
the AQ molecules does not significantly disrupt the diffusion of ions
within the interlayer spacing of MoSy, neither alters the principal charge
storage mechanism of the MoS; (Fig. 8).

For a comprehensive comparison of the full cell performance, elec-
trodes made from carbon black (BP2000) were combined with MoS; and
AQ-MoS; electrode, in a hybrid cell configuration, i.e., (—)MoS; ||
BP2000(+) and (—)AQ-MoSy || BP2000(+). Constructed cells were
subjected to voltage extension from 0.4 V up to 1.2 V (Fig. 9) while
observing the operation of positive and negative electrode. Additionally,
they were tested at various charge/discharge current load regimes
(Fig. S5), which resulted in improved specific cell capacitance (from 41
Fg'to49Fg'at0.1A g'1 for MoS; and AQ-MoSy, correspondingly).
It should be underlined that typically the values for specific cell
capacitance are four times lower than capacitance per electrode. Thanks
to the AQ surface modification of MoS,, the system with grafted material
demonstrated improved values of energy at each specific power charge/
discharge rate (Fig. S5 f). It is worth mentioning, that the hybrid cells
presented even higher values of energy and power than symmetric cells
containing MoS; or BP2000 electrodes (Fig. S5 ).

The self-discharge behavior of the assembled cells, i.e., (—)MoS; ||
BP200(+) and (—)AQ-MoS; || BP2000(+), was investigated by charging
the cells with a 0.2 A g~! current load to different voltages. Subse-
quently, the circuit was opened, and the voltage of the cells was moni-
tored over a period of 6 h (Fig. S6). At each voltage (1.0 V, 1.2V, and 1.4
V) the cell with MoS; exhibited higher self-discharge, dropping to nearly
0.1 V during the first 2 h. This behavior can be attributed to the high
mobility of ions in protic electrolyte (1 M HaSO4). In contrast, the cell
containing AQ-MoS; demonstrated slow self-discharge at all applied
voltages. Such discrepancy between the results is due to the presence of
redox active AQ groups grafted on the surface and in between the layers
of MoS; [58]. Immobilized anthraquinone molecules do not show
shuttle effect between the electrodes responsible for quicker
self-discharge.

Sulfuric acid is problematic electrolyte for commercial application
due to the necessity of using costly anti-corrosive cell components.
Therefore, researchers are exploring greener alternatives that would not
require using expensive current collectors and could operate at a higher
potential window. One interesting example suitable for anthraquinone
application due to its naturally low pH, is beryllium sulfate. The elec-
trochemical performance of AQ-MoS; in 1 M BeSOy4 is shown in Fig. 57.
During potential extension, a peak related to the anthraquinone redox
reaction is also present, but the oxidation-reduction potential wave is
shifted by 150 mV, indicating low ionic mobility of H' in 1 M BeSO4. At
higher scan rates, a gradual decrease of capacitance is observed most
likely related to the higher ionic radii of solvated Be®* cations (i.e., 31
pm), in turn, the low-ion mobility and in consequence diffusion related
issues [59,60].

Alternatively, integrating polymers (e.g., polyvinyl alcohol — PVA)
with acidic electrolyte solutions (1 M H2S04/PVA) allows for reaching
higher voltage and potential practical applications of such EC device
[61].

The MoS» material can also act as a host for lithium ions during the
electrochemical intercalation reaction in organic media, showing pro-
nounced redox peaks when bulk electrodes are used [62]. Its
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electrochemical intercalation properties, are primarily controlled by the
particle size with enhanced pseudocapacitive intercalation of ions upon
nanostructuring [63]. Most of the works published on MoS; focuses on
the four-electron conversion reaction to Mo and Li,S, or other metal
sulfides, however, the cycle life of the electrode materials is often
limited [64,65]. Thus, we have decided to exclusively study the inter-
calation properties of MoS; which proceeds in the range of potentials
from 1.0 to 3.0 V vs. Li/Li*, with a theoretical capacity of 167 mAh g1
(eq. (12))

MoS; + xLi" 4+ xe” < LiyMoS, (0<x<1) 12

As both materials, AQ and MoS; are also electrochemically active in
organic media, we decided to investigate their electrochemical behavior
in half cells vs. lithium metal (Fig. 10). The 2H phase of MoS; undergoes
electrochemical conversion reaction to the 1T phase at 1.1 V vs. Li/Li",
which may induce a strain in the crystal lattice and leads to the
detachment of grafted AQ molecules from MoS,. Despite the relatively
low ratio of 2H to 1T phase, we have decided to limit the cut-off po-
tential to 1.5 V vs. Li/Li", to mitigate the crystal lattice rearrangement.
Non-modified MoSz shows pseudocapacitive electrochemical perfor-
mance promoted by the nanosized particles of MoS,. The short ion
diffusion path length allows the nanostructured MoS; to behave elec-
trochemically like a pseudocapacitive material [66]. After the modifi-
cation, AQ-MoS, retained its original pseudocapacitive behavior while
also presenting broad carbonyl redox reaction peak in the range of
1.9-2.5 V vs Li/Li". Similarly to aqueous media, the modification did

Journal of Power Sources 613 (2024) 234862

not alter ion intercalation behavior. Although, the redox reaction peak is
broader which could indicate that the process occurs more slowly in the
organic medium. The covalently attached AQ to MoS; show moderate
improvement of capacity. The concept of linking the quinone family to
2D materials could open new possibilities into the new electrode design
for energy storage applications.

3.3. Suppressing hydrogen evolution catalytic activity of MoSz

The catalytic activity of MoS; towards the HER in aqueous media is
the main reason for its narrow operational potential window, i.e., 0.6 V
for the negative polarization. To evaluate the long-term electrochemical
stability of the prepared materials we, have conducted cyclic voltam-
metry tests within 0.6 V potential range at a sweep rate of 5mV s~ ! using
a three-electrode setup (Fig. 11). MoS, (Fig. 11a) shows capacitive
behavior, with only a 10 % initial capacitance decrease observed after
1000 cycles (from 165 F g~* to 149 F g~1). Interestingly, after ca. 1600
cycles, MoS; started to show catalytic activity towards HER which is
most likely caused by the structural deterioration of MoS,. The activa-
tion of unsaturated sulfur defects related to the self-regulation effect of
Mo-Mo bonds, led to a shift of HER overpotential to ca. —0.1 V vs. SHE
resulting in a quicker Hz evolution [67]. Similar tests were conducted for
AQ-MoS,, which showed an initial capacitance of 227 F g~! at 1st cycle
(Fig. 11 b). Cycling reveals lack of HER overpotential shift, as it was
noticed previously for MoS,. This can be attributed to the covalently
attached AQ molecules occupying defect sites, which are no longer
catalytically active towards the HER. In addition, the redox reaction of
AQ molecules can locally change the concentration of hydrogen ions at
the electrode/electrolyte interface, which could lead to shift of the HER
overpotential. It is a proof that the modified material could show
improved stability towards parasitic reactions (in this case HER).
Additional experiments concerning the cyclability of two-electrode cells
(Fig. S8) revealed that the AQ-MoS; was able to operate for long lifespan
while maintaining the quinone redox reaction. The potential of the
negative electrode is shifting over cycling which could be also the reason
for the improved overall cycling of the MoS,-based material.

4. Conclusions

In summary, we synthetized covalently functionalized MoS; with
anthraquinone molecules via diazonium salt chemistry. The chemically
bonded redox active species such as quinones were never studied before,
especially in terms of their electrochemical behavior in different
aqueous and organic media. In our work, the anthraquinones (AQs) were
grafted on the outer surface of the layered material as well as within the
interlayer spacing of MoSy. Presence of covalent bonds (C-S) between
AQ and MoS; was confirmed by spectroscopy techniques such as XPS
and FT-IR. Additionally, C=0 groups presence proved by FT-IR indicate
formation of AQ-MoS;. Structure and morphology of AQ-MoS; was
investigated by XRD pattern analysis and TEM imaging. Elemental
analysis showed that content of AQ in AQ-MoS; was ca. 20 wt%.

We observed a significant capacitance increase of the electrodes after
AQ grafting, from 191 F g~1 (461 F cm ) to 263 F ¢! (631 F cm ™) at
0.2 A g7! in aqueous media due to the pronounced redox activity of
anthraquinones. By testing the cyclability of the electrodes in 1 M
H2S04, we found that the catalytic activity of the defect sites on surface
of the AQ-MoS; was suppressed after functionalization by blocking them
with anthraquinones. The grafted anthraquinone molecules do not
significantly disturb the transport properties of ions during intercalation
processes in aqueous media (1 M H2SO4 and 1 M BeSOy). In addition,
impedance spectroscopy and b-value voltammetry methods allowed us
to study the mechanism of charge storage, distinguishing between
electrical double layer and faradaic reactions at different potentials.
Pristine and modified MoS; were used to build hybrid systems (—)MoSy
|| BP2000(+) and (—)AQ-MoS, || BP2000(+) for comparison with
symmetric cells consisting of MoS; and BP2000. Functionalized MoS;
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allowed for an improvement of the total specific energy of the hybrid
system over symmetric cells. Tests in low pH salt electrolyte (1 M BeSO4)
also revealed redox activity of anthraquinone molecules, but at higher
charge/discharge rates, a gradual decrease of capacitance is observed

mainly due to the diffusion issues connected with the high solvation
ionic radius of the Be®" cation. The redox activity of anthraquinone
molecules was also confirmed in an organic medium in 1 M LiPFq (EC:
DMC 1:1 v/v), together with the pseudocapacitive behavior of MoS.
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These findings could open new possibilities for designing advanced 2D
energy storage materials.
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in organic media upon nanosizing the particle size. Nanosized particles enable faster ion

transport in the crystal lattice of the host material due to shortened diffusion ion path.

Hydrothermal synthesis is an effective method for producing nanostructured MoS,,
offering significant control over the material’s properties. This study presents
unpublished data on how different sulfur precursors — thiourea (TU), thioacetamide —
(TAA), and L-cysteine (LC) — used during hydrothermal synthesis affect the resultant
MoS;, structure, morphology, and lithium intercalation properties. By systematic
evaluation of these effects, this study focuses on clear understanding of the relationship
between synthesis conditions and the electrochemical behavior of MoS,. This knowledge
is essential for designing MoS»-based electrodes that can deliver superior performance
in terms of energy density, power density, and cycling stability, thereby contributing

to the development of next-generation energy storage devices.

The resulting MoS; materials were characterized using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and Raman
spectroscopy. These techniques revealed significant differences in the morphology
and crystallite size of MoS2 depending on the sulfur precursor used. MoS, synthesized
with TU showed larger, micron-sized architectures, while TAA and LC precursors

produced nanosized flakes with higher specific surface area and increased porosity.

The electrochemical properties of the synthesized MoS: were evaluated through lithium
intercalation experiments and compared to the commercial, bulk MoS, (Comm).
These experiments, conducted in the 1 to 3 V vs. LilLi" potential range,
allowed for studying the electrochemical intercalation reaction. MoS. synthesized with
TAA and LC exhibited improved capacity and superior capacity retention up to ca.
100 mAh g' at 10 A g' compared to those synthesized with TU (60 mAh g)
and commercial MoS; (20 mAh g™'). The nanosized flakes from TAA and LC precursors
provided a larger electrode/electrolyte interface area, which facilitated faster lithium ion
transport and improved intercalation kinetics. Techniques such as operando X-ray
diffraction, operando dilatometric height change and 3D Bode plot analyses allowed

detailed studies of the charge storage mechanism.

In conclusion, selecting appropriate precursors it is possible to produce nanostructured
MoS:, with optimized pseudocapacitive performance. These findings offer valuable
insights for designing and development of advanced MoS;-based electrode materials

for high-performance energy storage devices.
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Abstract

Molybdenum disulfide (MoS;)-based electrode materials can exhibit a pseudocapacitive
charge storage mechanism induced by nanosized dimension of the crystalline domains. This
effect is achievable through hydrothermal synthesis of MoS;, which often yields different
properties of the final material, thereby affecting its electrochemical lithium intercalation
behavior. In this study, we investigate how the use of different sulfide precursors, specifically
thiourea (TU), thioacetamide (TAA), and L-cysteine (LC), during the hydrothermal synthesis of
MoS,, affects its physicochemical, and consequently, electrochemical properties. The three
materials obtained exhibit distinct morphologies, ranging from micron-sized architectures
(MoSz TU), to nanosized flakes (MoS2 TAA and LC), which influence their available specific
surface area and tortuosity. Consequently, the choice of hydrothermal synthesis parameters
allows to control the resulting electrochemical signature. The individual charge storage
properties are analyzed by operando X-ray diffraction, dilatometry, and 3D Bode analysis,
revealing a correlation between the morphology, porosity, and the electrochemical
intercalation behavior of the obtained electrode materials. The results demonstrate a facile
strategy to control MoS; structure and related functionality by choice of hydrothermal

synthesis precursors.
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1. Introduction

Molybdenum disulfide (MoS.) is among the most studied transition metal dichalcogenides, a
family of materials characterized by their two-dimensional character with individual layers
stacked by van der Waals forces[1]. MoS; has gained attention due to its applicability in a wide
range of fields like electrochemical energy storage[2, 3] and electrocatalysis[4, 5]. There are
several polytypes of MoS,, with the naturally occurring, semiconducting 2H-MoS; and 3R-
MoS; polytypes, and the synthetically accessible, metallic 1T-MoS;[6]. The functional
properties of MoS; are highly dependent on the polytype, as well as on the morphology and
crystallite size of the material, which is why synthesis strategies able to control these

properties are required[7, 8].

In the field of electrochemical energy storage, MoS; has been employed as an anode material
suitable for lithium and sodium ion storage, with the possibility to store charge via
electrochemical intercalation and/or conversion reactions, depending on the utilized voltage
window[9-12]. When used as an intercalation host, it was found that kinetically favorable
intercalation properties are obtained when MoS, crystallite size is reduced[13]. For such
nanosized MoS;, Cook et al. report the emergence of solid-solution intercalation with
pseudocapacitive properties, that is, Faradaic charge storage with a capacitor-like signature
over a wide voltage range in absence of kinetic diffusion limitations[13, 14]. It was also found
that the introduction of crystal defects, as well as the increase of the MoS, d-spacing via
hexanediamine pillars amplifies the pseudocapacitive electrochemical lithiation response[15,
16]. For 2H-MoS,, an irreversible transition to 1T-MoS, during the first electrochemical
lithiation cycle at around 1.1V vs. Li*/Li leads to an unfavorably low initial Coulombic
efficiency[17]. The findings underline the significance of controlling MoS; crystal structure,

crystallite size, and morphology, to obtain desired functional properties.

Not only electrochemical charge storage, but also the electrocatalytic hydrogen evolution
(HER) performance is dependent on MoS; crystal structure and morphology[18]. This led to
the exploration of various hydrothermal synthesis routes controlling MoS; structure by choice
of sulfur-precursor[19-22]. Liu et al. found that thioacetamide (TAA) and L-cysteine (LC)
possess lower decomposition temperatures than thiourea (TU), thereby releasing sulfur more
readily, leading to smaller particle sizes and the tendency to form the 1T-polytype, which in

turn, leads to a favorable HER activity[23].
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The findings motivated us to explore the impact of sulfur precursors on the electrochemical
lithium intercalation performance of hydrothermally synthesized MoS, materials. Given the
relative ease and scalability of hydrothermal synthesis over synthesis routes like vapor
deposition or thermal conversion of molybdenum oxides in sulfidizing atmospheres, gaining
better understanding of the relation between hydrothermal synthesis route, MoS;
microstructure and the electrochemical performance are crucial to further develop MoS; as a

promising electrode material in (pseudocapacitive) ion intercalation hosts.

In this study, we highlight the role of sulfur precursor selection in the hydrothermal synthesis
of MoS; materials, showing its profound influence on their final structural, morphological, and
porous texture characteristics. The choice of the precursor dictates the morphology of MoS;
with secondary particle size ranging from micro- to nano-sized dimensions, consequently
impacting the available interfacial area. The resulting physicochemical properties of the
synthesized MoS; are linked with their electrochemical response, revealing emergence of
pseudocapacitive intercalation phenomena upon nanostructuring. Lithiation kinetics of MoS;
with improved values of capacity at higher currents are linked with greater
electrode/electrolyte interface area. Comprehensive analyses, employing techniques such as
operando XRD, 3D Bode plot analysis, and dilatometric studies reveal solid-solution charge
storage mechanism induced by the nanostructured particle size dimensions and different
electrode volume change upon de/lithiation. The insights of the study can guide synthesis
development of MoS;-based materials for application in electrochemical energy storage,

conversion, and beyond.
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2. Experimental section

2.1. Materials synthesis

Different nanostructured molybdenum disulfides (MoS;) were prepared during separate
hydrothermal reactions using 1.6 g of sulfur source, i.e., thiourea (Sigma Aldrich, 99%),
thioacetamide (Sigma Aldrich, 99%), or L-cysteine (Sigma Aldrich, 97%) and 1.6 g of sodium
molybdate (Sigma Aldrich, 98%). Both precursors were dissolved together in 160 ml of
deionized water and the pH of the solution was adjusted to 7 with the use of 1 M hydrochloric
acid (POCH S.A). Hydrothermal syntheses were conducted in hydrothermal reactor (Parr 5500
HP) with stirring at 200 rpm during 24 h at 200 °C with 20 bar of internal pressure. After the
reaction, black precipitate was collected through vacuum filtration and washing with aliquots
of deionized water and ethanol. Powder materials were dried at 80 °C overnight. Micrometric-

sized MoS; was purchased from Sigma-Aldrich (particle size below 2 pm, 99 %).

2.2. Physicochemical characterization

A Crossbeam x340 (Zeiss) scanning electron microscope (SEM) was used to analyze the
morphology of the samples at different magnifications using 5 kV acceleration voltage.
Transmission electron microscopy (TEM) analysis was performed using a Talos F200i
microscope (Thermo Fisher Scientific) operating at 80 kV. Samples were prepared through
sonication in ethanol and deposition on a lacey carbon-coated copper TEM grid by drop-
casting. Powder X-ray diffraction (XRD) patterns of the MoS, materials were obtained by using
a Bruker D8 Advance diffractometer operating in Bragg-Brentano geometry with a Cu Ka
radiation source (A = 1.5406 A). Raman spectroscopy measurements were obtained by using
a Renishaw InVia confocal Raman microscope with a 532 nm laser at a low power of 100 pW.
Sorption isotherms of N, at 77 K were recorded with the use of ASAP 2460 (Micromeritics,
USA). The materials were degassed in a flow of helium at 100 °C for 12 h. Prior the N2 sorption,
the samples were degassed in vacuum for 6 h. Brunauer-Emmett Teller (BET) model was
utilized to evaluate the specific surface area (SSA) using 0.01 to 0.05 P/Po range. The elemental
composition of prepared samples was evaluated by using Thermo Fisher Scientific FlashSmart
Elemental Analyzer. The elemental content of C, H, N, S was estimated in the column filled
with copper and copper (II) oxide during incineration at 950 °C. Separate pyrolysis of samples

at 1060 °Cin a column filled with nickel coated carbon was used to estimate the content of O.
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2.3. Electrochemical cell setup and characterization

2.3.1. Electrode preparation

Electrode slurries consisted of 80 wt.% of active material, 10 wt.% of conductive agent (C65,
C-NERGY), and 10 wt.% of binder (polyvinylidene fluoride, PVDF, Solvay) dispersed in a N-
Methyl-2-pyrrolidone (NMP, Thermo Scientific). Prior to the mixing, powder components
were ground in a mortar to uniform the particles. All constituents were added to a plastic
container and transferred to a speed mixer (ARE-250, Thinky) and mixed for 10 min at
10.000 rpm. Electrode slurries were later cast on carbon-coated aluminum foils with a wet
thickness of about 60 um by using a doctor blade. Wet films were dried at 80 °C overnight,
followed by punching circular electrodes with a diameter of 12 mm. Such prepared electrodes
were further dried at 80 °C under vacuum overnight before being transferred to an argon filled

glovebox (MBraun, H20 and O, content below 1 ppm).
2.3.2. Electrochemical studies

Electrochemical behavior of prepared electrodes was examined in a coin cell (CR2032, Hohsen
Corp.) configuration employing 14 mm lithium metal disc (Honjo) as the negative electrode
separated by a porous membrane (GF/A, Whatman) soaked with 200 pL of LP30 electrolyte
(1 M LiPFs in a 1:1 vol.% mixture of ethylene carbonate/dimethyl carbonate (EC:DMC)).
Assembled coin cells were studied by cyclic voltammetry at different sweep rates (from 0.2 to
20 mV s!), where the measured current is normalized by the active material mass and the
sweep rate, resulting in the unit of A s (V g)?, allowing for easier estimation of the stored
charge at various sweep rates, and galvanostatic charge/discharge at different specific
currents (20 mA gt to 10 A g) between 3 - 1V vs. Li/Li*. Staircase potential-electrochemical
impedance spectroscopy (SPEIS) was performed in a frequency range between 1 MHz and
10 mHz in 20 steps, i.e., 100 mV increments between 3 to 1 V vs. Li/Li*, with 10 min
chronoamperometric steps between potential increments before each EIS measurement. The
impedance was analyzed according to prior work[24], with the real capacitance being
calculated according to equation (1):

le(w)
_wlZ(w)|zm

C'(w) = (1)
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where C’(w) is the real part of the capacitance, Z”(w) the imaginary part of the impedance, w
the angular frequency (w=2xf, with f as the frequency), |Z(w)| is the magnitude of the
impedance, and m the electrode active mass. All the electrochemical measurements were

performed through a multichannel potentiostat/galvanostat (VMP3, Biologic)
2.3.3. Electrochemical operando XRD measurements

Electrode slurries for operando XRD measurements were prepared as described above, but
with a weight ratio of active material to conductive carbon to binder of 7:2:1in order to ensure
sufficient electric conductivity throughout the thicker coating. The slurry was then drop-cast
onto Ti mesh, with mass loading of ca. 5 mg cm?, and left to dry under air circulation, then
later under vacuum at 80 °C. Operando XRD patterns were recorded during galvanostatic
cycling of the electrodes against Li metal in LP30 electrolyte with a specific current of
50 mA g%, in a modified coin cell setup with thin Kapton windows on both sides of the coin
cell. The diffractograms were obtained using a STOE STADI-p diffractometer in Debye-Scherrer
geometry with Mo Ka radiation source (A=0.70932 A), equipped with a MYTHEN 1K detector
and a STOE coin cell holder. The electrochemical measurements were performed using a

potentiostat (SP-300, Biologic).
2.3.4. Electrochemical operando dilatometry measurements

For dilatometry studies, selected electrode materials were prepared in form of self-standing
electrodes containing 80 wt.% of active material, 10 wt.% of conductive carbon (C65, C-
NERGY), and 10 wt.% of binder (polytetrafluoroethylene — PTFE, 60 wt.% dispersion in water,
Sigma Aldrich). Constituents were mixed in 20 ml of isopropanol, grounded in a mortar and
mixed until isopropanol has evaporated. After a dough-like consistency has been formed, the
material was calendared to obtain a sheet of material with uniform thickness. The sheet was
cut into 8 mm diameter discs and subsequently dried at 80 °C overnight under vacuum. Before
transferring the electrodes inside the glovebox, the thickness of each electrode was measured
(ca. 60 um). Operando electrochemical dilatometry experiments were performed by using
ECD-3-nano electrochemical dilatometer (EL-Cell). The working electrode was separated by a
stiff glass frit and a porous membrane (GF/A, Whatman) from a 10 mm lithium disc (Honjo).
After assembly, the cell was maintained at OCV for period of 6 h to obtain a stable electrode

height measurement. The electrode height change is expressed in a form of percentage
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calculated from the first measurements. The electrochemically-induced height-changes were
evaluated with the dilatometer during galvanostatic charge/discharge at 20 mA g between 3
to 1 V vs. Li/Li*. Electrochemical experiments were performed with a multichannel

potentiostat/galvanostat (VMP3, Biologic).
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3. Results and discussion

3.1. Physicochemical characterization

Different MoS, materials are synthesized from various sulfur precursors, namely thiourea
(TU), thioacetamide (TAA), and L-cysteine (LC), by a hydrothermal approach at the same
temperature, time, pH of the solution and precursor mass (Fig. 1A). Scanning electron
microscopy (SEM) shows that dependent on the type of the precursor, different surface
morphologies are obtained (Fig. 1B-E). Commercially available MoS; (Comm) (Fig. 1B) utilized
for comparison presents micrometer-sized secondary particles consisting of primary flakes
with layered features shown at higher magnifications. In contrast, materials obtained via
hydrothermal reactions show different morphologies and particle size distributions
dependent on the type of precursor. MoS; obtained from TU (Fig. 1C) shows tens of microns
large structures with bump-like surface features, on which nanosized, perpendicularly
oriented flakes are visible. In sharp contrast, MoS; obtained from TAA (Fig. 1D) and from LC
(Fig. 1E) show 0.5 — 1 micron-sized secondary particle agglomerates consisting of smaller,
below 100 nm sized primary particles. They follow a similar trend as previous reports, with
MoS, derived from TU precursor yielding the largest secondary particle sizes[23]. The
observed differences of the samples show a high dependence of resulting macroscopic MoS;

structure and morphology from the sulfur precursor employed in the hydrothermal synthesis.

The purity of hydrothermally synthetized samples is analyzed in terms of their elemental
composition (Table 1) showing comparable formulation to MoS, Comm. Often, hydrothermal
preparation of MoS: using organic precursors leads to formation of some amorphous carbon
impurities[25]. In this case, each material shows low content of carbon in comparable quantity
to MoS, Comm. Lack of nitrogen content in MoS; TAA and MoS; LC suggests the absence of
unreacted precursor residue in the samples, whereas MoS; TU shows a small quantity of
nitrogen (1.6 wt.%), which was previously reported to increase the interlayer distance of
MoS2[26]. The findings show correlation between the lower decomposition temperatures of
TAA and LC compared to TU and the resulting nitrogen impurity content. MoS, samples
derived from TU and LC show some oxygen residue (ca. 4 wt.%), which can be a consequence
of the relatively high precursor decomposition temperature (TU) and/or the high oxygen
content of the precursor (LC). The analysis reveals that purity of hydrothermally synthesized

MoS; samples can be affected to some extent by the choice of sulfur precursor.
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Fig. 1: (A) Schematic illustration of the hydrothermal synthesis of MoS, materials from different
precursors. Scanning electron micrographs of (B) MoS; Comm, (C) MoS; TU, (D) MoS, TAA, and
(E) MoS; LC.

Table 1: Elemental composition of prepared materials from CHNSO analysis.

Sample C(wt.%) H(wt.%) N (wt.%) S (wt.%) O (wt.%) Sum (wt.%)

MoS, Comm 13 0.2 0.0 51.8 0.1 53.4
MoS, TU 13 0.7 1.6 48.4 3.9 55.8
MoS; TAA 0.9 0.3 0.0 524 0.8 54.3
MoS; LC 2.0 0.5 0.0 46.7 3.8 53.0
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Investigation of the crystal structure of the formed samples is carried out by powder X-ray
diffraction (XRD), presented in Fig. 2A. MoS; Comm shows sharp and well-defined diffraction
peaks corresponding to the crystallographic planes of hexagonal MoS; (2H) indexed by ICDD
PDF card no. #01-071-9809. Sharp, high intensity diffraction signals indicate large crystallite
sizes of MoS, Comm. In contrast, hydrothermally prepared MoS, samples display broadening
of the diffraction peaks indicating reduced crystallite sizes and/or increased structural
disorder compared to MoS; Comm. The position of the (002) diffraction signal corresponding
to the interlayer distance varies depending on the utilized sulfur precursor, with maxima of
the broad signals between 26 values of ca. 11.9 — 13.7°, indicative of average interlayer
spacings of the obtained MoS, materials between ca. 0.64-0.75 nm, which is above that of
commercial MoS; Comm at 0.61 nm. The irregular, slightly expanded interlayer spacing
measured by XRD does not correlate with the impurity content, since MoS, TAA as the sample
with most deviation of the interlayer distance from MoS, Comm contains least impurities
(Table 1). Therefore, the expanded interlayer spacing may be a result of partial water
adsorption between the MoS; layers, as was observed previously for TAA-derived MoS»[23].
Diffraction peaks corresponding to the (100), (103), and (110) sets of planes are in comparable
position to MoS; Comm, indicating that lattice parameter modification resulting from

hydrothermal synthesis is mostly limited to the interlayer spacing.

Fig. 2B shows Raman spectra for samples in two different regions corresponding to the 1T (J1,
J2, J3 modes) and 2H phases (Ag, E'g and Eig modes) of MoS,, respectively. In case of MoS,
Comm, distinct peaks positioned at 407 cm™, 381 cm™, and 284 cm™ can be assigned to the
Asg, E'5¢ and E1g modes which are consistent with the characteristic vibrational and stretching
modes of 2H phase[27]. Their presence and position are a confirmation of well-defined
crystalline domains. Raman spectra of hydrothermally synthesized MoS; samples also show
the presence of Elyg and Aig modes, confirming the presence of 2H-MoS; in these samples.
However, peak broadening and shifting can be observed, specifically for MoS, TAA and MoS:
LC samples. Typically, Raman analysis shows strong relationship between the number of
successive layers in the MoS; crystallites and position of the Ajg and E';; modes[27]. Shifts of
the peaks are commonly observed when increasing the number of adjacent layers in the
crystal unit starting from mono to multilayer (from 385 to 381 cm™ for E';; and from 403 to

407 cm™ for A)[28]. Ajg mode corresponding to out-of-plane S atoms vibrations for MoS;
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TAA and LC is positioned at 385 cm™, which suggests multilayer MoS;, whereas the position
of the Ely shifts to 403 cm™ suggesting MoS; monolayer. Such effect could be the result of
the nanostructuring of the MoSz TAA and LC crystallites. No shift of Ai; mode is observable for
MoS: TU, showing comparable peak positions to MoS; Comm possibly related to the micron-
sized particles. At the same time, peaks positioned at 226 cm™ corresponding to the J, mode
suggest the simultaneous existence of the 1T phase in the hydrothermally synthesized

samples. This is in agreement with other works on hydrothermally synthesized MoS;[29, 30].
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Fig. 2: Physicochemical characterization of MoS,-based materials. (A) X-ray diffraction patterns and (B)
Raman characterization of MoS; in 1T and 2H phase regions. In the 1T region (below 350 cm™), the

intensity is multiplied by a factor of 8 for clarity.

Using transmission electron microscopy (TEM) analysis, morphological and crystallographic
properties of the hydrothermally synthesized MoS, samples are studied at a nanoscale.
Morphological features are shown in TEM (Fig. 3A, C, E), where all samples exhibit relatively
small crystallites with only few MoS; layers (in line with broad (002) signal from XRD). The
directly measured interlayer distances are closer to the value of ideal 2H-MoS; of 0.61 nm
(£0.03 nm) for all samples than suggested by the XRD results, which may be a result of volatile
interlayer species removal (such as interlayer water) in the microscope (ultra-high vacuum
and high-energy electron beam conditions). Utilizing selected area electron diffraction (SAED,
Fig. 3B, D, F), broad diffraction rings corresponding to the (100) and (110) MoS: planes are
observed with only small differences of the average lattice parameters between the samples.
Overall, TEM investigation reveals that on a nanoscopic level, the crystallite size and shape of
MoS; domains are more comparable, whereas on a macroscopic level observed by SEM,

particle size and/or shape showed stronger differences between these samples.
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dygo = 0.25 nm
dy;0=0.15 nm

Fig. 3: TEM images and corresponding selected area electron diffraction patterns of (A-B) MoS, TU, (C-

D) MoS; TAA, and (E-F) MoS; LC.
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Nitrogen sorption is conducted to evaluate the porosity and specific surface area (SSA) of the
MoS; samples. Sorption isotherms of all samples exhibit a type Il shape according to IUPAC
classification (Fig. 4), typically ascribed to nonporous or macroporous samples[31]. For MoS;
TAA, MoS; LC and MoS; TU samples, the emergence of H3-type hysteresis loops confirms the
presence of aggregated plate-like particles (Fig. 4B-D), as already observed in electron
micrographs. However, hysteresis loop for MoS, TU (Fig.4B) shows a much steeper
desorption branch in comparison to the other two samples, reminiscent of H2(a) loops where
the behavior is ascribed to blocked pores and/or narrow pore necks[31], which could be
formed within the micron-sized secondary particles of MoS; TU. This strongly suggests
significantly hindered accessibility of pores within the large particles of TU-derived MoS,,
exhibiting a different morphology than MoS; TAA and MoS; LC despite similar hydrothermal
synthesis parameters and despite similarly small crystalline domain sizes observed from TEM
and from broadened XRD peaks. The observations are further reflected in the different specific
surface areas derived from BET method (Brunauer-Emmett-Teller, ref. [32]), ranging from
relatively small SSA of 8 and 5 m? g* for MoS, Comm and MoS; TU, to larger SSA of 84 and 34
m? g for MoS; TAA and MoS; LC, respectively. The results underline the possibility to tune
both porosity and SSA of hydrothermally synthesized MoS; via choice of sulfur precursor,

which can have significant implications on the materials’ functional properties[16].

Overall, structural investigation over several length scales demonstrates that the choice of
sulfur precursor for hydrothermally synthesized MoS; has a large impact on the macroscopic
secondary and primary particle morphology, the resulting sample porosity, as well as
accessible surface area (TAA > LC > TU). On a microscopic level, however, crystallite size and

lattice parameters remain comparable across the three samples.
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Fig. 4: Nitrogen sorption isotherms at 77 K of MoS, based materials prepared from (A) Comm, (B) TU,

(C) TAA, (D) LC.

3.2 Electrochemical characterization

While it is demonstrated that the morphology, specific surface area and porosity of
hydrothermally synthesized MoS, materials are strongly dependent on the utilized sulfur
precursor, the samples show comparable, few-layer nano-crystallites with mixed 2H-/1T-
phases. The materials therefore allow to study the impact of MoS; structural parameters on
electrochemical lithium ion intercalation properties, allowing to draw conclusions on the
preferred hydrothermal synthesis precursors and set the materials in relation to commercially

available, pristine 2H-MoS,; Comm.

Initial evaluation of electrochemical lithium intercalation behavior of MoS; electrode

materials is conducted by galvanostatic charge/discharge technique between 3.0 to 1.0 V vs.
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Li/Li*, a potential range where reversible lithium intercalation into the MoS; interlayer space

is expected according to[33]:

MoS, + xLit + xe™ & LiyMoS,,with0 < x <1 (2)
The theoretical maximum capacity for the intercalation of 1 Li* per MoS; is 167 mAh g™
Potential profiles of the first five galvanostatic cycles at a constant specific current of 20 mA g*
for each MoS; sample are presented in Fig. 5A-D. MoS; Comm (Fig. 5A) exhibits a plateau at
ca. 1.1 Vvs. Li/Li* during first cycle associated with the irreversible phase transition from semi-
conductive 2H phase to metallic 1T phase, resulting in an initial Coulombic efficiency (ICE) of
76 %, well aligned to the literature values[17]. It is a consequence of the sulfur plane gliding
upon intercalation of lithium ions which turns the molybdenum atom into the octahedral
coordination environment[34, 35]. In the consecutive few cycles, completion of the
irreversible phase transition can still be observed, before a stable (de)lithiation profile with
the main redox plateau in the potential region around 1.7 - 1.9 V vs. Li/Li* is observed,
presenting a reversible anodic/delithiation capacity of 152 mAh g%, close to the theoretical
capacity. Comparable behavior can be also observed when tested by cyclic voltammetry
(Fig. S1A), which shows high cathodic current peak corresponding to phase transition in the

first cycle and consequent de/intercalation behavior in the consecutive cycles.

The three samples prepared via hydrothermal synthesis (Fig. 5B-D) exhibit linear/sloping
galvanostatic profiles in absence of clear plateaus which are observed in MoS, Comm. The
profiles electrically resemble capacitive-type charge storage processes that can be induced by
nanosizing effects of the crystallites, leading to pseudocapacitive intercalation behavior.
Thermodynamically, the effect can be explained by contributions of excess chemical potential
of lithium at (near-)surface sites of MoS: nanocrystals dispersing the resulting redox
potential[36, 37]. While the sloping potential profile of MoS; TU is observed between ca. 2.4
—1.0 V vs. Li/Li*, the sloping potential region of MoS, TAA and MoS; LC is further expanded in
the positive range to about 2.7 V. The pseudocapacitive behavior of the hydrothermally
synthesized MoS; samples, especially in contrast to commercial MoS, Comm, can also be
observed by cyclic voltammograms at various sweep rates between 0.2 mV s and 20 mV s

(Fig. 5G-H). The effect of scan rates for each material is presented in Fig. S2.
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In a comparison to MoS; Comm, hydrothermally synthesized MoS; materials do not show the
pronounced plateau behavior of the 2H-to-1T phase transition at 1.1 V during first cycle, likely
as a consequence of their high 1T phase content demonstrated by Raman. Only in MoS; TU it
is visible to some extent. It can be also observed on the cyclic voltammograms during the first
few cycles (Fig. S1B-D). The ICEs of the samples are 70% for MoS; TU, 59% for MoS; TAA and
67% for MoS, LC, possibly caused by irreversible parasitic reactions at the
electrode/electrolyte interface (considering lower ICE for samples with higher SSA) and
remaining 2H-to-1T phase transition (specifically for MoS, TU). Each hydrothermally
synthesized MoS, shows higher reversible (de)lithiation capacity than commercial MoS:
Comm with around 200 mAh g (corresponds to ca. 1.2 Li* per MoS;), indicating additional
charge storage for nanocrystalline MoSz materials. While this effect has been observed before
for nanostructured MoS; and is attributed to surface redox reactions, it is remarkably also
observed for MoS; TU with a SSA even smaller than that of commercial MoS, Comm, clearly
demonstrating the significance of nano-crystallinity over accessible surface area for

maximizing the reversible (de)lithiation capacity of MoS,[16].

All MoS>-based materials are galvanostatically cycled at different specific currents to
investigate the rate capability of the (de)lithiation reaction (Fig. 5E). As discussed above,
hydrothermally synthesized MoS; samples exhibit higher anodic capacity than MoS, Comm
over the entire range of specific currents. MoSz TAA and MoS; LC exhibit similar capacity as
MoS; TU up to specific currents of around 1-2 A g?, but at higher currents these samples
show superior capacity retention (Fig. $3). This is likely due to their higher specific surface
area, leading to an increased electrode/electrolyte interface with reduced diffusion-
limitations even at high rates due to smaller diffusion path lengths[13]. The galvanostatic
cycling stability is tested at an intermediate specific current rate of 1 A g* (Fig. 5F). After 1,000
cycles, two groups can be identified according to their capacity retention. MoS; TAA and MoS;
LC show comparably stable cycling behavior with about 86 % of initial capacity retention,
whereas MoS, Comm and MoSz TU only exhibit about 80 % of capacity retention. Remarkably,
this behavior is opposite to their increasing SSA, which is often hypothesized to be a source of
capacity fading due to increased parasitic side reactions[38]. It is demonstrated that MoS;

materials with higher SSA exhibit improved cycling stability, regardless of crystallite size. We
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hypothesize that this behavior is a consequence of reduced volumetric electrode changes

during cycling (vide infra).
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Fig. 5: Electrochemical characterization of MoS; based materials. (A-D) First 5 cycles of galvanostatic
charge/discharge profiles, (E) Anodic capacity recorded at different specific currents (from 20 mA g*
to 10 A g?), (F) Galvanostatic charge/discharge stability at a specific current of 1 A g?, (G-H) Cyclic

voltammograms at 0.2 mV s™ and 20 mV s™. All tests are carried out in coin cells versus lithium metal
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in LP30 electrolyte at a constant temperature of 20 °C.

17

https://doi.org/10.26434/chemrxiv-2024-7hz4h ORCID: https://orcid.org/0000-0001-9475-3692 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

Maciej Tobis, PhD Dissertation

132



Study of two-dimensional nanostructured materials for electrochemical
energy storage applications

To gain deeper insights into the kinetics of the MoS;-based samples during lithium
intercalation, electrochemical impedance spectroscopy (EIS) is carried out at various states of
charge along the entire potential range from 3 — 1 V vs. Li/Li* (Fig. S4). The capacitor-like
electrical response (i.e., pseudocapacitive or electrical double-layer contributions to the
charge storage process) can be extracted from EIS by employing a simple equivalent circuit
consisting of a capacitor and resistor in series[39]. Then, the (pseudo)capacitive response can
be presented over a wide potential range as a function of frequency via a so-called 3D Bode

plot (Fig. S5) with real capacitance representation (Fig. 6).
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Fig. 6: 3D Bode representation of real capacitance vs. frequency at different potentials during

discharge for different MoS, materials (A) Comm, (B) TU, (C) TAA, (D) LC.

For commercial MoS, Comm, two clear maxima of the real capacitance curve can be found
corresponding to the two redox peak potentials (Fig. 6A). Outside of these peak potentials,
there is a significant drop in the real capacitance, in line with a typical battery-like

electrochemical response like for example in LiFePO4[24]. Contrarily, for all three
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hydrothermally synthesized MoS, samples (Fig. 6B-D), the real capacitance curve changes
towards a “waterfall” shape indicating a (pseudo)capacitive charge storage process over a
wider potential range. Notably, potential range is narrower for MoS, TU as compared to the
other two samples, MoS; TAA and MoS; LC. Overall, 3D Bode analysis gives a comprehensive
overview of electrode kinetics over a wide potential and frequency range, with
pseudocapacitive lithium intercalation properties for hydrothermally synthesized MoS:

samples[40].

To better understand the origin of the different electrochemical response of the materials,
operando XRD during the galvanostatic cycling is carried out to study the crystallographic
changes during lithium (de)intercalation. MoS, Comm (Fig. 7A) shows the initial (002) plane
peak of 2H-MoS,, with a corresponding d-spacing of do02=0.61 nm, decreasing in intensity
during the discharge plateau at 1.1 V vs. Li/Li*, while another peak emerges at corresponding
to the (001) plane of the 1T-MoS; phase (doo1=0.63 nm), in good agreement with the values
reported in the literature for the 1T-LiMoS; phase[41]. The subsequent deintercalation
process appears as a solid-solution reaction, with the prominent (001) plane peak shifting to
lower angles, corresponding to an expansion in the interlayer spacing (doo1=0.65 nm), followed
by a contraction to do01=0.62 nm at the end of the deintercalation. The initial 2H-MoS; (002)
peak is not recovered after the first cycle, which indicates an irreversible transformation from

2H-MoS; to 1T-MoS,, in close agreement with previous reports[17].

In MoS; TU (Fig. 7B), the initial interlayer distance is 0.65 nm and only expands slightly to
0.67 nm upon lithiation. At the end of the first delithiation, the d-spacing remains at roughly
0.67 nm. The XRD signature is characterized by a minimal, but continuous shifts of the (001)
set of planes of 1T-MoS,, rather than the emergence of new diffraction signals, demonstrating
solid-solution lithium (de)intercalation. While Raman results suggest that MoS; TU consists of
a mixture of 1T-MoS; and 2H-MoS;, a phase transformation is not observed via operando XRD.
This is likely due to the nanosizing effect of MoS, crystallites suppressing the
transformation[14]. Overall, crystallographic changes in MoS; TU are minimal during
(de)lithiation, providing an explanation for the superior kinetics of the material compared to
MoS, Comm, despite its small SSA. The operando XRD patterns of MoS; TAA and MoS; LC
provide very little peak intensity during cycling, indicating a high degree of structural disorder,

making interpretation of the results more challenging. While for MoS; TAA a continuous shift
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of the (001) plane of 1T-MoS; could be interpreted from the heatmap representation,
somewhat comparable to MoS; TU, no clear signals can be observed for MoS; LC. However,
the absence of any new XRD signals during cycling points towards a solid-solution intercalation
process without the formation of a new phase for both samples. Thus, it can be summarized
that in the case of hydrothermally synthesized MoS,, lithium (de)intercalation proceeds via a

solid-solution type mechanism regardless of the specific surface area of the samples.
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Fig. 7: Operando XRD profiles for different MoS,-based materials: (A) MoS; Comm, (B) MoS; TU, (C)
MoS; TAA, (D) MoS; LC. Measurements are carried out in Debye-Scherrer geometry using custom-

designed coin cells with Kapton-taped holes allowing for X-ray penetration.
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To elucidate the volumetric changes in electrode materials on a macroscopic level,
electrochemical dilatometry (ECD) is employed. The method is useful to investigate
morphology/porosity-induced effects, which cannot be easily captured by methods like
operando XRD. Thus, ECD is employed to compare the expansion/contraction behavior of
MoS; Comm, the host material that undergoes a phase transformation during the first
lithiation step, with MoS:z LC which is the host material of the fastest kinetics that showed
improved stability during long-term cycling. For MoS; Comm (Fig. 8A), a large increase in
electrode thickness of about 19% can be observed during the irreversible phase
transformation from 2H-to-1T. In subsequent cycles, contraction/expansion of about 2-3 %
can be observed during delithiation and lithiation, respectively. The initial irreversible
thickness change is very significant and could not be explained by crystallographic expansion
(using operando XRD), indicating that this expansion is potentially the consequence of
significant solid electrolyte interphase (SEI) formation. Further work will more closely

investigate the origin of the significant expansion behavior during the first lithiation cycle.

For MoS; LC, very minimal height changes are observed (Fig. 8B). During the first lithiation
process, the electrode expands by ca. 1 % and subsequently exhibits reversible height changes
around 1 %. The significantly reduced height change of MoS: LC, especially during the first

cycle, is a likely explanation for the improved cycling stability over MoS; Comm.
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Fig. 8: Dilatometric height change of the electrode materials over first few consecutive cycles. (A) MoS;

Comm, (B) MoS; LC.
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4. Conclusions

In this work, the choice of sulfur precursor is demonstrated as a facile route to control the
structure and morphology of hydrothermally synthesized MoS, over several length scales.
From a macroscopic point of view, morphology is affected by the precursor choice, with
thiourea (MoS: TU) yielding micron-sized secondary particle architectures, whereas
thioacetamide and L-cysteine provide reduced secondary particles with nano-sized, flake-like
morphology (MoS; TAA and MoS; LC). Further, the resulting sample porosity and (accessible)
surface area follows the same trend (TAA > LC > TU). Contrarily, on a microscopic level,
crystallite size and lattice parameters remain comparable across all three samples

demonstrating nanoscopic crystalline domains with a mixture of 2H- and 1T-phases.

When employed as a host material for electrochemical lithium intercalation, each material
shows fast pseudocapacitive charge storage behavior with slightly different electrochemical
response showing strong correlation to the available adsorption area and particle size of the
crystalline domains explained by 3D bode plot analysis. Each hydrothermally prepared sample
shows higher maximum anodic capacity of ca. 200 mAh g™ at a rate of 20 mA g™ in comparison
to commercially available MoS; with 152 mAh g*. MoS; TAA and MoS; LC demonstrate
significantly improved rate capability, with higher charge retention at 10 A g™* (related to ca.
34 s discharge) up to 90 mAh g in comparison to MoS; TU (50 mAh g) and MoS; Comm
(25 mAh g). Long term cycling reveals that the samples with high specific surface area and
small secondary particle size show slightly better stability over 1,000 cycles, possibly due to
smaller volumetric expansion of the electrode material during the first cycles revealed during

dilatometric studies.

The study demonstrates the ability to influence electrochemical charge storage properties of
MoS; by the choice of hydrothermal precursor, offering a facile strategy to control materials
structure and functionality. Such insights can be useful for researchers in the field of high-
power electrochemical energy storage materials, but can also be of value to materials
developed in other fields of electrochemistry such as electrocatalytic hydrogen evolution and

beyond.
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General summary

ECs are attractive energy storage devices due to their exceptional power density
and longevity. However, they suffer from moderate energy density which can be
increased by enhancing the capacitance or voltage window of the device. This can
be achieved by utilizing different EC components, such as in the context of this PhD

dissertation, using different electrode materials.

Recently, 2D materials have become highly appealing for use as electrode materials
in energy storage applications due to their faradaic behavior, which is promising
for achieving high capacitance. This PhD dissertation explores the concept of utilizing
2D TMDs as electrode materials in electrochemical energy storage applications such as
ECs. The study presents an overview on TMDs with respect to their synthesis,
material characterization, electrochemical behavior, potential limitations in aqueous
media, strategies to address these limitations, and utilization of layered TMDs as lithium-

ion hosts in organic electrolytes.

In Chapter lll, the focus is on developing hydrothermal routes for preparing TMDs, such
as MoS;, ReSy, NiS, and FeS; and integrating them with various carbonaceous materials
(e.g., NTs, CB, rGO and 3DG) to form composites. It was found that the morphology
of the carbon support morphology significantly affects the final properties
of the composite materials and their electrochemical behavior. Carbons with open
porosity, such as NTs and CB, allow for the perpendicular positioning of MoS; and ReS-
nanoflakes, enhancing their catalytic activity in symmetrical ECs in aqueous media.
Despite showing higher capacitance and conductivity than the parent materials
(TMDs and carbons), the voltage window of the symmetrical cell was limited to below
1 V. Contrary, 3DG/FeS, composite, demonstrated high capacitance and conductivity
while operating at 1.5 V. It strongly points toward the importance of the carbon-support

choice and its effect on the electrochemical behavior of the carbon/TMDs composites.

Chapter IV addresses the catalytic activity of 2D TMDs. The hydrothermal synthesis
route is convenient for preparing nanostructured and layered TMDs, although it often
results in materials with structural defects such as sulfur vacancies, which induce TMDs
catalytic properties. These vacancies can locally increase reactivity, enabling
functionalization which diazonium salts to form covalent bonds between foreign redox
molecules and TMDs. This chapter presents a novel approach of using hydrothermally

prepared nanostructured MoS; for covalent functionalization with AQ molecules during
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the in-situ generation of diazonium salts. XPS measurements confirmed the covalent
AQ linkage to MoS,, while XRD and TEM studies showed that MoS, was grafted both
on the surface and within its interlayer spacing. The AQ-MoS; material exhibited
improved capacitance due to the redox activity of AQ molecules. Further studies
featuring b-value analysis and EIS, revealed that the presence of AQ molecules within
the interlayer spacing did not disrupt ion movement inside the layered structure. A hybrid
cell utilizing pristine and grafted MoS; as a negative electrode and CB as a positive
electrode showed higher energy than symmetric CB cells. Electrochemical studies using
an aqueous electrolyte, i.e., 1 M BeSOy, revealed the redox activity of AQ, indicating
a promising approach for safe and stable high-performance ECs. Initial studies featuring

organic electrolyte revealed redox activity of AQ in organic media as well.

Chapter V explores the electrochemical behavior of MoS; materials in organic
electrolytes. It was found that the choice of sulfur precursor strongly affects
the resultant material’s morphology, structure, microporous texture, and electrochemical
behavior. Different MoS, was hydrothermally synthetized from three various precursors,
namely thioacetamide, thiourea, and L-cysteine. As reported in the literature,
higher decomposition temperatures of thiourea resulted in materials with different
morphology and microporous texture compared to MoS; obtained from thioacetamide
and L-cysteine. In terms of electrochemical behavior, each hydrothermally prepared
material shows pseudocapacitive features during lithium intercalation studies which

was in-depth analyzed by operando XRD, dilatometry and EIS studies.
The main findings of this PhD dissertation include:

i) the hydrothermal route is an attractive synthesis method that allows
for the preparation of nanostructured TMDs with controllable properties
depending on the precursors used,

ii) the morphology of carbon supports significantly influences the electrochemical

behavior of carbon/TMD composites,

iii) sulfur vacancies in TMDs can be exploited for functionalization with diazonium
salts,
iv) catalytic properties of TMDs can be suppressed by the redox reaction

of AQ at the electrode/electrolyte interface,
V) the sulfur precursor used for hydrothermal synthesis allows for controlling
the structure, morphology, and microporous texture of MoS, material,

affecting its electrochemical properties.
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