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Riassunto

In questa tesi di dottorato si sono studiati diversi approcci per produrre elettrodi self-standing
caratterizzati da alta densita di energia e di potenza, ottenuti con una matrice di nanofibre di carbonio
(CNF) e materiali ad alto voltaggio e/o alta capacita. Sono stati effettuati dei test preliminari sui
composti NasMnZr(PO4)s;, NasMnTi(PO4)s e ZnS-GO per batterie a ioni sodio (SIBs), preparati con
metodo tradizionale (tape-casted), e sulla singola matrice di CNFs elettrodepositata. Dopo aver
realizzato un catodo self-standing utilizzando il ben noto materiale catodico per le batterie al Litio
LiFePO, per valutare I'influenza delle CNFs sulla prestazione elettrochimica, i materiali attivi scelti per
le SIBs sono stati caricati nelle nanofibre di carbonio per preparare i nuovi elettrodi self-standing. Le
prestazioni elettrochimiche ottenute sono molto promettenti per la buona capacita ad alte C-rate,
ciclabilita della cella e densita di potenza, grazie alla matrice di CNF che migliora la conducibilita
elettronica e il contatto elettrodo/elettrolita.

Abstract

In this Ph.D thesis, we investigate different approaches to prepare high energy and power density self-
standing electrodes, based on high voltage/capacity active materials and carbon nanofibers (CNFs).
First, the characterization and electrochemical investigation was carried out on conventional tape-
casted electrodes with the NasMnZr(PQ,)s, NasMnTi(PO4); and ZnS-GO active materials for sodium-ion
batteries (SIBs), and on the only electrospun CNFs matrix. Thereafter, a self—standing cathode was
synthesized, based on CNFs and the well-known LiFePO, active material for lithium-ion batteries (LIBs),
to investigate the role of CNFs on the electrochemical performance. Finally, the active materials for SIBs
are loaded into CNFs, to prepare the new self-standing electrodes. The results are very promising in
terms of enhanced capacity at high C-rate, cell lifespan, and power density (high cycling rate), thanks
to the CNFs matrix, which improves the electronic conductivity and the electrode/electrolyte contact.
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Chapter 1.  Introduction

Nathan Lewis reported that ‘““Energy is the most important technological problem in the world” in 2007
during the Materials Research Society Spring meeting in San Francisco [1]. Indeed, since the industrial
revolution the demand of energy in our societies kept increasing. Nowadays, energy powers most of
our activities such as industry, communication, and transport. The main energy sources are fossil fuels
such as coal, crude oil, and natural gas [2], see Figure 1.1: they are easy to transport and store, and
they provide a high energy to volume ratio. Nevertheless, they present significant drawbacks:

o They are all pollutants because they naturally release toxic substances in the atmosphere, such
as the sulfur dioxide responsible for acid rains;
. They are not renewable resources, that is the deposits of fossil fuels are subjected to

progressive depletion.

. Their usage increases the emission of CO, into the atmosphere, as their consumption to
produce energy requires their combustion as fuels. Carbon dioxide along with methane CH,4
and nitrous oxide N,O contribute to the greenhouse effect and climate change.
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Figure 1.1: Final energy consumption of sources 2011, 2019 and 2021 (taken from [2]).

The greenhouse gases (GHGs) capture the reflected sun rays that would otherwise return into space,
causing the increment of earth average temperature. The European commission has established that
human-induced global warming is increasing at an average rate of 0.2°C per decade [3,4]. To name but
a few, the consequences of increasing temperatures are drought, forest fires, more frequent floods,
and drastic negative impact on biodiversity and sea environment. A complete list is reported in refs.
[3-5].

One method to reduce the GHG emissions is to replace fossil fuels with renewable resources (RRs) that
produce renewable energy (RE) such as solar, wind, hydroelectric and marine, biomass, and geothermal
energy [4,6]. They present unbounded deposits which could meet the increasing global demand of
world energy consumption. Their use will enable the world energy transition, satisfying the global
energy consumption without bringing about the climate change.
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Most renewable resources do, however, present one critical downside, namely their intermittence.
Indeed, solar, wind, and hydroelectric power plants cannot produce energy on demand, as they depend
on weather and environment conditions. To overcome this limit, the energy produced by renewable
resource must be stored onto different devices and with different technologies, briefly described in the
Subsection 1. A deep and complete review about RRs, RE and GHGs is reported in refs. [1-6].

Section 1. Storage systems

Subsection 1 Electro-mechanical storage system

Pumped Hydroelectric Storage (PHS)

The PHS is the most used energy storage system today, because it allows to reserve large amount of
energy. By pumping water from a reservoir placed at lower to a higher one, we consume energy
provided by the grid and store it in the form of gravitational potential energy of the water between the
two levels. The stored energy is proportional to water mass and altitude between the two reservoirs.
Whenever the energy grid demands more power, water is released back into the lower reservoir thus
producing energy via an electric turbine. PHS’s principal feature is that the stored energy is available
after few hours of idle inactivity without losses, so it has a very low self-discharge rate. Its main
application is the energy time-shifting while the principal disadvantage is the need of specific
topographic sites [6,9,10].

Compressed Air Enerqy Storage (CAES)

CAES is an electro-mechanical storage system and, as for PHS, the turbines are used to store energy,
but in this case the energy is stored in the form of compressed air into underground tanks. The quantity
of stored energy depends on dimension of cavern, air pressure and temperature. As PHS, the principal
app is the energy time-shifting. Finally, the necessity of caverns or underground tanks is a disadvantage
for realizing big and inexpensive systems [6,9,10].

Flywheel Energy Storage

In the case of Flywheel, the energy is stored in form of rotational inertia thanks to the rotation of a big
mass. The energy can be added or drained from the storage interrupting the mechanism with an
electric engine. The energy retention is influenced by the initial and final energy ratio, while the amount
of energy depends on the speed and weight of the rotating mass. The flywheel advantages are fast
charge/discharge capability, quick response, and good lifespan, while its critical aspect is the safety,
because it can cause damage to the enclosing environment. These features make the flywheel usable
for fast response like frequency regulation and power buffering [9,10].

Subsection 2 Thermal Energy Storage (TES)

For TES the energy is stored in form of a medium’s heat. Three are the type of medium used: sensitive,
latent, or chemical. The sensible heat medium storage is the most used for TES and consists of reserving
energy increasing temperature of a medium featured by high heat capacity. The medium could be solid
or liquid such as brick, sand, aluminum, iron or engine oil, water, butane, propane. This type of TES is
used in solar field where the medium is hated by the sun, storing the energy. When the medium is
cooled, it produces energy following the principle of heat engine.

In the case of latent medium heat, the material phase transitions are exploited to generate heat at a
constant temperature.
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Finally, for chemical medium heat, the chemical exothermic and reversible reaction is used to produce
heat as by-product. In this last case the molten salt and the water-based method are the principal
technologies.

For all TES, the working principle is quite simple, but the cost is high and the self-discharge depends on
medium’s isolation from the surrounding external environment [6,9,10].

Subsection 3 Chemical Energy Storage (ECS)

Chemical storage system generates and stores energy through chemical reactions.

Hydrogen-Based Energy Storage

Hydrogen production is based on the reaction of water hydrolysis:

1
Hy +5 0, 2 Hy0.
Eq. 1.1

The hydrogen produced by water electrolysis reaction can be stored in different forms such as
compressed gas, liquid or cryo-compressed hydrogen. It is important to choose the way of storage
based on the features of the end-use application. For instance, storage volume and weight are critical
factors for vehicle apps but are important characteristics for the forklift or marine employments.
Hence, it is extremely important to choose the most efficient way to store hydrogen at the right
temperature and pressure for the end-use applications. This aspect together with the flammability
safety remain critical aspects or downsides of hydrogen storage.

Today the most common way to store hydrogen is the compressed gas form at different pressure. The
release of compressed hydrogen happens using a fuel cell composed by two electrodes divided by an
electrolyte. The release involves two reactions at anode and cathode, respectively:

H, 2 2H™ + 2e~ (anode)
Eq. 1.2

1
and 502+H20 + 2e~ = 20H (cathode)
Eqg. 1.3

This type of release is fundamental for vehicle application where the principal functions of hydrogen
storage are receiving hydrogen during the refueling, containing hydrogen until the gas is requested
back, and releasing hydrogen to make the vehicle working. One downside is that the efficiency of the
device is 65% at room temperature, but the upside is the easy storage of hydrogen for long period. The
overall efficiency is about 42%. [6,9,10].

Section 2. Electrochemical Energy Storage and the electrochemical cell

The electrochemical energy storage (EES) or the battery energy storage (BES) are systems based on
reduction and oxidation taking place in an electrochemical cell. The electrochemical cell is a device able
to convert the chemical energy in electrical one and vice versa. It is composed by two half-cells: one is
the positive electrode known also as cathode and the other one is a negative element called anode.
The two half-cells are divided by a membrane drenched with a solid/liquid ionic conductor, known as
electrolyte. The electrical energy derives from the redox reactions and is stored in chemical form,
electrons are generated at one electrode and are drained from the other one. The three main families
of this EES are electrolytic cells, primary galvanic and secondary galvanic cells. In the electrolytic cells
the electrical energy is supplied to promote the chemical reaction. In the primary galvanic cell, the
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chemical reaction is irreversible, and the chemical energy is transformed into electrical one; once the
chemical process is complete, the cell is no longer usable. In the secondary galvanic cells, the red-ox
reaction is reversible. Once the cell is discharged, it is possible to invert the process in order to recharge
it. To recharge the cell, it is necessary a source of electrical energy. The electrical energy converts to
the chemical one, and it is stored into the secondary cell or rechargeable battery (RB). This work is
focused on studying the secondary galvanic cells based on alkaline ions such as lithium and sodium,
but we report examples for both type of galvanic cell.

Alkaline Batteries

The alkaline batteries belongs to the primary galvanic cells . The main technologies in alkaline batteries
are Cadmium-nickel oxide and metal hydride-nickel oxide cells. For Cadmium-nickel oxide battery the
reaction is:

Cd(s) + 2NiO(OH)(s) + 2H,0(1) = Cd(OH), + 2Ni(OH),(s)
Eq. 1.4

The semireactions at the positive and negative electrodes are:

2NiO(OH)(s) + 2H,0 + 2e~ = 2Ni(OH),(s) + 20H™(aq)
Eq. 1.5

Cd(s) + 20H (aq) = Cd(0OH),(s) + 2e~
Eq. 1.6

In the case of hydride-nickel oxide cells, a different reaction occurs at the negative electrode, involving
the formation of metal hydride from metal:

M(s) + H,O(l) + e~ = MH(s) + OH (aq).
Eq. 1.7

This cell is safer and displays higher capacity values than the lead-acid one, and these features make it
preferable for portable apps.

Lead-acid batteries

The lead-acid batteries have been firstly introduced in the nineteen century and are secondary
batteries. In this type of battery the electrolyte (sulphuric acid) has an active role and is not only used
as ion conductor [9,11]. The complete reaction is

Pb(s) + PbO,(s) + 2H,S0, = 2PbS0,(s) + 2H,0()
Eq. 1.8

Some drawbacks are envisaged for these batteries: the reaction generates gaseous oxygen and
hydrogen as byproducts. Therefore, it is required to keep the environment well-ventilated to avoid the
pressure increase of highly flammable gases. Moreover, the lifespan of the battery is negatively affected
by the evaporation of the electrolyte. The advantage of this technology is the low price compared to
other secondary batteries.
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Subsection 4 Li-ion and Na-ion batteries

Lithium—ion Cell

Electrolyte

N

@ Q:Q:

Current
Collector

Current
Collector

—— '
Anode """ | cathode

Separator

Figure 1.2: Representation of a Li-ions cell.

The scientific research in Lithium-ion battery (LIB) started in the mid-1960s simultaneously to the
Sodium-ion battery (SIB). In the pioneering investigations, Sodium (Na) showed worse electrochemical
performance, and the Lithium’s advantages were considered more interesting to start the fabrication
and commercialization of rechargeable batteries (RB), also known as accumulators or secondary
batteries. Indeed, the RBs are still appealing for their use in a lot of applications as power grid,
computer, digital cameras, tablet, and possible electrical vehicles.

What is an accumulator or a secondary battery? It is a rechargeable system capable of converting
energy released by spontaneous chemical reactions into electrical energy. The cell is a single unit of a
rechargeable battery (RB). One single cell is built following the concept of “Rocking-chair' [12,13].
Introduced first in 1970, the model involves the use of two different intercalation compounds for both
the negative electrode (anode) and the positive one (cathode), along with an electrolyte which
drenches a porous dielectric separator (Figure 1.2).

The intercalation compounds, called active materials, are made up of different crystalline layered
structures, and ions rock from one electrode to the other. The active materials are combined with
carbon and a binder. The former is used to enhance electronic conductivity and the latter, usually
Polyvinylidene fluoride (PVdF), is added to ensure a close connection between the materials. Moreover,
the carbon creates a conductive path for electrons which move back and forth electrode’s active sites
passing through the current collector and the external circuit. The current collector, typically a metal
foil such as Aluminum or Copper, acts as support for the active material mixture and guarantees the
electron transport.

This system permits the insertion/deinsertion of positive charges to guarantee an efficient and stable
charge and discharge. The consequence of the continuous insertion/deisertion of alkali ions is the
conversion of chemical energy into electrical one and vice versa. During the discharge process, ions are
extracted from anode and intercalate into the cathode. When the ions are intercalated into active sites,
the ions are stored in the electrode and the red-ox takes place at the interface between electrolyte and
the electrode. The mole of electrons and ions changes in cathode/anode materials over time. For this
reason, there is different stoichiometry at any different moment of cycling. The ions insertion
/deinsertion process of both anode and cathode may occur following different reaction mechanisms:

MS, +yA* - A,MS,  Intercalation
Eq. 1.9
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A MS, + (2x —y)A* > M + xA,S  Conversion
Eq. 1.10

M + zA* - A,M  Alloying
Eq. 1.11

AT +e” > A  Plating
Eq. 1.12

where A is an alkaline element, M is a transition metal and S is an anion suchas O, S, and F.

In an ideal intercalation reaction (Eq. 1.9), the crystal structure of active material is stable and does not
chemically change during the cycling process. Usually, these structures display tunelled, layered or 3D
networks, which permit to easily intercalate/deintercalate the alkaline ions. These active materials
provide stable interfaces but have low volumetric capacity density. In the conversion reaction
mechanism (Eq. 1.10), for each removed ion-electron couple a new substance is formed. These active
materials have high-capacity density but low electronic conductivity and instability due to the structural
changes during cycling. In the alloying process (Eq. 1.11), an alloy is obtained by the metal and the
alkaline ions reaction, and in some cases different phases are formed. The chemical nature of the active
material is preserved, and it exhibits a good interface stability. In this case more alkaline ions are
inserted into initial electrode, so the result is a higher capacity. The disadvantage is the volume
expansion and mechanical stress, which negatively affect the electrochemical performance of the
active material. In the last plating mechanism, the alkaline ions make a self-alloy with the metal
electrode made up of the same material. However, differently from the previous alloying system, in the
plating mechanism phase transitions do not occur. as ions plate on themselves and we have only
metallic element. In this case we obtain high-capacity values, but at the same time, complex structures
such as dendrites could form. The bigger the dendrites are, the higher is the possibility to short-circuit
the two electrodes of the cell.

The electrodes are composed not only by the active material but also by other components. It consists
of two layers. The first includes the active material mixed with conducive carbon and binder, and the
second is the current collector. So, the internal cell resistance is composed by two parts: the first from
the current collector, and the second originate at the interface of the active material mix and the
current collector. This last resistance is caused by the path from active sites to collector and is a function
of the battery’s state-of-charge (SOC) [9].

The ions transport is sustained by the electrolyte which is a reservoir of free ions available for reactions.
It is electrically neutral and it could be liquid or solid. Whereas the former is less safe, it is preferred to
the solid one, which implies a more complex interface with the electrode. The liquid electrolyte is
responsible for ionic conductivity; the most commonly used for SIBs and LIBs are composed of a
mixture of organic carbonate solvents and a Li-salt/Na-salt. It allows to reach high voltage without
generating volatile by-products, compared to the other secondary batteries. The electrolyte guarantees
to shuttle the ions between the two electrodes preserving the local electro-neutrality. The electrolyte
must be highly resistive and electrically insulating to enforce the electron flow outside of the cell.
Otherwise, a steady current flows through the cell causing it to self-discharge during both operating
and resting time. Moreover, it is important to control the chemical stability of the electrolyte to make
the ions reacting only through one controlled chemical reaction, as for the single electrons path. It is
necessary because if the electrolyte reacts with ions forming composites, the cell capacity decreases
[9].

At the electrolyte-electrode interface some adverse reactions may occur. The reaction between carbon
and organic electrolytes forms composites, causing the decrease of ions amount and the cell capacity.
Finally, the by-products could accumulate on the electrode surface forming a layer between electrode
and electrolyte, called solid electrolyte interphase (SEI). An electrode self-passivation occurs, which
plays a favorable role as it prevents the parasitic reaction to consume all ions. The SEI must ensure ion
diffusion [9].
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Section 3. Lithium vs sodium
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Figure 1.3: Schematic view of a Na cell (taken from [14]).

In 1970 during the oil crisis, the production of lithium-ion batteries starts. First, M. Stanley Whittingham
started to work on new technology to produce fossil fuel-free energy. He discovered a new energy-rich
material which becomes the first cathode of lithium-ion batteries, the titanium disulfide. Hence, the
first lithium cell was built with TiS; and metallic lithium as anode, and although this combination
showed a potential of 2 V, the risk of explosion due to the presence of metallic lithium can be envisaged.
In the 1980 there was the second important turning point which brought to the development of the
lithium-ion batteries. The scientist John Goodenough discovered the cobalt layered oxide LiCoO, as a
promising intercalation cathode which delivers as much as 4 V, leading to a more powerful battery. In
1985 Akira Yoshino proposed the use of a carbon material as petroleum coke which intercalates Li ions
and is safer than metallic lithium. Thanks to these three turning points, the first prototype of lithium-
ion batteries was developed. It was based on LiCoO; as cathode and carbon material as anode, and it
was lightweight. It was robust and featured by the possibility to be cycled hundreds of times before the
deterioration of its performances. In 2019 M. Stanley Whittingham, John B. Goodenough, and Akira
Yoshino, won the Nobel Prize in Chemistry “for the development of lithium-ion batteries”. All these
information are found in ref. [15].

In 1991, Sony Energy Tech Corporation commercialized the first Lithium-ion battery (LIB) built with
layered lithium-cobalt oxide LiCoO, (LCO), graphitic carbon and propylene carbonate (PC): ethylene
carbonate (EC) solvent with lithium hexafluorophosphate (LiPF¢) as cathode, anode, and electrolyte,
respectively (Figure 1.3). The cathode was prepared as lithium-source while the anode as lithium-sink,
that is the Li-ions are injected during the first cycle to initiate the negative electrode. The first battery
reactions are

Li;_,C00, + xLi* + xe™ — LiC00,,
Eq. 1.13

Li,Ce — xLi™ + xe™ + 6C,
Eqg. 1.14

Whereas the entire red-ox is
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leCG + Li(l—X)COOZ — +6C + LlCOOZ
Eq. 1.15

The main advantages of these cells are: high volumetric energy density of approx. 250W hL™, high Li
diffusion (*107°cm?s™?), high open-circuit voltage of 3.7 V, high coulombic efficiency and long cycle life
[16]. This active material is still nowadays very relevant in the market of mobile applications, such as
smartphones, PCs and tablets.

In the following years, the LIBs scientific research focused on improving the properties of accumulators
to increase the capacity, the working voltage and lifespan. The works comprehend all the LIBs
components: a safer anode with higher specific capacity and rate capability such as graphite, a cathode
with a better crystallinity, different percentage of Co, and higher working voltage, a binder which can
provide a better positive electrode adhesion, and an electrolyte with high oxidation resistance up to
4.5 V, for example organic carbonates and a salt with high purity and state of dryness [17,18] (see
Section 2 in O for further information on LIBs typical composition). Today, LIBs are fabricated with the
same rules and concepts, but changing the active material of the cathode to enhance the energy
storage. For instance, Lithium-Nickel-Cobalt-Aluminum oxide (NCA), Lithium-Nickel-Manganese-Cobalt
oxide (NMC), Lithium-lron-Phosphate (LFP) or other lithium layered oxides (LMOs) are now exploited
as positive electrodes in secondary batteries [19,20]. NMC and LFP are the most commercially available.
The former includes cobalt different percentages with respect to LCO, finds application in the electric
vehicles field and shows high energy density, as it guarantees a good battery lifespan. The latter is poor
of cobalt and ensures excellent performance, despite its low electronic conduction and diffusion of
Lithium. LFP is, particularly, of large employment in the market of residential energy storage.
However, to choose the right active material we must consider not only the technical behavior and
performance, but also the social and economic aspects such as natural abundance, low cost, no
competition with other possible applications, eco-friendly nature for usage and possibility of material
recycling [18,21]. In this section we concentrate our attention on the environmental aspects of the LIBs
sources, to explain why the scientific community starts to search for an alternative to LIBs technology
using ions such as magnesium, potassium and especially the principal candidate, sodium. To choose a
starting material for the storage devices, sustainability, renewability, green chemistry of material’s
sources must firstly be taken into account, and secondly, the type and volume of the markets in which
the storage system will be applied. To discuss the former topic we report the distribution of principal
reserves around the world of the crucial elements used in LIBs for lithium (Table 1.1), cobalt (Table 1.2)
and graphite (Table 1.3).

The term reserve means “that part of the reserve base which could be economically extracted or
produced at the time of determination. Reserves include only recoverable materials; thus, terms such
as ‘extractable reserve’ and ‘recoverable reserves’ are redundant and are not a part of this classification
system” as reported in refs. [22,23].

Cobalt is defined as a critical element, namely its reserves are poor, non-uniform distributed and
restricted. The Co reserves are principally localized in the Democratic Republic of Congo (DRC) (see
Table 1.2). This uneven distribution is settled in an economic and political unstable country as DRC, and
it makes the permanent production and export of the raw material® difficult. Indeed, the market price
has been continuously fluctuating and it is not possible to assure a constant Co supply to the worldwide
production facilities [24]. Moreover, the Li reserves have recently risen serious global concerns on
abundance and distribution. Even though the Lithium resources are rather uniformly spread, and they
are concentrated mainly in no-problematic countries as South America and Australia (see Table 1.1),
the Lithium request has brusquely increased due to the introduction of electric vehicles and stationary
applications. Indeed, these employments of Li sources require considerable and huge accumulators
which lead to an increment in Lithium demand. This aspect bring us to talk about the latter important
aspect when choosing a starting material: its type of market and market volume. It is estimated that
the amount of lithium’s reserves are sufficient if they are involved in portable device market, but they

! Raw material: basic material from which a product is made.
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Table 1.1: Lithium reserves worldwide distribution in Tons (taken from [22])

Mine production Reserves®
2021 2022¢
United States W w 1,000,000
Argentina 5,970 6,200 2,700,000
Australia 55,300 61,000 76,200,000
Brazil e1,700 2,200 250,000
Canada — 500 930,000
Chile 28,300 39,000 9,300,000
China ¢14,000 19,000 2,000,000
Portugal €900 600 60,000
Zimbabwe €710 800 310,000
Other countries® — — 3,300,000
World total (rounded) 2107,000 9130,000 26,000,000
Table 1.2: Cobalt’s reserves worldwide distribution in Tons (taken from [22])
Mine production Reserves®
2021 2022¢
United States €650 800 69,000
Australia 5,295 5,900 101,500,000
Canada 4,361 3,900 220,000
China €2,200 2,200 140,000
Congo (Kinshasa) €119,000 130,000 4,000,000
Cuba €4,000 3,800 500,000
Indonesia €2,700 10,000 600,000
Madagascar €2.800 3,000 100,000
Morocco e2.300 2,300 13,000
Papua New Guinea 2,953 3,000 47,000
Philippines €3,600 3,800 260,000
Russia €8,000 8,900 250,000
Turkey €2,400 2,700 36,000
Other countries 4 567 5,200 610,000
World total (rounded) 165,000 190,000 8,300,000
Table 1.3: Graphite’s reserves worldwide distribution in Tons (taken from [22])
Mine production Reserves?®
2021 2022°

United States — — *

Austria 500 500 4

Brazil 82,000 87,000 74,000,000

Canada 12,000 15,000 4

China 820,000 850,000 52,000,000

Germany 250 250 4

India 7,000 8,300 8,000,000

Korea, North 8,100 8,100 2,000,000

Korea, Republic of 10,500 17,000 1,800,000

Madagascar 70,000 110,000 26,000,000

Mexico 2,100 1,900 3,100,000

Mozambique 72,000 170,000 25,000,000

Norway 6,290 10,000 600,000

Russia 15,000 15,000 14,000,000

Sri Lanka 3,000 3,000 1,500,000

Tanzania — 8,000 18,000,000

Turkey 2,700 2,900 90,000,000

Ukraine 10,000 3,000 *

Uzbekistan 110 — 7,600,000

Vietnam 5,000 5,000 4

World total (rounded) 1,130,000 1,300,000 330,000,000

will not be already sufficient when the electric vehicles and power grid markets are included [25-27].
This is one of the principal reasons why scientific community invests its time into searching for
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alternative chemistries to Li. The restatement choice is carried out on the base of the raw material’s
percentage around the world, its uniform distribution, the extraction, and refinement methods costs.
Among them the sodium chemistry results to be the most promising for it features similar to the lithium
one. In the Subsection 5 a complete description of sodium chemistry is reported.

Subsection 5 Properties and applications of SIBs

) Electrolyte
Positive electrode Negative electrode

Figure 1.4: the interface in Sodium-ion battery with layered oxides (taken from [28]).

The research about Na and Sodium-ion batteries began in 1980 with the starting study on the sodium-
cobalt layered oxide (NaCoOQ;) as cathode material. However, some adverse Na features and the lack of
a suitable negative electrode for SIB has discouraged more developments, until the 21th century when
the increasing demand of electrochemical energy storage (EES) stimulated the researchers to test other
storage systems. In 2000, a new anode material for SIBs demonstrating great electrochemical
properties close to the graphite for LIBs was developed. The tested material was hard-carbon as Na
host structure anode: it exhibits a reversible capacity of 300 mAhg™[29]. Thereafter, the second
turning point is made by Okada and co-workers in 2006 [30], which report the use of NaFeO,as possible
cathode for SIBs. It is a O-type layered oxide like the LiCoO; used into LIBs, and it presents similar
intercalation/ deintercalation mechanisms. The Figure 1.4 shows the first sodium cells composed by a
layered oxide as cathode and hard carbon as anode.

Today, the SIBs are composed by a liquid electrolyte, a current collector and two intercalation
compounds used for both electrodes. The electrolyte is typically composed by a salt such as NaClO,4 or
NaPFs mixed with aprotic organic carbonate solvents (e.g. polyethylene carbonate and
diethylcarbonate, or polyethylene carbonate) and additives such as fluoroethylene carbonate (FEC).
This additive is employed to broaden the electrochemical stability window (ESW) . The current collector
is made of Aluminum for both electrodes, which is less expensive than Copper. The cathode is usually
a layered oxide or a polyanionic compound like phosphates or pyrophosphates. Whereas, the anode is
typically based on hard carbon, tin oxides, metal alloys or phosphorous [14,28,31,32].

Lithium-ion and sodium-ion battery performance is strongly affected by the properties of the Li and Na
elements, respectively. Sodium is an alkali-metal with ionic radius of 1.07 A, molar mass of 22.98 g
mol™ and a red-ox potential (vs. SHE) of -2.71 V. These values are higher than Lithium’s ones (Table
1.4). The larger ionic radius and the higher mass of Na atom limit the electrochemical performance of
Sodium-based cells. Indeed, both volumetric and gravimetric reversible capacity decrease of about 14%
in NaCoO2-hard carbon cells compared to LiCoO,-graphite ones (Table 1.4) [28]. In addition, the greater
volume of Na ions restrains the use of typical anode materials, e.g. graphite. It is generally accepted
that sodium insertion into graphitic carbons is minimal, unless under high pressures [33]. However,
hard carbon is adequate thanks to its huge voids and disordered structure where Sodium can
intercalate during electrochemical reactions [29].

On the other hand, the Na element as alkali ion in SIB presents several benefits [34—36]. First of all, the
large dimension of Na ensures a weak solvation energy in aprotic polar solvents in contrast to Li’s one.
This Sodium feature implies an easier diffusion and better conductivity of Na ions from bulk electrolyte
to the electrode interface and a low charge density around ions. This also implies a favored alkali-ion
insertion process and a fast reaction at the electrode. In fact, NaClO,4 in propylene carbonate (PC) is
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10% to 20% better than LiCIO, in the same organic solvent [37]. Another fundamental advantage of
sodium is the cost reduction against the lithium which is an expensive and critical raw material. In fact,
it is demonstrated that the abundant resource reserves permit a low-cost manufacturing, and make
the SIBs technology the most promising alternative product to the LIBs [20,38,39].

Based on the abovementioned properties of Na ion, it can be summarized that sodium-ion batteries
are low-cost and until today they storage lower energy density. Hence, in the near term the principal
applications for SIBs are the stationary applications energy storage such as power grid. These energy
storage systems help in enhancing the flexibility, minimizing the power fluctuations and making the
integration of renewable power generation easier. In the power grid field, the SIBs can really be a good
alternative to LIBs: an adequate value of energy storage is achieved by assembling several cells, as in
these systems the high weight is not a problem. While the properties, including battery global weight
of SIBs, make the production of portable devices difficult, field where LIBs technology is already
dominant [40].

The electrode materials for SIBs are divided in groups based on their crystalline structure. In the
following, we summarize and describe the anode and cathode materials exhibiting better energy
capacity, and structural and cycling stability.

Table 1.4: Lithium and Sodium ion properties (table taken from [28]). lonic radii data are taken from [41], de-
solvation energy from [34], and molar conductivity from [37].

Li* Na'
relative atomic mass 6,94 23.00
mass-to-electron ratio 6.94 23.00
Shannon’s ionic radii/A 0.76 1.02
E° (vs SHE)/V -3.04 =271
melting point/°C 180.5 97.7
theoretical capacity of metal electrodes/mAh g™ 3861 1166
theoretical capacity of metal electrodes/mAh cm™ 2062 1131
theoretical capacity of ACoO,/mAh g™ 274 235
theoretical capacity of ACoO,/mAh em™ 1378 1193
molar (undud]vlly in ACIO,/PC/S cm?® mol™! 6.54 7.16
desolvation energy in PC/kJ mol 2180 1573
coordination preference octahedral and tetrahedral octahedral and prismatic

Subsection 6 Brief overview on cathodes for SIBs

In the present work, we synthesize and characterize two cathodic materials that belong to the
polyanionic compound family. For the sake of completeness, we also introduce two other main
cathodic structures for SIBs, layered-oxides and Prussian-blue-type. The layered oxides are the first
cathodes studied for SIBs because of their successful application as cathodes for LIBs with LiCoO,.
However, they reveal to be particularly unstable at air and undergo structural transition during cycling
for SIBs. A complete review on this topic is reported in refs. [14,32,42-44].

Layered Oxides

The general formula of layered oxides is A\,MO, where A is either Li or Na ions whereas M is a transition
metal such as Ti, V, Co, Mn, Cr, Fe, or Ni. These compounds are divided into groups 03, 0’3, P2, P'2, P3,
P’3, or T1 where:

e the letters O, P, and T refer to the Na coordination: octahedral, prismatic, and tetrahedral,
respectively,

e the number indicate the number of stacking layers,

e the superscript symbol ‘ or “ the inferior symmetry of the structure [45].
The layered oxide structures are characterized by channels which allow intercalation of Na ions [46—
48], as shown in Figure 1.5. However, the A\MO, compounds exhibit irreversible phase transition
during the cycling and instability at air [49-51]. A benchmark cathode for SIBs is the manganese oxide
NaMnO,, which exhibits high specific capacity of 200 mAh/g in the voltage range of 2V-4V [49,52,53].
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Figure 1.5: Crystal structure of the selected layered oxide in ion-batteries (taken from [49]).

Polyanionic Compounds

The polyanionic compounds exhibit strong covalent bonds among the polyanionic units (XO4)™, where
Xis S, P or Si [54]. Contrary to layered oxides, the covalent bonds of these structures assure a more
stable crystalline structure without phase transitions and a good mechanical stability. However, these
strong bonds negatively affect the material as well. Indeed, they lower the cathode electronic
conductivity and the overall cell performance. A strategy to decrease the electrical resistance is mixing
the active material powder with conductive carbon. Yet, it increases the electrode’s weight while being
electrochemical inactive, thus decreasing the gravimetric and volumetric energy density. The families
of polyanionic compounds include Sodium (Na) Super lonic Conductors (NaSICON) [55,56], Olivine
[57,58], Pyrophosphates [59,60], Mixed Phosphates [61,62], Metaphosphates [63,64],
Fluorophosphates [65,66] and alluaudite [67,68]. The NaSICON structure will be discussed in detail in
the Section 4, as the SIBs cathodes synthesized and characterized in this PhD work belong to this family
of polyanionic compounds.

Prussian Blue and Analogues

They are characterized by the [Fe(CN)s] group, and the most famous for Na-ion batteries is
NaxM[Fe(CN)s] where M is Co, Fe, Ni, Cu and Ti. Prussian Blue Analogues (PBAs) exhibit large channels
suitable for reversible Na intercalation, but some structural instability during cycling as irreversible
phase transition and thermal degradation may occur [69-72].

Subsection 7 Brief overview on anodes for SIBs

The absence of a good anode materials for SIBs is the bottleneck which makes the large-scale
production of SIBs difficult. Hence, the scientific research is actively working to test and discover new
anodic materials. Among the anodes fo SIBs, in this PhD study we investigate ZnS, belonging to the
conversion/conversion-alloying materials family, but we also report some features of carbon based and
alloying materials anodes for SIBs. Further information can be found in refs. [44,73-76].

Carbon-based materials

The use of graphite as anode for SIBs is delayed due to the exfoliation of graphite structure during the
insertion/extraction of Na ions, and weak interaction between Na ions and graphite [33,77]. For this
reason, the carbon-based materials such as expanded graphite [78,79], carbon nanomaterial [80—-84],
non-graphitic carbon [85,86] and metal organic framework (MOFs) [87,88] become the first choice as
SIBs anodes.

The carbon-based materials exhibit low voltage vs. sodium and are thermally and chemically stable.
Among them, the carbon nanomaterials such as carbon nanotubes (CNTs), carbon nanofibers and
graphene oxides became popular thanks to their extraordinary strength and electronic conductivity
[73]. Notably, they can be used as anode themselves [81] (see Section 1 in Chapter 3) or as a
carbonaceous support for an active material anode [74] (see Section 5 in Chapter 3). In both cases,
they provide great advantages, such as electrode flexibility, “buffering” of the active material’s crystal
volume changes upon sodium intercalation/deintercalation, and good electrolyte permeation. The use
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of carbonaceous nanomaterials as support are one of the topics of this work and further literature data
are given in Section 7, while the results are reported and discussed in in Chapter 3.

Conversion/conversion-alloying materials

The typical conversion/conversion alloying anode materials for SIBs are oxides [75,89], sulfides [74,90—
94], selenides [95,96], phosphides [97,98] and MOFs [99,100]. In these materials the Na insertion/
deinsertion mechanism involves the chemical transformation of metal oxide into a new chemical
compound. In some cases, the conversion takes place along with the alloying reaction, depending on
the metal oxide involved. The conversion/conversion alloying anode materials enable to store more
than one Na ion; as a consequence, huge volume changes occur upon cycling, which can negatively
affect the electrode performance [73]. The problem of volume expansion/contraction is usually
minimized either incorporating a carbon material which “buffers” the volume changes, or changing the
electrolyte to form a stable SEl. In this work, we investigate and evaluate the electrochemical
performance of zinc sulfide properly supported into carbon nanofibers (CNFs), both to obtain self-
standing electrodes and to benefit of the buffering action of CNFs. Further details are given in ref. [74],
and Section 5 of Chapter 3.

Alloying

The family of alloying anodes for SIBs includes all that elements which can form an alloy with sodium,
such as Pb, Bi, Sn, P, and Sb [14,101-105]. One single atom of the aforementioned elements form an
alloy with more than one sodium ions at a voltage < 1V vs Na/Na*. The alloying materials exhibit a high
theoretical capacity and a huge volume change. For this reason, tin, phosphorus and antimuonium are
the most widely analyzed, as bismuth and lead give volume changes of 150% and 364%, respectively
[73].

Section 4. NaSICON state of the art

NaSICON-structured materials belong to the polyanionic compounds family, and are discovered and
studied for the first time by H. Y-P. Hong, J.B. Goodenough and J.A. Kafalas in 1975 as solid electrolyte.
Only in the recent years the NaSICON compounds with appealing physico-chemical properties, such as
thermal, kinetic, and structural stability in air, high ionic conductivity, and chemical flexibility, were
regarded as promising cathode and anode materials in both Sodium and Lithium batteries and in many
other electrochemical devices. However, the NASICON materials have also a few drawbacks, and the
most relevant is the poor electronic conductivity, which can be enhanced by using approaches such as
carbon coating, metal doping, and nanostructuring [106,107]. This section focuses on the employment
of NaSICON in SIBs, which are the main issue of this thesis. Hence, we report a state of art on the
NaSICON research, and specifically on the two NaSICON structures studied in this work: NasMnZr(PQ,)3
and NasMnTi(PO4)s.
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Lantern unit
MM'(PO,),

Figure 1.6: a) The general and the most common NasMM'(POa)s rhombohedral structure where the Na ion sites
are the black Nal and the green Na2, the MOs and M'O¢ octahedra are red while the tetrahedra PO4* are blue;
b) Lantern unit representation with Na disordering in the NasMM’(POa)s polymorph; c) local ordering of Na ions
in the monoclinic NasMM’(POa4)3 phase; d) local Nalb violet and Na2a yellow environment in monoclinic phase
(taken from [108]).
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The general formula of a polyanionic compound is AyMM’(TO.); where A are alkali ions, Na in our case,
M and M’ are transition metals (TMs), mainly Ti, V, Cr, Mn, Fe, Co, and Ni, y indicates the amount of Na
ions into the formula which are intercalated/deintercalated in the structure, and T is the anion such as
P, Si, S or P, which is the most commonly used in NaSICON structures [108]. The polyanionic units TOs™
ensure alkali ions migration and provide structure stability during the charge/discharge process, the
MOsg or M’Og charge compensation body garantees the polyhedra connectivity, the inductive effect, the
d-splitting orbitals, and TMs coordination determines the high working voltage of polyanionic
compounds. The M-O bond is covalent and the weaker is the covalent bond, the smaller will be the
repulsion between bonding and antibonding orbitals. This reduces the antibonding orbitals away from
Fermi energy level, increasing consequently the working potential. Moreover, the higher is the
coordination number, the stronger is the polyanionic unit electronegativity making the M-O bond
weaker. So, for polyanionic compounds the voltage features follow a regularity
silicate<phosphate<pyrophosphate<sulfate [109]. A variety of TMs can be selected to prepare NaSICON
structures, and a wide range of chemical compositions can be explored: this leads to the fabrication of
several cathode and anodes with different high-capacity density and impressive voltage working
window. Notably, by choosing M and M’ with +2 and +3 oxidation state respectively, and giving to M
and M’ the possibility to accommodate multiple red-ox active states, it is possible to
intercalate/deintercalate up of 4 Na*ions [108]. High working voltage is accessed by cathodes such as
NasV>(P04)3 [110,110,111,111,112], NasMnZr(PO4)s [56,113], NasMnTi(PO4); [114-116], NasCry(PO4)3
[117-119], and low working voltage by anodes such as NaTi,(PO4)s[120-122], NaZr,(PO4)s3 [123-125],
NasMnTi(PO4)s, NaSnz(POa4)s; [126—128]; notably, the NaSICON structure is suitable to fabricate
symmetric cells. The typical working potentials are about 2V, 3.2V, 3.6 V and 4.1/4.5 V, and depend
on the chemical composition and the structure of the host material [21,106—-108,129].

The AJMM’(TO4)3 structure (NasMM’(TOa4); in our case) consists of PO,4 tetrahedral and MOgs or M’Og
octahedral units connecting to form a 3D open framework, shown in Figure 1.6. Usually the
AMM’(TO4)s compounds exhibit monoclinic (26/2 S.G.), triclinic (P1 S.G.) or rhombohedral (R3¢ S.G.)
structure, depending on the oxidation state of TMs. The rhombohedral structure is the most common.
As an example, NasV*2V*3(PQ,); exhibits the rhombohedral structure, while NasTi**Ti*3(PQ,); displays
the monoclinic form. In the rhombohedral phase, three tetrahedral and two octahedral units connects
via corners to form the “lantern units”, which provide an excellent phase stability during the red-ox
process. Two types of Na intercalation sites (Nal and Na2) are formed by assembling lantern units in
the 3D MM’(PQ4); open framework. There is one Nal site per formula unit (f.u.), it is six-coordinated
and located between two octahedra, whereas there are three Na2 sites per f.u. and they are eight-
coordinated to tetrahedra via Oxygen atoms. When y < 1, the Na ions occupy the Na1l site, whereas for
y>1 the Na ions are randomly distributed on both the Nal and Na2 sites. When y=4, the Nal and Na2
sites are fully occupied, resulting in AsMM’(TO4)3, and the structure is rhombohedral, whereas for y=3
several NaSICON compounds adopt the monoclinic structure. In the former the high symmetry results
in six equivalent Na1-O distances. In the latter displaying a lower symmetry, Nal splits into two different
sites Nala and Na2b, and Na2 into five: Na2a, Na2b, and Na2c are occupied, Na2d and Na2e are vacant
(see Figure 1.7). The Na2 coordination with O atoms is more complicated [108,129]. The Naions in Nal
site usually are not involved in the intercalation/deintercalation process, as the Na-O bonds are strong
(237.8pm), indicating a good stability of Na ions in Nal. While, the Na ions in the Na2 sites actively
participate to red-ox reaction, are responsible for the ions’ migration into the structure, and exhibit a
Na-O bond of 252.1pm (weaker than the Nal site) [107].

Due to the y wide range of the alkali metal component A, with O<y<4, the 3D open framework
MM’(TO4); can be considered the structural block for NaSICON structures: it is shown in Figure 1.7.
Interestingly, the MM’(TO4)s can accept M, M’ and T of different relative size while maintaining the
high rhombohedral symmetry and without distorting the tetrahedra and the octahedra. The study of
Maxim Avdeev [129] demonstrates that the distortion or symmetry lowering are not dependent on M,
M’ and T size, but they are driven by interionic interactions due to the M, M’ and T oxidation states, by
geometrical mismatch of 3D open framework MM’(TQO,); and Na cations, and electronic effects such as
Jahn Teller distortion. When one of the abovementioned phenomena occur, the octahedra and
tetrahedra tilt and distort from their ideal positions.
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Figure 1.7: The general representation of AyMM'(TOa)s (taken from [129]).

The Na* ions storage capacity depends on the reversible intercalation/deintercalation of alkali metal
ions into the 3D open framework MM’ (P0O4)s, and follows the equation:

Na,MM'(P04)3 + (y —z)Na* + (y — z)e™ = Na,MM'(P0,);
Eq. 1.16

where z and y are the initial and final atomic Na amount in the NaSICON structure [107,108]. To
understand the electrochemical behavior of NaSICON it is crucial to know the Sodium-ion migration
mechanism and pathway, the local environment of ion intercalation, the aforementioned structural
features, and the pathway involving the lower energy barrier [107]. Since the crystal structure has been
already discussed above, now we focus on ionic transport and conductivity in the NaSICON structures.
In both rhombohedral and monoclinic symmetry, the ionic transport depends on the framework
geometry and Na content. The former plays a key role in in the Na migration, because if it is too small
it becomes the bottleneck of Na migration and diffusion in the crystal structure. The latter has two
important roles, firstly carrying the carriers’ concentration and secondly the Na-Na motion influences
the ionic conductivity. There are three principal migration mechanisms of Na-ions into the NaSICON
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Figure 1.8: Different mechanism of Na ion migration in NaSICON structure; the Na diffusion pathway is also
represented (taken from [130]).

@ . (b)

structure, studied especially for rhombohedral NasV2(PO4)s (R3¢ S.G.) [107,130,131]. The mechanism
A is reported in Figure 1.8a: the Na ion migration, occurring along the x direction, is hosted by the
channel between tetrahedra. The mechanism B involves migration along the y direction (Figure 1.8b),
and the Na ions move through the voids located between the X0,* tetrahedra and the MOs or M’Os
octahedra. Finally, in the Figure 1.8c, it is reported the mechanism C where the Na ions move along the
z direction close to the octahedra. The mechanism C has an energy barrier >200eV, so it is energetically
unfavored with respect to mechanism A and B with energy barrier of 0.0904 eV and 0.11774 eV,
respectively [107,130]. Moreover, other two possible mechanisms for the Na motion in NaSICON
structure are reported by Wang et al. [131]: Na2—Na2 and Nal—Na2—Nal (Figure 1.9). The direct
motion of Na ions occurs through a small space between MO or M’Os octahedra and three XO,*
tetrahedra. To transit in the small space, the length of Na-O bond needs to be shorted, thus inducing
strain into the lattice. Consequently, in order to move the ions following this mechanism, the migration
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process must overcome a high energy barrier which makes the Na2—Na2 forbidden. Instead, in the
two-step mechanism Nal—Na2—Nal, the ions firstly jump from Nal to Na2 vacant site, leaving the
Nal site empty, and subsequently the Na ions migrate from Na2 to Nal sites. This second mechanism
is preferred with respect to the first one because the sum of energy barriers of the two step results in
a lower value than the single step process [107,131].
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Figure 1.9: a) Arrangement of Nal and Na2 sites in Rhombohedral symmetry; b) The diffusion mechanism of Na
ions from Na2-to-Na2 sites; c) Mechanism from Nal to Na2 and from Na2 to Nal (taken from [131]).

Another possibility for Na motion is when the Na ions move from Nal to Na2 sites through two
triangular bottlenecks called T1 and T2 showed in Figure 1.10 [129]. It is required that the T1 and T2
are larger than the sum of Na and O ionic radii to ensure the ionic transport and guarantee a good ionic
conductivity in the structure [129,132—-134]. In particular, Maxim Avdeev [129] demonstrates that high
ionic conductivity can be achieved only when the M and M’ size is smaller than the T one. In fact, by
decreasing T and increasing M or M’, the factional subspace volume of Na sites decreases, and the ionic
conductivity too. Finally, experiments on diffusion Na pathway in NaSICON structure are conducted,
and it is difficult to understand which is the preferred one. However, it is possible to conclude that the
ion transport occurs employing both sites Nal and Na2.

As abovementioned, the crucial disadvantage of NaSICON structure is its poor electronic conductivity,
which is an important aspect as well as ion diffusion in order to fully using the charge capacity of
electrochemical active materials, especially at high C-rate. The low electronic conductivity could cause
a sluggish kinetics of the diffusion process and an important restriction of the rate performance and
cycling stability [107]. There are different methods to improve the electronic conductivity such as (i)
the ionic [135,136] and heteroatom doping [137,138], (ii) the usage of additive conductive carbon or
carbon coating [139,140] or carbonaceous matrix [74,141-146], or (iii) the exploitation of different
synthetic approaches to obtain nanostructured materials with peculiar morphologies, as the particles
size and shape influence the electrochemical performance.

Figure 1.10: Two triangular bottlenecks T1 and T2 when Na ions pass from Nal(A1l) to Na2(A2) sites (taken from
[129]).

To implement the ionic doping, different metallic ions with different valence state and size are
introduced in the NaSICON structure, such as Ti**, Fe3* and Mg?*. The cations are introduced to partially
substitute the M o M’ TMs or alkali metal, and to improve the electronic conductivity. The higher
valence cation doping generates Na vacancies which compensate the defects and enhance the alkali
metal ions diffusion in the material. While, by lower valance cations addition, few holes are produced
within the structure and the electronic conductivity increases. It is also important to control the size
and the number of ions doping. Indeed, in the case the ion is too large, and the amount of element
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doping is in excess and not uniform, the crystal structure is damaged, and the structural stability is
destroyed. Finally, using non-toxic and cheap elements it is possible to reduce the cost of SIBs and make
them safer. The introduction of heteroatoms such as N, P, S and B tailors the electronic structure too,
and N is the most common. Usually, they are inserted in the carbon framework of the NaSICON
structure or as anion substituting T already present. Adding them permits to create additional active
sites and extrinsic defects which enhance the structural NaSICON stability and reversibility [107].
Adding conductive carbon is the most common strategy to enhance the electronic conductivity. The
carbon-based materials are chosen for their numerous advantages: low cost, high conductivity, high
surface area, and chemical stability. There are two methods to add conductive carbon: in-situ carbon
and ex-situ carbon modifications. The former results in adding carbon sources as citric acid, sucrose,
dopamine, and glucose into the precursors of the materials synthesis to create a carbon coating, or in
the slurry preparation. The choice of carbon sources and the thermal treatment influence the
electrochemical performances. In the case of carbon coating, the added source is successively
carbonized in the inert atmosphere at high calcination temperature. In this way, a thin and
homogeneous carbon layer is formed on the particles, producing an electron-conducting network
which increments the electronic conductivity. This thin layer prevents from the agglomeration of
particles, and avoids the excessive growth of particles, favoring the formation of nanoparticles and
diminishing the Na ions diffusion length. Finally, the thin carbon layer also plays the key role of “buffer”,
as it allows for the volume change accommodation, which results in better mechanical electrode
integrity and long lifespan. So, the in-situ carbon has several advantages and enhances the electronic
conductivity, but it does not satisfy the electrochemical performances of high-power applications
developed in the last years. It is due to the pyrolysis temperature below 1000°C of active materials does
not completely graphitize the carbon coating, the temperature brings to micrometric particles with a
large electrode polarization, and, in addition, the carbon coating improves the electronic conductivity
of single particles and it does not assure a fast electronic transport [107]. However, the latter ex-situ
approach can satisfy the requirements creating new electron pathways, which electrically connect the
active particles at high C-rate too. It involves the use of carbon-sources such as amorphous carbon
[144], graphene [147], carbon nanotubes (CNTs) [148], carbon nanofibers (CNFs) as carbon porous
framework [74,145,146,149,150], mesoporous carbon materials [151], to prepare composite with the
active materials. These ex-situ carbons can be doped by heteroatoms that help in enhancing the
electronic conductivity and in increasing the carbon surface wettability from the electrolyte, because
they make the carbon more apolar: these features are beneficial for achieving a higher Na storage. The
carbon composite consists of carbon additives as external conducive matrix and small particles of active
materials, NaSICON in our case, which are crystalline and embedded. The carbon framework firstly
avoids the active material particles agglomeration and secondly forms a conducive bridge to guarantee
an electrical intimate connection of active particles. Moreover, the matrix is also composed by huge
and well-connected pores which enable a fast ion and electrons diffusion. It plays the key role of buffer,
controlling the volume changes during cycling, which produce structure strain negatively affecting the
cell lifespan [107].

Last but not least, the synthesis methods can significantly influence the active material particles, and
so the electrochemical performance of the cell. NaSICON synthesis has to be low cost, simple process
with high yield, safety, have to guarantee power production with homogeneous chemical composition,
small particles size, high purity, and large active surface area, and need the facile availability of
precursors. The synthesis temperature, precursors, concentrations, time, and solvent are fundamental
to handle the particle size and shape, the pore size, and the level of porosity. These physical properties
can influence the electrochemical mechanism and performance. Indeed, to obtain a superior capacity
retention and a good stability during cycling, it is important to guarantee nanoscale morphology and
significant porosity, which enhance surface area. The nanostructure allows to increase the charge-
transfer reaction at solid-liquid interface and diminishes the electrode polarization resistances. In
addition, the diffusion path decreases, and consequently the diffusion time too. The significant porosity
helps the ions diffusion and a better permeation of liquid electrolyte, making the ion transport easier
during red-ox, fundamental to make the cell functioning at high rate (see Figure 1.11). Moreover, the
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porous electrode guarantees extra voids which restrict the volume change during the
intercalation/deintercalation of Na into the structure making the cell lifespan longer [107].
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Figure 1.11: Na ions diffusion path in porous electrode (taken from [107]).

There are two categories of synthetic approaches to fabricate electrodes with right features, the first is
the powered synthesis of NaSICON structures and the second is the fabrication of 3D structures [152—
154]. The former includes different types of procedures: solid state [155], sol-gel [56,145,146,155,156],
hydrothermal [157] and solvothermal [158], combustion [159], electrospinning [145,160], freeze-
drying [161], solution evaporation [162], spray drying [163] and rheological phase reaction [164]. These
methodologies affect several particles features such as size, distribution, morphology, and chemical
distribution. In this work we choose to use the sol-gel synthesis for the NaSICON structures
NasMnZr(PO4); and NasMnTi(PO,); because it is simple, low-cost, fast, and permits to control the
particle size and the formation of carbon coating around the particles. The latter includes the
preparation of 3D electrodes with interconnected pores in which the active particle could be embedded
or synthesized. The 3D architecture not only guarantees efficient charge transport, excellent stability
as in the case of 1D and 2D electrode materials, but also prevents severe particle aggregation and so
provides good ion and electron diffusion kinetic into the electrode at high C-rate. The matrix is a
continuous electron path and a robust buffer which improves electrochemical performance. It could
contain three possible pores or a combination of them: macropores with pore size >50nm, mesopores
with pore size in the range of 2nm-50nm, and micropores with pore size <2nm. Nowadays, the principal
techniques used to fabricate these hierarchical electrodes are the spray drying, aerosol spray, pyrolysis,
and electrospinning [107].

Subsection 8 Mn-based cathodes for Sodium-ion batteries

As aforementioned in Subsection 5 the abundant resources and low-cost of Sodium-ion batteries create
high expectations on SIBs usage in large-scale applications such as large-scale energy storage and low-
speed or low-end electronic products. In this case the cathode plays a key role in determining
electrochemical performance and controlling the cost of the battery. So in the last years the research
attention is focused on Mn-based polyanionic materials which combine greenness, abundant
resources, performance and low price [109].

The compensation charge body MOs or M’Og could be composed by a huge variety of TMs which
influence the working voltage of polyanionic compounds, but only Fe e Mn are the principal potential
candidates for environmental and price motivations. In the case of Iron-based cathodes for SIBs, the
polyanionic compounds such as NasFes(PO4),P,0; [165] and NaFePO, [166,167] achieve high
theoretical capacity values of about 129 mAh/g and 154 mAh/g, but the working potential of about 3.2
V for Fe(ll)/Fe(Ill) red-ox pair is low, losing the energy density advantage. On the contrary, for Mn-based
compounds such as NasMns3(P0O,4).P,07 or NasMnTi(PQs)s, it is possible not only to achieve high capacity
of about 170 mAh/g, but also activate both Mn(I1)/Mn(lll) and Mn(Il1)/Mn(IV) red-ox pairs reaching the
work potential of 3.9 V and 4.2 V, respectively [114,168]. So, the advantages of these compounds are
the use of 4 Na ions during charge/discharge cycling and the relevant energy density because of the
high working voltage, low-cost and good cycling performance. However, the Mn-based materials are
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characterized also by two main disadvantages which weakens their functionality, namely the Jahn Teller
effect (JT) of Manganese (l1l), and the dissolution of Mn?* into organic liquid electrolyte caused by the
disproportion reaction of surface manganese 2Mn3* = Mn?* + Mn** [56,109,169]. The JT effect
leads the Mn-based cathode to structural disorder, large volume change and irreversible phase
transition which negatively affects the electrochemical performance. Among the first efforts to limit
the JT effect there is the doping with Mg, Hf and Zr, which stabilize the NaSICON structure due to the
bond-length deviation created by the large-ionic mismatch. The presence of doping element such as
Hf with 5d orbitals can enforce the structure presenting a small volume change and can stabilize the
local environment of the Mn-0O bonds during cycling. It reveals a cooperative JT effect present for the
Mn(I1)/Mn(lll) red-ox pair, but a recovery of the MnOgoctahedra symmetry for the Mn(lIl)/Mn(IV) red-
ox couple [169].

Finally, phosphates are the principal class of Mn-based polyanionic compounds, and the first one is
NaMnPO, exhibiting the crystal forms of olivine and maricite [170,171]. The former is
thermodynamically unstable and electrochemically active, the latter is thermodynamically stable but
not red-ox active. However, today the research attention is focused on NaSICON phosphates as, among
phosphates, seem to be the most promising for SIBs, due to their open skeleton structure described in
Section 4. They are NasV,(PO,)s derivatives completely replacing the Vanadium with Manganese metal
transition NazsMn3(P0Q4)s, employing electroneutrality as basic principle [109,172]. Other mainstay Mn-
based NaSICON structures include the partial substitution of Mn with another TMs such as Chromium,
Aluminum, Zirconium, and Titanium, creating the respective compounds NasMnCr(PO,)s; [173],
NasMnAI(PO4)s [174], NasMnZr(POa)s [56,113,145,175-177], and NasMnTi(POa)s [114-116,146,178—
185]. Among these structures, this work discusses below and investigates in the following chapters the
NasMnZr(PO4); and NasMnTi(PO,)s phosphates, due to their electrochemical performances and their
environmentally friend elements.

NasMnZr(PO4)s

0 ] 4 -.)

Figure 1.12: NasMnZr(POa)s crystal structure (taken from [56]).

NasMnZr(PO4)s is a NaSICON-structured compound characterized by rhombohedral symmetry with
space group R3c. Its structure is displayed in Figure 1.12. It is formed by MnOg and ZrOs octahedra as
charge compensation units and PO, tetrahedra as polyanionic units. Octahedra and tetrahedra are
connected through corner-sharing, creating a framework which include three different interstitial sites
to accommodate Na ions: Nal, Na2, and Na3. Nal exhibits a 6-fold coordination, Na2 is 8-fold
coordinated, while the Na3 sites are 4-fold coordinated and are located between Nal and Na2. This
material presents a theoretical capacity of 107 mAh/g, obtained by both Mn(Il)/Mn(lll) and
Mn(lI1)/Mn(IV) red-ox pairs during insertion and extraction of two Na ions per formula unit,
respectively. Indeed, the cathode shows two red-ox peaks at about 3.6 V and 4.1 V. The former is due
to the Mn(l1)/Mn(lll) red-ox couple and the latter is caused by the Mn(lll)/Mn(IV) red-ox pair, followed
by two phase reversible transformations [56,145]:
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at 3.6V Nas;Mn?*Zr(P0,); = Na,Mn3*Zr(P0,); + Na* + e,
Eq. 1.17

at 4.1V Na,Mn3*Zr(P0,); = NaMn**Zr(P0,); + Na* +e™.
Eq. 1.18

The activation energy of NasMnZr(PO,); rhombohedral structure is about 0.38 eV, similar to other
NaSICON structures reported in literature, and it is lower than the monoclinic phase of other NaSICON
materials such as NasV,(POu)s; (about 0.87 eV). This makes the NasMnZr(PO4); crystal structure
promising as possible SIBs cathode. Moreover, this cathode material is composed of Zirconium in order
to limit the presence of both JT effect of Mn(lll) and the possible disproportion reaction into liquid
electrolyte. The typical synthesis, reported also in literature, is the sol-gel route, which forecasts the
formation of carbon coating of the active material’s particles, to provide electron tunnelling on Na ions
surface followed by the oxidation of Mn(ll) to Mn(lll) and then to Mn(IV) [56,113]. After this brief
overview on the structure, we report in detail the insertion/extraction of Na ions with the subsequent
NasMnZr(PO4)s structural evolution, and the NasMnZr(PO4); conductivity.

Gao et al. in [56] report a theoretical study on the desodiation mechanism of NasMnZr(PO,)s computed
by Density functional theory (DFT). The Figure 1.13a reports the convex hull obtained by DTF
calculations which shows, per formula unit, the formation energy Etwrm of the phases NayMnZr(PQ,);
relative to composition x=3 with Ena3 and to x=1 with Ena1. Following the formula, the Eform is:

1 1
Eform = Enax — 2 (x = DEngz — 2 (x —3)Eng1-
Eq. 1.19

The Na;MnZr(PO,); phase is in the mid of the hull and it is stable, while the phases with x=1.5 and x=2.5
are metastable/unstable.
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Figure 1.13: a)Convex hull obtained by the DFT calculations; b) NasMnZr(POa4)s relaxed structure with Na ions in
Na3 sites; c) Structures of NaxMnZr(PQOa)s lowest energy phase and relation among DFT cell parameter (a, b, c)
and R3c cell parameter (ag,br, cr), dashed circles are Nal vacancies; d) Na2MnZr(POa)s structure optimized by
DTF with Mn/Zr in different orders (taken from [56]).
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According to the study, the lowest energy phase NasMnZr(PO,); presents a significant disorder of the
Mn and Zr sites which leads to three different Nal positions showed in Figure 1.13c, namely the
occupied MnOg-Nal-MnOg and MnQOg-Nal-ZrQg sites, and the vacant ZrOg-Nal-ZrOg positions. All the
Nal sites are connected to the Mn and Zr octahedra through face-sharing. The ZrOs-Nal-ZrQOg positions
are empty because of the Zr** and Na* unfavorable electrostatic interaction which leads to Na1l site
destabilization. In NasMnZr(P0Q,)s, the Na ions principally occupy the Na2 positions face-shared with
MnQs-Na2-MnOs and MnQOs-Na2-ZrOs sites due to the smaller electrostatic repulsion between Zr** and
Na* or Mn?* and Na*. Due to the random distribution of Mn/Zr ions, 1/12 of the MnOs-Na2-ZrO¢ and
1/3 of the ZrOs-Na2-ZrOg high energy configuration preferentially remain vacant for the electrostatic
repulsion and the analysis of lowest energy structure. A long-range Na order is precluded in
NasMnZr(PO4)s because of the Mn/Zr random distribution and the high energy of MnOg-Na2-ZrO¢
positions. The Na,MnZr(PO,); phase shows a weak preference for Mn3*/Zr* order, reported in Figure
1.13d. The lowest energy Na;MnZr(PO,)s reports full occupation of Nal positions, but principally in
MnOe-Nal-MnOg configuration, because the other ones (ZrOs-Nal-ZrOg and MnQs-Nal-ZrQg) are less
stable and present vacant Na1l sites. Na ions are located in 1/3 of Na2 positions in the preferred MnOe¢-
Na2-MnOe. Finally, the NaMnZr(PO,)s shows Manganese sites completely oxidized to Mn** and, at the
lowest energy configuration, the Nal positions are totally occupied, while the Na2 ones are vacant.
Following this DFT analysis, the tentative desodiation mechanism forecasts the initial extraction of the
Na ion from MnOe-Na2-ZrOs to go from NasMn?*Zr(POs)s to Na;Mn3*Zr(PO4)s at 3.6V, while the Na2
sites in MnOg-Na2-MnQOgs remained totally occupied with both x=3 and x=2. Instead, the ZrOs-Nal-ZrO¢
occupied positions increase with desodiation to x=2 because the Nal ions displace to Na3 site for the
growing Na2 vacancies. Finally, the desodiation process from Na;Mn3*Zr(PO4)s to NaMn*Zr(POa)3
implies the full occupation of the Nal site and the complete Na2 desodiation [56].
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Figure 1.14: a) NasMnZr(POa)s patterns at different states during cycling; b) lattice parameters variation; c) volume
change (taken from [56]).

The structural evolution caused by desodiation mechanisms consists of two reversible phase transitions
as reported in Eq. 1.17 and Eq. 1.18, and the Figure 1.14 displays the patterns and lattice parameter
variations during the cycling of NasMnZr(PQ,)s. The transition from NasMnZr(PO4)s to Na;MnZr(PO,)s is
followed by the cell parameter variation, particularly the expansion of ¢ values, linked to the increased
desodiation and the Nal and Na2 sites occupation (see Figure 1.14b). In NasMnZr(PQ,); the Nal sites
between two ZrOg octahedra are vacant, and during the desodiation mechanism to Na;MnZr(PO4)s the
Na ions occupy the Na3 site, close to the empty Nal positions in ZrOg-Nal-ZrOg configurations. In the
following desodiation process from NaMnZr(POa4); to NaMnZr(POa)s, ¢ increases for the higher
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repulsion of TMs along c-axis, which causes the increasing and expansion of Nal site occupation. The
small increase of the c lattice parameter during the two-phase transitions is followed by the small
decrease of the a value and the increase of the ¢/a ratio. The variation of the a parameter is related to
the decrease of Na2 occupation and the decrease of TMs ionic radius during the oxidation process of
Mn% to Mn3* and Mn** (0.83 A, 0.645 A, and 0.53A, respectively). The a and c variation are smaller
compared to the other NaSICON structures reported in the literature, which means a smaller volume
change. It is desirable for a better long-term cycling stability of the NasMnZr(PQ,); cathode [56].
Seeing as the NaSICON compounds are good ion conductors, we report a brief overview on the
conductivity of NasMnZr(PQ.); material, discussed in different papers in literature [175—-177]. The ionic
conductivity of NasMnZr(PO4)s is 1.8x10°° Qlcm™ at room temperature [175] and the ionic conductivity
mechanism is similar for all the three forms (NasMnZr(PO4)s, NaMnZr(POs)s and NaMnZr(PO,)s)
discussed above [176]. The ionic conductivity value increases as the Na ion concentration increases.
Notably, the Na mobility enhancement is related to the Na ions which occupy the Na2 sites,
participating to the ionic conductivity. While the Na1l sites do not give contribution to ion conduction
but have an effect on the skeleton structure stability. The growing Na concentration in Na2 leads to an
increase of Na-O bond which suggests an easier mobility of Na ion and higher ionic conductivity in Na2
positions. To conclude, in literature it is demonstrated that Na occupancy and Na-O bond increase
monotonically with the x content of Na into the structures [176].

NGgMI’)T/(POdg

Na,;MnTi(PO,), Na,;MnTi(PO,),

Figure 1.15: Structure of NasMnTi(POa4)3, where MnOs and TiOs octahedra are red, the POastetrahedra are pink
and Na ion sites are yellow (taken from [55]).

NasMnTi(POa)s is a suitable NaSICON structure as both cathode and anode for rocking chair batteries,
due to the presence of both electrochemically active elements Manganese (Mn) and Titanium (Ti)
[182,186]: this paves the way to fabricate symmetric Sodium cells with the same active material for
both anode and cathode [55,114]. Among the other advantages of this compound there are the non-
critical composition, the low-cost, the high working potential up to 4.2 V, and the high theoretical
capacity of about 176 mAh/g. While the main problem is the poor electronic conductivity and the limit
in the temperature synthesis. Usually, the former is solved by carbon coating or adding an electron
conducting matrix [179,180,184]. Instead, synthesis temperatures higher than 650°C led to a cell
volume shrinkage probably caused by the oxidation of small amounts of Mn(Il) to Mn(lll) (ionic radii:
of 0.83 A and 0.64 A, respectively). It can negatively affect the electrochemical performance for the
Manganese red-ox couples [146,187]. The typical synthesis is the sol-gel method [55,180,182,186—
188], but spray-drying [183,184] and solid state [189] processes are also suitable to obtain the
compound.

NasMnTi(PO4)s crystallizes in the rhombohedral structure with R3¢ space group, and consists of a MnOs
and TiOg octahedra (red) and PO, tetrahedra (pink) skeleton, shown in Figure 1.15. The Mn and Ti are
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randomly distributed on the transition metal octahedral sites, which are connected to tetrahedra by
corner-sharing, creating a large open channel among the two polyhedron types, accessible for the
easier Na ion diffusion. The tetrahedra consist of strong covalent bonds, which give good structural
stability and safety at high working voltage. Typically, there are two Na ion sites (yellow) in the
structure, Nal and Na2. The Nal-Sodium ions are not mobile, while the Na2 position undergoes to
occupancy variation during cycling [186].
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Figure 1.16: Electrochemical activity of NasMnTi(POa)s: a) as cathode (taken by [55]), b) as anode (taken by [182]).

As cathode, the electrochemical activity is dominated by three-electron reactions due to the
Ti()/Ti(1IV), Mn(l1)/Mn(lll) and Mn(ll1)/Mn(IV) red-ox couples at 2.1V, 3.6V and 4.1V vs Na/Na*,
respectively (Figure 1.16a). The redox mechanism involves a multielectron process during the Na*
extraction/insertion. It includes a two-electron transfer for Mn2*/Mn3* and Mn3*/Mn* and one electron
process in the case of Ti**/Ti*; an ex situ X-ray diffraction investigation demonstrates the
sodiation/desodiation process involves both solid—solution and two-phase reactions [55,183] Equation
Eg. 1.20 summarize the charge/discharge process:

2.1V 3.6V 41V
Na,MnTi(PO,); «— NasMnTi(P0O,); <= Na,MnTi(P0,); <= Na;MnTi(P0,);
Eqg. 1.20
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Figure 1.17: Scheme of the three-electron reaction (taken from [55]).

As reported by Gao et al. in [186], all these structures maintain the rhombohedral symmetry, the
volume change is about 4.8%, lower than other NaSICON structures. Moreover, the phase transition
leads to the decrease of the a lattice parameter and the increase of the ¢/a ratio. Manganese also
implies possible cooperative JT effect, as the voltage difference between the two red-ox Manganese
couples is about 0.5V. It confirms the presence of the localized-electron Mn(lll) with the t3e!
configuration in Na;MnTi(PQO,)s structure [186].

Usually, the red-ox peak at 2.1 V is used as both anode and cathode, as shown in Figure 1.16b,
displaying the anode electrochemical activity. The anode activity is not only characterized by the peak
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at 2.1V but also by the peak at 0.5 V caused by the reduction of Ti(lll) to Ti(ll), while the peak at 0.95
Vs irreversible and due to the decomposition of electrolyte followed by the formation of SEI [182]. In
this case, the NaSICON structure passes from NasMnTi(PO,)s at 2.1V to NasMnTi(PO,); at 0.5V during
discharge process and insertion of one Na ion (Figure 1.17), according to the equation:

Naz;MnTi(PO,); + Na* + e~ = Na,MnTi(P0,)[55].
Eq. 1.21

In this work we study the NasMnTi(PO,); material as cathode, and we report a theoretical study on the
Na ion storage [55]. The study assumes that all possible Na sites are completely occupied, and it
classifies the positions in five groups based on symmetry and thermal stability (

Figure 1.18b). Nal is the most favorable position for Na ions, and it is fully occupied. There, ions do not
move during cycling, due to the favorable energy, and so Nal sites guarantee the framework stability.
Instead, the Na ions are inserted/disinserted in/from Na2, Na3, Na4 and Na5 to storage
electrochemical energy. Among these sites, the Na5 position is the less stable, so it is not taken into
account in the theoretical study reported by Zhou et al. [55]. According to the investigation, the
NasMnTi(PO4)s material shows three different voltage plateaus at 4.1V, 3.6V and 2.1V vs Na/Na* during
the discharge process (Figure 1.18c), which starts from Na;MnTi(PO); and goes to NasMnTi(POa)s.
Beginning from x=1, the Na ions occupy first the Na2 sites, followed by Na3 and Na4 positions. This
theoretical order of occupation implies the formation of three voltage plateaus shown with black
dotted lines in Figure 1.18c.
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Figure 1.18: a) Atomic structure of the supercell NaxMnTi(POs)s where x is the number of Na ions
inserted/deinserted during cycling; b) Five group of Sodium sites distinguished with different color and called Nal
(site-1), Na2 (site-lIl), Na3 (site-IIl), Na4 (site-llll), and Na5 (site-lllll); c) The voltage profile obtained by theoretical
calculations (red and black dotted lines) is compared to the experimental one (blue solid and dotted lines). Black
lines is related to the fully Nal, Na2, Na3 and Na4 occupied sites, while the red profile is obtained with the
experimental occupation rate values for every plateau (taken from [55]).

The experimental trend (blue solid line) deviates from the calculated prediction: when Na ions starts
to occupy one sites group, the voltage shifts to the following plateau and the change from one voltage
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plateau to another occurs gradually. In the intermediate region, the Na ions occupy positions which are
the dynamic average of the two occupied sites of the two different plateaus, while from theoretical
calculation the Na ions occupy positions with diverse on-site energies [55]. Finally, the theoretical
dotted red line in Figure 1.18c, fits better the experimental one, as is re-simulated using the
experimental x value for each voltage plateau. The voltage plateau depends on the real value of x in
NaxMnTi(PO4)s. One Sodium and half is inserted/disinserted at 4.1V for Mn(lll)/Mn(IV) red-ox couple,
only one Na ion is intercalated/deintercalated at 3.6V for Mn(Il)/Mn(lll) red-ox pair, and finally another
Sodium ion is sodiated/desodiated at 2.1V for Ti(lll)/Ti(IV) red-ox reaction. The last part of Na ions is
inserted/disinserted during the intermediate regions among the plateaus following the most favorable
on-site energy.

Section 5. Metal sulfides: state of the art

Among the anodes family, the metal sulfides group is particularly interesting for high theoretical
specific capacity values, and easy control of particles morphology [76]. The metal sulfides compounds
(MS,), belong to the conversion/conversion-alloying family of SIBs anodes. The formula is MS, where
M is Cu [190-192], Zn [74,90-92,193-199], Ti [200,201], Sn [202—-205], V [206,207], Mo [208,209], W
[210,211], Mn [212,213], Fe [93,214,215], Co [216,217], and Ni [218,219]. The major part of the metal
sulfides present the covalent M-S bond. It is weaker than M-O bond, exhibiting a conversion reaction
more favorable during charge/discharge process [76]. The mechanism of the charge/discharge
processes includes three types of reaction, namely insertion/extraction as intercalation compounds,
conversion reaction, and alloy-dealloying reaction, according to the Eq. 1.22, Eq. 1.23, and Eq. 1.24,
respectively.

MS, +yNa* — Na,MS,
Eq. 1.22

Na,MS, + (2x —y)Na* - M + xNa,S
Eq. 1.23

M+ zNa* - Na,M
Eq. 1.24

Usually, the sodium ions are inserted into MSx through the intercalation reaction. The intercalation
process is followed by either conversion reaction or conversion and alloy/dealloying concomitant
mechanisms [76,220,221]. The combination of intercalation and conversion produces Na,S and M,
providing extra Na ions storage and an additional capacity. The combination of the three mechanisms
gives new types of products, Na,S and Na,M, and the delivery of a higher value of capacity too, thanks
to the higher storage of sodium ions. However, in this case, the MS, structure also undergoes to a
critical volume change which provokes a capacity fading [76]. The performance and the chosen reaction
mechanism depends on the metal present in the structure, hereafter summarized [76]):

e Nb (group V B) undergoes to only intercalation/deintercalation mechanism maintaining the
crystal structure during cycling and showing a lower specific capacity;

e Sn, Sb, and Bi (groups IV A, V A) demonstrate a multistep reaction mechanism storing more Na
ions, hence higher values of specific capacity. However, also a huge volume change occurs, with
leads to the structural collapse and a fast capacity fading;

e Ti,V, Mo, and W (groups IV B, V B, VI B) show layered structure. The near layers present weak
Van der Waals forces, which make the insertion of foreign ions easier;

e Fe, Co and Ni (group VIII) form different sulphides which do not demonstrate storage activity.
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Although few excellent properties, the MSx materials present different drawbacks too. Firstly, during
the discharge step the sulphur dissolution into the electrolyte might occur. This provokes not only the
loss of sulphur component which brings to a capacity fading, but also side reactions with the
electrolyte. Secondly, a high number of Na ions are included into storage mechanism and a severe
volume change, which degrades the electrochemical performance of the anode. Thirdly, the conversion
or alloy/dealloying reaction might inhibit the complete recovery of the crystal structure displaying a
poor reversibility. Finally, the MS4 are featured by a low electronic and ionic conductivity which
negatively affects the rate performance. To face these downsides there are few strategies such as
nanostructure particles, electrolyte optimization, voltage range design and carbon modification. This
last one is particularly useful to improve the electronic and ionic conductivity as reported in this work
in Subsection 19 of 0 and in Section 5 of Chapter 3.

The metal sulphides are manly synthesized by three approaches: hydrothermal method, spraying-
related procedure, and sulfidation one. The hydrothermal synthesis is well-known because it is
environmental friendly, cheap, and permits a good control on the sample morphology. Hence, it is
suitable to synthesize nanostructured powders or surface-modified particles. The spraying-related
procedures include spray pyrolysis, spray drying and spray deposition. They guarantee to control and
prepare different sample morphologies such as porous, sponge-like or dense. Last but not least, the
sulfidation method consists in using metal oxides or metals as precursors and a sulphur containing
source to make the solid-state sulfidation reaction happening. Further information is reported in ref.
[76].

In this work we synthesize and test the zinc sulfide used as SIBs anode.

Subsection 9 Zinc sulfide (ZnS)

The zinc sulfide ZnS is a wide energy gap semiconductor, low-cost and not toxic. ZnS is present in three
different polymorphic forms: wurtzite, sphalerite or zinc blende, and rock-salt. A scheme of the
structures is shown in Figure 1.19. Wurtzite (Figure 1.19a) is the high temperature polymorph, it is rare
and challenging to be obtained, especially at low temperature. It presents hexagonal structure with
P6smc space group. Sphalerite (Figure 1.19b) is the low-temperature polymorph and has a cubic
structure with F43m space group. Both wurtzite and sphalerite structures display a cubic compact
packing and a tetrahedral coordination of Zn and S atoms. Finally, the rock-salt polymorph (Figure
1.19c¢) is obtained at high pressure and shows a NaCl-structure with an octahedral coordination of Zn
and S atoms [222,223].
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Figure 1.19: The ZnS polymorph: a) wurtzite, b) sphalerite and c) rock-salt (taken from [222])

ZnS finds application in electronic apps such as diodes, sensors, and electrodes [224]. Among them the
employment as anode for LIBs and SIBs stands out. The insertion/disinsertion of alkali ions such as Na
and Li follows the conversion-alloy/dealloying mechanism and the red-oxs in discharging processes
read
ZnS + xNat + ze~ - Na, S + Zn,
Eq. 1.25

Na,S+ (2 —x)Na* + (2—x)e” - Na,S [197].
Eq. 1.26
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In the charging step the reverse reaction of Eq. 1.25 occurs. The principal reduction peaks are found at
0.23 V for SEI formation and 0.6 V for Zn?*/Zn red-ox couple. While, the oxidation peak is detected at
0.9 V.

In the case of LIBs, the ZnS presents severe volume changes due to the insertion/ disinsertion of alkali
ions provoking unstable charge/ discharge cycles. In the case of SIBs, ZnS shows a slow kinetic, and also
similar volume problems due to the higher ionic radius of Na ions. To address these issues, the scientific
research investigates different synthesis procedures including the use of a carbonaceous and graphitic
matrix, which provide good electronic conductivity, storage sites for Na ions, and buffering on the
volume change during the cycling [74,90,193,194,224,225]. However, ZnS has proven to be a good
choice as anode for SIBs, and this work illustrates the preparation and the analysis on the carbon matrix
for ZnS with self-standing anode, see Section 5 in Chapter 3.

In literature, sol-gel [197] and hydrothermal [91,198] procedures stand out as synthesis of ZnS with a
carbonaceous matrix. There is a good trade-off among low-cost, simplicity, speed, and the possibility
to control the morphology with a carbon component. In the sol-gel synthesis it is possible to prepare
ZnS particles in a carbon matrix similar to the graphene oxide (rGO), making the contact between ZnS
and rGO higher [197]. While, with the hydrothermal procedure, the GO not only covers the ZnS
particles with a carbon layer improving electronic conductivity and buffering volume change, but also
control the ZnS particles size to about 10nm, avoiding agglomeration of nanoparticles. The
nanodimension implies high surface area, which provide a better contact with the electrolyte [198].

Section 6. Electrochemical notions

In the following section, we introduce the required physical quantities and theories that describe the
behavior of electrochemical cells. We provide a brief dissertation on the thermodynamical models
about reduction and oxidation reactions, which explain the charge and discharge processes at
equilibrium or out-of-equilibrium states.

Subsection 10  The concept of red-ox

In an electrochemical process, chemical energy is converted to electricity or vice versa. To better
understand this phenomenon in an electrochemical accumulator, we first introduce the
thermodynamic reversibility of chemical reactions. Precisely, a reversible transformation describes a
system which undergoes a sequence of equilibrium states. As a consequence, it is feasible to return the
system to its initial condition by reversing the processes. The term equilibrium state denotes that, at a
given temperature, the product of a reaction occurs simultaneously with the reactants without their
parameters changing over time. Hence, in a secondary battery the electrochemical reaction must be
reversible, so that the recovery of the original chemical composition of the electrolyte and active
materials is possible upon electric energy exchange.

The chemical process powering an electrochemical accumulator is the reduction-oxidation reaction. It
consists in an exchange of ions and electrons e simultaneously occurring on the anode and cathode.
The transfer direction is determined by whether the RB is charging or discharging. Let us first consider
the charge mechanism: Lithium-ions (Li*) /Sodium-ions (Na*) are de-intercalated on the cathode, then
they migrate throughout the electrolyte, and are finally intercalated in the anode. The reactions then
read:

Lit+e” 2 Li,
Eq. 1.27
Na* +e~ = Na.

Eq. 1.28
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During charge process, the cathode goes through the semi-reaction known as oxidation by missing n
electrons e’. Meanwhile, at the anode the reduction semi-reaction occurs by intaking the same number
of electrons. After producing e, they are extracted from electrode active material and drained
outwards the accumulator by means of the current collector. Such a process is driven by an external
circuit which pipes the electron gain or loss.

In the most general case, the oxidation semi-reaction is:

A=A +ne”,
Eq. 1.29

while the reduction semi-reaction reads:

B"* + ne” 2 B.
Eq. 1.30

Both A™/A or B™/B are generally written as Ox/Red and known as red-ox couples. The total red-ox of
complete cell reads as:

A+ B"t =2 A" 4+ B.
Eq. 1.31

In the discharge process, the reduction at cathode and the oxidation at anode occurs. On the contrary,
the reverse reactions take place during charge.

Subsection 11  The Chemical potential

Let us consider a system composed of multiple interacting chemical species and denote the global
system energy U as the sum of all energies, namely kinetic, vibrational, and rotational energy for all
particles, as well as the interaction energy between them. When we add one more particle to the mix,
the energy U increases because of the energy brought by the particle itself and all particles now interact
therewith. So, if we keep constant the number of particles n; of all other species, the entropy S, and
the volume V, we are able to define the chemical potential ; of one specie i as the variation of U, linked
to the addition of new particles of that specie:

(5w)

Wi =\<—-

Sni V,S,le:i
Eqg. 1.32

Subsection 12 The Gibbs energy of reaction

What happens if the species are charged? The particles interact each other and with any external
electric field E applied to the system. The electric field E is derived from an outer potential V. We then
add the electrochemical potential fi; for each specie i to the energy U, which includes the electric field
interaction. We can define the Gibbs energy AG as the sum of the electrochemical potentials of all
species.

In the particular case of a redox, the Gibbs energy AG is the sum of the electrochemical potentials of
oxidation and reduction species, plus/minus that of the electron times the number of electrons n
exchanged during the reaction. Namely:

AG = fiyeq — (NI~ + fi5y)
Eq. 1.33
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When current flows through the cell, the electrons are exchanged between the two electrodes. One of
them is depleted of electrons while the other is enriched thereby. Therefore, the Gibbs energy is
directly linked to the potential difference between the two electrodes and describes the forces that
move electrons in or out of the cell.

Subsection 13 The open circuit voltage and Nernst’s law

Let us consider an electrochemical cell defined by the two red-ox couples A™/A and B"™/B at equilibrium
and standard condition (std.c.), namely temperature of 298.15 K, atmospheric pressure of 1 atm, all
solids and liquids are pure, aqueous species have a concentration of 1 molL?, and all gas species have
partial pressures of 1 Atm. The necessary work to transfer one electron from an electrode to the other
is proportional to the electrical potential between the two electrodes. If such a potential is measured
against the standard hydrogen electrode (SHE) B™/B = H*/H,, we obtain the standard potential for the
redox couple A™/A. Indeed, the standard potential of a red-ox couple is defined as

E%_x] )
reddsyg
Eq. 1.34

where the ox/red subscript indicates the given red-ox couple, SHE that the reference electrode is the
SHE and the zero superscript the standard condition. The red-ox couple with the lowest potential
undergoes the oxidation mechanism, whereas the highest one the reduction process. Once the
standard red-ox potentials have been measured, the total cell potential AEZ,;; can be estimated as

0 1_ 0 0
[Ecell - Ecat - Ean-
Eqg. 1.35
The potential E2,;; is known as the open circuit voltage (OCV). It is the voltage difference measured
between two electrodes at equilibrium when no current is supplied or drawn [226]. Finally, we stress

that the cell potential AEZ,;, has a vital role in the behavior of the reaction. Indeed, the Gibbs energy
of the complete reaction reads

Eq. 1.36

and the reaction occurs spontaneously only if AG? is negative. Moreover, in an accumulator the red-ox
reversibility is guaranteed by its spontaneity, which is a necessary condition.

In the case of non-standard conditions, Eq. 1.34 and Eq. 1.35 are no longer relevant. To solve this issue,
Walther Hermann Nernst developed a theory at the beginning of 20" century which predicts the cell
open circuit voltage when deviating from the standard conditions. For the single red-ox couple A™/A

A" +ne” =24,
Eq. 1.37

which takes part to the global red-ox reaction, the Nerst equation for the half-cell potential reads

. —[EO RT In[A]
re L realgyy nF [A™]
Eq. 1.38
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where T is the temperature, R the gas constant of value 8.314462Jmol?, [Ox] the oxidized component,
[Red] the reduced one. Similar equations can be written for the B™/B red-ox counterpart, and the
Nernst equation for the global red-ox reaction can be obtained as

AECell = EAn+ - EBn+
A "B
Eq. 1.39

For a generic global cell reaction

xA +yB = zM + pN,
Eq. 1.40

the potential for the total cell out of standard conditions reads

AE EO RT ; [M]# - [N]?P
= —-—— N
cell roe)fi nF [B]y . [A]x

Eq. 1.41

with n the total number of electrons exchanged by the reaction.

Subsection 14  Out of equilibrium
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Figure 1.20: Electrode polarization effect on chemical equilibrium and chemical potentials in anode, electrolyte,
and cathode [9].

So far, we dealt with electrochemical cells in open circuit setups. This ensures that no current flows
through the system and the electrodes remain at equilibrium. Nonetheless, as soon as we connect the
cell to source or sink current, we close the circuit. What is then the behavior out of the equilibrium
during charge and discharge processes? If the electrodes are not connected to an ohmic contact, the
red-ox reactions at the electrodes compensate each other. The equilibrium concentrations establish
the potential according to the Nernst equation. It implies that the equilibrium changes only when an
external potential is imposed, thus increasing the reactions at electrodes. In the Figure 1.20, three cases
are reported: reading from left to right, equilibrium, imposition of a positive external potential, and
imposition of a negative external potential. The last two situations are out of the equilibrium. In these
two cases, the system must keep up and attempts to restore the chemical equilibrium. The red-ox rate
is unbalanced due to the motion of electrons and an ion flow is a consequence. The main difference
between charge and discharge is indeed the cause for such an electron unbalance: while discharging
the electrons are spontaneously drained from one electrode to the other. On the other hand, while
charging the electrons accumulate at one electrode while are depleted at the other, the reduction at
one electrode does not find enough electrons to keep the same frequency.
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Electrons’ path

In the case of the reduction process, the electrons are drained from the positive electrode and after
the red-ox reaction electrons are located into the active material, usually an insulator. The electrons
are attracted toward the current collector through the electric field of the other electrode. The electric
field is created by the presence of a low energy state on the other electrode, and it requires more
electrons. At this point it is necessary using the electrons at maximum energy into a circuit to provide
maximum power. How is it possible? Since the electrons at maximum energy are already into the active
material, it is necessary to create an easy path which brings the electrons firstly into the current
collector and secondly into the circuit. As the current collector is a metal, that means it is highly
conductive, it provides and easy path with low resistance. The electrons migrate into current collector
thanks to the tunnel effect losing part of the energy, as the tunnel effect is part of the internal
resistance. Moreover, the electron migration from active material to the current collector is not
painless and other energy is lost. It is caused by the fact that the contact between the two parts is
complex and composed by a mixture of active material and other components (conducive carbon,
binders, additives) or slurry which gives material internal resistance, and it could be detached in time
leading to a cell failure. Once the electrons are finally into conductive current collector, they can be
used into the circuit. The reverse mechanism occurs for the oxidation process , and ions and electrons
are recombined [9].

lons’ path

During the reduction process, while the electrons are drained, the ions of the active material of the
positive electrode need to move towards the negative electrode. In other words, they should first
diffuse into solid to reach the electrolyte, usually liquid. We recall that the diffusion into a solid is
typically more difficult and slower than into other matter states. The ions are attracted by the electric
field created by the negative electrode, and this electric field drives the direction of ion path. lons exit
the active material, migrate through the electrolyte, and finally diffuse into the negative solid electrode.
It is important that the ions are in the right place when a new red-ox should take place. If it does not
happen, the cell must increase the electric field using its internal energy and so the ions are faster
moved. The Gibbs energy and available potential become lower. The potential loss is another
component of internal cell resistance [9].

Subsection 15  Relevant quantities of an accumulator
We list hereafter a selected collection of notions concerning electrochemical accumulators, along with

a brief description of them.

— Capacity has the same dimension of charge and is defined as follows

t
0 =f01(t)dt.

Eq. 1.42

Where | is the current in Ampere and t is the time in hours. Q is typically measured in ampere
per hour Ah.

— Capacity density is the capacity per unit mass (Ahg?), also known as gravimetric capacity, or
per unit volume (AhL%), i.e. the volumetric capacity. In literature, the specific capacity per unit
mass of active material is used to compare different active materials in different cell setups.

— Charge efficiency or Coulombic efficiency (CE), is the ratio between discharge capacity and
charge capacity, displayed as a percentage. High CE means that the battery has an excellent
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reversible charge/discharge process and almost all the energy provided during charge can be
recovered during discharge. Efficiency is important to compare different storage technologies.
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Figure 1.21: Comparison of efficiency of different storage systems (taken from [10]).

In the figure 1.21 the Coulombic efficiency of various storage systems are compared. Li-ion and,
generically, ions batteries offer the best efficiency.

Cycle life for a secondary battery is the number of charge/discharge cycles performed before
the capacity reaches a fixed capacity (usually the 80% of the starting value).

Energy in a battery is typically expressed in watt per hour, Wh. The energy is related to the
capacity of a cell as follows:
E=0Q-V
Eq. 1.43

where 1/ is the average discharge voltage.

Energy density is the energy normalized on the active material mass (Whg™) or on its volume
(WhL?).

Current Rating (C-Rate) expresses either charge or discharge currents in respect of the cell
nominal capacity, and gives the rate at which the cell is charged or discharged relative to its
capacity. When the current flows across the battery, we can write it as the nominal capacity
multiplied by the C-rate as a constant with the unit of one over time, typically h™. In other
words, the C-rate is how many times you can charge or discharge the cell in one hour, and it is
expressed as the inverse of the time it takes to discharge/charge a battery at the defined
current level. As an example, %C defines the current which completely discharges the battery
in 2 hours.

Open Circuit Voltage (OCV): it is defined as the voltage value between positive and negative

electrode when no current is drawn or supplied, and it is equal to the ideal generator voltage
V. It depends on the previous battery cycle history.
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— Closed Circuit Voltage (CCV): it depends on the battery history and it is defined as the voltage
between two electrodes when the load is connected. It is measurable with a certain precision
when the battery is operating. Other parameters should be evaluated from CCV variation with
time.

— Nominal capacity or rated capacity is the capacity measured under standard conditions of
constant current discharge and room temperature.

— The theoretical specific capacity of an active material is the maximum quantity of charge that
can be extracted per unit mass of active material. It can be estimated as:

Q, = zZFM
Eq. 1.44

where F=96500 Cmol= 26800 mAhmol!is the Faraday constant, z is the number of electrons
exchanged during the redox reaction, and M is the amount of substance of the active material.

— State of Charge (SOC): is the difference between the battery capacity Q and the charges

removed from the battery at a defined time t divided by Q, as depicted in
t
Q— | I(t)dt
SOC(t) = f"—
Q
Eq. 1.45

The battery state, the voltage and the resistance are function of SOC and battery history, in
particular the worse performance are obtained when the SOC is too low or too high.

— Voltage profile (V(SOB)): the voltage is not a monotonic function of SOC in a short period and
so is not constant during the discharge. V(SOB) is a hysteric function of SOC. In particular, the
discharge plateau is slightly smaller than the charge one and so it is not perfectly efficient. The
cell voltage varies during cycling and is influenced by the temperature and previous cell history.

— Depth of Discharge (DOD): is defined as complementary of the minimum SOC at a given time,
reached by battery during its cycling.

TESTING CONDITIONS: DISCHARGE CURRENT:  0.17C Amg. (F.V. 1.7TV/CELL)
AH% CHARGING CURRENT: 0.08C AMP.
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Figure 1.22: Lifespan of lead-acid battery with different DOD (taken from [227])

DOD = 100% — min(SOC)
Eq. 1.46
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When the battery is not completely discharged the DOD is lower than 100. Full discharging a
battery may lead to a degradation of performance. In
Figure 1.22, we report different lifespans of lead-acid batteries with different DOD.

— Internal Resistance: R models the voltage drop proportional to the current flowing in the
battery. Based on the R value, we assess if the battery is suited for high C-rate applications.
Indeed, the greater the internal resistance the greater the voltage drop.

Subsection 16  Solid-solution interface

In the previous subsections, we have described the behavior of red-ox reactions and their relationships
with the concentrations of the chemical species and with the electrical potential. Although this
subsection will not be precisely recalled in the Chapter 3, it is reported because it depicts the basic
rules of the electrode-electrolyte interface and interaction in a standard electrochemical cell. It is
important to understand how an electrochemical cell works.

In this case, we are interested in red-ox that occurs between a conducting solid electrode and an
electrolytic solution. Such a system is called half-cell.

Figure 1.23: A schematic view of the interface between the solid electrode and the electrolyte. The number "1’
indicates the Inner Helmotz plane, “2' the Outer Helmotz plane, “3' the diffusive layer, “4' the solvated ions, '5'
the adsorbed ions and "6' the solvent’s molecules (taken from [228]).

In addition, we define the interface as the region where the two distinct phases are in contact. There,
the properties of substances are different from those in the bulk.

We now assume that the electrode is in contact with the electrolyte, forming the interface, and that
the electrode is reduced and the red-ox couple of the electrolytic solution is oxidized. Hence, the metal
accumulates a surplus of negative charge, which is balanced by a number of ions in the electrolyte
solution with an equal and opposite charge. Interim, the ions are assumed as solvated, namely they
are directly neither in contact with solid nor interacting with it. The solvated ions are shown in Figure
1.23 by number 4 and the molecules of solvent are marked by number 6. Now, we trace a line
throughout the centre of solvated ions, which describes a plane called Outer Helmotz plane (OHP); the
system can be seen as an electrical capacitor. Namely, the surface of the electrode and the OHP
represent the plates of the capacitor, also known as double electric layer. The two plates are depicted
in Figure 1.23 by the thick black line and number “2', respectively. In this way, the capacity is
independent from the concentrations of species that form the capacitor [229].

As a matter of fact, the above model does not fully describe all phenomena related to a real interface.
Indeed, in a real system the charge excess on the electrode is not balanced only by ions on OHP and,
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so, we have to consider the bulk solution. To explain this issue, it is necessary to consider that ions are
subjected to two forces: electric force driven by electrode and thermal convection. The former attracts
ions to OHP while the latter spreads the ions into the bulk of the electrolyte [230,231].

/—Active material

A

O,

=
a

Current collector

Figure 1.24: Schematic view of the electrolyte resistance Re;, solid diffusion constant Ds and charge transfer
resistance Rct.

Hence, in addition to the charge at OHP, there is also a double diffusive layer next to the capacitor, also
known as bulk of solution. This part is depicted in Figure 1.23 with number 3. The diffusive region
guarantees a total charge equilibrium of the double layer [232]. We could then depict the interface as
two capacitors in series: the first where capacity is not dependent on concentrations (electrode-OHP)
and the second where the dependency on excess charge is non-negligible (electrode-diffusive layer).
From this description it is noticeable that to form the interface between electrode and electrolyte,
cations and anions must move through the electrolyte to reach the active material. Specifically, to the
ionic transport contribute both ions diffusion and electric migration. The former is caused by the
positive charge (e.g. due to Na* or Li*) concentration gradient between the bulk electrolyte and the
electrolyte-active material interface, while the latter is due to the electrode potential on charged
species.

To complete the half-cell description, we have to consider the absorption of ions on electrode
surface[233]. Namely, the ions are absorbed on solid surface and are represented in Figure 1.23 with
the number 5. Specific adsorption means that the ion loses its solvation sphere approaching the
electrode and forms a rather strong bond with it. This event occurs at the Inner Helmotz plane (IHP),
depicted with number 1 in Figure 1.23. This step is peculiar of RB, where ions, such as Na* or Li*, are
adsorbed on electrode surface, and the interaction with electrode enables the red-ox to occur. lon is
reduced upon insertion between planes of the intercalation compounds. In this case, the intercalated
ions diffuse inside the active material. Once the red-ox occurs, the electrons are produced inside the
active material, extracted from electrode and drained towards the current collector to generate
current.

The above discussion applies for both the cathode and anode, and their combination guarantees an
effective and complete model of an accumulator.

The theoretical part of the interface model was developed between 1879 and 1960 with the
contribution of the scientists Helmholtz [229], Gouy [230], Chapman[231], Stern [232] and Grahame
[233].

Finally, considering the ions transport through the electrolyte, ions diffusion inside the active material
and electric charge transfer, we specify that the ions’ rate depends on the following parameters:
electrolyte resistance Re,, solid diffusion constant Ds and charge transfer resistance R (Figure 1.24).
These factors influence the rate which the current is produced with, when the cell is in charge. Hence,
if the electrodes are characterized by high resistances (Re, Rt) and low solid diffusion, they exhibit poor
performances in terms of C-rate. The C-rate denotes a conventional way of representing the current
used to charge or discharge a battery. A C-rate of 1C discharges completely the battery in 1h, 2C and
C/2 discharge in 1/2h and 2h, respectively (see Subsection 16 for details).
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Subsection 17  Theory of diffusion

In this subsection we introduce the theory of diffusion. We explain the rules through which the species
such as ions and electron can diffuse into a system (electrochemical cell). Finally, we deduce the Cottrell
equation which will be recalled in cyclic voltammetry at different scan rate in the Chapter 3 to estimate
the diffusion coefficient of Na and Li ions. It is important to understand how an electrochemical cell
works and permits to comprehend the beneficial role of a new porous matrix to build electrode.

In an electrochemical cell, the reactant and product particles are transported by the electrolyte to the
electrodes, to generate electrons in the external circuit. In the following, we describe in detail the
mechanism and laws that govern the transport of molecular and ionic solutes in liquids. We usually
refer to this phenomenon as mass transport to distinguish it from other kinds of transport, such as heat
transport or momentum transport.

There are three types of transport: migration, diffusion, and convection. Each one is governed by a
gradient, namely electrical potential, activity or concentration, and pressure, respectively. Particles
move so as to decrease the gradient [234].

Migration is provided by an electric field which attracts the charged particles. For example, in the cell
the electrolyte ions migrate to the respective electrode whilst the solution remains neutral. This type
of transport applies only to ionic species. The generated energy is dissipated as heat.

Diffusion is the consequence of a concentration gradient. Particles move from regions of higher
concentration to those featuring a lower one, thereby increasing the overall entropy. Typically, diffusion
arises from the Brownian motion of solutes in a static solution, and all kinds of solutes can undergo
diffusion.

Finally, the convection is driven by a hydrostatic force, for instance, it occurs when the solute moves
into a moving solution because it accelerates the transport of species. Convection includes all types of
solutes, and in electrochemistry it is usually an unwelcome complication. In particular, both forced
convection and natural one exist. The former is deliberately caused by stirring, sonicating or pumping
and it is desired. The latter is an unwanted motion due to the density or vibration gradients. The
transport does not start alone, but it always needs a gradient. So, the motion is always late because
the particle acceleration depends on its mass. The motion delay could sometimes represent a problem
for the migration which can be ignored in electrochemistry [234].

In this work we focus on diffusion, which is particularly interesting in electrochemistry due to its role
as limiting factor in certain regimes [234]. Indeed, we assume that the contribution of migration and
convection transports can be negligible because their contribution is too little. Hence, we illustrate
below the diffusion in solution and in solid, namely electrolyte and electrode for the cell.

Diffusion in a solution
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Figure 1.25: a) Representation of flux density definition; b) Representation of planar transport (taken from [234]).
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To understand the diffusion phenomenon, we must make a premise. Let us consider a distance /, an
area A perpendicular to the motion direction and moles n; of a specie i, we can then define the flux
density of speciejiin atime t as:

o1 dn [ 1 ]
Ji= 7 lm2s—1l
Eq. 1.47
The flux density is defined as the variation of moles n; in time t on position / across an area A (Figure
1.25a). It is a vector quantity and is always evaluated in the transport direction. So, ji could be also

described as dependent on t and /, varying with the variation of specie I concentrations ¢;and its motion
average rate v=I/t:

Jill,t) = vc;.
Eq. 1.48

Clearly, if the flux density involves charged particles, we obtain a current density I. The j; is correlated
to I through the following relationship:
I = FE Ziji'

Eq. 1.49
Where z;is the charge number of the specie i of flux ji[234].

Now, we consider a parallel flux along the x direction for the transport of specie i. Let the amount of
specie i lay in a thin wafer at x of depth dx with initial volume V(x,t), are shown in Figure 1.25. If we
follow the particle flux the final wafer volume after dt time reads

V.(x,t +dt) = V.(x,t) + Aj; (x, t)dt — Aj;(x + dx, t)dt.
Eq. 1.50

We obtain the conservation law for the planar transport from Eqg. 1.50 V=Adx, namely:

ci(x,t+dt) —c(x,t)  ji(x,t) —j(x +dx,t)

dt dx
Eq. 1.51

or partial differential notation:

dc; 0
ot ox
Eq. 1.52

Such a transport is dubbed planar as the equiconcentration surfaces, i.e. the set of all connected points
featuring the same concentration, are planes.

We now postulate the diffusive transport flux j being proportional to the concentration gradient. This
is also known as the Fick’s first law:

Aiff _ _p dc;
o T iy
Eq. 1.53

where D; is the diffusion coefficient or diffusivity of the specie. When the flux lines are parallel and
transport is planar, combining the Eq. 1.52 and Eqg. 1.53 we obtain the Fick’s second law
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aCi aZCi
ot ox?
Eq. 1.54

Once solved, it models the concentration ¢; of diffusive specie i for each point along the x spatial
coordinate and positive time t.

L . . . . ac;
To solve this differential equation, three boundary conditions are necessary. Firstly, ﬁ =

d2¢; . , S . .
D axCZL' Assuming that the solution being initially composed by uncharged and oxidable specie R at a

homogeneous concentration cg?, the c(x,t) denotes the R concentration for each point x in the solution
and at any time t. So, the first boundary condition reads

cr(x > 0,0) = L.
Eq. 1.55

At time t=0, we close the switch, and the working electrode (WE) is unexpectedly brought to and
maintained at a positive potential sufficient to take away R by the electrode surface. This second
condition is written as

cg(0,t >0) =0.
Eq. 1.56

The diffusion transport is the only one acting for the uncharged specie R in a quiescent solution, so the
Fick laws model the transport [234].

Finally, far from the electrode in the electrolyte bulk, the concentration of R remains unchanged.
Hence, the third condition reads:

cr(x = o, t) = ch.
Eqg. 1.57

After these three boundary conditions, the Fick’s second law becomes

d 02
T cp(x,t) = Dy Wz cr(x, t)
Eq. 1.58

and, using the Laplace transformation, is solved by

cr(x,t) = cgerf{

Eq. 1.59

)

where Erf is the error function. In Figure 1.26 the concentration profiles of the solution at different
times is plotted. Thanks to the first Fick’s law, the flux density is obtained:

, 0 » |Dr x?
Jrlx,t) = —DRacR(x, t) =—cp — XD _4DRt :

Eq. 1.60
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Figure 1.26: The profiles of concentration from the potential-leap experiment (taken from [234]).

However, the electrochemistry is principally focused on the current which is generated by the
stoichiometry of the electrode reaction linked to the reactant flux density [234]. If the electrode
reaction reads

vgR(soln) - ne™ + v,0(soln),

Eq. 1.61
where v is the stoichiometric coefficient, then the creation rate of electrons is correlated to the R and

O flux densities at the surface of the electrode. The rate of electron creation is nothing more than
current density

Jo0,) _  jr(O) _ je(0.) _i(®) _ (V)
VR Vo n nF  nAF
Eq. 1.62

By fixing x=0, we obtain the Cottrell equation which reads

n D
1(t) = —AFch | =,
Vg nt

Eq. 1.63

Eqg. 1.63 explains the resulting current when the planar diffusive transport is applied, and the current
decreases following the t*? power law [234].

Diffusion in solid

The description of diffusion processes in solid state matter is not as straightforward as for liquid
solutions. Indeed, the diffusion coefficient shows strong concentration dependence. In a
thermodynamically and kinetically ideal intercalation compound, the diffusion coefficient is directly
proportional to ion vacancy concentration, decreasing as the ion concentration of the host increases.
However, in real electrodes the material is made of intercalation compounds that undergo several
dramatic phase transitions during charge/discharge cycles. Furthermore, unique crystallographic
characteristics give rise to complex migration mechanisms [235-237].
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Section 7. Why choosing self-standing electrode?

In this section we present the difference between traditional slurry electrodes and the self-standing
ones. More precisely, we review the advantages and disadvantages of self-standing electrodes over the
conventional slurry ones.

Energy is stored in electrochemical cells in the form of chemical energy, namely in the chemical bonds
of the active material. Reductions and oxidations are the processes that drain or reserve energy from
within the electrodes. Since the red-ox occurs at the interface between electrode and electrolyte, as
it is a surface phenomenon, the device power performance is related to the total surface area. On the
other hand, the amount of stored energy is proportional to the number of ions present in the crystals,
and the number increases with the crystal volume. The ratio between surface and volume is then
linked to the energy to power ratio (E/P). Namely, in bulky active materials the ions at the electrode-
electrolyte interface immediately release energy when requested, while the inner material must attend
that the ions penetrate by diffusion and react. Hence, the larger is the volume and the particle number,
the higher the energy. Nonetheless, as a downside the bulk ion reactions are sluggish, and the power
performance remains low.

We now focus on the time required to deliver the stored energy or to load a flat battery. In order to
increase the power performance by reducing the E/P ratio without losing the energy content, some
solutions have been proposed. Namely, crystal with fractal morphology, nanostructured compounds
[238], or nanostructured carbon matrix to support the active materials [49,239,240] are some of them.
Moreover, slurry electrodes are made of active material nanoparticles on nanostructured carbon
matrix to reduce the area and volume ratio.

The use of a 3D carbon framework or support as Carbon nanofiber sheets is a good choice to reach this
goal, and it is the method proposed in this work to improve the cathode for SIBs [9].

CNF sheets are a valuable option because they are easily obtained, cheap, made with a tunable
production process, simple to implement in laboratory and they can be used with a wide range of active
materials in order to enhance their electrochemical features. Finally, the flexibility of CNFs can reduce
and help to “buffer” the volumetric variation of the active material during the insertion and extraction
of ions [49,239,240]. In Figure 1.27 we give a pictorial representation of the three different interfaces
between electrode and electrolyte. Namely, 2D interface of a slurry electrode, the nanostructured
active material and 2D interface in slurry electrode, and the porous matrix with 3D interface and
embedded active material.

The nanostructured surface of case b increases the contact surface area between electrode and
electrolyte thanks to the nanoparticles. Notwithstanding, the last case allows for the best penetration
of electrolyte in the electrode bulk by soaking the active material particles. This is the case of CNF
sheets. Considering this brief premise, let us compare the customary slurry electrode with a self-
standing one and see the advantages of CNFs for electrode assembly.

Electrolyte
Collector
Electrolyte

Electrolyte

i

Figure 1.27: a) Slurry and 2D interface; b) Nanostructured active material in slurry with 2D interface; c) 3D
interface and porous matrix support (taken from [9]).
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Subsection 18  Slurry electrode

In many commercial Li-ion batteries, electrodes are produced via the slurry process. As described in
Section 2 of 0, it consists of mixing the active material, carbon and binder together and depositing the
slurry on the metallic current collector. The layer is evenly spread at a specified thickness using a doctor
blade or similar apparatus, and finally the slurry is pressed on the current collector through a hot-
pressing process. Both anode and cathode are prepared in the same way [241].

The cell is then assembled introducing the separator, a thin insulating material permeable to the
electrolyte (see Chapter 2 for preparation details). This fabrication method is suitable for mass
production, and depositing the slurry on metal foils permits to choose both shape and size of the cell
at the end of the process. Moreover, this approach is also flexible as it is adaptable for different active
materials and liquid electrolytes.

To further improve the accumulator capabilities, we seek higher energy and power densities, faster
charge processes, longer lifespans, higher safety requirements, and lower production costs. Meeting
these goals would enable to a greater extent the employment of rechargeable batteries into electric
transport, LVD or power grid applications [242—-247]. Indeed, the energy density is an essential property
for portable devices, while for other applications the power density and fast charge rates are key points.
To overcome the issues related to slurry limitations, we work on the electrode design by improving the
electrode porosity and introducing active materials that feature higher working potentials [242-
244,248,249].

Especially, decreasing the chemically inactive components or studying new high voltage cathodes and
anodes help to raise the specific capacity and energy density. On the one hand, the reduction of binder
and current collector mass or introducing free-binder electrodes allow for higher active material
percentage. On the other hand, high voltage electrodes increase the specific capacity and the amount
of energy stored in an accumulator. To improve the power density and charge rate, one option is to
work on electrode porosity. Indeed, by increasing the wettability and permeation of electrolyte, we
boast the ion diffusion in the electrode bulk, thus obtaining better performance at high C-rates [250—
255]. This is due to the higher diffusion coefficient of liquid electrolytes over solid electrode bulks.
During cell manufacturing, the slurry undergoes a pressing stage that negatively affect the porosity of
the slurry. In fact, it results in a uniform and dense layer where the active material, the carbon and the
binder are stretched out on a metal foil, and the electrode is difficult to wet. As a consequence, the
electrolyte does not reach every single active material particle; so, the ion diffusion decreases and the
electrochemical active sites are lower and not equal to the total active material loaded into the slurry
[244,250,256,257]. Clearly, the problem becomes more critical when thicker and dense slurries are
fabricated. Thickening the electrode layer permits to increase the total energy content of the cell, but
the specific capacity decreases at higher C-rates.

Subsection 19  CNFs and self-standing electrode

Porosity and thickness of electrodes play a crucial and critical role in the optimization of the
electrochemical performance of cells [152,244,258-260].

Particularly, a porous electrode accommodates or constrains the volume change of active material
during cycling thanks to the flexibility of its framework. Hence, the irreversible phase transformation
could be controlled or even suppressed by the porosity, thus stabilizing active materials.

Thanks to the porous framework, the use of current collectors and binders is avoided. In so doing, we
fabricate a self-standing electrode and decrease the global weight of electrode and final cell. The 3D
support might also incorporate a secondary conductive phase which helps to increase the electronic
conductivity [244,261]. These properties of porous electrodes enable their employment in some
storage systems like batteries or super capacitors.

There are different methods to produce porous electrodes: hard templating, such as nanocasting
[262,263], colloidal crystal templating and electroplating [264-266], biotemplates [267],
pseudomorphic conversion [268-270], and, finally, non-templating methods like electrodeposition
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[271], ultrasonication [272], intercalation [273], hydro- or solvo-thermal synthesis [202,244,261,274].
A typical porous electrode is shown in Figure 1.27c.

In the present work, we investigate another technology to prepare porous electrodes without binder
and current collector. Namely, we embed active material nanoparticles into a 3D conducive carbon
framework made of carbon nanofibers (CNFs).

Some methods to fabricate CNFs are the electrospinning technique followed by heat treatment to
prepare web or mat structures, and the catalytic thermal chemical vapor deposition growth to obtain
cup-stacked and platelet CNFs [275]. In this work, CNFs are synthetized with the electrospinning
technique because it is an easy and industrially scalable technology, and low cost [276,277]; in addition,
the obtained fibers are optimal to employ in ion-batteries [278,279]. Details on the synthesis procedure
are reported in Chapter 2.

Figure 1.28: Disordered and ordered CNFs by electrospinning technique (taken by [280]).

By electrospinning, the CNFs appears like a non-woven mat of fibers (Figure 1.28), consisting of
disordered or ordered distribution of CNFs with small or big pores. This 3D carbon framework is realized
by using different type of polymers such as Polyacrylonitrile (PAN), Polyaniline (PANI),
Polybenzimidazole (PBI), Polyvinyl alcohol (PVA), Polyvinyl carbazole (PVK), Polyethylene oxide (PEO),
Polyamide (PA), Polyimide (Pl), Polyvinylidene fluoride (PVdF), Polystyrene (PS), Polyvinyl chloride
(PVC), and Polymethyl methacrylate (PMMA) dissolved in the appropriate volatile solvent [281]. The
polymeric precursors are chosen based on the final requirements of the CNFs, since the precursor
establishes the properties of the non-woven mat. To specifically fabricate CNFs, PVA, PAN, PI, or PVdF
are mainly used [282,283]. The polymeric precursors are chosen based on the final requirements of
the CNFs, since the precursor establishes the properties of the non-woven mat. Indeed, after the
stabilization and carbonization processes, described in depth in Chapter 2, a conducive carbon support
excellent for electrochemical energy storage is obtained [284-286]. The electrical conductivity
increases with the carbonization level, as the graphitization occurs at a high temperature. Nonetheless,
PAN provides a satisfactory electrical conductivity at lower carbonization temperature (750°C-800°C)
than other polymers (1000°C-2000°C). In addition, all carbon allotropes present or added to the CNF
influence the conductivity of the non-woven mat. For instance, introducing graphite or metal particles
improve the conductivity with respect to amorphous and disordered carbon [282,283]. The typical
electrical conductivity values are in the range of 102-10° or 10* Scm™ [283,287]. The typical diameter
of carbon nanofibers is in the range of nanometer to tens of micrometer [275,283,288,289]. The
diameter can be controlled by a proper choice of the precursor polymer and it is a critical synthesis
parameter, as it affects the mat pores. By varying the fiber diameter and mat pore sizes, we modulate
the porosity and the surface contact area of the electrodes with the electrolyte. In doing so, the ion
diffusion coefficient and electrical conductivity can be improved by the 3D carbon framework,
compared to the slurry deposition. Indeed, the CNF structure allows a lower electrical resistance and
an intimate contact between active material and electrolyte, as shown in the Figure 1.27c.

Finally, the stabilization heat treatment offer a great degree of control on the mechanical properties of
CNFs, among which the flexibility [290], allowing the employment of the ion batteries into, for example,
heated clothing. The flexibility of the active material support and CNF sheets limits the irreversible
phase transformation and the volume changes during the cycling, thus avoiding the cell death. Carbon
nanofibers are electrochemically active as anodes for both Li- and Na-ion batteries. In the case of LIBs
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the CNFs anode shows an initial capacity of about 800 mAh/g, at 0.1C, followed by a capacity loss to
340 mAh/g and to 260 mAh/g, maintained for over 50 cycles, with a lifespan of 550 cycles [291], (see
also the results of our work in Subsection 4 of Chapter 3). While for SIBs the CNFs anode delivers an
initial specific capacity value of 399 mAh/g at 0.1C followed by a capacity loss to 217 mAh/g for 50
cycles at 0.1C, and a capacity of 173 mAh/g at 1C for 200 cycles, with an initial coulombic efficiency of
41.8% increased to 99% after the first 10 cycles [292] (see also the results of our work in Subsection 4
of Chapter 3). The same does not apply if CNFs are employed as positive electrodes. Indeed, we show
that carbon nanofiber sheets are inert at working potentials between 3 V and 4.5 V. Therefore, we must
enrich the carbonaceous support with cathodic active material so that carbon nanofibers act as
conductive porous matrix and improve the electrochemical performance of the cathode. On the other
hand, loading active material into CNFs in the anode is optional. We prove that great synergy arises if
CNFs are loaded with a suitable anodic active material.

Electrospinning process

é Plume

(&) Taylor Cone .
Jet s
b)

Capillary

51
| <

a
) Salt bath

Figure 1.29: a) Schematic setup of electrospinning deposition (taken from [293]); b) Taylor Cone representation
(taken from [294]).

Thanks to the simple syntheses and to their interesting properties, the CNFs are employed in a lot of
different industrial fields. Their first application is in 1981 as dust filter in cars and trucks [9]. In the
nineties their popularity increased, especially for biomedical and electronic applications such as tissue
engineering, drug delivery, gas sensors and fuel cells [279,281,283,295-297].

Polymeric fibers can be produced from a solution by the electrospinning process, where the polymer
flows from the source to the collection area and there the solvent evaporates leaving solid and dry
fibers [280].

The apparatus of electrospinning deposition for laboratory scale is schematically displayed in Figure
1.29a. The setup is composed of three important components: the high voltage generator capable of
suppling up to 40 kV, a syringe pump emitting the polymeric fibers and a conductive collector made of
an Aluminum foil. The collector could be either a fixed plane foil or a rotating collector, depending on
the desired fiber order of the outcome mat. Indeed, the former collector allows for the deposition of
random fibers, whereas the latter let them lay well aligned. The type of collection is dependent on the
end-use of the product. For instance, aligned fibers are used in the textile sector, while a random mat
is suitable for electrodes, to better disperse active material. In large-scale systems, the setup is
upgraded by installing multiple needles. They must be properly spaced, so to avoid the interaction
between electrical fields. Otherwise, compressed air is employed to create bubbles on the surface and
obtain multiple jets [49,280].

An electric field is applied between the syringe needle and the current collector. The syringe pump
ejects the polymeric solution creating a droplet at whose tip the charges are accumulated. The droplet
shape is modified by the loss of surface tension. By increasing the voltage, the electric field on the
droplet increases forming a cone known as Taylor cone (Figure 1.29b). When the repulsion forces
become stronger than the surface tensions, a solution jet is released which takes a complex path and
finally is collected on the metal foil. The solvent evaporation is favored by the motion and stretching of
the jet [280].
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Figure 1.30: Generation of jet from tip of the needle (taken by [280]).

To optimize the morphology and features of the deposited CNFs, the experimental setup properties,
the solution characteristics, and the external environment conditions are controlled. At the setup the
flow rate, the distance between needle and collector, and the applied voltage are tuned. The main
challenge is to keep the polymer drop at a fixed and constant size and to maintain the Taylor cone
shape, so to ensure a stable jet, see Figure 1.30. The flow rate must be accurately chosen to avoid any
excess or lack of polymer solution. An unstable jet may lead to an inhomogeneous morphology of the
deposition production of artifacts such as the “bead-on-a-string”, as reported in refs. [280,298]. The
flow rate must be adjusted together with the applied voltage. Indeed, if the rate is too slow and the
applied electric field is high, the polymerization could occur before leaving the needle. While, if the
rate is fast but the applied voltage is too low, the jet becomes unstable, and the solution drops from
the needle tip without being spun. The applied electric field can be tuned by varying the applied voltage
or adjusting the distance between the tip and the collector. The applied electric field must be strong
enough to exceed the surface tension but not too high to make the jet unstable. For tabletop
installations the potential is in the 8-20kV range. The higher the voltage, the thinner are the nanofibers,
as the ejected fluid speed increases while the flow rate remains constant [280,298]. Finally, increasing
the applied voltage may cause the stretching of the solution thread and a fast solvent evaporation.
The resulting product characteristics are strongly affected by the solution features as well. In particular,
we focus on the viscosity, concentration, and molecular weight (MW) of the polymer. The solution
viscosity is critical because fibers cannot be electrospun if the solution is too viscous. On the contrary,
if the solution is too fluid the fibers ejection is discontinuous. The viscosity influences the fiber size and
morphology as well. Usually, when the viscosity is in the 1-20 poise range, the deposited nanofibers
are uniform. The viscosity is influenced by the solution concentration and the polymer MW. Indeed,
higher concentration and MW lead to higher viscosity, and the fibers have consequently larger
diameter [298,299]. The concentration of the polymeric solution is strictly correlated to the viscosity
of the solution. In refs. [280,298,300], different ranges of polymer concentrations have been tested.
Notably, it is highlighted that if the concentration is lower than 5 wt%, the produced nanofibers are
inconsistent and coiled. When the concentration is in the 6 - 9 wt% range, conventional fibers with the
diameter in the range of 250nm-2um are obtained, because the viscosity resistance becomes higher.
Finally, for concentrations higher than 9 wt%, flat fibers are prepared, due to the inability to maintain
the flow solution at the needle tip (Figure 1.31). The molecular weight of the electrospun solution
influences the viscosity too. Indeed, it follows the relationship of Mark-Houwink:

[n] = KMW®
Eq. 1.64

where n is the viscosity, k and a are empirical constants. By increasing the MW and viscosity, the
concentration increases too. The MW reflects the number of polymer chains’ entanglements, and even
when the polymer concentration is low, if we increase the MW it leads to a sufficient viscosity level of
solution to create a continuous electrospinning jet. A high MW also produces high viscosity and
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polymer chain interactions which lead to higher nanofiber diameters, while if the MW is low the
electrospun solution forms beads. The MW influences also the surface tension: when the MW is high,
the proper viscosity level is found and the concentration is low, the surface tension effect are restrained
and influence the morphology of fibers. Particularly, when the surface tension is low the beading effect
is reduced in the CNFs, but if it is high, it inhibits the deposition making the jets unstable. In the last
case, the jet is divided into droplets, and it is not continuous, so consistent fibers are not obtained. The
relationship between viscosity and surface tension is depicted by the following equation:

g

~ ern’
Eq. 1.65

where v is the growth rate of the jet instability, o is the surface tension, n the viscosity and r the initial
radius of the jet [280,298].

Finally, the environment conditions, such as temperature and moisture, have a significant impact on
the electrospinning process [293]. Particularly, if the air temperature is high, the intrinsic solution
viscosity decreases, which implies the aforementioned consequences. On the other hand, the ambient
humidity influences negatively the deposition as few polymers could polymerize in contact with water
vapor, because the higher the humidity is, the higher is the solvent vaporization which makes the loss
of charge easier [280,298].

After the nanofiber’s deposition, we proceed with a heat treatment in order to obtain carbonized CNFs.
This is extremely important for rechargeable batteries, where the carbonized CNFs support must
exhibit an high electronic conductivity. In the present work, the PAN nanofiber sheets undergo a two-
step heat treatment: stabilization and carbonization [239,280,284,301-307]. The stabilization consists
of dehydrogenation, cyclization, and oxidation of the polymer, as schematized in Figure 1.32. The
stabilization process is made in air with different temperature ranges. At lower temperatures, the
dehydrogenation occurs and the double bonds C=C are introduced. Dehydrogenation needs air because
it implicates two steps, firstly the oxidation, and secondly the elimination of water.

d: 13.9 wt% ‘ e: 18.9 wt% f: 21.2 wt%
Figure 1.31: Polystyrene electrospun samples with MW=393400, solution at different concentrations (taken from
[280]).

The cyclization is the step when the rings are formed, and it occurs in the 180°-250°C temperature
range. The nitrile group cyclizes converting themselves from triple into double bonds C=N, and it is
necessary to hold together molecules in fibers; in this step gas products are released. Finally, the last
oxidation step lets the fibers reach the final structure containing imine and nitrile groups among the
PAN molecules. The step of stabilization is extremely important to guarantee a satisfactory
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carbonization of the fibers. Indeed, during the stabilization process the bonds change thus making the
graphitization more favorable [305].

During the carbonization step, an aromatic growth and polymerization occur. This step requires an inert
atmosphere and a thermal treatment in the 700-3000°C temperature range. It is chosen depending on
the desired graphitization degree. Typically, the nitrogen atmosphere lowers the graphitization
temperature in respect of the argon one. This step is divided into two parts: the pyrolysis and the
graphitization, namely the transformation of carbon chains into graphite [305].
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Figure 1.32: a) Stabilization and b) carbonization processes of PAN (taken from [307]).

Section 8. Thesis’s aim

The work developed during this Ph.D. thesis aims at fabricating new types of active material/CNFs self-
standing electrodes for Na-ion batteries, with improved electronic conductivity and ion diffusion,
avoiding binders, current collectors and electrochemically inactive materials, typically used to prepare
conventional slurry electrodes. CNFs are not only the active material’s support, but also the porous 3D
framework suitable to guarantee fast electronic conductivity and fast ions diffusion into the cathode,
thanks to the easy permeation of the electrolyte. All these features create the right conditions to
achieve enhanced specific capacities at high C-rates and improved cell lifespan, compared to traditional
tape-casted electrodes.

In this work we synthesized and investigated some electrochemically active materials/CNFs composites
as self-standing electrodes for SIBs. We chose as active materials two NaSICON-structured compounds
as cathodes, and ZnS as anode. The electrodes were prepared by both slurry and self-standing
approach, and their electrochemical performances in terms of specific capacity at different C-rates,
coloumbic efficiency, capacity retention and cycling capability were compared.

Firstly, we focused on investigating the electrospinning technique as synthetic approach to fabricate
carbon nanofiber sheets: we evaluated the suitable instrumental parameters to successfully prepare
the conducive, porous, and homogeneous CNF. The CNFs are used to fabricate a 3D carbon network
suitable to host the active material and develop self-standing electrodes. CNFs are not only the active
material’s support, but also the porous 3D framework suitable to guarantee fast electronic conductivity
and fast ions diffusion into the cathode, thanks to the easy permeation of the electrolyte. All these
features create the right conditions to achieve enhanced specific capacities at high C-rates and
improved cell lifespan, compared to traditional tape-casted electrodes. We studied the CNFs
morphology, structure, and electrochemical properties in the voltage range of the active materials for
ion-batteries. The CNF sheets alone were also investigated as possible anodes for Li-ion and Na-ion
batteries.

Then, we investigated the synthesis conditions to fabricate self-standing electrodes based on active-
materials/CNFs composites by electrospinning. A preliminary study was carried out on a well-known
and commercially available active material for Lithium-ion batteries, LiFePQ,; it was combined in
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different amounts (10 and 30 wt%) to CNFs to develop a self-standing electrode. This new electrode
was characterized by several techniques (X-ray powder diffraction, scanning electron microscopy,
electron dispersion spectroscopy, transmission electron microscopy, thermogravimetric analysis,
Raman spectroscopy) and was electrochemically tested. The structure, physic-chemical properties, and
electrochemical performances of the self-standing electrode were compared to those obtained for a
conventional tape-casted LiFePO, cathode (slurry method), appositely prepared. Differences,
drawbacks, and advantages/disadvantages of both type of electrodes were analyzed and discussed.
The preliminary investigation on the well-known cathode revealed to be very useful to establish the
optimal experimental conditions to fabricate CNFs-based self-standing electrodes and paved the way
for the development of other free-standing cathodes and anodes for SIBs.

The compounds selected as cathode materials for fabricating the self-standing electrodes for SIBs are
the NaSICON-structured NasMnZr(PO4)s and NasMnTi(PO,)s: their structural, chemical, electrochemical
and physical features have been reported in Section 4 of 0. Both active materials were synthesized via
sol-gel with different amount of citric acid to obtain a particulate with an optimal carbon coating. The
raw materials were properly characterized. Then the synthesized active material was dispersed in a
polymer solution, and the solution was electrospun to develop the self-standing electrodes. In the case
of NasMnZr(PO4);s compound, different deposition settings (vertical or horizontal apparatus for
electrospinning) and diverse reaction conditions (dip/drop-coating of the active material precursors on
pre-synthesized CNFs, followed by thermal treatment to synthesize NasMnZr(PO.);) were investigated.
All the synthesized cathodes were characterized and electrochemically tested, and the results were
compared to those obtained for slurry electrodes, appositely prepared.

Finally, we prepared and characterized a ZnS-GO/CNFs self-standing electrode, as suitable anode for
SIBs. This preliminary study paves the way to develop a full cell for SIBs, based on only free-standing
electrodes.
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Chapter 2.  Experimental

In this chapter we illustrate the synthesis method to prepare the NaSICON-structured NasMnZr(POa);
and NasMnTi(PO4); compounds, and ZnS-GO composites. We also report the synthetic procedure used
to prepare CNFs and active materials/CNFs self-standing electrodes. Finally, we report the
characterization and electrochemical techniques and the experimental conditions used to investigate
the samples.

Section 1. Active materials synthesis

Subsection1  Synthesis of the NaSICON-structured compounds

The NasMnZr(PO4)s and NasMnTi(PO4); carbon-coated powders were synthesized by sol-gel route. In
the sol-gel synthesis a solution containing the product’s precursors is properly treated to form a gel
that, once calcined at suitable temperatures, forms the final product. The precursors are usually
inorganic/organic salts and are typically mixed in an aqueous solution with a polymeric/carbonaceous
component, which acts as chelating agent for the formation of the intermediate gel. The use of a
polymeric component guarantees a homogeneous dispersion of the precursors, avoiding possible by-
products or starting materials precipitation. The calcination process can be performed in an inert
atmosphere or in air; inert gases are used in the case we need to preserve the carbonaceous network
as conducive carbon coated on the product’s particles. The calcination process converts the
intermediate gel into the final sol. The advantage of the sol-gel synthesis is the low cost and the reduced
particles’ size.

In this work we used citric acid as carbon source to obtain carbon-coated NasMnZr(PO4); and
NasMnTi(PO4)s powders. Different amount of citric acid were employed, in order to investigate the best
coating conditions for optimized electrochemical performances.

/\/GaMI’)Zf(PO423

NasMnZr(PO4); was synthesized following the procedure reported by Gao et al. [56]. An aqueous
solution containing CH;COONa (Aldrich, 99%), (CH3CO0),Mn - 4H,0 (Aldrich, 99%), NH4H,PO4 (Aldrich,
99%) and Zr(CsH;0,)4 (Merck, 97%) in stoichiometric amount, and citric acid (Aldrich, 99%) is prepared.
The solution is heated at 80°C to obtain the gel, which is then dried at 100°C in an oven. The powder is
ground in an agate mortar and heat-treated at 750°C for 10 h under nitrogen flux, to form the final
product. Three different solutions are prepared by changing the citric acid/compound mole ratio: 8.8,
3 and 2. The three samples are labelled 8.8-MnZr, 3-MnZr and 2-MnZr (Table 2.3 in Section 6). The
samples are also ball-milled at 100rpm for 40 minutes in order to reduce the particles size for the
electrochemical tests.

NazMnTi(POg)3

NasMnTi(PO,)s, was synthesized following the procedure reported by Zhou et al. [55]. An aqueous
solution of NaC,Hs0 (Aldrich, 99%), (CH3COO),Mn - 4H,0 (Aldrich, 99%), NH,H,PO4 (Aldrich, 99%) and
citric acid (Aldrich, 99%) is prepared (solution A). Another solution is obtained by dissolving C1,H2504Ti
(Aldrich 99%) in absolute ethanol (solution B). All the precursors are in stoichiometric amount. The
solution B is added to solution A dropwise, stirred and heated at 80°C until the gel forms. The gel is
dried at 100°C and ground in an agate mortar. The obtained powder is heat-treated at 650°C for 12 h
in nitrogen flux to obtain the final product. We prepare three different A solutions by changing the citric
acid/compound mole ratio: 8.8, 3 and 2. The samples are labelled 8.8-MnTi, 3-MnTi and 2-MnTi (Table
2.4 in Section 6). The samples are also ball-milled at 100rpm for 40 minutes in order to reduce the
particles size for the electrochemical tests.
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Subsection 2 Synthesis of ZnS-GO

The hydrothermal route is used to synthesize the ZnS-GO composite. In this procedure the active
material (ZnS) is properly coated with GO, to enhance its poor electronic conductivity. In the
hydrothermal process the combined action of temperature/pressure is used to obtain high purity and
crystalline products. The ZnS-GO composite is prepared following the procedures reported in
[74,198,308]; the final sample is used to prepare slurry and self-standing anodes.

0.1 g of GO (5-20 sheets, 4-10% edge-oxidized, Sigma-Aldrich) are dispersed into 60 mL of distilled
water. The solution is sonicated until a homogeneous dispersion is obtained, them 0.88g of zinc acetate
dihydrate (Zn(CH3COOQ),-2H,0; 99%, Sigma Aldrich) are added and the solution is sonicated for 1h. An
ammonium hydroxide solution (NHsOH; >25%NH; basis, Sigma Aldrich) is added dropwise until the
pH=9 is reached. A second solution is prepared by dissolving 1.92g of Na,S-9H,0 (>98%, Sigma Aldrich)
in 10mL of distilled water, and added to the previous one, stirred for 1 h, and finally transferred into a
stainless-steal autoclave for the thermal treatment at 140°C for 10 h. The idrogel product is washed in
water and ethanol, and finally centrifuged at 6000 rpm for 10 min, recovered and dried.

Section 2. Synthesis of CNFs and Self-standing electrodes by

electrospinning

In a conventional electrospinning process the polymer solution is pumped from the spinneret and
collected on an Aluminum current collector in the form of fibers [278]. The theory of the process is
explained in the introduction in Subsection 19. In this section we present the experimental setting and
the thermal treatments applied in this work to deposit CNFs and active materials/CNFs sheets, to
prepare the self-standing electrodes.

Subsection 3 Preparation of the solutions

CNFs

The solution containing 8 wt% of PAN in 50mL of DMAc is prepared to synthesize the pure CNFs. They
are fabricated to be compared to the self-standing electrodes, in which the active material is dispersed
in this matrix, and to investigate possible electrochemical activity of the CNFs sheets without the
presence of active materials.

Active materials/CNFs

T S
Figure 2.1: a) Solution of PAN for pure CNFs deposition; b) Solution of PAN and acti
standing electrodes deposition.

S

ve materials powder for self-

The solution to fabricate the active material/CNFs electrodes by electrospinning is prepared by
dispersing 10 wt% and 30 wt% of active materials into a 8%wt of PAN in DMAc [74,142]. The active
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material powder (0.376g and 1.128g of commercial LiFePO, (Aldrich 759546), NasMnZr(PO4)s,
NasMnTi(PO4)s, or ZnS-GO for 10 wt% and 30 wt% samples, respectively) is added to 50 mL of DMAc
and the suspension is sonicated for 1 h, in order to avoid the agglomeration of the active material
particles. Thereafter, 3.760g PAN is combined and the suspension is stirred overnight at 60°C, see Figure
2.1

Electrospinning deposition

The abovementioned solutions were electrospun by using a EFO50—Starter Kit Electrospinning of SKE
Research Equipment (C/O Leonardino S.r.l, Bollate, MI, Italy) horizontal set-up. In the case of the
NasMnZr(PO,)s/CNFs cathode, the 30 wt% solution is deposited also with a vertical set-up. For this
deposition a NANONO1A apparatus equipped with dehumidifier 501 (MEEC instruments, MP, Pioltello,
Italy) is employed, in collaboration with the Department of Drug Sciences, University of Pavia (Italy).
The horizontal deposition setting conditions are: 10.5 mL of dispersion loaded in the syringe, 3.5 mL/h
flow rate, 16 Gauge needle, applied voltage 16 kV, needle—collector distance 18 cm, and deposition
time 3 h. The abovementioned values were chosen after checking different conditions, as they give the
best quality depositions. Finally, a homemade humidity sensor included box is built for humidity control
<20% (see Figure 2.2).

The selected conditions for the vertical set-up are: 10 mL of dispersion loaded in the syringe, 0.5 mL/h
flow-rate, 16 Gauge needle, applied voltage 28 kV, needle-collector distance 15 cm, deposition time 3
h, and temperature and relative humidity values of 23 + 2 °C and 20 + 3% respectively.

A | 3 ‘

Figure 2.2: Electrospinning instrument and homemade box with humidity sensor.

Subsection 4 Thermal treatment
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Figure 2.3: CNF a) only electrospun, b) after stabilization and c) after carbonization; d) the view of a CNF sheet
after thermal treatment by SEM analysis.

The electrospun sheets are removed from the support (aluminium foil) and stabilized in air for 30
minutes at 100°C, 30 minutes at 200°C, and finally 2 hours at 260°C (heating ramp: 5 °C min™?). They
are further heat-treated in a tubular furnace (Carbolite) at 750°C for 2 hours (heating ramp: 10°C min™)
in nitrogen atmosphere for the carbonization process. The same thermal treatment is used for pure
CNFs sample which are carbonized at different temperatures and in diverse atmosphere (for details see
results in Section 1 of Chapter 3). The obtained sheets as electrospun and after the stabilization and
carbonization process are shown in Figure 2.3. The sheet thickness is evaluated by scanning electron
microscopy analysis (see Figure 2.3d), reported in Subsection 7 of Chapter 2.
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Subsection 5 Different approaches to deposit active materials/CNFs electrodes:

the case of dip-drop coating

This is a different strategy we adopted to prepare the self-standing electrodes, applied only to the
NasMnZr(PO4)s and NasMnTi(PO4); cathodes. The pure CNFs sheets were firstly prepared as reported
in Subsection 3, and thermally treated for stabilization and carbonization at 900°C. Then, an aqueous
solution of the active materials’ precursors is prepared by using the reagents’ amount of the sol-gel
synthesis and a citric acid/compound mole ratio of 2. The carbonized CNFs sheet is deeply drenched
into the precursor’s solution, and the same solution is also dropped on the CNFs sheet surface. The
drenched CNFs are dried in a vacuum oven at 120°C for one night, and thermal-treated in N;
atmosphere 10 h at 750°C to synthesize the NasMnZr(PQ,); self-standing cathode, and 12 h at 650°C
for the NasMnTi(PO4)s one. The advantage of this procedure is a higher amount of active material
loaded into CNFs, but the downsides are a nonuniform distribution or active material particles into
CNFs and the double thermal treatment to which the CNFs undergo. This causes a decrease of CNFs
sheet thickness and area, which makes difficult to obtain a proper size for the sample’s tests. The Figure
2.4 schematizes the dip-drop method.

Figure 2.4: Dip-drop synthesis; a) 8 wt% PAN solution in DMAc; b) Aqueous solution of active material’s
precursors; c) Electrospinning process of the pure CNFs; d) stabilization and carbonization of CNFs; e) drenching
of the CNFs sheet into the precursors’ solution; e) precursors’ solution dropped onto CNFs sheet. The drenched
sheets were further thermal-treated to synthesize the active materials into CNFs.

Section 3. Preparation of the Tape-casted electrodes

As aforementioned, conventional slurry electrodes were prepared and investigated, and their
electrochemical performance was evaluated, to discuss advantages/disadvantages compared to the
self-standing electrodes. We report the procedure applied to prepare the tape-casted electrodes.
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LiFePO4

The slurry is prepared by mixing the commercial (Sigma Aldrich) LiFePO, powder (80 wt%), acetylene
black (10 wt%) and Polyvinylidene fluoride (Kynar, 10 wt%) in N-methyl-2-pirrolidone (NMP). The
solution is stirred for 2 h, then it is tape-casted (Doctor Blake method) on an Aluminum foil and dried
at 100°C for 3 h. The composition of the slurry used for LiFePO4is taken from the patent [309].

NasMnZr(PO4)s

The active material is synthesized as reported in Subsection 1 of Chapter 2, and ball-milled at 100 rpm
for two cycles (20 min each). The slurry is prepared by mixing the active material (70 wt%), acetylene
carbon (20 wt%) and PVdF binder (Solvay 5130, 10 wt%) in NMP. The slurry is stirred 2 h, tape-casted
(Doctor Blade coating technique) on Aluminum foils and dried at 70°C for 3 hours.

NasMnTi(PO4)3

The active material is synthesized as reported in Subsection 1 of Chapter 2, and ball-milled at 100 rpm
for two cycles (20 min each). The slurry is prepared by mixing the active material (70 wt%), Super P
carbon (20 wt%), PVdF binder (Kynar, 10 wt%) and NMP. The slurry is stirred 2 h, tape-casted (Doctor
Blade coating technique) on Aluminum foils and dried at 70°C for 3 hours.

ZnS-GO

The active material is synthesized as reported in Subsection 2 of Chapter 2, and ball-milled at 100 rpm
for two cycles (20 min each). The ZnS-GO slurry is prepared with 70 wt% of active material, 20 wt%
Super P carbon, and 10 wt% CMC binder in distilled water, and stirred for 2 h. The slurry was tape-
casted on copper foils and dried at 70 °C for 3 hours.

Section 4. Characterization techniques

Subsection 6 X-Ray powder diffraction (XRPD)

X-ray power diffraction is a crystallographic investigation technique applied to evaluate the crystal
structure of solids with long-range periodic order. The phenomenon of diffraction consists of the
constructive interference between diffracted waves from the reticular planes of a crystal. The Bragg’s
law relate the incident radiation wavelength and the order of reflection (n) to the interplanar distances
(d) and to the diffraction angle (6).

All samples’ data are collected by using a Bruker D5005 diffractometer equipped with a Copper Kq
radiation, a curve graphite monochromator and a scintillation detector.

The following conditions were used for the XRPD data collection:

e pure CNFs sample. 16° - 80° 20 range; step size: 0.03°(20); counting time: 22 s/step.

e LiFePO, powder and self-standing electrodes. 16° - 80° range; step size: 0.03°(20); counting
time: 22 s/step.

e NasMnZr(PO,); powder and self-standing electrodes. 16° - 80° 26 range; step size: 0.03°(26);
counting time: 22 s/step.

e NasMnTi(POs); powder and self-standing electrodes. 18° - 80° 20 range; step size: 0.03°(20);
counting time: 22 s/step.

® ZnS-GO and 10%ZnS-GO/CNF samples. 17° - 80° 26 range; step size: 0.03°(26); counting time:
16 s/step.

The TOPAS 3.0 software (Bruker AXS, Karlsruhe, Germany) [310] is used to apply the Rietveld structural
and profile refinement to the diffraction data.
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In the case of the commercial LiFePO4 and pristine NasMnZr(PO,)s, NasMnTi(PO4); and ZnS active
materials, the following parameters were refined: (i) global parameters: polynomial background (third
degree polynomial function), sample displacement; ii) active material phase: scale factor, lattice
parameters, isotropic thermal factors. The profile was refined by applying the Fundamental Parameters
Approach [311-313], and the crystallite size is evaluated by the Scherrer equation.

In the case of the active materials/CNFs samples, a broad band centered at about 25°(20), attributed
to the CNFs amorphous phase, dominates the diffraction pattern, and the peaks of the crystalline active
material are weak, due to its low amount (10-30 wt%) (see XRPD results in Chapter 3). The refinement
procedure was modified as follows: (i) global parameters: polynomial background (third degree
polynomial function) and sample displacement; ii) active material phase: scale factor and lattice
parameters. The profile was refined by applying the Fundamental Parameters Approach, and the
crystallite size is evaluated by the Scherrer equation. (iii) amorphous broad band: peak’s position,
intensity and profile (Pearson-VII function and Full width at Half Maximum). We believe we cannot
obtain reliable values by adding other structural parameters of the active material phase, due to its low
amount and the relevant broad amorphous band. Finally, the degree of crystallinity can be calculated
by the total area of crystalline peaks (active material) over the total area of all peaks (active material
plus amorphous phase). The degree of crystallinity does not represent the crystalline phase amount,
but we used it to suggest the similarity of the 10%MnTi/CNF and 30%MnTi/CNF samples, as confirmed
by other characterization techniques (see Subsection 13 of Chapter 3).

Subsection 7 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray

spectroscopy (EDS)

The scanning electron microscopy (SEM) technique gives relevant information about the topography
and morphology of solids. In this technique a primary electron beam is suitably collimated and
accelerated by a series of electromagnetic lenses to scan the surface of the sample. The interaction
between the beam and the sample generates secondary electrons, which are revealed and converted
into electrical impulses. The outcoming signal is processed to give a high-resolution image of the
investigated surface. The sample is required to be conductive for the analysis.

SEM micrographs of all the investigated samples are collected with a Zeiss EVO MAH10 (Carl Zeiss,
Oberkochen, Germany) scanning electron microscope on Au sputtered samples (20 kV, secondary
electron images, working distance 8.5 mm). The microscope is equipped with an energy dispersive
detector (X-max 50 mm 2, Oxford Instruments, Oxford, UK) for the EDS analysis. SEM analysis is applied
to investigate the morphology of active materials’ powders, CNFs, and active-materials/CNFs
composites.

Energy dispersive X-ray spectroscopy provides qualitative and quantitative information on the chemical
elements present in the sample and their distribution, namely the distribution maps of the elements.
This technique detects the X-Ray emitted by the elements present in the sample when it interacts with
a high energy electron beam. The analysis is performed by using the same instrumentation employed
for SEM thecnique (Subsection 7), but, in this case, the samples’ conductivity is not required. The EDS
is mainly used to verify the homogeneous dispersion of the LiFePOs, NasMnZr(PO4)s, NasMnTi(PO4)s,
and ZnS-GO active materials on the surface and along the thickness of the CNFs sheets. The preparation
of CNFs sheets is detailly reported in Section 2 of Chapter 2.

Subsection 8 Transmission Electron Microscopy (TEM)

The transmission electron microscope gives information about the morphology, topography, and
crystal structure of a material. An electron beam is generated in vacuum, and focalized on the sample.
The sample must be extremely thin (thickness of 5-500nm), to be crossed by the electron beam.
Thereafter the beam is modulated using electrical and magnetic field and hits a fluorescent surface
projecting and magnifying the sample image.
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The TEM images of the investigated samples are collected with a JEOL JEM-1200EXIIl equipped with
TEM CCD camera Mega View lll transmission electron microscope to highlight the distribution of the
carbon coating around the NasMnZr(PO,)s and NasMnTi(PO,)s particles, and the presence of LiFePQ,,
NasMnZr(PO4)s;, NasMnTi(PO.)s, ZnS-GO powders into the carbon nanofiber sheets. Both active
materials powders and self-standing electrodes are dispersed in water, and a drop of 0.7uL is deposited
on the formvar/carbon coated Ni grid and dried. The measurement were performed at the “Centro
Grandi Strumenti” of the University of Pavia.

Subsection 9 Thermogravimetric Analysis (TGA)

The thermogravimetric technique investigates the mass changes when a substance is submitted to a
controlled temperature program (heating, cooling, or isotherm). The weight loss can be attributed to
different phenomena, such as release of water, carbon combustion/pyrolisis, the oxidation/reduction
or decomposition.

The TGA data collection is performed with a TA Q5000 instrument in air, in the 20 °C-725 °C temperature
range (heating rate: 10 Kmin™?). The technique is used to determine the amount of carbon coating in
the NasMnZr(PO,); and NasMnTi(PO4)s, and ZnS-GO powders, and the effective amount of LiFePQ,,
NasMnZr(PO4)s;, NasMnTi(PO,)s, and ZnS-GO active materials loaded into CNFs for the self-standing
electrodes.

Subsection 10  Micro-Raman spectroscopy (micro-RAMAN)

The Raman spectroscopy is used to investigate the vibrational modes in molecules or solids, to
determine their structural features, as vibrational modes depend on the chemical bonds and symmetry.
The mechanism is based on the inelastic scattering of photons, and the laser light is used as
monochromatic source. The Raman effect consists in the interaction between the electron cloud of the
substance and the external electric field of the source: a temporary dipole moment is induced.

In the case of micro-Raman analysis, the Raman apparatus is equipped of a microscope, to focalize the
laser beam on a sample region with micrometric size.

The Raman measurements are performed with a micro-Raman spectrometer, XploRA Plus HORIBA
Scientific, equipped with an Olympus microscope BX43.

For all LiFePQO4, NasMnTi(PO4)s, and ZnS-GO powder and correspondent self-standing electrodes, the
laser red light at 638 nm (90 mW) is used as excitation source, and the incident laser power is tuned by
a set of neutral filters with different optical densities. While, for the NasMnZr(PO,); powder and
NasMnZr(PO4)s/ CNF samples, the green laser light at 532 nm is used as excitation, tuning the 100 mW
output power by a set of neutral filters with different optical density. The samples are placed on a
motorized xy stage. Spectral resolution is about 2 cm™ for LiFePO4, NasMnTi(POs)s and ZnS based
materials, while it is 3 cm™ for the NasMnZr(PO4)s based ones. An Open Electrode CCD camera, with a
multistage Peltier air-cooling system, is used as detector. The measurements have been performed
using a 50x objective with a long working distance, that leads to a spatial resolution of the order of 4
pm.

The Raman spectra are acquired on 10 accumulations, and with mean integration time of about 20 s,
10 s, 10 s and 20 s for the LiFePO,4, NasMnZr(PQ4)s, NasMnTi(PO4)s, and ZnS-GO samples, respectively.
All the reported data are obtained as the average spectrum, sampling the materials in several different
regions.

The micro-Raman analysis is applied to determine the presence of ordered carbon, by evaluating the
Ie/Ip ratio in the active materials’ powders, in pure CNFs carbonized at different temperatures, and in
the active materials/CNFs composites. In the latter samples, the signals from the active material
structure can be partially or totally overwhelmed by the intense carbon-related Raman features, with
two broadened bands peaked at about 1350 cm™® (D-mode) and 1590 cm™* (G-mode), attributed to the
sp® type amorphous carbonaceous material and to the sp? graphite-like one, respectively. This is
explained by the different Raman cross-sections, and by the fact that the carbon coating prevents the
excitation of inner active material structure. So, the active material’'s Raman signals will be partially or
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not detected, depending on the active material amount and distribution within the CNFs matrix (see
Raman results in Chapter 3).

Section 5. Electrochemical characterization: cell preparation and

electrochemical techniques

In this section we report the experimental procedures applied to assemble the cells and the
electrochemical techniques used to characterize both self-standing and slurry (tape-casted) electrodes.

Subsection 11 Cell-assembly

All the cells are assembled in an Argon-filled dry box (M. Braun H,0<0.1 ppm 0,<0.1 ppm), using a
home-made Swagelok type T cell with polypropylene body. Two disks are cut (1 cm diameter) for each
cell: one of slurry or self-standing electrode as working electrode (WE), and one of metallic Lithium or
Sodium (depending on the investigated active material) as both counter (CE) and reference electrode
(RE). For LiFePO4 electrodes a commercial electrolyte LiPF¢ 1M in ethylene carbonate: diethyl carbonate
(EC: DEC) 1:1 (Aldrich) is used. NaClO4 1M in Propylene carbonate (PC) with 5% of 4-Fluoro-1,3-
diocolan-2-one (FEC) is used as electrolyte for both NaSICON-structured NasMnZr(PQO.)s and
NasMnTi(PO4)s. The FEC is added as it provides improved electrolyte stability in the high working
voltage of the two cathodes. Finally, for ZnS-GO anode, the NaClO4 1M in EC:DEC (1:1) and 5 wt% FEC
electrolyte is used.

Subsection 12 Contact angle

The contact angle analysis is typically used to evaluate hydrophobic/apolar or hydrophilic/polar nature
of a solid surface. It could be small or large based on the physical properties of the investigated
materials. When the contact angle is large, the spreading of the droplet is poor, as shown in the Figure
2.5b (left droplet). When the contact angle is small, the droplet is spread on the surface and there is
the wetting phenomenon illustrated in Figure 2.5c (right droplet). The surface wettability of the solid is
determined by the intermolecular interactions between the surface and the liquid droplet. The contact angle 6 is
measured between the liquid and solid surface [314].
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Figure 2.5: Schematic representation of the wetting contact angle (taken from [315]) and b) its dependence on
the hydrophilic or hydrophobic solid surface (taken from [314]).

In this work, this analysis is used to qualitatively evaluate the wettability of the carbonized self-standing

electrode when its surface is wetted with water and the electrolyte drop. The measurements are

performed using the goniometer Cam200 contact angle and surface tension meter (KSV instrument).
Subsection 13 Cyclic voltammetry (CV)

Cyclic voltammetry is a potentiodynamic electrochemical method developed on the application of a

triangular wave form potential. A stationary electrode is immersed in a solution and the potential of
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the working electrode has varied linearly over time with a scanning speed measured in volt per second
(V/s). The potential is measured between the reference electrode (Li or Na), and the working electrode
(cathode material), whereas the current is measured between the working electrode and the counter
electrode (Na). The current | is reported against the applied potential E, to give the cyclic
voltammogram. For each analyte that is reduced (or oxidized), an electron exchange with the working
electrode occurs; the measured current changes, and a peak is recorded in the voltammogram. If the
process is reversible, by scanning the voltage range in the opposite direction, a peak due to the
oxidation (or reduction) process is detected at the same voltage value, but with opposite sign.

The electrochemical properties of the slurry and self-standing electrodes are investigated at ambient
temperature by cyclic voltammetry (CV) and galvanostatic charge/discharge cycles using a Swagelok
cell. The CV is performed with an Autolab PGSTAT30 potentiostat. The cells are cycled for three cycles
at 0.1mV in the 2.5-3.9V, 2.5-4.5V, 1.5-4.5 V, and 0.01-3V potential range, for the LiFePQ,,
NasMnZr(POa)s, NasMnTi(PO4)s; and ZnS-GO electrodes, respectively. Finally, we also investigated the
diffusion process of the electrodes by cycling the half-cells at different scan rates (0.1mV/s, 0.2mV/s,
0.5mV/s and 1mV/s) in the above-mentioned potential ranges. The data are analyzed to unravel the
faradaic/diffusive and non-faradaic/pseudo-capacitance phenomena which dominate the
electrochemical activity of the investigated active materials.

Subsection 14  Galvanostatic charge/discharge cycles

The working principle of a potentiostat/galvanostat depends on the type of application, and so the
instrument is connected to the electrochemical cell in different set-up. We use the galvanostatic mode
and the two-electrode setup. In the former we control the current flow between the WE and the CE.
The potential difference between the RE and WE and the current flowing between the CE and WE are
continuously monitored. In the latter, the CE and RE are shortcut at one electrode, whereas the WE
and sense (S) are shortcut on the opposite electrode. A schematic view is reported in Figure 2.6. In this
case, we measure the potential across the complete cell. The two- electrode configuration is used when
precise control of the interfacial potential through the working electrode-electrolyte interface is not
critical, and the behavior of the entire half-cell is investigated.

CE/RE

Electrochemical cell

Figure 2.6: Schematic representation of the two-electrode setup in the tested cell.

Galvanostatic charge/discharge cycles are obtained with a Neware-4000BTS apparatus at different
current rates (0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C and 20C) in the abovementioned potential ranges
(Subsection 13) for all LiFePO4, NasMnZr(PQ4)s;, NasMnTi(PO4)s, and ZnS-GO tape-casted and self-
standing electrodes. We also test the lifespan of the most promising cathodes by cycling for about 300
cycles the tape-casted electrodes, and 1300 cycles the self-standing ones. While, The ZnS-GO anode
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was cycled 5 cycles t 0.05C and 200 cycles at 0.5C, as a preliminary investigation of its possible
employment as anode of SIBs.

The analytical method used for cycling analysis is the constant current and constant potential (CCCV)
one: a scheme is shown in Figure 2.7 [316—319]. In the first part we impose constant current (CC) at
proper C-rate to charge/discharge the cell, and the current makes the cell voltage increase. Once
reached the respective voltage limit, the cell is maintained at this constant voltage (CV) to permit a full-
charge/discharge of the cell, storing the maximum possible capacity, and preventing from overcharged
potential. While the potential is constant, the current exponentially decreases, until below the 5% of
the rated-current which is not relevant for the storage of capacity [317]. So, we define the cut-off
current, under which the cell in charging begins the discharge step, and vice versa. The cut-off current
defines the capacity utilization together with the constant voltage imposed. The CC step permits the
reversible migration of alkali metal ions from the cathode-electrolyte to the anode-electrolyte
interfaces, increasing the alkali metal concentration at solid/liquid interface, and making the charged
capacity percentage higher. Instead, at CV step, the alkali metal ions diffusion occurs from the anode-
electrolyte interface to the anode bulk and from the cathode bulk to its interface with electrolyte [317].
The CV step also helps in studying the degradation of LIBs, because, when the aging mechanism
increases, the cut-off current is reached earlier. This analysis is employed in the current commercial
fast charger and makes cell lifespan longer [319,320].
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Figure 2.7: Representation of CCCV analysis (taken by [316]).

Section 6. Scheme of samples and codes

In this section we summarize in Table 2.1Table 2.5 the investigated samples and specify the code used
in this work to identify them.
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Table 2.1: List and preparative details of CNFs samples.

Label Description

Spin CNFs are only electrospun

Stab CNFs undergo to stabilization process

Carb CNFs undergo to carbonization process
600-CNF CNFs are carbonized at 600°C
700-CNF CNFs are carbonized at 700°C
750-CNF CNFs are carbonized at 750°C
800-CNF CNFs are carbonized at 800°C
900-CNF CNFs are carbonized at 900°C

Table 2.2: List and preparative details of LiFePO4 samples.

Label Description

LiFePOq4 LiFePO4 (commercial powder) for slurry

self-standing electrode: 10 wt% LiFePO,

10%LiFePO4/CNF (commercial powder) loaded into carbonized
CNF
self-standing electrode: 30 wt% LiFePO,
30%LiFePO4/CNF (commercial powder) loaded into carbonized
CNF
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Table 2.3: List and preparative details of NasMnZr(POa4)3 samples.

Label Description
8.8-MnZr citric acid / compound mole ratio = 8.8
3-MnZr citric acid / compound mole ratio=3
2-MnZr citric acid / compound mole ratio = 2
5-Mn2Zr Slurry electrode: NasMnZr(PQ4); powder; citric

h-10%NasMnZr(PO.)s/CNF

h-30% NasMnZr(PO,)s/CNF

v-30% NasMnZr(PO,)s/CNF

dd-MnZr\CNF

acid/compound mole ratio = 2

self-standing electrode:
horizontal setting

10 wt% NasMnZr(PO4); powder loaded into carbonized
CNF

self-standing electrode:
horizontal setting

30 wt% NasMnZr(PQO,)s powder loaded into carbonized
CNF

self-standing electrode:
vertical setting

30 wt% NasMnZr(PO,); powder loaded into carbonized
CNF

self-standing electrode:
horizontal setting

NasMnZr(PO,); deposited by dip-drop coating on
carbonized CNF
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Table 2.4: List and preparative details of NasMnTi(POa)3 samples.

Label Description
8.8-MnTi compound /citric acid mole ratio = 8.8
3-MnTi compound /citric acid mole ratio = 3
2-MnTi compound /citric acid mole ratio = 2
5-MnTi Slurry electrode: NasMnTi(PO4); powder; citric

10% NagMnTi(PO4)3/CNF

30% NagMnTi(PO4)3/CNF

dd-MnTi/CNF

acid/compound mole ratio = 2

self-standing electrode:
horizontal setting

10 wt% NasMnTi(PO.); powder loaded into carbonized
CNF

self-standing electrode:
horizontal setting

30 wt% NasMnTi(PO4); powder loaded into carbonized
CNF

self-standing electrode:
horizontal setting
NasMnTi(PO,)s deposited by dip-drop coating on
carbonized CNF

Table 2.5: List and preparative details of ZnS-GO samples.

Label Description
Powder of ZnS prepared with hydrothermal synthesis,
ZnS-GO adding graphene oxide (GO)

10%ZnS-CNF/GO

30%ZnS-CNF/GO

self-standing electrode:
horizontal setting
10 wt% ZnS-GO powder loaded into carbonized CNF

self-standing electrode:
horizontal setting
30 wt% ZnS-GO powder loaded into carbonized CNF
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Chapter 3.  Results and discussion

In this chapter we report and discuss the results obtained by the the characterization techniques and
the electrochemical tests. Firstly, we present the results on pure CNFs samples. Secondly, we investigate
the LiFePO./CNFs self-standing cathode for LIBs: the use of the commercial active material allows us
to evaluate the suitable experimental conditions to deposit CNFs sheets displaying homogeneous
dispersion of LiFePQ,. Then, self-standing NasMnZr(PO,)s/CNFs and NazsMnTi(PO4)s/CNFs electrodes for
SIBs are investigated. In the case of the NasMnZr(PO4)s/CNFs cathodes, the results obtained by
electrospinning deposition with different approaches are discussed. Finally, we present the preliminary
results of the ZnS-GO/CNFs anode for SIBs. The electrochemical performance of all the self-standing
electrodes were compared to those obtained for tape-casted ones, appositely prepared, to evidence
the advantages/disadvantages of the devices.

Section 1. CNFs investigation

The CNFs sheets are synthesized as reported in Figure 3.1. We firstly investigate the influence of the
inert gas atmosphere (Ar; and N) and the thermal treatment temperature of the carbonization process
on the morphology and electronic conductivity of CNFs.

Subsection 1 XRPD
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Figure 3.1: X-Ray diffraction patterns of the CNFs sheets carbonized a) at different atmospheres, b) at different
carbonization temperature.

The X-Ray powder diffraction analysis is applied to detect the band of not graphitic and graphitic
carbons. The Figure 3.1a shows the patterns of CNFs samples carbonized at the same temperature
(900°C) under two different atmospheres: N, (green) and Ar; (blue). Two bands are visible at 25° and
45°, which correspond to the (002) and (101) planes of the turbostratic carbon structure [81,291,321].
The two bands indicate that the main component of carbonized carbon display graphitic structure with
well-defined crystallinity [321]. No differences are detected by using the two atmospheres, so we chose
Nitrogen to carbonize the sample, as it is cheaper than Argon. The next step is to carbonize CNF sheets
at different temperatures: 600°C, 700°C, 750°C, 800°C, and 900°C. The diffraction patterns are shown
in Figure 3.1b: the patterns are comparable, and the bands of the graphitic carbon are detected.

Subsection 2 Morphological analysis

The Figure 3.2 displays the SEM images of CNF sheets (9kX and 25kX) treated at the different
carbonization temperatures: 600°C, 700°C, 750°C, 800°C, and 900°C. The nanofibers diameters are
rather variable and there is not a clear trend with temperature, but it seems to decrease with
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temperature. At 600°C the diameter size is about 300 nm and achieves values of about 700 nm at
700°C. Then, for higher temperatures, the CNFs diameter decreases: 129.3-242.8 nm, 227.8 nm, and
103.7-309.4 nm at 750°, 800°C and 900°C, respectively. So, increasing the temperatures the nanofibers
diameters decrease, as also reported in the literature [322], where the diameter at 800°C is about 274

nm. Finally, at 600°C the nanofibers appear less continuous and more broken compared to other
temperatures.
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Figure 3.2: SEM images of CNFs carbonized at different temperatures: a,b) 600-CNF; c,d) 700-CNF; e,f) 750-CNF;
g,h) 800-CNF; i,I) 900-CNF.
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Subsection 3 RAMAN spectroscopy
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Figure 3.3: Raman analysis of CNFs sheets carbonized at different temperatures: a) Raman spectra (800-CNF
yellow line is overwhelmed by the black line 600-CNF) the; b) representation of Ig/Io of all samples.

The Figure 3.3 reports the RAMAN spectra of CNFs sheets carbonized at different temperatures; we
investigate possible changes in the graphitization degree with carbonization temperature
[284,291,323]. The highest is the amount of the graphitic carbon, the highest is the electronic
conductivity, and this is beneficial for the electrochemical performances. To obtain the graphitization
degree, we investigate the Ig/lp ratio with RAMAN analysis. The RAMAN spectra (Figure 3.3a) display
the band at about 1350 cm™ (D band), attributed to the presence of disordered carbon and defects of
sp® carbon, and the band at about 1600 cm™ (G band), typical of ordered sp? graphitic carbon, as
reported by ref. [321]. It is well-known that the value of the Ig/Ip ratio evaluated through the integrated
areas of the G and D bands gives an indication of the degree of graphitic carbon present in the sample:
the higher the lg/Ip ratio, the higher is the amount of ordered carbon [321]. In Figure 3.3b, the Ig/Ip
ratio of each sample is shown: the values of 0.64, 0.67, 0.74, 0.75, and 0.83 at 600°C, 700°C, 750°C,
800°C, and 900°C, respectively, are obtained. The results confirm that the higher carbonization
temperature increases the graphitic carbon amount. This trend is already confirmed by Liu et al.
reporting a lg/lp value of 0.85 and 1.11 at 700°C and 1000°C, respectively [323]. So, we should obtain
the best electronic conductivity for 900°C.

Subsection 4 Electrochemical results
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Figure 3.4: Variation of CNFs sheets thickness (blue) and electronic conductivity (red).
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The Figure 3.4 shows the electronic conductivity and the nanofiber sheet thickness (evaluated by SEM)
trend with the carbonization temperature. The electronic conductivity increases as the carbonization
temperature increase. The values of electronic conductivity are 1.76x10°%, 5.45x10*, 1.56x103, 1.94x10°
3, and 2.94x10? S/cm at 600°C, 700°C, 750°C, 800°C, and 900°C, respectively. The results confirm that
at higher graphitization/carbonization temperature, higher electronic conductivity is achieved. This
trend is also confirmed in the literature for other temperature values [320], where Munajat et al. report
electronic conductivity values of 0.13 S/cm, 63.82 S/cm and 73.17 S/cm at 800°C, 1000°C and 1200°C,
respectively [284]. So, in our case, the best temperature choice should be 900°C, to prepare the self-
standing electrodes benefiting from highly conducive carbon. However, it is necessary to strike a trade-
off between a good electronic conductivity and the synthesis temperature/degradation of the active
material. Indeed, for too high carbonization temperatures, structural transition/degradation of the
active material may occur. Moreover, the higher is the carbonization temperature, the lower the
thickness of nanofiber sheets is, and this may give problems during the cells assembling. The trade-off
to prepare CNFs with active material powder is found at 750°C, as reported in the following Section
2Subsection 5 of Chapter 2.

Here we report the electrochemical behavior of only CNFs at 900 °C, because we are interested in
studying the electrochemical activity of the pure CNFs at their best synthesis conditions and without
the presence of active materials.
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Figure 3.5: Cyclic voltammetry curves of CNF sheets used as electrode: global view of red-ox peaks for a) LIBs and
c) SIBs in the voltage range of 0.01V-4.5V, red-ox peaks of CNF anode for b) LIBs and d) SIBs in the voltage range
of 0.01V-3V.

Cyclic Voltammetry is applied to pure CNFs, to investigate their electrochemical activity. The CV curves
of the pure 900-CNFs in the 0.01-4.5V range for Lithium and Sodium are shown in Figure 3.5a,b and
Figure 3.5c¢,d, respectively. Red-ox peaks are detected only below 3V, this suggests that 900-CNFs could
be used as self-standing anode for both LIBs and SIBs. The anodic CNFs behavior at 750°C, i.e. the
temperature chosen to synthesize the self-standing electrodes, is instead elucidated in Section 5 of
Chapter 3, together with the study of the ZnS anode.

The LIBs CNF anode shows red-ox anodic and cathodic peaks at 1.16 V and 0.84 V, respectively (Figure
3.5a,b), and the CV matches the results found in literature by Kumar et al [324]. A peak at 0.43 V is
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detected only in the first cycle, possibly caused by the formation of SEI. As reported in literature [324],
the formation of SEl includes the polycarbonate, polyethylene oxide and inorganic products which
imply more lithium consumption during the first cathodic cycle [324]. The anodic current intensity
achieves 0.1 A/g, while the cathodic one is about -0.33 A/g.

For SIBs” anode (Figure 3.5c,d), the red-ox anodic peak is at 0.13 V with a current intensity of 0.23 A/g
and the cathodic one at 0.07 V with a current intensity of -0.15 A/g. In the case of anodic peak, the
current intensity of SIBs is higher than the LIBs one, while it is opposite for the cathodic peak. Finally,
the first CV cycle of SIBs presents two additional cathodic peaks at 1.20 V and 0.40 V, attributed to the
SEl formation as reported by Jin et al. [81]. The potential of SEl formation is different between LIBs and
SIBs due to the difference of standard electrode potential [81]. In the case of SIBs, an anomalous
variation of anodic red-ox peak can be noted by changing the voltage range of analysis from 0-4.5V to
0-3V (Figure 3.5c,d). The phenomenon is under investigation, and we checked the data reproducibility
by further analyses. The behavior is also confirmed by literature results [81], which report similar CV
shape in the potential range of 0-2.5V.

The Figure 3.6a and b displays the charge/discharge cycles at different C-rate for LIBs and SIBs,
respectively, in the 0.01-3V potential range. In the case of LIBs (Figure 3.6a), the initial discharge
capacity is 1308.0 mAh/g for the SEI formation, and after the first cycle there is a capacity loss to 566.5
mAh/g. The capacity is retained in the following cycles. The average discharge capacities are 663.2,
363.4,289.9,140.4,111.5,67.0, and 57.0 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, and 5C, respectively.
The coulombic efficiency is 299.8%, and the capacity retention at the end of the measurement is 57.7%.
We obtained improved performance compared to the literature, where the initial specific capacity is
about 800 mAh/g, with a specific capacity decrease to 260 mAh/g at 0.1C [291]. The irreversible
capacity loss is almost half of the initial capacity; this is also verified for literature data. Kumar et al.
[324] explain that this phenomenon is due to the following reasons: (i) the lithium consumption during
the formation of SEI and (ii) the lithium adsorption on the graphitic layers of CNFs surface
(pseudocapacitive storage).

In the case of SIBs (Figure 3.6b), the initial discharge capacity is 300.3 mAh/g for the SEl formation, and
after the first cycle there is a capacity loss to 167.6 mAh/g. The following cycles maintain a stable
capacity. The average discharge capacities are 188.9, 146.8, 133.9,115.9, 114.9, 61.51, and 35.7 mAh/g
at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, and 5C, respectively. The coulombic efficiency is 296.8%, and the
capacity retention at the end of the measurement is 74.1%. In this case, the results are similar to the
literature ones, which report an initial specific capacity of 399 mAh/g, followed by a specific capacity
loss to 217 mAh/g at 0.1C, and a coulombic efficiency >297% [292].

Both samples could be employed as self-standing anodes.
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Figure 3.6: Charge\Discharge cycles at different C-rate of CNFs sheets used as a) Lithium-ion anode and b) Sodium-
ion anode.

Section 2. Testing CNFs with LiFePO4 cathode

In this section we present the characterization and electrochemical performance of the LiFePO4/CNFs
self-standing cathode for LIBs, prepared as reported in Section 2 of Chapter 2. We loaded the
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commercial LiFePO4 powder into CNFs, by simply adding it to the solution to be electrospun. Proper
comparison to the tape-casted counterpart is presented. As reported in Section 8 of Chapter 1, this
study is a preliminary investigation of the synthesis conditions to fabricate self-standing electrodes
based on active-materials/CNFs composites by electrospinning. So, we pointed at using known and
characterized commercial LiFePO, to make our study independent of the active material’s synthesis
approach. The commercial LiFePO, is not carbon-coated.

The following results and discussion are published in a paper of our research group [325].

A scheme of the synthetic approaches is shown in Figure 3.7.

Tape casting method Electrospinning approach

Solution of 8%PAN in DMAc
with 10% or 30% of LiFePO,
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== T% I—
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10%active carbon and
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Blade l

movment
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[ ]
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Figure 3.7: Scheme of the synthetic approaches used for the electrodes’ preparation.
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Figure 3.8: X-Ray analysis of LiFePOa (blue), 10%LiFePO4/CNF (red), 30%LiFePO4/CNF (green), and pure carbonized
CNF at 750°C (black) samples.

In the Figure 3.8, the pure CNFs, LiFePO4, 10%LiFePO4/CNF, and 30%LiFePO4/CNF X-ray diffraction
patterns are shown. The peaks of the LiFePO, powder well fit the two-theta positions reported in the
JCPDS database (PDF# 40-1499) and the orthorhombic olivine-type crystal structure with Pnma space
group (a =10.3268(1) A, b=5.9975 A, ¢ =4.6945 A) [326]. The pure CNF sample shows the broad band
at about 25° typical of the amorphous phases. The diffraction patterns of LiFePO4/CNF samples display
both the amorphous component and the crystalline olivine-type structure, confirming that the LiFePO4
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is loaded into CNFs. For the LiFePO, and LiFePO4/CNF samples, the Rietveld refinement of the
diffraction data is carried out, based on the structural model reported in [326]. The refined lattice
parameters, cell volume and discrepancy factors are reported in Table S. 1, and the experimental and
calculated patterns are compared in Figure S. 1. The refined model fits the experimental diffraction
data. The LiFePO, lattice parameters and cell volume of the LiFePO4/CNF samples well compare to the
pure LiFePO4 one. The carbonization process in nitrogen at 750°C does not affect the olivine-type crystal
structure. In the Figure S. 2, the X-Ray diffraction patterns of the 10%LiFePO./CNF and the
30%LiFePO4/CNF samples after electrospinning, stabilization, and carbonization processes are shown.
The olivine structure is retained after the thermal treatments applied to synthesize of self-standing
electrodes. For this reason, in the following analysis, we show only the results for carbonized
LiFePO4/CNF and commercial powder samples, as the carbonized sample is that used for the
electrochemical investigation.

Subsection 6 Morphological analysis

Figure 3.9: a,b) SEM and c,d) TEM image of LiFePO4 sample.

Figure 3.9 shows the SEM and TEM images of the carbon uncoated LiFePO, powder. The SEM images
(Figure 3.9a,b) display aggregates of micrometric size composed by nanometric particles. The
agglomerates’ surface is defined but irregular and the sub-particles show homogeneous morphology.
The TEM micrographs (Figure 3.9c,d) confirm the presence of aggregates of nanoparticles with
diameter in the 13-155 nm range.

The Figure 3.10 reports the surface and cross-section SEM images of the self-standing electrodes. The
10%LiFePO4/CNF sample (Figure 3.10a-c) is composed by LiFePO; micrometric agglomerates spread
between and into the CNFs. The agglomerates are constituted by particles comparable in size to the
pristine and commercial LiFePO,4 powder, shown in Figure 3.9a,b. The CNFs sheet have diameters of
about 250 nm and the thickness of the sheet is about 200 um. The Figure 3.10d-f displays the SEM
images of the surface and cross-section of the 30%LiFePO4/CNF sample. Similar to the 10%LiFePO4/CNF
self-standing cathode, LiFePO, agglomerates are greater than 1um and are distributed into CNF fibers
with diameter of about 80 nm. In the 30%LiFePO,/CNF sample the agglomerates of LiFePO, active
material are embedded into CNF diameter and are more evident. The sheet thickness is about 180 um.
The Figure 3.11 reports TEM images of the self-standing electrodes. The TEM analysis confirms the SEM
results: the LiFePO, agglomerates are spread between and within the nanofibers for both the
10%LiFePO4/CNF (Figure 3.11a,b) and 30%LiFePO4/CNF (Figure 3.11c,d) cathodes. In the case of
10%LiFePO4/CNF electrode the agglomerates are composed by sub-particles with nanometric size
ranging between 45 and 72 nm, and similar to that detected for the pristine commercial LiFePO4
powder (see Figure 3.9¢,d). The CNFs show variable diameter in the 90 - 250 nm range. In the case of
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the 30%LiFePO4/CNF sample, the agglomerates connect nanofibers and are larger. The CNFs diameter
is in the range of 200-330 nm.

Figure 3.10: SEM images of a,b) surface and c) cross-section of the 10%LiFePO4/CNF sample. SEM images of d, e)
surface and f) cross-section of the 30%LiFePO4/CNF sample.

-.
..

Figure 3.11: TEM images of the a,b) 10%LiFePO4/CNF and c,d) 30%LiFePO4/CNF samples.

The EDS analysis gives insights into the LiFePO,4 powder distribution on the surface (Figure 3.12) and
within the cross-section (Figure 3.13) of the self-standing cathodes. In both LiFePO4/CNF samples, the
P and Fe distribution maps confirm that the agglomerates detected within and between the CNFs are
LiFePO., and the particles are homogeneously distributed along the sheet thickness. This is beneficial
to reach good electrochemical performance and it is difficult to be obtained with other routes used to
prepare self-standing electrode as, for example, dip-drop coating.
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Figure 3.12: EDS analysis. 10%LiFePO4/CNF sample: investigated a) surface and b) Fe and c) P distribution maps;
30%LiFePO4/CNF sample: d) investigated surface and e) Fe and f) P distribution maps.
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Figure 3.13: EDS analysis. 10%LiFePO4/CNF sample: investigated a) cross-section and b) Fe and c) P distribution
maps; 30%LiFePO4/CNF sample: d) investigated cross-section and e) Fe and f) P distribution maps.
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Subsection 7 Thermogravimetric and RAMAN analysis

T T [ 7T T ¢ T [ F T I LT

—

100

90

O

80

70

60

30

Weight loss (%)

10%LiFePO,\CNF
30%LiFePO4\CNF
—LiFePOy

P A I O

40
30

20

J RAERIEEERE LESR ’-'I"'W"'W“"""r

P fee )

S O Y T T N O N [N T Y O Y (N N T N O O O [, o e

100 200 300 400 500 600 700
Temperature (°C)
Figure 3.14: TGA curves of 10%LiFePO4/CNF (red), 30%LiFePO4/CNF (green) and c-LiFePO4 (Blue).
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The thermogravimetric analysis is applied to evaluate the weight percentage of LiFePO, loaded into the
carbon nanofiber sheets, to be compared to that used in the self-standing electrode synthesis (10 and
30 wt%).

The thermogravimetric curves of the LiFePO,4, 10%LiFePO4/CNF, and 30%LiFePO4/CNF samples are
shown in Figure 3.14. The TG curve of the LiFePO,sample well compares to the literature data [327—-
329]. A small mass loss is detected below 200°C, due to the release of adsorbed water, then a mass
gain occurs in the 350-600°C temperature range, reaching the final mass value of 103.4 wt%. The mass
increase is attributed to the LiFePO, oxidation in air to form LisFe;(POa)s; and Fe;03 [327-329]. In the
case of the LiFePO4/CNF samples, a little mass loss occurs below 200°C for adsorbed water release,
then in the 400-650°C temperature range a relevant mass loss is detected. This mass changes are due
to the simultaneous occurrence of the thermal phenomena: (i) the oxidation of the carbon component
and CO; release (mass loss) and (ii) LiFePO4 oxidation (mass uptake) [329]. The carbon amount in the
self-standing electrodes is calculated as the difference between the final masses of the LiFePO4 powder
(103.4 wt%) and the LiFePO4/CNF samples (15.65 and 37.93 wt% for the 10%LiFePO4/CNF and
30%LiFePO4/CNF samples, respectively). Hence, the active material amount into the CNFs sheets can
be evaluated. The LiFePO4 contentis 12.25 and 34.53 wt% in the 10%LiFePO4/CNF and 30%LiFePO,/CNF
samples, respectively, and the values well compare to those loaded in the synthesis.

Raman spectroscopy aims to evaluate the carbon coating and to further assess the crystalline quality
of the different samples. In Figure 3.15 the Raman spectra of the 10%LiFePO4/CNF and
30%LiFePO4/CNF samples are shown in the 200-1800 cm™ range: the CNF sample is also shown for
comparison. In the inset the Raman spectrum of commercial LiFePO4 powder is reported as well.

For LiFePO, sample we obtain a Raman spectrum perfectly matching the expected Raman yield of the
olivine structure. The main Raman band at 950 cm™ is attributed to the v; intramolecular stretching
mode of PO,* unit. Close to this mode, at slightly higher energies, the v, and vs modes caused by
symmetric and asymmetric P—O bonds vibrations are visible [330,331].

Below 400 cm™ the Raman signals are attributed to the external modes of the olivine structure,
composed principally of whole body translatory and vibrational motions of the PO,* ions and
translatory motion of the Fe?* ions. Between 400 and 700 cm™ other Raman features are detectable,
and they are caused by bending vibrations of PO,> and the mixing of other modes. All these
characteristics clearly indicate a well-ordered olivine structure. When the Raman is collected from
carbon coated samples the behavior changes. The signal from LiFePO,is totally overwhelmed by the
intense carbon-related Raman features, with two broadened bands peaked at about 1350 and 1590
cm?, and attributed to the sp® type amorphous carbonaceous material (D-mode) and to the sp?
graphite-like (G band). The absence of olivine Raman signal is not surprising because of the different
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Raman cross-sections, and the fact that the carbon coating prevents the excitation of inner olivine
structure.

It is interesting to compare the ordered and disordered carbon qualities of different samples evaluating
the intensities of G and D modes. Indeed, it is well-known that the integrated intensity ratio of G and
D bands is a choice parameter to verify the quality of carbon materials [332]. In this case the I/l ratio
for 10%LiFePO4/CNF and 30%LiFePO4/CNF is 0.71 and 0.68, respectively. The values are very similar to
that obtained from CNF sample (lg/lp=0.67).

2.000 —————————— e T S
T ALLEEN RLARALS LAARLEY A AR L R
! . )
i 1 A

Lo LiFePOs | /\ i
[ 1 [\ ]
1.500- ¢t 4 { '|I -
g | 40 \ 1
5 | H F X ) ]
4 ‘Al \ / \ 1
g ‘w‘% W TR ]

z [\ \
G 1.000|-20 | J \ \ -

] I \ ~ |\
£ . ."J \. AR ]

E 400 00 800 1000 1200 1400 1800 e A T
S Raman Shift (cm™) i I'.. \ 1
| ./ _/I _.-"U'\\_ \\ 1
500 - 30% LlFeF-‘O J'“CNF . \ -
| e R y, (;_, "k__\_ .I.’_ \\ ‘ -]
10%LiFePOJ/CNF s \ 1
[ A 0 =2 e S - / A “'--..____
CNF e 1

e i ¢ — Py Y e sm— P e wlll T L i L 1 L 1 L

400 600 800 1.000 1.200 1.400 1.600

Raman Shift (cm™)

Figure 3.15: Raman spectra of LiFePOas, 10%LiFeP0O4/CNF, 30%LiFePO4/CNF, and pure CNF carbonized at 750°C.

Subsection 8 Electrochemical results

The LiFePO, presents one well-known red-ox peak caused by the reduction and oxidation of
Fe(l1)/Fe(lll) pair. The red-ox reactions are [333]:

Oxidation: xLiFeP0O, — xFePO, + xLi* + xe~
Eqg. 3.1

Reduction: FePO, + xLi* + xe~ - xLiFePO, + (1 — x)FePO,
Eqg. 3.2

The mechanism of Li insertion has been extensively investigated [334]. Briefly, the iron is the transition
metal ion donating or accepting electrons. When the Fe(ll) is oxidized to Fe(lll) the lithium ions are
extracted, while the reduction of Fe(lll) to Fe(ll) leads to the insertion of metal alkali ions.

Cyclic voltammetry

The Figure 3.16 reports the CV curves and charge/discharge profiles of the first three cycles at 0.05C
for the LiFePQO4, 10%LiFePO4/CNF, and 30%LiFePO,/CNF samples. The anodic/cathodic peaks of the
Fe(l1)/Fe(lll) red-ox pair are detected at 3.56/3.29 V, 3.50/3.37 V and 3.50/3.35 V, respectively, and
these peaks match the respective voltage plateaus in their charge/discharge profiles. The protocol
exploited for charge/discharge profiles is described in Subsection 14 of Chapter 2. In the case of LiFePO,
slurry electrode, the CV cycles and the charge/discharge curves are quite overlapped, confirming a
good electrochemical reversibility. The current intensity of anodic/cathodic peak is 0.35/-0.27 A/g, and
the AV is 270 mV, suggesting a significant polarization phenomenon. For the 10%LiFePO4/CNF and
30%LiFePO4/CNF self-standing samples, the peaks’ current intensity increases as cycles increase,
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indicating a progressive activation of active particles due to the Li ions insertion/deinsertion, as
reported in literature [335]. It is confirmed by the charge/discharge curves, too. The current intensities
for the two samples are 0.045/-0.030 A/g and 0.24/-0.20 A/g, respectively: the values are lower than
for the slurry electrode, consistent with the lower active material amount (12.25 and 34.53 wt%)
present in the self-standing electrodes. For both free-binder samples the AV is in the 130-150 mV range,
lower than the slurry one, underling a smaller overpotential and polarization in the case of self-standing
cathodes. Finally, the Figure 3.16d presents an anomalous behavior of charge/discharge profiles for
10%LiFeP0O4/CNF with respect to other samples studied with the same protocol. The reason for this is
unclear, and need further investigations. The phenomenon seems to be reflected by the values of
specific capacity in Figure 3.18b.
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Figure 3.16: Cyclic voltammetry and charge/discharge curve of a,b) LiFePOs; c,d) 10%LiFePO4/CNF; e,f)
30%LiFePO4/CNF.

The Figure 3.17a,c,e report the cyclic voltammetry of both slurry and self-standing electrodes at
different scan rates: 0.1 mV/s, 0.2 mV/s, 0.5 mV/s and 1 mV/s. The Figure 3.17b,d,f display the capacitive
and diffusive contributions at each scan rate for the three samples. The data are analyzed to calculate
the lithium-ion diffusion coefficient and the alkali metal-ion faradaic contribution (diffusion control)
and non-faradaic one (pseudo-capacitance control) due to the creation of the double layer on the
material surface. The relation between redox current i, (A) and scan rate v (mV/s) is:

ip = klv + kz\/;
Eqg. 3.3
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here v is the scan rate, i, is the peak current, ki and k; are adjustable parameters [336]. The diffusion
contribution is controlled by the square root term thanks to the evaluation of the i, by Randles-Sevick
equation:

3
i, = 2.69 x 10°n2ACVDv
Eq. 3.4

with n number of transferred electrons, A area, C Li* concentration and D diffusion coefficient. The
guantities are given in the CGS unit system and at standard conditions. Using Eq. 3.3 and Eq. 3.4, the
diffusion coefficient D is calculated by evaluating the k; term for the three samples.

The slurry LiFePO, electrode (A = 0.78 cm?) shows diffusion coefficients for anodic and cathodic peak
of 4.66x102 cm?/s and 3.34x1012 cm?/s, respectively, which is consistent with the literature ones of
the order of 10 and 10 cm?/s [336,337]. The same analysis can be carried out for the
10%LiFePO4/CNF and 30%LiFePO4/CNF self-standing cathodes as well. The free-standing electrodes
should benefit of the 3D structure, suitable to increase the active material surface. Indeed, the effective
areas A cannot be easily evaluated, and we estimate an equivalent cathodic and anodic diffusion
coefficient by using the area of the electrode section, as already made in literature with other self-
standing electrodes [338]. For the 10%LiFePO,/CNF the anodic diffusion coefficient is 5.08x10* cm?/s,
while the cathodic one is 1.82x10%* cm?/s. The result is consistent with the lower amount of the active
material, as the Fe(ll)/Fe(lll) red-ox pair gives lower current intensity than the slurry counterpart (see
Figure 3.17a and c). However, the anodic and cathodic diffusion coefficients of the 30%LiFePO,/CNF
cathode are 1.98x10% cm?/s and 1.36x10'! cm?/s, respectively, comparable to the literature’s values
in the range of 101*-10* cm?/s, depending on how much carbon additive is present in the sample
[339,340]. D values are enhanced of about one order of magnitude compared to the slurry electrode.
The result is also aligned with the comparable values of the current intensity (Figure 3.17a,e). The
advantage of a higher active surface which is reached with the 30% of active material powder into the
CNFs self-standing structure, compared to the 80% of the slurry electrode, is envisaged.

Figure 3.17b,d,f compares the diffusion- and reaction- (capacitive contribution) control at different CV
scan rates of the slurry and free-standing cathodes. The 10%LiFePO4/CNF and 30%LiFePO,/CNF
samples show higher diffusion contribution at high scan rate values compared to the slurry one, as
expected in the presence of the very porous CNF sheets. The non-woven nanofibers permit an easy
electrolyte diffusion which promotes the contact with active material particles [244]. The easy
permeation of the electrolyte in the CNFs is also qualitatively confirmed by the contact angle analysis
shown in Figure S. 3: a drop of 5 pL electrolyte completely permeates the support within 50 ms,
contrary to the slurry electrode which displays a contact angle in the range of 32°-45°, as reported in
literature by Wang and coworkers [341]. Moreover, the 30%LiFePQO4/CNF shows a diffusion control gain
of about 18% at the highest scan rate (1m V/s) with respect to the tape-casted, confirming the results
of coefficient diffusion. Notably, for all electrodes the anodic and cathodic peaks clearly move toward
right and left, respectively, as the scan rate increases, but this trend is lowered for self-standing
cathodes (Figure 3.17a,c,e). The Fe(ll)/Fe(lll) red-ox peak overpotentials of LiFePO, sample are 303 mV,
486 mV, 774 mV and 1237 mV as scan rate increases, vs. 124 mV, 143 mV, 189 mV and 236 mV for the
10%LiFePO4/CNF, and 185 mV, 239 mV, 335 mV and 422 mV for the 30%LiFePO4/CNF. This indicates
more reversible redox processes in the free-standing cathodes than in the tape-casted one.

The electrochemical impedance spectroscopy (EIS) analysis is performed on the cycled cathodes, and
the Nyquist plot and the equivalent circuit are shown in Figure S. 4. The improved electrochemical
performance of the 30%LiFePO4/CNF cathode is confirmed by the smaller charge-transfer resistance
(147.15 Q vs. 232.70 Q and 239.94 Q for the 12.3 wt% self-standing and the tape-casted electrodes)
and faster charge-transfer at the electrode-electrolyte interface. The obtained charge-transfer
resistances fairly compared to the literature ones [342]. The larger slope of Warburg impedance for
30%LiFePO4/CNF cathode suggests a more favorable Liion-transport in this self-standing electrode.

88



O‘D, R o e LR e e = B0 s v e ey T 1
06 0.1mV/s P ] i b 16% 1
> E 0.2mV/s ] o0 29% —
< 040 05mVis iy y =
2 £ 1mv/s 7N 1 g% T e
B 0.2- g N\ A T eof 84% AR i
D C i \ L - 5 | l fHHE
E 0 _ s — 4 5 sop 96% I i
- E 4 2 .oF T B4t
5-02", A 1 8% % i
5 / A B i i
8 —0.4% 3 a 201 -

e 1 10F T | %Capacitive LiFePO, || |||
-0.6- - e E = 8% 11 % Diffusive LiFePO, || [ ||
P Y Lol PN AR ISSEIr A R of . AIBRAL LI PR 1111 Y | Bl
26 28 3 32 34 36 38 4 4.2 ] 0.2 04 0.6 0.8 1
Potential (V) Scan rate (mVis)
0.20 ol T T T
F— 0. 1mVis d

—~ 0.15 0.2mV/s | 90, ==

= 040 0-5mVis \ s0F =

< 010 mwis I ook =

£ 2 / £ 71% 68% 7
2 0.05 < 80

o ; S s0f

£ 0.00—— — — : 1
c E 3
@ £ [&]

!5—0,05: [T %Capacitive

) E C 10%LiFePOL/CNF
-0.10 %Diffusive

: | 10%LiFePO./CNF
O os 28 s a2 a4 36 38 “oa esas
Potential (V) Scan rate (mVis)
T T T — T - 100 T T T T
09 8oL f

g 0.6F S ek 36% ]
S 04r : 1 _ b 53% 1

£

@ 02 / T 60~ 80% 80% -
- — NS - B
= - - \ £ a0
§-02 0.1mV/s 8 uF |
= £ E |l %Capacitive |
3-04F g§m¥;5 1 208 H78  30%LiFePOACNF ]

- SmV/s e E | %Diffusive
-0.6 1mV/s 105 | 30%LiFePOJCNF
E-1.., - rov = i P P PR i i i
26 28 3 32 34 36 38 o 04 a6 08 1
Potential (V) Scan rate (mVis)

Figure 3.17: CV at different C-rate and capacitive/diffusive contributions of a,b) LiFePOas; c,d) 10%LiFePO4/CNF;
e,f) 30%LiFePO4/CNF.

Charge and discharge cycles

The charge/discharge data for LiFePO4, 10%LiFePO4/CNF and 30%LiFePO,/CNF samples are shown in
Figure 3.18. The protocol exploited for charge/discharge cycles is described in Subsection 14 of Chapter
2. The slurry cathode (Figure 3.18a) gives initial charge and discharge capacities of 155.48 and 159.84
mAh/g, respectively. The average discharge capacities are 153.07, 136.62, 123.40, 102.05, 80.10, 68.04,
52.95,38.56 and 8.21 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C and 20C, respectively. A capacity
retention of 80% and coulombic efficiency 299% are obtained at the end of the measurement.

The 10%LiFePO4/CNF (Figure 3.18b) exhibits an initial charge and discharge capacity of 48.20 and 77.99
mAh/g, respectively. The average discharge capacities of 48.17, 27.34, 25.27, 22.88, 20.36, 17.87,
13.97, 11.20, and 7.96 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C and 20C, respectively are
obtained. The initial capacity is completely recovered with a coulombic efficiency 299% at the end of
the measurements. Differently from the LiFePO, cathode, the self-standing 10%LiFePO,/CNF one shows
increased capacity in the first five cycles at 0.05C, confirming the availability of progressively activated
particles for lithiation/delithiation, as suggested by CV analysis (Figure 9c,d), and reported by Bachtin
et al. [335] presenting an initial peak current of 0.01mA and finishing with a current peak of 0.04mA at
100%™ cycles.

The 30%LiFePO4/CNF shows an initial charge capacity of 74.90 mAh/g and a discharge capacity of
81.80mAh/g at 0.05C (Figure 3.18c). The average discharge capacities at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C,
5C, 10C, and 20C are 85.15, 77.81, 74.52, 68.14, 61.68, 54.44, 43.11, 34.94, and 25.58 mAh/g,
respectively. The capacity retention is 96.99% and the coulombic efficiency is 299.5%. As for the
10%LiFePO4/CNF sample, the 30%LiFePO4/CNF cathode shows an increasing value of capacity in the
first five cycles at 0.05C (see also Figure 3.16e,f).
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Figure 3.18: Charge/discharge cycles at different C-rate of a) LiFePOa; b) 10%LiFePO4/CNF; c) 30%LiFePO4/CNF,
and d) comparison of electrochemical performance.

The Figure 3.18d reports plots of the average discharge capacities vs. C-rate for the three investigated
cathodes. The LiFePOyg slurry electrode exhibits higher capacity values below 5C. The capacity is similar
at 20C for the 10%LiFePO,/CNF and at 10C for the 30%LiFePO4/CNF cathode. While the literature slurry
data taken from [343] are even higher than other samples but not at 20C, where the 30%LiFePO,/CNF
free-standing cathode shows the best performances. Moreover, the 30%LiFePO4/CNF displays a slower
capacity loss than other samples by changing the C-rate. These improved performances are also
confirmed by the higher diffusion coefficient evaluated by the CV analysis at different scan rates. To
conclude, the 30%LiFePO./CNF exhibits (i) a slower capacity fading increasing the C-rate, (ii) good
reversibility and stability of Lithium storage and (iii) promising performances also at C-rates higher than
5C. The 30%LiFePO4/CNF good cycling at high C-rate is due to the CNFs 3D porous network which
guarantees an easier diffusion of Li-ions. The consequence is a high-power density, as reported in
literature [244], too. Compared to self-standing LiFePO,4 cathode at 40% of active material reported in
the literature [335] with a specific capacity of about 10mAh/g at 1C, we show at the same C-rate a
greater average value of 20.36 mAh/g for 10%LiFePO4/CNF and 61.68mAh/g for 30%LiFePO4/CNF.
Moreover, considering the study of Bachtin and coworkers [344], we can compare similar self-standing
electrodes with LiFePO4s commercial powder. Their capacity values at 1C fairly compares to ours, for
not chemically activated electrodes [344]. In the case of the 10%LiFePO,/CNF sample, the poorer
electrochemical performances than the 30%LiFePO4/CNF may be due to the very low amount of active
material powder. Based on this, we carried out the long-term cycling only on the 30%LiFePO4/CNF and
the LiFePQ, tape-casted cathodes.

LiFePQ, is a well-known cathode for lithium-ion batteries in both forms of slurry and self-standing
electrodes, and we have specifically chosen it to investigate the CNFs role in free-binder cathodes.
Hence, in the literature we find different procedures to prepare and test the LiFePO, cathode, and in
the following we compare the electrochemical performances, to demonstrate that our results are in
the range of the literature ones. Bacthin et al. [342] present LiFePO,—CNF-MWCNT composites where
LiFePQ, is prepared in situ; the composites display very promising electrochemical performance with a
specific capacity of 123 mAh/g at 2C, vs. 54 mAh/g of our 30%LiFePO./CNF at the same C-rate. In
another study [328] the electrode shows 85 mAh/g at 0.5C, or a specific capacity of 100.9 mAh/g at 5C
[345]. However there are some cases where the binder-free cathodes display specific capacity of 37
mAh/g at 2C [346], , lower than the value of 54 mAh/g at 2C of our 30%LiFePO4/CNF sample. To
conclude, the electrochemical performance is deeply affected by the preparation method of the self-
standing electrode, by the active material/carbon ratio in the sample, and by the temperature of the
carbonization process [328], which influence the graphitization degree and so the electronic
conductivity. In many studies [328,342,345] the LiFePO, active material is synthesized in situ, preparing
a mixture of LiFePO,4 precursors and polymer. This approach gives binder-free cathodes with higher
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amount of LiFePO, active material, and nanometric particles with poor agglomeration, and this is
beneficial for the electrochemical performance. In addition, the carbonization temperature is fixed at
800°C leading to a higher value of electronic conductivity. In the study of Bacthin at al. [342] the
electrochemical performances are further improved by adding MWCNT to LiFePO4-CNFs. To conclude,
our study demonstrate that satisfactory electrochemical performance, which results in the range of the
LiFePQq literature scenario, can be obtained by (i) a simple and feasible procedure based on dispersing
LiFePO4 powder in the polymeric solution to be electrospun, (ii) loading into CNFs only the 37 wt% of
active material, lower than the literature ones, and (iii) using a lower carbonization temperature as for
the ref. [346].

In Figure 3.19a long cycling of LiFePO, tape-casted electrode is reported. It is cycled for five cycles at
0.05C, two-hundred cycles at 0.2C and finally fifty cycles at 1C. The average coulombic efficiency is
>97%, and the initial discharge/charge capacities are equal to 145.4/147.6 mAh/g. The specific capacity
progressively decreases increasing the cycle index and achieves negligible values at the 230™" cycle at
1C. The long charge/discharge cycling for the 30%LiFePO4/CNF is shown in Figure 3.19b. The cathode
is tested at 0.05C, 0.2C, 1C, 5C, 10C and 20C for 5, 50, 1000, 100, 100, and 50 cycles, respectively. The
initial charge and discharge capacities are 71.3 and 77.3 mAh/g, and the average coulombic efficiency
is 299%. Even though the initial capacity is lower than the tape-casted electrode, the self-standing
cathode exhibits a slower capacity loss and demonstrates electrochemical activity at C-rate higher than
0.2C, too. The average value of discharge capacities at 1C, 5C, 10C, and 20C are 35.2 mAh/g, 22.0
mAh/g, 16.9 mAh/g, and 14.9 mAh/g, and the value of 57.4 mAh/g is obtained for further cycling (10
cycles) at 0.05C. The capacity retention at the end of the measurement is 74.3%, while it is 35.4% at
the end of the 1000 cycles at 1C. This is a good long cycling result if compared to the LiFePO, self-
standing cathodes reported in the literature [328,335,342,345], where capacity values of 30-40 mAh/g
are obtained over 200 cycle at 0.5C: the cell is tested for 750 cycles at 0.05C, 0.1C, 0.2C and 0.5C. In
our work, similar capacity values are obtained at 1C over 1000 cycles, and the electrode can be further
cycled at higher C-rate up to 20C. So, we can conclude that the self-standing electrode with only 34.53
wt% of active material shows a longer lifespan than the slurry one. It is due to the CNFs support which
limits the volume and structural changes of the active material and guarantees a good permeation of
the electrolyte and a higher electronic conductivity.
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Figure 3.19: Long charge/discharge cycles of a) LiFePOs tape-casted, and b) 30%LiFePO4/CNF self-standing
cathodes.

Section 3. NasMnZr(POa)s self-standing cathode

In this section we report the results of our investigation of NasMnZr(P0O4)s powders synthesized via sol-
gel with different amount of citric acid, to evaluate the proper quantity which gives a homogeneous
carbon coating of the NasMnZr(PO4); particles. Then, we report the characterization and
electrochemical investigation of the self-standing cathodes. The electrochemical performances are
compared to those obtained for the tape-casted electrode, to put into light the benefits and drawbacks
of each approach.
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Subsection 9 Optimization of the NazMnZr(POa4)3 carbon coating

We synthesized NasMnZr(PO,); powders with different amounts of citric agent as chelating agent in the
sol-gel synthesis, as reported in Subsection 1 of Chapter 2. The tested samples are 8.8-MnZr, 3-MnZr
and 2-MnZr (see Table 2.3 of Chapter 2).

X-Ray powder diffraction analysis
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Figure 3.20: Diffraction patterns of NasMnZr(POa)s powder with different amount of citric acid in the sol-gel
synthesis. The peaks positions of the NasMnZr(PO4)3 compound (JCPSD Database: PDF# 041-0504) are also shown
(light blue bars)

Table 3.1: Lattice parameters and discrepancy factors of 2-MnZr sample, obtained by Rietveld refinement.

Lattice parameters 2-MnZr

a (A) 8.970(1)
c(A) 22.585(5)
V(A3) 175.45

Crystallite size (nm) 30(1)

Rwp 5.51

gof 1.41

In the Figure 3.20, the patterns of the NasMnZr(PO,); samples with different citric acid amount are
shown. All patterns display the typical NaSICON Rhombohedral structure with R3¢ space group (a=
8.9689A, c=22.585A), and the different quantity of citric acid does not influence the crystalline phase,
as expected. The peaks positions match those reported in the JCPDS database (PDF# 041-0504) for the
NasMnZr(PO4); compound. For the 8.8-MnZr sample, an additional peak is detected at about 23.5° and
attributed to the carbon source [347], present in huge amount in this sample [91,197,198]. The Rietveld
analysis is carried out on the 2-MnZr sample. The graphical comparison on the experimental and
refined pattern is shown in Figure S. 5. It confirms the successful synthesis of the compound. The values
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of the lattice parameters, and the discrepancy factors obtained by the Rietveld refinement are shown
in Table 3.1. The obtained results are consistent with those reported by [56]. There are not extra peaks
caused by Mn and Zr long-range ordering, and the transition metal ions are randomly distributed on
the octahedral site of the NaSICON framework [348,349].

Morphological analysis

Figure 3.21: SEM images of NasMnZr(POa)s: a,b) 8.8-MnZr; c,d) 3-MnZr; e,f) 2-MnZr.

The Figure 3.21 and Figure 3.22 show the SEM and TEM images, respectively, of the NasMnZr(PO,)s
sample with different amount of citric acid. In 8.8-MnZr SEM images (Figure 3.21a,b), we observe
aggregates greater than 10um, which are composed by particles of about 1um or smaller. The grain’s
surfaces are irregular but defined and the powder’s morphology is rather homogeneous. The TEM
photographs (Figure 3.22a,b) confirm the presence of great aggregate of particles surrounded by
carbon coating. The amount of carbon coating is well evident, spread in the powder and not always
bounded to NasMnZr(PQ,); particles. In the case of the 3-MnZr sample, the SEM images (Figure 3.21c,d)
show aggregates with size and morphology comparable to the 8.8-MnZr one. The TEM photographs
(Figure 3.22c,d) confirm the presence of great aggregates of particle surrounded by carbon coating.
The carbon layer on the active material’s particles seems thinner than for the 8.8-MnZr sample, and
nanocubes-shaped particles aggregate around the NasMnZr(PO,)s are observed. This indicates that
carbon is spread in the sample and not always bounded to the active material. Also, in the case of the
2-MnZr sample, the SEM images (Figure 3.21e,f) particles morphology and aggregate size are
comparable to the 8.8-MnZr and 3-MnZr powders; instead, the particles composing the aggregates are
smaller. The TEM photographs (Figure 3.22e,f) confirm the presence of great aggregate of particle
surrounded by carbon coating. Compared to the other samples, synthesized with higher amount of
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citric acid, the 2-MnZr one displays a thinner and more homogeneous carbon coating of the active
material’s particles.

a

500nm
Figure 3.22: TEM images of NasMnZr(POa)z: a,b) 8.8-MnZr; c,d) 3-MnZr; e,f) 2-MnZr.

Thermogravimetric and RAMAN analysis

In Figure 3.23 the TGA analyses for the NasMnZr(PO,); samples are reported. The TGA analysis is
employed to evaluate the amount of carbon coating of the 8.8-MnZr, 3-MnZr and 2-MnZr samples. The
amount of carbon coating depends on the quantity of chelating agent (citric acid) used in the sol-gel
synthesis.

All the NasMnZr(PO4)s samples display an initial weight loss due to the presence of absorbed water,
and a second more pronounced weight loss in the temperature range 400°C-500°C, attributed to the
carbon combustion in air. Namely, the greater is the quantity of carbon source in the synthesis, the
greater is the weight loss: 29.77%w/w for 8.8-MnZr, 17.70%w/w for 3-MnZr and 5.13%w/w for 2-MnZr.
This trend confirms the results of SEM and TEM analyses, which put into evidence an homogeneous
and thinner carbon coating in the 2-MnZr sample.

The room temperature Raman spectra of the NasMnZr(PO.); samples with different carbon coating
amount are shown in Figure 3.24a,b.

The Figure 3.24b shows the value of the Ig/lp ratio for each sample. Usually, the Ip and I values
correspond to the intensities of the modes, however to better account for the broadening of the peak,
we have used the integrated intensity of the two Gaussian functions used to fit the experimental data.
The higher is the Ig/Ip value, the higher is the presence of the ordered carbon. In this case, the ls/lp
ratio is comparable for 8.8-MnZr and 3-MnZr samples, 0.819 and 0.815, respectively. While, for the 2-
MnZr one, the value is slightly higher: 0.845. It is consistent with the fact that the stoichiometric
amount of citric acid in the 2-MnZr undergoes to a better graphitization process forming a
homogeneous carbon coating. It can help in improving the electronic conduction into the cathode.
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In the 200-1000 cm™ spectral range, all the samples (8.8-MnZr. 3-MnZr and 2-MnZr) show weak signals
ascribed to the NaSICON structure, better described in the Subsection 10 on NasMnZr(PQ.); self-
standing electrode.

100

LT ] ELXT RIS ET T RIS L& CEJCEd ELAXEET L]

[{e]
(93]

©o
(=)

o]
(%))

-~
(4]

(o]
o
LI L L L L L L L

Weight loss (%)

~
o

Lovaa b by beaaa b by iaales

— 8.8-MnZr
— 3-MnZr

2-MnZr

60 Ll ‘ 1 Ll L ‘ Il L L L | Il A | L | 1 L 1 1 ‘ Ll ik ] Ll ‘ Ll
100 200 300 400 500 600 700

Temperature (°C)
Figure 3.23: Weight percentage loss for different amount of citric acid: 8.8-MnZr, 3-MnZr, and 2-MnZr samples.

[=2]
w

1111

22005 : L e T X e AR Baa R
2000~ S o8 =
- d D 3
1800 \ 1 o b 3
) G E|
1600 J7aN -
L. 14005 /! \V\ 3
£ /f PN/ 1,05 3
2 1200— /f R -
£ 1000 /‘I \ 04 E
E 8.8-MnZr 7/ \ o8 E
800 3-MnZr 7/ N
EUD?\.\‘.\’\ 2-MnZr F W 3 o2k
£ 5 L E 8.8-MnZr
400B g \ =3 0.1 3-MnZr
2005 T i " 2-MnZr 2-MnZr 3~Man‘ 8.8-MnZr
= 1 TR o bl b v i

wabsa s s Do s b s L

200 400 800 800 1000 1200 1400 1600 Ig() g
Raman shift (cm™")

Figure 3.24: a) Raman spectra and b) Ip/ls ratio of the NasMnZr(PO4)3 samples synthesized with different amount

of citric acid.

Citric acid amounts of NasMnZr(POu)s

Electrochemical results

The cyclic voltammetry and the first three charge/discharge profiles at 0.05C of the 8.8-MnZr, 3-MnZr
and 2-MnZr samples are shown in Figure 3.25a,c,e, and Figure 3.25b,d,f, respectively. The results
suggest the electrochemical performances depend on the citric acid amount used in the synthesis. All
samples are electrochemically active and show the red-ox peak of Mn?*/Mn3* at 3.6V and Mn3*/Mn*
at 4.2V, but the 8.8-MnZr sample show weaker peaks than the 3-MnZr and 2-MnZr ones. Moreover, it
displays a relevant intensity loss after the first cycle: from 0.01A/g to 0.007A/g for the red-ox peak at
3.6V, and from 0.006A/g to 0.003A/g for that at and 4.2V (Figure 3.25a), and the red-ox plateau in
Figure 3.25b become less evident after the first cycle.

For the 3-MnZr (Figure 3.25c,d) and 2-MnZr (Figure 3.25e,f) samples, the peaks intensities display
comparable values of about 0.06 A/g for the Mn?*/Mn3*red-ox peak, while for the Mn3*/Mn*one, the
peak’s intensities are 0.04 A/g and 0.048 A/g for the 3-MnZr and 2-MnZr cathodes, respectively. Hence,
in the second red-ox peak at 4.2V, the sample with the thinner and homogeneous carbon coating gives
the highest peak current intensity, implying a better capacity storage.

For all three cyclic voltammetry, but especially for the 8.8-MnZr sample, an initial degradation of
electrolyte is visible at 4.5V. We already use the NaClO4 in PC with 5% of FEC as electrolyte, which is
one of the high voltage working solution, among the electrolytes used today for this type of cathode.
The phenomenon is under investigation and further analysis is ongoing.

The charge/ discharge cycles at different C-rates for the 8.8-MnZr, 3-MnZr and 2-MnZr samples are
shown in the Figure 3.26.
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The 8.8-MnZr sample shows an initial specific charge/discharge capacity of 77.68/49.98 mAh/g, and
average capacity values of 47.78, 39.95, 31.46, 26.82, 22.63, and 12.89 mAh/g at 0.05C, 0.1C, 0.2C,
0.5C, 1C, and 2C, respectively. The coulombic efficiency is 97%, and the initial capacity is completely
recovered at the end of the measurement.
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Figure 3.25: Cyclic voltammetry and charge/discharge cycles at 0.05C of a,b) 8.8-MnZr, c,d) 3-MnZr, and e,f) 2-
MnZr samples.

The 3-MnZr sample gives an initial specific charge/discharge capacity of 60.10/45.01 mAh/g, with a
coulombic efficiency of 98%, and a complete capacity recovery at the end of the measurement, too.
The average values of the specific capacity are 42.61, 33.75, 28.02, 23.15, 18.05, and 10.88 mAh/g at
0.05C, 0.1C, 0.2C, 0.5C, 1C, and 2C, respectively. The 3-MnZr presents lower values of specific capacity
at each C-rates, compared to the 8.8-MnZr.

Finally, the 2-MnZr sample shows an initial specific charge capacity of 105.7 mAh/g, approaching the
theoretical one (107.9 mAh/g), and specific discharge capacity of 67.21 mAh/g. The average capacity
values of 57.92, 27.87, 17.51, 11.37, 7.59, 4.56, and 4.01 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, and
5C, respectively. The coulombic efficiency is 97%. Compared to the 8.8-MnZr and 3-MnZr electrodes,
the 2-MnZr one shows a higher initial specific capacity, followed by a capacity loss during the first
cycles. The average capacity values are lower than those of the other cathodes, but it is the only cell
which can be cycled also at 5C.

Comparing to other NaSICON cathodes, the NasMnZr(PO,); works at higher voltage range than
NasV>(PO4)s [172,350,351] and NasFe,(POs)s [58,58,117], and similar to that of NasCry(PO4)s
[117,118,352]. It is a key parameter, as it means our cathode material has the theoretical possibility to
store more energy than other well-known NaSICON ones. The theoretical capacity is similar to the
Na3Cra(PO4)s (117 mAh/g) [352] and Na3V,(PO4)3 (117.6 mAh/g) [351]. Although our active material
display little worse values of the specific capacity at different C-rate than the other NaSICON cathodes
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reported in literature, the NasMnZr(PQ,)s is considered a promising alternative as active material for
SIBs, thanks to its environmental friendly elements.

The obtained results of our study demonstrate that the different amount of carbon coating
undoubtedly influences the electrochemical performance, confirmed by the fact that the peak current
intensity of cyclic voltammetry increases when the amount of carbon coating decreases. So, for the
NasMnZr(PO,); cathode we have to choose between the 8.8-MnZr sample and the 2-MnZr one. The
former gives a lower initial capacity and does not work at C-rate higher than 2C, but, at the same time,
it provides the complete capacity recovery and a lower capacity loss after the first cycle and at the C-
rate change. While, the 2-MnZr cathode gives a higher value of initial capacity, and it works also at 5C.
In this work, we are interested in obtaining cathodes with high power and energy density, so high values
of both initial capacity and C-rates are preferred. Hence, to prepare the self-standing electrodes, we
decided to use the 2-MnZr powder, which approaches the theoretical capacity in the initial cycles, and
exhibits a more homogeneous carbon coating, which enhances the electronic conductivity.
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Figure 3.26: Charge/discharge cycles at different C-rate of a) 8.8-MnZr, b) 3-MnZr, and c) 2-MnZr tape-casted
cathodes.

Subsection 10  Self-standing cathode characterization

Now we report the results on the self-standing electrodes synthesized as reported in Section 2 of
Chapter 2. Firstly, we verify the presence of NasMnZr(PO4)s NaSICON structure into CNFs, then we
investigate the electrochemical properties of self-standing electrodes compared to the
abovementioned 2-MnZr tape-casted cathode. For this active material we report the results obtained
on self-standing electrodes prepared by different electrospinning approaches: deposition with the
horizontal set-up, the vertical set-up and dip-drop coating, as schematized in Figure 3.27. The results
and discussion is taken from the paper published by our research group [145].
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Figure 3.27: A scheme of the samples’ synthesis.
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X-Ray powder diffraction analysis

Pristine NasMnZr(PO,); powder was synthesized via sol-gel [56], and used as active material source in
preparing both tape casted electrode and some of the free-standing cathodes. Two different
approaches are applied to prepare the self-standing electrodes, differing on the method employed to
load the active material onto CNFs: i) dip-drop coating of NasMnZr(PO4); precursors onto electrospun
CNFs sheets, followed by thermal treatments to synthesize the active material ii) electrospinning the
dispersion of pristine NasMnZr(PO4); powder synthesized via sol-gel into PAN in N,N-
dimethylacetamide solution. In the latter case, two different NasMnZr(PO,4); amounts (10 and 30 wt%)
and two electrospinning settings (horizontal and vertical) were investigated. Also, pure CNFs were
prepared for comparison. A scheme of the samples’ synthesis is shown in Figure 3.27 and details are
reported in Section 2 of Chapter 2. The prepared samples and their alphanumeric codes are listed in
Table 2.3 of Chapter 2.
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Figure 3.28: X-Ray diffraction patterns of electrospun and carbonized samples h-10%MnZr/CNF (blue), h-
30%MnZr/CNF(red), v-30%MnZr/CNF (light blue), and dd-MnZr/CNF (green). The pattern of the 2-MnZr powder
(purple) and pure CNF carbonized at 750°C (black) are also shown.

In Figure 3.28, the XRPD patterns of CNF, 2-MnZr, dd-MnZr/CNF, h-10%MnZr/CNF, h-30%MnZr/CNF and
v-30%MnZr/CNF samples are shown. For the CNF sample, a broad band centred at 2-theta value of
about 25° is detected, as expected for amorphous components. The 2-MnZr sample displays the peaks
pertinent to the NASICON-type NasMnZr(POs)s compound (R3c space group) and deposited in the
JCPDS database (PDF# 041-0504). The diffraction data are well explained by the literature structure
given by Gao and co-workers [56], as demonstrated by the Rietveld refinement results reported in Table
S. 2 and the graphical comparison shown in Figure S. 5. No extra peaks due to Mn and Zr long-range
ordering are detected, and the random distribution of the transition metal ions on the octahedral site
of the NaSICON framework is confirmed [348,349]. For the MnZr/CNFs samples, both the broad band,
typical of the amorphous component, and the reflections of the NasMnZr(PO4)s NaSICON structure are
observed, independently of the deposition method. Moreover, the self-standing cathode obtained by
dip-drop approach display a very weak peak at about 29° due to small amount of an unidentified
impurity phase, while those prepared by dispersing the active material into the PAN solution display a
weak peak at 2-theta of about 32°: this signal is explained by small amount of NasMnZr4(PO4)s phase
(PDF# 045-0016), possibly formed during the further thermal treatment at 750°C for the carbonization
process. The Rietveld refinement results for the MnZr/CNFs samples are reported in Table S. 2, and the
graphical comparisons are shown in Figure S. 6. The crystalline component of the diffraction patterns
fairly matches the NasMnZr(PO,); phase. The difference curve evidences some mismatch on some
peaks intensities, due to the choice to limit the structural refinement to the lattice parameters (see for
details Subsection 6 of Chapter 2). Notably, the c lattice parameter increases and a decreases compared
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to the pristine NasMnZr(PQO,); powder. This leads to a slight cell volume decrease and a c¢/a ratio
increase (See Table S. 2). The crystallite size is slightly increased in the self-standing cathodes obtained
by the dispersion approach, and it is consistent with the prolonged thermal treatment at 750°C for the
additional carbonization process, not required in the pristine and dip-drop synthesis route.

For the sake of completeness, in the Figure S. 7 we report the diffraction pattern of the electrospun,
stabilized and carbonized samples of all the MnZr/CNF materials. For the horizontal and vertical
samples, the thermal treatments do not influence the NaSICON structure, pre-sythesized by sol-gel
method and loaded onto the CNFs sheets. While, for the dd-MnZr/CNF material, the NaSICON
compound is formed in situ only after the carbonization step. For these reasons we focuses our
investigations on all the MnZr/CNF carbonized samples.

Morphological analysis

Figure 3.29 shows the SEM images of self-standing cathodes. For each sample both the surface and the
cross-section are investigated. All the self-standing samples are characterized by a matrix of non-owen
carbon nanofibers which hosts the NasMnZr(PO,); aggregates of micrometric size. Also, the carbon
nanofibers display variable diameters, of about 250 nm for the samples prepared dispersing the active
material in the PAN solution before electrospinning, and larger in the dip-drop sample (about 700 nm).
The cross-section images put into evidence that higher thickness (about 150 mm) is obtained for the
30 wt% samples, independently of the deposition setting. The sheets seem more compact and
structured for the h-10%MnZr/CNF, h-30%MnZr/CNF and v-30%MnZr/CNF samples, and fluffier in the
case of the dip-drop one.

Figure 3.29: SEM images of: h-10%MnZr/CNF surface a,b) and cross-section c); h-30%MnZr/CNF surface d,f) and
cross-section f); v-30%MnZr/CNF surface g,h) and cross-section i); dd-MnZr/CNF surface j-k) and cross-section ).
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Figure 3.30 shows the TEM images of the self-standing samples, which confirm the presence of active
material agglomerates into CNFs, as evidenced by SEM analysis. The aggregates are formed by sub-
particles of about 20-40 nm, whose size compares to that evaluated by XRPD analysis (Table S. 2).
Interestingly, in the samples prepared by dispersion of pristine NasMnZr(PQ,); into the polymeric
solution to be electrospun, the active material covers parts of the CNFs surface, but is also embedded
into nanofibers; the latter feature is particularly evident in the v-30%MnZr/CNF sample. Differently, the
agglomerates reside mainly on the CNFs surface and between them in the case of the dip-drop
approach. This is consistent with the latter synthetic route, in which the active material is formed in-
situ on carbonized electrospun nanofibers.

Figure 3.30: TEM images at different magnifications (20kX e 50kX) of a-c) h-10%MnZr/CNF, d-f) h-30%MnZr/CNF
g-i) v-30%MnZr/CNF, and j-I) dd-MnZr/CNF samples.

The EDS analysis is applied to evaluate the NasMnZr(PQ,)s distribution on the surface and within the
cross-section of the MnZr/CNF self-standing electrodes. For each sample a surface and a cross-section
portion are selected and the distribution maps of the Na, Mn, Zr and P elements is evaluated. The
results are shown in Figure 3.31-Figure 3.34 for the h-10%MnZr/CNF, h-30%MnZr/CNF, v-30%MnZr/CNF
and dd-MnZr/CNF self-standing cathodes. In the case of the active material loading by dispersion into
the polymeric solution, the EDS analysis demonstrates that the agglomerates spread into and within
the CNFs correspond to the NasMnZr(PO.); composition. They are homogeneously distributed on the
sample surface, and along the sheet thickness, too (Figure 3.31-Figure 3.33). For the dd-MnZr/CNF
sample (Figure 3.34), again the NasMnZr(PQ,); agglomerates are detected on the surface and in the
cross-section, but their distribution along the sheet thickness is non-homogeneous, and the active
material preferentially resides on the external edges. This justifies the clearly visible Raman fingerprint
of NasMnZr(PO4)3 in the dd-MnZr/CNF composite compared to the other self-standing cathodes (see
Figure 3.36), and is consistent with the dip-drop synthetic approach used to load the active material:
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the permeation of the precursors’ solution into the inner part of the pre-synthesized CNF sheets is less
effective. The different concentration of the active material along the sheet may influence the
electrochemical performance of the self-standing electrode. Independently of the self-standing

MnZr/CNF cathodes, the Na:Mn:P molar ratio is close to 3:1:3, as expected for the compound
stoichiometry.

20pm

zr  20um P 30um Zr ' 30um P

Figure 3.31: SEM image and EDS maps of the different elements for h-10%MnZr/CNF a-e) surface and f-1) its cross-
section.
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Figure 3.32: SEM image and EDS maps of the different elements for h-30%MnZr/CNF a-e) surface and f-I) its cross-
section.
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Figure 3.33: SEM image and EDS maps of the different elements for v-30%MnZr/CNF a-e) surface and f-l) its cross-
section.
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Figure 3.34: SEM image and EDS maps of the different elements for dd-MnZr/CNF a-e) surface and f-l) its cross-
section.

Thermogravimetric and RAMAN analysis

The thermogravimetric data were used to evaluate the effective amount of the NasMnZr(PQ,)s active
material present in the self-standing cathodes. The thermal behavior of the pristine NasMnZr(PO4);
powder was also investigated, for comparison.

The thermogravimetric curves of 2-MnZr, h-10%MnZr/CNF, h-30%MnZr/CNF, v-30%MnZr/CNF and dd-
MnZr/CNF samples are shown in Figure 3.35. For the 2-MnZr sample (black line) a small mass loss due
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to the release of adsorbed water is detected below 100°C, while the second mass loss of 5.13%
occurring in the temperature range 400°C-650°C is attributed to the combustion of the carbon coating
(source: citric acid used in the sol-gel synthesis).

The h-10%MnZr/CNF (blue line), h-30%MnZr/CNF (red line) v-30%MnZr/CNF (green line) and dd-
MnZr/CNF (purple line) TGA curves display similar thermal behavior. As for 2-MnZr sample, the first
mass loss below
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Figure 3.35: TGA analysis of 2-MnZr (black), h-10%MnZr/CNF (blue), and h-30%MnZr/CNF (red) and v-
30%MnZr/CNF (green), and dd-MnZr/CNF (purple) samples.

100 °C is attributed to the adsorbed water release. The second mass loss in the 400°C—650°C
temperature range is again due to the combustion of the carbonaceous component present as both
carbon coating and carbon nanofibers. So, it is expected this mass loss is higher for MnZr/CNFs than
for the 2-MnZr sample. The residual mass values reached by each self-standing cathode are reported
in Table 3.2. In the case of the h-10%MnZr/CNF self-standing electrode, the obtained value well
matches the synthesis one. On the contrary, for h-30%MnZr/CNF the value is lower. This may depend
on the horizontal experimental setting used for the deposition: we noted the partial settling of particle
agglomerates in the syringe. To achieve the 30 wt% loading, the vertical experimental setting was used.
Indeed, for v-30%MnZr/CNF sample the mass loading matches the synthesis value. The highest active
material loading is obtained for the dd-MnZr/CNF sample by electrospinning the polymeric solution
containing the NasMnZr(PO4); precursors. The values of electrode residual masses of about 1.9
mg/cm?, especially for v-30%MnZr/CNF and dd-MnZr/CNF samples, are consistent with the literature
values of self-standing electrodes [142,353].

Table 3.2: Residual mass values of the self-standing cathodes evaluated by TGA analysis.

SAMPLE RESIDUAL MASS (wt%)
h-10%MnZr/CNF 9.3
h-30%MnZr/CNF 21.8
v-30%MnZr/CNF 29.8

dd-MnZr/CNF 33.3

In order to analyze the phase formation and composition of the composite samples, we also employed
micro-Raman spectroscopy. The Raman spectra of the pristine NasMnZr(PO,)s and of the MnZr/CNFs
samples are shown in Figure 3.36. In case of highly diffusive powders, it is important to note that micro-
Raman sampling is strongly effective in surface layers.
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In all cases we can distinguish two different spectral regions; the first (200 -1100 cm™) presents the
Raman features ascribed to the active material [354], the second (1100-1800 cm™) presents the typical
fingerprints of carbon-based structures, with the well-known D and G bands [332].

In the first spectral region the typical spectrum of NasMnZr(PO.)s is observed for the pristine sample.
The strong signal at around 1000 cm™ is due to the overlapping of the Raman activity associated with
PO, symmetric (vi) and asymmetric (vs) stretching vibrations. At lower energies different Raman
activities can be present. The strong signal at around 430 cm™ should be due to symmetric (v2) bending
vibrations of the PO, unit, with the corresponding asymmetric (v4) bending mode responsible for the
lower intensity signals around 540 cm™. Bands observed in the 350-330 cm™ range should be instead
associated to metal-oxygen vibrations, while bands below 250 cm™ are usually attributed to lattice
vibrations. Even for the pristine sample the typical carbon-related Raman features are observed, due
to the carbon coating.
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Figure 3.36: Raman spectra of 2-MnZr, h-10%MnZr/CNF, h-30%MnZr/CNF, v-30%MnZr/CNF, and dd-MnZr/CNF

For what concerns the other samples we can observe that the active material Raman fingerprint is
clearly visible for dd-MnZr/CNF sample, while it is attenuated for the other samples. This is firstly due
to the different Raman cross-sections, and secondly to the different methods applied to load the active
material; this leads to different active material distribution within CNFs matrix, as confirmed by the EDS
analysis reported above. Indeed, differently from h-10%MnZr/CNF, h-30%MnZr/CNF, and v-
30%MnZr/CNF cathodes, in the dd-MnZr/CNF sample the active material powder mainly distributes on
the surface of the CNFs matrix. This favors the exposure of NaSICON structure to the micro-Raman
sampling, which is strongly effective in the surface layers. Based on these considerations, we expect to
weakly or not detect the Raman signals of LiFePOs, NasMnTi(PO4); and ZnS in the self-standing
electrodes(see Subsection 7, Section 4, and Subsection 17, respectively), as we prepared electrodes
only by horizontal deposition of pre-synthesized active material; this synthetic approach favors a deep
powder dispersion into CNFs matrix, and makes more difficult to detect the olivine, NaSICON and
sphalerite Raman signals into the spectra.

Concerning the carbon-related features i.e. the bands at 1333 and 1586 cm™, the former related to the
disordered carbon, the latter to the G band, we observe an almost constant ratio between their
intensities except for h-10%MnZr/CNF sample where the disorder, i.e. a greater Ip/ls ratio, is more
pronounced.

The morphological and structural results put into evidence the analogies/differences of the self-
standing cathodes prepared by different synthetic approaches and settings. In all cases, the active
material is successfully loaded into carbon nanofibers. The direct dispersion of pre-synthesized
NasMnZr(PO4)s powder into the polymeric solution before electrospinning seems a promising and
feasible route for loading the active material. It is homogeneously dispersed both into and within CNFs.
The effective loading is quantitative by using the vertical setting, which prevents possible settling of the
powder before the needle is reached. The dip-drop coating of the active material precursors solution
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onto electrospun carbon nanofibers allows the load of the highest NasMnZr(PO4); amount, but the
product mainly resides on the CNFs sheet surface and does not distribute homogeneously along the
sheet thickness.

Now we show the electrochemical comparison between the slurry cathode and the self-standing
electrodes obtained by different deposition approaches, to establish which gives the better
electrochemical performance.

Subsection 11  Tape-casted and Self-standing cathodes electrochemical

comparison
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Figure 3.37 reports the cyclic voltammetry and charge/discharge curves for the 2-MnZr slurry and
MnZr/CNF self-standing electrodes. The 2-MnZr slurry electrode curves (Figure 3.37 a,b) well compare
to the literature ones [56]: the two redox peaks of Mn?*/Mn3*and Mn%*/Mn* are detected at 3.61/3.45
V and 4.19/4.12 V, respectively. The small AV values between the cathodic and anodic peaks (16 mV
for Mn**/Mn3* and 7 mV for Mn3*/Mn*) indicate a very small polarization phenomenon. The current
intensity is higher than 0.05 A/g and lower than -0.03 A/g for anodic and cathodic peaks, respectively.
The two redox phenomena are also confirmed by the two plateaus detected at 4.2 V and 3.5V in the
charge/discharge curves.

In the case of the self-standing cathodes, it is difficult to individuate the Manganese redox peaks, as
they are very faint. This may depend on the active material amount, which is lower than that used in
the tape-casted cathode. It is also confirmed by the CV analyses performed on samples with different
amount of carbon coating, discussed in the Subsection 9 of Chapter 3. In fact, it is observed that the
intensity of red-ox peak is negatively affected by the amount of carbon present in the sample: the peaks
intensity increases when the carbon coating amount decreases, passing from 8.8-MnZr to 2-MnZr
sample. In this case the amount of carbon is quite higher than in the Subsection 9, because we have
both carbon-coated and carbonized CNFs matrix as carbon source. In particular, in the case of h-
10%MnZr/CNF and h-30%MnZr/CNF samples we have only the 9.35 and 21.8 wt% of 2-MnZr. Anyway,
further investigation is ongoing, to unravel the anomalous behavior of the Manganese redox peaks.
Only in the v-30%MnZr/CNF and dd-MnZr/CNF samples weak peak curves are visible. Especially for the
v-30%MnZr/CNF, weak cathodic peaks at 3.44 V and 4.05 V are clearly detected and confirmed by the
presence of the small plateau of Mn3*/Mn* at about 4.1 V in the charge/discharge curves (Figure 3.37
g,h). We recall that, among the cathodes prepared by dispersion of pre-synthesized NazsMnZr(PQO,)s,
the v-30%MnZr/CNF sample has the highest active material loading (29.8 wt%). For the dd-MnZr/CNF
cathode, a comparable NasMnZr(PO4); amount (33.0 wt%) is detected, but the active material is not
embedded into CNFs and non-homogeneously dispersed along the CNFs thickness, as demonstrated
by TEM and EDS analyses: this may affect the electrochemical performance. For this cathode it is not
possible to evaluate the Na-ion diffusion coefficient due to the difficulty to identify the peak current.
However, we estimate the percentage of diffusion current during the cyclic voltammetry at different
scan rate: as shown in Figure S. 8, the MnZr/CNF samples exhibit a higher amount of diffusion current.
It confirms that the CNF porous matrix help in making the Na-ion diffusion easier into the electrode.
Finally, the fast electrolyte permeation is also demonstrated by the contact angle measurements
reported in Figure S. 9 (v-30%MnZr/CNF sample). After only 50 ms a complete diffusion and
permeation of electrolyte in the self-standing electrode occurs. The same behavior is observed for the
other MnZr/CNF samples.

Figure 3.38 shows the charge/discharge values at different C-rates for the slurry and MnZr/CNF self-
standing cathodes. The tape-casted electrode 2-MnZr shows an initial charge and discharge capacity of
105.88 and 67.21 mAh/g, respectively (Figure 3.38a). The initial capacity loss is typical of the NASICON-
structured cathodes containing Zr** or Ti** or AI**, which present a voltage hysteresis AI**<Ti**<Zr*[355].
Average discharge capacities of 58.62, 34.61, 21.19, 13.27, 9.01, 5.87 and 3.01 Ah/g at 0.05C, 0.1C,
0.2C, 0.5C, 1C, 2C and 5C are obtained, respectively. The cell does not completely recover the capacity
at the end of the measurement (a capacity of 24.18 mAh/g is reached at 0.05C) and the coulombic
efficiency is 293%.

The h-10%MnZr/CNF cathode exhibits an initial charge and discharge capacity of 40.1 and 70.7mAh/g,
respectively (Figure 3.38b), with a discharge capacity that reaches the value of 46.9 mAh/g in the
second cycle. We obtain average discharge capacities of 48.6, 19.0, 17.0, 13.1, 11.0, 8.8, 5.9, 3.9 and
2.7 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C and 20C, respectively, and a coulombic efficiency
295%. Contrary to the slurry electrode, the self-standing h-10%MnZr/CNF cathode exhibits firstly a
lower loss capacity as the C-rate increases, and secondly works at C-rates higher than 5C and
completely recovers the initial capacity at the end of the measurement. Indeed, the 10% self-standing
cathode displays capacity values at 10C comparable to those obtained for the 2-MnZr slurry at 5C, and
a better coulombic efficiency, which confirms a better reversibility of the charge and discharge process.
Improved electrochemical performance is obtained for the h-30%MnZr/CNF sample (Figure 3.38c),
which displays an initial charge and discharge capacity of 83.9 mAh/g and 83.4 mAh/g, respectively. In
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this case, the initial capacity loss after the first cycle is not detected and a coulombic efficiency 297% is
reached, but the capacity is not completely recovered at the end of the measurement (capacity of 45.2
mAh/g). The average discharge capacities of 53.6, 27.6, 22.5, 11.4, 8.5, 5.8, 3.6, 2.7 and 2.1 mAh/g are
obtained at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C and 20C, respectively. The discharge capacity values
are higher than the one reported for h-10%MnZr/CNF sample at 0.05C, 0.1C, and 0.2C. This is probably
due to the higher amount of 2-MnZr powder loaded into CNF sheets (21.8 wt%).
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Figure 3.38: Charge/discharge cycles at different C-rate of a)2-MnZr, b) h-10%MnZr/CNF, c) h-30%MnZr/CNF, d)
v-30%MnZr/CNF, and e) dd-MnZr/CNF. f) Comparison of average discharge capacity values for all samples at
different C-rates.

Figure 3.38d shows the charge and discharge cycles at different C-rate for the v-30%MnZr/CNF sample.
It exhibits an initial charge and discharge capacity of 65.4 mAh/g and 100.9 mAh/g, respectively, and
the discharge value approaches the theoretical one (107 mAh/g) [56]. As for the h-30%MnZr/CNF, no
initial discharge capacity loss is detected, and the sample completely recovers the initial capacity at the
end of the measurement with a coulombic efficiency 296%. The average values of discharge capacity
at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C, and 20C, are 78.2, 55.7, 38.8, 22.2, 16.2, 12.8, 10.3, 9.0, and
8.5 mAh/g, respectively. These values are higher at each C-rate than the h-10%MnZr/CNF and h-
30%MnZr/CNF samples, thanks to the higher amount of the 2-MnZr powder loaded into CNF sheets.

Finally, the charge/discharge cycles at different C-rates of the dd-MnZr/CNF sample are shown in Figure
3.38e. The initial charge and discharge capacities are 41.9, and 40.0mAh/g, respectively, similar to the
value of h-10%MnZr/CNF cathode. In this case, the capacity is rather stable at low C-rates, and the
capacity loss becomes remarkable only at C-rates higher than 0.2C. Indeed, the average capacity values
are 46.7, 44.5, 43.6 mAh/g at 0.05C, 0.1C, and 0.2C, 31.6 and 17.0 mAh/g at 0.5Cand 1C, 12.0, 8.7, 6.5
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and 4.5 mAh/g at 2C, 5C, 10C and 20C, respectively. The capacity is completely recovered at the end of
the measurement and a coulombic efficiency 294% is reached. Hence, the dd-MnZr/CNF self-standing
cathode displays better electrochemical performances than the h-MnZr/CNF electrodes, but worse
than the v-30%MnZr/CNF one. The results can be explained by the higher amount of active material
(33 wt%) present in the CNFs compared to that of the horizontal samples (9.3 and 21.8 wt%). However,
the active materials aggregates are non-homogeneously distributed along the CNFs sheets thickness
and are preferentially located on their surface, and this undoubtedly affects the electrochemical
performances. Notably, the v-30%MnZr/CNF cathode exhibits both high loading (29.8 wt%) and
homogeneous distribution of the active material, and improved electrochemical performances are
expected.

Figure 3.38f compares the average discharge capacities of all the investigated cathodes at the different
C-rates. All the MnZr/CNF self-standing electrodes exhibit improved electrochemical performance
compared to the 2-MnZr slurry cathode. Indeed, independently of the NasMnZr(PQO,); amount in the
CNF sheets, the self-standing electrodes are performant at C-rate higher than 5C, and the higher is the
active material amount, the higher is the capacity value at each C-rate. This results confirm the
beneficial role of CNFs especially at high C-rates, where the required fast ions diffusion is invalidated in
packed materials, such as in tape casted cathodes [244,356]. However, among the three approaches
applied to synthesize the self-standing electrodes, the dip-drop method lies between the horizontal
and vertical settings, in terms of capacity value and electrochemical performance at high C-rate. The
best electrochemical results are provided by the v-30%MnZr/CNF cathode, which exhibits not only the
highest initial capacity values but also the best performance at high C-rate. The reported results confirm
that the vertical set-up provides the best self-standing electrode. Based on this, we complete our
investigation by testing the long cycling capability and lifespan of the v-30%MnZr/CNF sample,
compared to the slurry one. We want to confirm that the right synthesis of self-standing electrode gives
a cathode with longer cycling and better performance at high C-rates than slurry one, thanks to the
CNFs properties.

The long charge/discharge cycling of the two cathodes is shown in Figure 3.39.

The tape-casted cathode (Figure 3.39a) is tested at 0.05C, 0.2C, and 1C for 5, 200, and 100 cycles. After
the initial charge and discharge specific capacity of 104.3 mAh/g and 94.2 mAh/g, respectively, the cell
undergoes a specific capacity loss: the value of 16.5 mAh/g is reached at the 82" cycle at 0.2C. This
specific capacity value is quite constant up to the 200™ cycle at 0.2C with a capacity retention of 15.8%
and an average coulombic efficiency 298%. When the cell is tested at 1C the specific capacity decreases
down to 2.6 mAh/g, and cannot be further cycled at 0.05C.

The v-30%MnZr/CNF self-standing cathode is tested at 0.05C, 0.2C, 1C, 5C, 10C and 20C for 5, 50, 1000,
100, 50, and 30 cycles, respectively (Figure 3.39b). The initial charge and discharge capacity at 0.05C
are 87.2 mAh/g and 85.4 mAh/g, respectively. Then, a discharge capacity loss is detected (45.2 mAh/g
at 0.2C for 50 cycles), and an average value of discharge capacity of 19.3mAh/g at 1C, 4.2mAh/g at 5C,
3.7mAh/g at 10C, and 2.5mAh/g at 20C. The average coulombic efficiency is 291%, and the capacity is
completely recovered at the end of the measurement in the last cycles at 0.05C. The capacity retention
at 0.2C for 50 cycles and at 1C for 1000 cycles is 52.9% and 22.6%, respectively. We can conclude that,
contrary to the 2-MnZr slurry cathode, the v-30%MnZr/CNF self-standing electrode presents a better
capacity value at each C-rate, and it works at a high C-rate after 1000 cycles at 1C, too. Moreover, it
also shows better capacity retention at both 0.2C and 1C.

Compared to the literature on other NASICON-type cathodes for SIBs [160], the v-30%MnZr/CNF
sample gives lower values of specific capacity at different C-rate, in fact NazV»(PO4)s displays 107 mAh/g
at 0.2C vs. 55.7 mAh/g for our cathode at the same C-rate. However, v-30%MnZr/CNF shows improved
long-cycle life (1000 cycles at 1C), compared to 120 cycles at 0.2C for Na3V»(PQO4)s [160]. Compared to
the work by Liu et al. in which NaFePO4 nanodots ( about 1.6 nm) are synthesized in-situ into N-doped
CNFs [167], our v-30%MnZr/CNF shows lower values of specific capacity at different C-rate
(NaFePO,@C 129 mAh/g at 1C vs. v-30%MnZr/CNF 19.3 mAh/g at 1C) with shorter cycle life. This is
attributed to the minimized size of the active material synthesized in situ into the CNFs matrix. This
approach surely minimizes the active material’s particles agglomeration, which increases the electrical
resistance during cycling and inhibits the ion diffusion. Our synthetic gives different advantages: firstly,
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the active material particles can be modified, coated, functionalized or embedded increasing their
electrochemical performance, secondly other upgrades can be reached simply adding the composite
to the carbon precursor solution employed for electrospinning.

The electrochemical impedance spectroscopy (EIS) analysis is performed on the v-30%MnZr/CNF and
2-MnZr cathodes, to further investigate the effect of CNFs on the kinetic process of the self-standing
electrodes. The Nyquist plot and the equivalent circuit are shown in Figure S. 10. The EIS spectra are
consistent with those reported in the literature for the NasMnZr(PO,4); active material [113]. The
smaller diameter of the semicircle in the high-frequency region for the v-30%MnZr/CNF electrode
suggests smaller charge-transfer resistance (807 Q vs. 1092 Q of the tape-casted cathode) and faster
charge-transfer at the electrode-electrolyte interface. Moreover, the decrease of electrolyte resistance
in self-standing electrode (10.7 Q vs. 24.2 Q for the tape-casted counterpart) suggests the better
electrolyte permeation into MnZr/CNF electrodes, thanks to the presence of CNFs porous matrix.
Finally, the larger slope of Warburg impedance for v-30%MnZr/CNF than for 2-MnZr cathode, indicates
more favorable Na ion-transport is in the self-standing electrode.
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Figure 3.39: Comparison of long cycling of a) 2-MnZr slurry electrode and b) v-30%MnZr/CNF self-standing
cathode.

The reported results put into evidence the advantages of using CNFs to assemble cathodes for SIBs.
Improved electrochemical performance is obtained, as they enhance the electronic conductivity and
guarantee a good electrolyte-active material contact, thanks to the easy permeation of the electrolyte
into the CNFs porous matrix. Notably, they demonstrate to be a suitable support to realize free-standing
electrodes, avoiding the use of Al foils as current collectors. Among the synthetic approaches to prepare
electrospun active material/carbon nanofibers cathodes (see Figure 3.27), better electrochemical
performance in terms of capacity values and lifespan are obtained for higher NasMnZr(PO,4); amount,
achieved by using a vertical setting in the electrospinning process: in this case, the active material
particles, pre-synthesized via sol-gel, are quantitatively deposited in the CNFs sheets, compared to the
horizontal setting. When comparable active material amount is loaded into CNFs (v-30%MnZr/CNF and
dd-MnZr/CNF samples), the best performances are obtained by dispersing the pre-synthesized
NasMnZr(PO4)s powder into the polymeric solution to be electrospun, as this approach gives a
homogeneous dispersion of the active material along the CNFs sheets and the agglomerates are
present both within and embedded into the CNFs. On the contrary, in the dip-drop approach the active
material is preferentially distributed on the sheets surface and the external surface of the carbon
nanotubes.

Section 4. NasMnTi(POa4)s self-standing cathode

As for the NasMnZr(PQ,); cathode for SIBs, in this section we investigate the NasMnTi(PO,)s powders
synthesized via sol-gel with different amount of citric acid. Then, we characterize and investigate the
electrochemical performances of self-standing NazMnTi(PO4)3/CNFs and tape-casted electrodes, to put
into light the benefits and drawbacks of each approach. We recall that the NasMnTi(PQ4); material has
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higher theoretical capacity than NasMnZr(PO,); for SIBs, and can be applied as both cathode and
anode. In this work we focus our attention on the cathodic electrochemical activity for SIBs.

Subsection 12 Optimization of the NasMnTi(POa4)s carbon coating

X-Ray powder diffraction analysis

In the Figure 3.40, the patterns of NasMnTi(PO,)s samples synthesized with different citric acid amount
are shown. All samples display pure and crystalline NaSICON-type crystal structure, consistent with the
literature data [55]. We applied the Rietveld refinement to the diffraction data of the 2-MnTi sample.
The structural model reported by Zhou and co-workers is used (R3¢ S.G. and lattice parameters a =
8.73352 A, c=21.84703 A) and the Rietveld refinement results are reported in Table 3.3. The Figure S.
11 displays the experimental data are well fitted by the and refined structure.
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Figure 3.40: X-Ray diffraction patterns of NasMnTi(POa)s powder with different amount of citric acid in the sol-gel
synthesis.

Table 3.3: Lattice parameters of 2-MnTi sample obtained by Rietveld refinement.

Lattice parameters 2-MnTi

a(A) 8.696(2)
c (A) 21.851(5)
V(A3 1431.00

Crystallite size (nm) 18.7(3)

Rwp 6.26

Gof 1.34

Morphological analysis

The Figure 3.41 and Figure 3.42 shows SEM and TEM images, respectively, of the NasMnTi(POa);
samples with different amount of citric acid. The 8.8-MnTi SEM images (Figure 3.41a,b) display
aggregates greater than 10um which are composed by particles of about 1um or maller, and the
particles’ morphology is rather homogeneous. The grain’s surfaces are irregular but defined. The TEM
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photographs (Figure 3.42a,b) of the 8.8-MnTi sample confirm the presence of large carbon-coated
aggregates of particles, but also carbonaceous agglomerates are detected. In the case of the 3-MnTi
sample, SEM images (Figure 3.41c,d) show aggregates and particles morphology comparable to the
8.8-MnTi powder. The glassy effect on the particles’ surface is present. The TEM photographs (Figure
3.42c¢,d) of the 3-MnTi powder confirm the presence of carbon-coated active material’s aggregates,
and carbonaceous agglomerates. The carbon layer is thinner and homogeneous, compared to the 8.8-
MnTi powder. Again, the 2-MnTi sample SEM images (Figure 3.41e,f) display aggregates and
morphology comparable to the other samples. The TEM photographs (Figure 3.42e,f) confirm the
carbon coating, in lower amount compared to the 8.8-MnTi and 3-MnTi samples. Moreover, the carbon
coating seems more homogeneously spread.
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Figure 3.41: SEM images of NasMnTi(PO4)s: a,b) 8.8-MnTi; c,d) 3-MnTi; e,f) 2-MnTi.
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Figure 3.42: TEM images of NasMnTi(POa4)3: a,b) abundant citric acid, 8.8-MnTi; c,d) intermediate citric acid, 3-
MnTi; e,f) stoichiometric citric acid, 2-MnTi.

Thermogravimetric and RAMAN analysis
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Figure 3.43: TG curves of 8.8-MnTi, 3-MnTi, and 2-MnTi samples.
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The thermogravimetric analysis is used to determine the carbon amount present in the 8.8-MnTi, 3-
MnTi, and 2-MnTi samples. The TGA curves are shown in Figure 3.43.

The 8.8-MnTi, 3-MnTi and 2-MnTi samples TG curves display three weight carbon losses. The first, at
about 100°C, is due to the release of adsorbed water, while the second at 400-500°C and the third at
600°C are due to the combustion of the carbon coated on the powders agglomerates. For the 8.8-MnTi
sample, the second and the third weight loss are 29.6 wt% and 5.01 wt%, respectively, with a total
weight loss of 36.6 wt%. In the case of the 3-MnTi powder, the two weight losses at 400-500°C and
600°C are of 7.8 wt%, and 10.0 wt%, respectively, with a total loss of 17.8 wt%. The 2-MnTi sample
displays two weight losses of 13.88 wt% at 400-500°C and 0.89 wt% at 600°C, with a final percentage
of 14.77 wt %. Finally, the 2MnTi sample shows a very weak weight increase at 500°C, explained by the
oxidation of the low-valence-state of metal species induced by carbon combustion, as reported by Zhou
and co-workers [55].

The room temperature Raman analysis of all NasMnTi(PO4)s samples with different amounts of citric
acid are shown in Figure 3.44a,b. The presence of D and G bands into the samples’ spectra confirms
the morphological analysis on the presence of a carbon coating on the particles of each powder. The D
mode seems to be broader than the G one in all the samples, suggesting the presence of disordered
carbon.

The Figure 3.44b shows the value of Ig/Ip ratio for each sample. Usually, the Ip and Is values correspond
to the intensities of the modes, however, to better account for the broadening of the peak, we have
used the integrated intensity of the two Gaussian functions used to best-fit the signal. The higher is the
Ie/Ip value, the higher is the amount of graphitic carbon. We obtain comparable values for 8.8-MnTi
and 3-MnTi samples, 0.87 and 0.815, respectively. While, for 2-MnTi powder, the value is slightly
increased to 0.90. It suggest a better graphitization process in the 2-MnTi, that can improve the
electronic conduction.

In the 200-680 cm™ spectral range, all the samples (8.8-MnTi, 3-MnTi and 2-MnTi) display weak signals,
attributable to the NaSICON structure, and better detectable in the Figure 3.54 of the NasMnTi(PQOa);
self-standing electrode.
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Figure 3.44: a) Raman spectra and b) ls/Ip ratio for the NasMnTi(POas)s samples with different citric amount.

Electrochemical results

The cyclic voltammetry, and charge/discharge curves of the 8.8-MnTi, 3-MnTi, and 2-MnTi are shown
in the Figure 3.45a,b, Figure 3.45c¢,d, and Figure 3.45¢,f, respectively. The 8.8-MnTi sample shows only
the red-ox peak of the Ti*/Ti* couple at 2V, with anodic/cathodic current of 0.01/-0.03 A/g (Figure
3.45a,b), and the manganese peaks Mn?*/Mn3* at 3.6V and Mn*/Mn*" at 4.2V are faint. Instead, they
are detected by decreasing the amount of citric acid in the synthesis (3-MnTi and 2-MnTi samples).
Hence, the electrochemical performances depend on the amount of the citric acid used in the
synthesis.
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The 3-MnTi CV curves (Figure 3.45¢,d) show anodic/cathodic peak current values of 0.02/-0.01 A/g at
3.7V ( Mn?*/Mn?**red-ox), 0.02/-0.009 A/g at 4.1 V (Mn*/Mn*red-ox peak), and 0.03/-0.03 A/g at 2.1
V (Ti**/Ti* red-ox peak). In the charge/discharge curves the plateaus at each red-ox reaction voltage
are observed.

While the 2-MnTi presents higher value of anodic/cathodic current peaks with respect to 8.8-MnTi and
3-MnTi samples, implying an higher capacity storage (Figure 3.45¢,). Indeed, 2-MnTi shows
anodic/cathodic peak values of 0.03/-0.02 A/g at 3.6 V, 0.02/-0.02 A/g at 4.0 V, and 0.05/-0.07 A/g at
2.1 V. The charge/discharge plateaus are clearly observed, flatter and more extended than other
samples.
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Figure 3.45: Cyclic voltammetry and charge/discharge cycles at 0.05C of a,b) 8.8-MnTi, c,d) 3-MnTi, and e,f) 2-
MnTi samples.

The Figure 3.46a,b displays the charge and discharge cycles at different C-rate for the 3-MnZr and 2-
MnZr cathodes, respectively, as the 8.8-MnTi does not show the manganese peaks in the CV.

The 3-MnTi powder displays an initial specific charge/discharge capacity of 49.12/84.8 mAh/g, with a
coulombic efficiency 299%, and a complete capacity recovery at the end of the measurement, too. The
initial charge capacity is lower than the following cycles because the OCV (between 2.5-2.8 V) is higher
than the Ti®*/Ti* redox potential. The average value of specific capacity are 79.9, 78.4, 69.2, 55.5, 44.2,
35.1and 22.6 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C and 5C, respectively.

Finally, the 2-MnTi sample shows an initial specific charge discharge capacity of 77.22 mAh/g and
discharge capacity of 119.1 mAh/g close to the theoretical one (107.9mAh/g). The average capacity
values of 117.8, 108.9, 102.2, 93.2, 85.3, 72.1, and 40.7 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, and
5C, respectively. The coulombic efficiency is 299%. Compared to the 3-MnTi electrode, the 2-MnTi
shows higher specific capacities at all C-rates.

Compared to other NaSICON cathodes, the Nas;MnTi(PO,)s working voltage range is higher than
NasV>(P04)3 [172,350,351] and NasFe,(P04);[58,58,117], and similar to the NasCr,(P04)3[117,118,352],
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and this suggests our cathode can theoretically store more energy than other well-known NaSICON
materials. NasMnTi(PO4)s display a theoretical capacity higher than the NasCr,(PO4); (117 mAh/g) [352]
and NasV,(P04)3(117.6 mAh/g) [351] and it can be applied both as anode and cathode for SIBs, making
possible and easier the building of a symmetric cell. Thanks to the Nas;MnTi(PO4)s; environmental
friendly elements and its better value of specific capacity at different C-rate than the other NaSICON
structures, the NasMnTi(PO,)s is a promising choice as cathode for SIBs.

To conclude, as for NasMnZr(PQ,); samples, the amount of carbon coating affects the electrochemical
performance. Indeed, in the case of NasMnTi(PO,)s, the influence is more pronounced, as for the 8.8-
MnTi sample the Mn red-ox peaks are absent, while decreasing the amount of carbon coating (3-MnTi
and 2-MnTi samples) the Mn-peaks are detected. In this work, the best electrochemical performances
are obtained for the 2-MnTi sample, in terms of high energy density. We use this sample to prepare
the self-standing electrodes.
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Figure 3.46: Charge/discharge cycles at different C-rate of a) 3-MnTi, and b) 2-MnTi samples.

Subsection 13 Self-standing cathode characterization

Horizontal approach Dip—drop coating method
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Figure 3.47: A scheme of the samples’ synthesis.
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We report the results for the self-standing electrodes prepared with the two synthesis approaches
given in Section 2 of Chapter 2. Once verified that the NasMnTi(PO4); with NaSICON structure is
successfully loaded into CNFs sheets without structural changes, we investigate the electrochemical
properties of the self-standing electrodes compared to the abovementioned 2-MnTi tape-casted
cathode. For this sample we report the results obtained by using the horizontal electrospinning
apparatus and the dip-drop coating method, as schematized in Figure 3.47. The reported results
obtained by the horizontal set-up are published by our research group in ref. [146].

X-Ray powder diffraction analysis
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Figure 3.48: X-Ray diffraction patterns of the 2-MnTi, MnTi/CNF and pure CNF samples.

In the Figure 3.48 the diffraction patterns of all samples are shown. The 2-MnTi sample displays the
diffraction peaks of the NaSICON-type crystal structure and well compares to the literature data [55];
no impurity phases are detected. The pure CNF sample displays the broad band at about 25°/26 typical
of amorphous components. In the MnTi/CNF samples, the peaks of the NaSICON structure and the
amorphous CNF phase are detected. The Rietveld refinement is applied to the 10%MnTi/CNF and
30%MnTi/CNF diffraction patterns. The structural model reported by Zhou and co-workers [55] is used
(R3¢ S.G. and lattice parameters a = 8.73352 A, c= 21.84703 A). The lattice parameters, crystallite size
and degree of crystallinity obtained by the Rietveld refinement are reported in Table S. 3, and Figure S.
12 compare the experimental and calculated patterns. Table S. 3 also reports the refined data of the 2-
MnTi sample, for comparison.

The discrepancy factors values (Table S. 3) and the graphical comparison (Table S. 3: Na3MnTi(PO4);
lattice parameters, crystallite size, crystallinity degree, discrepancy factor and goodness of fit obtained
by the Rietveld refinement of the 2-MnTi and MnTi/CNF samples. Cell volumes and c/a ratios are also
reported.

Figure S. 12a,b) demonstrate the refined model properly fits the experimental XRPD data. For both
10%MnTi/CNF and 30%MnTi/CNF samples, a decrease of the a lattice parameter is observed, causing
the cell volume shrinkage and the ¢/a ratio increase (Table S. 3). The cell volume decrease may be
attributed to the sintering temperature of 750°C used for the carbonization process, and not to the
inclusion into carbon nanofibers. In fact, the same shrinkage was detected on NasMnTi(PO4)s
synthesized at the same temperature by Liu and coworkers [357]. Moreover, the temperature higher
than that usually chosen in the sol-gel synthesis (650°C) may increase intrinsic anti-sites defects,
responsible for the charge/discharge voltage hysteresis [358]. The cell shrinkage inhibits the Na2
reversible insertion/extraction and impacts the electrochemical performances. However, we choose
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the carbonization temperature of 750°C, based on the improved conductivity of pure CNFs: 1.56x1073
S/cm and 1.76x10® S/cm for carbonization at 750°C and 650°C, respectively. The NasMnTi(PQO4)s active
material particles in both 2-MnTi and MnTi/CNF samples are nanocrystalline (Table S. 3) and the
crystallite size does not depend on the sintering temperature. The degree of crystallinity is about 9 %
for both the 10%MnTi/CNF and the 30%MnTi/CNF samples (Table S. 3). This suggests the
10%MnTi/CNF and 30%MnTi/CNF samples are comparable, notwithstanding the different composition
of the electrospun dispersions.

Instead, the Rietveld refinement of the dd-MnTi/CNF sample, prepared by dip-drop coating method,
clearly demonstrate the presence of the peaks pertinent to the NaSICON structure, but also additional
peaks of impurity phases (Figure S. 12c). The impurities are probably due to the multiple heat
treatments at the temperature of 750°C, necessary to enhance the CNFs conductivity, and by the
synthesis in situ of the compound, which could depend by the presence of the CNFs matrix.

In the Figure S. 13, the X-Ray pattern of all samples at each synthesis step are reported.

Morphological analysis

The SEM surface and cross-section images of the 10%MnTi/CNF sheets (Figure 3.49(a-c)) demonstrate
that the NasMnTi(PQ,)s is dispersed into nanofibers and forms agglomerates with widely varying size
distribution. The 10%MnTi/CNF sheet thickness is 47.93 um. As in the case of the 10%MnTi/CNF, the
SEM surface and cross-section images of the 30%MnTi/CNF sample (Figure 3.49(d-f)) displays
agglomerates with uneven size spread into the CNFs matrix. The sheet thickness is 292.5 um.

The morphology, particle size and distribution of the active material in self-standing electrodes is
deeply investigated by TEM analysis. The TEM images of the 10%MnTi/CNF sample (Figure 3.50a-c)
display NasMnTi(POa4); nanoparticles of about 28 nm, consistent with the crystallite size reported
inTable S. 3, which aggregate and segregate between and into nanofibers. The CNFs diameter ranges
between 120 and 170 nm. The 30%MnTi/CNF sample displays comparable morphology (Figure 3.50d-
f), with NasMnTi(PO,); aggregates both between and embedded into nanofibers. The CNFs diameter
ranges between 90 and 120 nm. In both MnTi/CNF samples, the agglomerates display widely varying
sizes.
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Figure 3.49: SEM images of surface a, b) and cross-section c) of the 10%MnTi/CNF sample. SEM images of surface
d, e) and cross-section f) of the 30%MnTi/CNF sample.
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Figure 3.50: TEM images of a, b, c) 10%MnTi/CNF and d, e, f) 30%MnTi/CNF samples taken at dlf'ferent
maghnification.
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Figure 3.51: On the left: a) surface portion of 10%MnTi/CNF sample and distribution maps of b) Na, c) Mn, d) Ti

and e) P. On the right: f) cross-section portion of 10%MnTi/CNF sample and distribution maps of g) Na, h) Mn, i)
Tiand l) P.
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Figure 3.52: On the left: a) surface portion of 30%MnTi/CNF sample and distribution maps of b) Na, c) Mn, d)Ti

and e) P. On the right: f) cross-section portion of 30%MnTi/CNF sample and distribution maps of g) Na, h) Mn, i)
Tiand l) P.

The surface and bulk distribution of 2-MnTi powder in the MnTi/CNF self-standing electrodes is
investigated by EDS. The Na, Mn, Ti, and P distribution maps of the surface portion of the 10%MnTi/CNF
sample (Figure 3.51a-e) confirm the active material aggregates within and between CNFs, and is
homogeneously spread in CNFs. Noteworthy, the particles of the active material are spread along the
sheet thickness, as demonstrated by the cross-section elements distribution maps (Figure 3.51f-1); this
is beneficial to obtain enhanced electrochemical performances and it is not easily achieved by dip-and
drop-coating approach for loading the active material onto CNFs. Comparable EDS results are obtained
for 30%MnTi/CNF, as demonstrated by the elements distribution maps on the sample’s surface (Figure
3.52a-e) and cross-section (Figure 3.52f-I).

Thermogravimetric and RAMAN analysis
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Figure 3.53: TGA curves of 2-MnTi (blue), 10%MnTi/CNF (red) and 30%MnTi/CNF (green) samples.
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The NasMnTi(PO4)s amount loaded into CNFs is evaluated by thermogravimetric analysis. The
thermogravimetric curves of 2-MnTi, 10%MnTi/CNF and 30%MnTi/CNF samples are shown in Figure
3.53.

The 2-MnTi TGA curve displays three weight losses: 1.43 wt% at 100°C, 13.88 wt% at 400-500°C and
0.89 wt% at 600°C. The first loss is due to the release of adsorbed water, the second and third account
for the carbon coating content in the 2-MnTi sample: 14.77 wt%. Finally, the very weak weight increase
at 500°C is explained by the oxidation of the low-valence-state of metal species induced by carbon
combustion, as reported by Zhou and co-workers [55].

The TGA curves of the 10%MnTi/CNF and 30%MnTi/CNF samples also show two mass losses (i) below
100 °C, due to the adsorbed water release and (ii) in the 500°C-650°C temperature range, involving the
carbonaceous component combustion of both the NasMnTi(PO4)s; carbon coating and the carbon
nanofibers. The 10%MnTi/CNF and 30%MnTi/CNF samples give a residual mass of 11.73 wt% at 650 °C
and 9.59 wt% at 700°C, respectively. The results are comparable and matches the synthesis value of
the 10%MnTi/CNF self-standing electrode. In the case of the 30%MnTi/CNF sample, the NasMnTi(PO4)3
amount is much lower than the synthesis value (30 wt%). We recall that the two samples also give
comparable degree of crystallinity (Table S. 3). We repeated the synthesis of the 30%MnTi/CNF sample,
and we noticed that active material’s sedimentation occurs along the tube connecting the pump and
the needle of the horizontal spinneret. We also tried to prepare the self-standing electrode by using a
vertical set-up, but again the NasMnTi(PO4); amount in the self-standing electrode does not achieve
the 30 wt% value. Based on the above-mentioned reasons, we decided to investigate the
electrochemical performances of the MnTi (tape-casted) and 10%MnTi/CNF (self-standing) electrodes.
The room temperature Raman spectra of the 10%MnTi/CNF and 30%MnTi/CNF self-standing samples,
of the 2-MnTi powder and of CNFs are reported in Figure 3.54a. The 2-MnTi spectrum displays some
broad signals in the low frequency region (see inset). According to [189], the most prominent features
at about 565 and 680 cm™ could be ascribed to P-O and P-O-Na vibrations together with possible
contribution by Ti-O ones; while less intense modes are visible below 300 cm™ and they could arise
from the vibrations involving Mn ions. Despite the 2-MnTi sample that shows low energy modes, each
spectrum is only dominated by two intense modes that fall at about 1340 and 1585 cm™. These features
are the characteristic signature of carbonaceous materials, through which it is possible to obtain
information about the order/disorder as well as the crystalline quality of the structure. As mentioned
in the Subsection 10, the synthesis route affects the dispersion of the active material powder into CNFs,
and so its exposure to the Raman sampling. In addition, for both 10%MnTi/CNF and 30%MnTi/CNF self-
standing samples, we loaded only the 10% of active material, and the NASICON-structure Raman
signals are overwhelmed by carbon peaks present in large amount.
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Figure 3.54: a) Room temperature Raman spectra of pure CNFs, 10%MnTi/CNF, 30%MnTi/CNF and 2-MnTi
powder (from bottom to top); b) ls/Io values reported for each investigated sample.
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The presence of the D and G band also in the 2-MnTi spectrum confirm the morphological analysis on
the presence of a carbon coating on the 2-MnTi particles. The D mode seems to be broader than in the
other samples, pointing out a more disordered structure.

In Figure 3.54b the value of the Ig/Ip ratio is reported for each sample. The smallest Ig/lp value (0.26) is
obtained for the 2-MnTi sample as it is reasonable to be expected: CNFs are the main source of ordered
carbon, beneficial for the electronic conductivity enhancing the performance of electrodes.
Noteworthy, the higher Ig/lp value is detected in the 10%MnTi/CNF sample, which will be
electrochemically evaluated.

Subsection 14  Tape-casted and Self-standing cathodes electrochemical
comparison

The 2-MnTi CV curve is shown in Figure 3.55a. The slurry electrode displays the three redox peaks of
Ti¥*/Ti*, Mn?*/Mn** and Mn3/Mn* at 2.20 V/2.06 V, 3.67 V/3.41 V and 4.08 V/3.95 V, respectively. The
AV for of Ti**/Ti* peak is 139 mV and progressively diminishes for Mn?*/Mn3* (26 mV) and Mn3*/Mn*
(13 mV). It indicates a quite small polarization phenomenon. The current intensity is higher than 0.04
A/g and lower than -0.06A/g for anodic and cathodic peaks, respectively. The three redox couples are
also consistent with the three evident plateaus detected in the Galvanostatic charge-discharge profiles
shown in Figure 3.55b. In the first charge process, the plateau of the Ti**/Ti* redox couple is not
observed due to the initial open circuit voltage (2.5 V-2.7 V). The 10%MnTi/CNF CV curves and
charge/discharge profiles are reported in Figure 3.55c and Figure 3.55d, respectively. In this case, only
the Ti**/Ti** redox peaks at 2.12 V/2.06 V are detected while the Mn#/Mn%* and Mn3*/Mn* ones
become very faint. The sluggish redox activity may be attributed to the cell shrinkage at a sintering
temperature of 750°C, and to the intrinsic anti-site defect: Mn occupies the Na2 vacancy and hampers
the sodium ion diffusion and the manganese redox processes, as reported also in the literature [358].
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However, the temperature of 750°C is necessary to obtain a successful carbonization. Secondly, we
underline the 10%MnTi/CNF electrode contains only 10 wt% of active material against the 70 wt%
present in the 2-MnTi slurry electrodes, and this can influence the CV. As already mentioned for
NasMnZr(PO4)s structure, a high carbon amount negatively affects the electrochemical performance.
Especially in the case of NasMnTi(PQOs)s;, we observed only the red-ox peak of titanium, while the
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manganese peaks are absent in the cyclic voltammetry of 8.8-MnTi sample, which exhibits the higher
amount of carbon coating (see Subsection 12 of Chapter 3, Figure 3.45: Cyclic voltammetry and
charge/discharge cycles at 0.05C of a,b) 8.8-MnTi, ¢,d) 3-MnTi, and e,f) 2-MnTi samples.).

The 10%MnTi/CNF Ti*/Ti* redox reaction is also confirmed by the evident plateau in Figure 3.55d. In
the CV (Figure 3.55c) the weak peak at 2.4 V is explained by the disproportion reaction of Mn3*
dissolved in the electrolyte [359]. Finally, the cycles are overlapped to demonstrate a good redox
reversibility.

Figure 3.56Figure 3.57a,b show the CV curves at different scan rates for MnTi and 10%MnTi/CNF
samples, respectively. The data were analyzed to evaluate the sodium ion diffusion coefficient, the
alkali metal-ion faradaic contribution (diffusion control), and the non-faradaic one (pseudo-capacitance
control) caused by the formation of the double layer at the material surface.

The pseudo-capacitance contributions are shown in Figure 3.56(b-c) and Figure 3.56(e-f) for the 2-MnTi
and 10%MnTi/CNF samples, respectively.

The slurry electrode (A = 0.78 cm?) exhibits diffusion coefficients for anodic peaks Driguyriov)=1.3x10"
9cm?/s, Dumn(iymnan=8.4x10cm?/s and Dmniymnav)=1.6x101° cm?/s. In the case of the cathodic peak, the
D values are D'ri(|||)/'n(|v)=2.2X10-9 CmZ/S, D|\/|n(||)/|\/|n(|||)=7.6X:|.0—9 sz/S and Dmn(in/mniv= 1.4x10° sz/S. The
results are consistent with the literature ones [55,357].
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Figure 3.56: Cyclic voltammetry at different scan rate for a) MnTi slurry and d) 10%MnTi/CNF electrodes.
Capacitance contribution at 1mV/s for b) MnTi slurry and e) 10%MnTi/CNF electrodes. Capacitance and diffusion
histogram for c¢) MnTi slurry and f) 10%MnTi/CNF.

An equivalent analysis can be conducted for the self-standing electrode as well. Contrary to the 2-MnTi
slurry, the 10%MnTi/CNF electrode features a three-dimensional structure, whose main advantage is
the substantial increase of the active material surface. Indeed, the 10%MnTi/CNF area A cannot be
estimated from the electrode section. Therefore, we evaluate an equivalent anodic diffusion coefficient
Deq = 2.6x10? cm?/s and cathodic Deq= 1.0x10* cm?/s for Ti3*/Ti** redox couple, where we assume the
electrode area A be equal to its section. The result is consistent with the fact that the Ti**/Ti* self-
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standing cathode shows lower current intensity than its slurry counterpart (see Figure 3.56a and d),
and this depends on the NasMnTi(PO4); amount in the 10%MnTi/CNF and 2-MnTi electrodes (10 and
70 wt%, respectively). The low amount of the active material leads to a low electrochemical active area.
To compare the performance of slurry and self-standing electrodes, the capacity contribution of
diffusion- and reaction- (capacitive contribution) control as a function of CV sweep rates were
calculated. As shown in Figure 3.56(e-f), the 10%MnTi/CNF sample exhibits a higher contribution of
diffusion control at each scan rate than the slurry counterpart (Figure 3.56b and c), thanks to the
presence of the very porous CNF sheets. Indeed, the porosity of non-woven nanofibers guarantees an
easier electrolyte diffusion which easily gets in touch with active material particles as reported in the
literature [244,250]. This aspect is also confirmed by the analysis of electrolyte permeation shown in
Figure S. 14, for the 10%MnTi/CNF sample. The electrolyte permeation is complete and fast in
carbonized samples. After 50 ms the electrolyte is completely absorbed by the 3D CNFs network. The
impregnation of the self-standing electrode is demonstrated, because the electrode swells. The contact
angle cannot be evaluated due to the fast electrolyte adsorption.

Finally, comparing the Figure 3.56a and Figure 3.56d, all slurry anodic and cathodic peaks tend to move
to the right and left, respectively, as the scan rate increases, while this behavior is less pronounced for
self-standing sample. As example, the Ti3*/Ti* redox peak overpotentials of the 2-MnTi sample are 139
mV, 280 mV, 503 mV and 768 mV as scan rate increases, against 63 mV, 58 mV, 119 mV and 154 mV for
the 10%MnTi/CNF. The results suggest more irreversible redox processes in the slurry electrode than
in the self-standing one.

Figure 3.57 shows the charge/discharge analysis for both 2-MnTi and 10%MnTi/CNF samples.

The 2-MnTi displays an initial charge and discharge capacity of 75.02 and 119.08 mAh/g, respectively
(Figure 3.57a). The initial charge capacity is lower than the following cycles because the OCV (between
2.5-2.8 V) is higher than the Ti**/Ti* redox potential. We obtain average discharge capacities of 117.76,
109.80, 102.69, 93.67, 85.09, 71.83, 42.03, 5.70 and 4.12 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C,
10C and 20C, respectively. The cell exhibits a good capacity recovery at the end of the measurement
and a coulombic efficiency 298%. In the Figure 3.57b the long charge/discharge cycles are shown. After
the first 5 cycles at 0.05C, the cell is tested at 0.2C, 1C and 5C for 240, 50, 20 cycles, respectively. The
initial discharge capacity is 106.48 mAh/g and the cell exhibits a coulombic efficiency 299%. The specific
capacity decreases increasing both cycle index and C-rate value. For the first 190 cycles at 0.2C the
average capacity value is 84.24 mAh/g, while it diminishes to 71.63 mAh/g in the following 50 ones at
the same C-rate with a capacity retention of 73.97% at the 240" cycle. By increasing the C-rate from
0.2C to 1C the capacity value decreases to 16.18 mAh/g, while at 5C the cell does not work. So, it can
be concluded that the 2-MnTi sample does not support C-rate higher than 1C after 290 cycles.

The 10%MnTi/CNF shows an initial charge and discharge capacity of 109.9 and 160.04 mAh/g,
respectively (see Figure 3.57c). We obtain average discharge capacities of 124.38, 115.68, 111.04,
100.68, 93.6, 91.42, 89.15, 88.30 and 77.60 mAh/g at 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C and 20C,
respectively. At the end of the measurement the cell completely recovers the initial capacity with a
coulombic efficiency 298%. Contrary to the slurry 2-MnTi electrode, the self-standing 10%MnTi/CNF
one exhibits (i) a very moderate capacity loss by increasing the C-rate, (ii) good stability and reversibility
of sodium storage and (iii) promising performances also at C-rates higher than 5C. The 10%MnTi/CNF
ability to cycle at high C-rate is guaranteed by the presence of CNFs 3D network that gives high porosity
and so an easier diffusion of Na-ion. The consequence is an high power density, as reported by Vu and
co-workers [244]. The capacity values of the 10%MnTi/CNF electrode shown in Figure 3.57c are
comparable to the literature ones [184,359]. Notably, these promising electrochemical performances
are obtained on an electrode synthesized by a simple and feasible approach with an active material
amount of 10 wt%, against the 70-80 wt% of the conventional tape-casted electrodes. We underline
some drawbacks can be envisaged in the sintering temperature of 750°C, necessary for the CNFs
graphitization, as it induces the cell shrinkage and the sluggish of the redox process. Anyway, they are
overcome thanks to the advantages of the CNFs: they provide conducive carbon, porous matrix
beneficial for electrolyte-active material contact, easy sodium ions diffusion, light and self-standing
electrode.
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Figure 3.57: Charge/Discharge cycling at different C-rate of a) MnTi tape-casted and c) 10%MnTi/CNF electrodes.
Long Charge/Discharge cycles for b) MnTi tape-casted and d) 10%MnTi/CNF electrodes.

The very promising electrochemical performances of the 10%MnTi/CNF sample are also confirmed by
the long-term charge/discharge cycling shown in Figure 3.57d, where the lifespan cell is tested at 0,05C,
0.2C, 1C, 5C, 10C and 20C for 5, 50, 1000, 100, 100 and 100 cycles respectively. At 0.05C, the discharge
capacity of 173.4 mAh/g in the first cycle approaches the theoretical one, then values of about 120
mAh/g are achieved. The specific capacity decreases increasing the cycle index and at the C-rate
change. For the 1000 cycles at 1C the specific capacity is in the 67.3-110.1 mAh/g range. Notably, after
1000 cycles at 1C the cell is again able to run other cycles at high C-rate with a final capacity retention
of 59.6%. Contrary to the tape-casted electrode that display a dramatic decrease of capacity at 1C
(16.18 mAh/g) after 250 cycles at 0.2C (Figure 3.57b), the self-standing 10%MnTi/CNF electrode shows
a longer lifespan, and its capacity is completely recovered in the last ten cycles at 0.05C after 1350 total
cycles. The long-term cycling is another advantage brought by CNFs support for the electrode. As
reported by Vu group [244], the porosity helps not only to guarantee better ions diffusion in bulk
electrode but also to avoid or limit the volume change during the charge and discharge cycle, providing
a longer cell lifespan. The coulombic efficiency is 293% which implies a lower redox reversibility,
especially in the first 50 cycles. Increasing the C-rate the specific capacity is 33.6, 22.6 and 17.3 mAh/g
at 5C, 10C and 20C, respectively.

Compared to the study by Li et al. [160], the 10%MnTi/CNF surely presents higher values of specific
capacity at different C-rate. Our material shows 111.04 mAh/g at 0.2C against 107 mAh/g at 0.2C of
NasV>(PO4)3. Moreover, the 10%MnTi/CNF electrode displays improved long-cycle life: 1000 cycles at
1C vs. 120 cycles at 0.2C for NasV»(PO4)s [160]. Finally, as already illustrated for the v-30%MnZr/CNF
sample, the 10%MnTi/CNF presents lower values of specific capacity at different C-rate: 93.6 mAh/g at
1C vs 129 mAh/g at the same C-rate for NaFePO,@C [167] with a longer cycle life. The better
electrochemical performance of NaFePO,@C is explained by the fact the NaFePO,@C is synthesized in
situ into the CNFs matrix. Indeed, this synthesis route takes advantage of nanometric particles size and
little agglomeration, which increases conductivity and promotes ions diffusion.

Finally, we performed the Electrochemical Impedance Spectroscopy measurements on the tape-casted
and 10%MnTi/CNF self-standing electrode after cycling. The Nyquist plot is shown in Figure S. 15. The
impedance spectra are consistent with those reported in the literature for the NasMnTi(PQ,); active
material for samples with different carbon coting with and without graphene oxide [184]. The smaller
diameter of the semicircle in the high-frequency region for the 10%MnTi/CNF electrode confirms
smaller charge-transfer resistance (585.7 Q vs. 803.8 Q of the tape-casted cathode) and faster charge-
transfer at the electrode-electrolyte interface. The larger slope of Warburg impedance for
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10%MnTi/CNF than for 2-MnTi cathode indicates more favorable Na ion-transport in the self-standing
electrode.

Section 5. ZnS-GO as anode for SIBs

In this section, we report a preliminary study of ZnS-GO, used as self-standing anode for SIBs. We pre-
synthesize the ZnS-GO powder, and disperse it into the polymeric solution (10% and 30% of active
material powder) to be electrospun. This part of the thesis is developed in collaboration with a master
student which contributed to the sample’s preparation. The reported results are published by our
research group [74].

Subsection 15 XRPD
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Figure 3.58: XRPD patterns of the ZnS—GO (blue), 10%ZnS—GO/CNF (red) and 30%ZnS—GO/CNF (green) samples.
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The XRPD patterns of ZnS—GO, 10%ZnS—GO/CNF and 30%ZnS—GO/CNF samples are reported in Figure
3.58. The ZnS—GO pattern is consistent with those found in the literature [198]. The sample shows the
peaks of ZnS sphalerite crystal structure (JCPDS: 05-0566). The peak at about 26.5° (2-Theta) identify
the (0 0 2) plane of carbon [91,197,198], and confirms the reduction of GO into graphitized carbon.
The X-Ray patterns of the ZnS—GO and the ZnS—GO/CNF samples are comparable: the ZnS—-GO/CNF
samples present the sphalerite phase and graphitized carbon peaks. A broad band at about 25° (2—
Theta) is attributable to the CNFs’ amorphous component. The 30%ZnS—GO/CNF sample shows more
intense peaks of the sphalerite phase with respect to the 10%ZnS—GO/CNF. Hence, we conclude that
the electrospinning process does not cause structural changes to the active material, and a higher
amount of active material is loaded in the 30%ZnS—GO/CNF sample.

For each sample, the lattice parameters and the crystallite size of the ZnS phase are evaluated by
Rietveld Refinement. The calculated and experimental patterns are shown in Figure S. 16, and the
refined parameters are reported in Table S. 4. The ZnS—GO and ZnS—GO/CNF samples present
comparable lattice parameters and a crystallite size of about 12 nm, which compares to the literature
values [198].

Subsection 16  Morphological analysis

The SEM images of the ZnS—GO samples are shown in Figure 3.59a,b. Agglomerates dimensions range
between a few hundred nanometers and 10 um. As evidenced in Figure 3.59b, the agglomerates consist
of stacked sheets covered by nanometric rounded particles. In fact, the TEM images reported in Figure
3.59c¢,d confirm the presence of (i) nanoparticles’ diameter of 10—-20 nm, comparable to that obtained
by the Rietveld refinement for the ZnS sphalerite phase (Table S. 4) and (ii) cracked sheets. The results
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confirm the sample consists of ZnS nanoparticles and graphene sheets. The cracked graphene foils are
desirable, because they provide a homogeneous dispersion of the composite in the slurry or in the
solution for electrospinning, and an intimate contact with the active material.

Figure 3.60illustrates the SEM images of the ZnS—GO/CNF samples after the carbonization thermal step,
ready to be used as self-standing anodes.

Figure 3.60a,b report the surface morphology of 10%ZnS—GO/CNF sample, while the Figure 3.60c
displays 10%ZnS—GO/CNF cross-section. The presence of carbon nanofibers are undeniable: they
present a variable diameter reaching values of about 650 nm. In the same figure, rounded
agglomerates of variable size, both dispersed between the CNFs (Figure 3.60a,b) and embedded into
them (Figure 3.60a, on the left), are clearly visible and attributed to the active material loaded in the
carbon nanofibers. The 10%ZnS—GO/CNF shows a sheet thickness of about 220 um (Figure 3.60c).

Figure 3.59: ZnS—-GO powder: a) and b) SEM images at 25 kX, c) and d) TEM images at 50 kX and 150 kX,
respectively.

Figure 3.60: SEM images of 10%ZnS—GO/CNF sample: a) and b) at 9 and 25 kX, respectively, and c) cross-section.
SEM images of 30%ZnS—GO/CNF sample: d) and e) at 9 and 25 kX, respectively, and f) cross-section.

Figure 3.60d,e illustrate the surface morphology of the 30%ZnS—GO/CNF sample, and Figure 3.60f
reports the cross-section. 30%ZnS—GO/CNF displays carbon nanofibers with an average diameter of
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about 300 nm. Compared to 10%ZnSGO/CNF, the 30%ZnS—GO/CNF sample presents higher amount of
agglomerates with variable size, due to the higher quantity of ZnS—GO loaded into CNFs sheet. The
sheet thickness is 208 um, comparable to the value evaluated for the 10%ZnS—GO/CNF sample.

Figure 3.61 illustrates the TEM images of the ZnS—GO/CNF samples after the carbonization process.

In the 10%ZnS—GO/CNF sample (Figure 3.61a,b), the ZnS—GO agglomerates are clearly observed, both
between nanofibers and connecting them, and within the nanofibers. Each agglomerate consists of
nanometric particles of about 10 nm, while the CNF’s diameter is about 200 nm. The 30%ZnS—-GO/CNF
sample reports similar features. ZnS—GO nanoparticles of 13 nm are present, both between and
embedded into nanofibers, and the CNF’s diameter is about 150 nm.

Figure 3.61: TEM images of a) and b) 10%ZnS—GO/CNF sample at 100 kX and c) and d) 30%ZnS— GO/CNF sample
at 100 kX.

The EDS analysis is employed to investigate the ZnS agglomerate’s distribution on the surface and
within the bulk of the ZnS—GO/CNF sheets. The Zn and S distribution maps of the 10%ZnS—GO/CNF
sample are shown in Figure 3.62. The images of the sample surface (Figure 3.62a—c) confirm that the
aggregates are present between and within the CNFs are ZnS particles. The cross-section images (Figure
3.62d—-f) demonstrate that the ZnS—GO active material is homogeneously spread along the sheet
thickness, and no concentration gradients are visible. This feature is crucial for good electrochemical
performance and is seldom obtained loading active material with different synthetic approaches, such
as dip-and drop-coating.

The Zn and S distribution maps of the 30%ZnS—GO/CNF sample are shown in Figure 3.63. As for the
10%ZnS—GO/CNF sample, ZnS—GO aggregates are detected between and within the carbon nanofibers
(Figure 3.63a—c) and the cross-section images (Figure 3.63d—f), confirming a homogeneous distribution
of the active material along the sheet thickness. As shown in Figure 3.62a and Figure 3.63a, ZnS
graphene/CNF composites are very segregated and the particle size distribution is very broad, too. This
result is confirmed by the particle size distribution: 3.2(1.2) and 4.3(1.2) um for the 10%ZnS—GO/CNF
and 30%ZnS—GO/CNF samples, respectively. The agglomerate’s size is not homogeneous and does not
depend on the ZnS—GO amount loaded onto the CNFs.
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Figure 3.62: 10%ZnS—GO/CNF anode: a) sample surface portion and distribution maps of b) S and c) Zn; d) cross-
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Figure 3.63: 30%ZnS—GO/CNF anode: a) sample surface portion and distribution maps of b) S and c) Zn; d) cross-
section portion and distribution maps of e) S and f) Zn.

Subsection 17  Thermogravimetric and RAMAN analysis

The thermogravimetric curves of ZnS—GO, 10%ZnS—GO/CNF and 30%ZnS—GO/CNF samples are
reported in Figure 3.64.

The pristine ZnS—GO sample displays two subsequent weight losses of 2.25 wt% and 35.33 wt% at 150
°C and 650 °C, respectively. As reported by Zhang et al. [198], the first loss is caused by the release of
adsorbed water molecules. The second one occurs in the 250-650 °C temperature range and is due to
the ZnS and C oxidation in air according to Eq. 3.5 and Eq. 3.6:

3
ZnS +§02 - Zn0 + S0,
Eqg. 3.5
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C+0,-CO,
Eq. 3.6

At temperature higher than 650 °C, the sample weight is constant and attributable to the ZnO. From
the ZnS—GO TG curve, a residual mass of 62.42 wt% is calculated, and the evaluated content of ZnS in
the sample is about 75 wt%.

As for the case of ZnS—-GO sample, both 10%ZnS—GO/CNF and 30%ZnS—-GO/CNF TG curves display
weight losses. Again, the former at about 100 °C is due to the release of the adsorbed water molecules.
The latter occurs in the 250 ‘C—650 °C temperature range, and is due to carbonaceous component
combustion (Eq. 3.6) and ZnS oxidation (Eq. 3.5). As expected, the second mass loss in the ZnS—
GO/CNFs samples is higher than in the ZnS—GO, as the combustion also involves the carbon nanofibers.
The 10%ZnS— GO/CNF sample reports a residual mass of 7.15 wt% at 650 °C, caused by the formation
of ZnO. The evaluated ZnS amount is 8.5 wt%, and the ZnS—GO amount is 11.3 wt% (the ZnS—-GO
powder contains 75% ZnS, as evaluated by TG data). The value fairly compares to that used in the
synthesis (10 wt% of ZnS—GO). The 30%ZnS—GO/CNF sample reports a residual mass of 15.6 wt% at
650 °C; the calculated ZnS amount is 18.7 wt%, and the ZnS—GO amount is 24.9 wt%. Also in this case
the value fairly matches that of the synthesis (30 wt%).

Raman spectroscopy provided information about these multicomponent materials. In particular, the
technique allowed the analysis of the structural changes of their carbonaceous parts at different
preparation stages and comparison of the order degree of samples with different amounts of graphitic
component [198].
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Figure 3.64: Thermogravimetric curves of ZnS—GO powder (blue), 10%ZnSGO/CNF sheet (red) and 30%ZnS—
GO/CNF sheet (green).

In Figure S. 17, the room temperature Raman spectra are reported for the 30%ZnS—GO/CNF sample, as
prepared after electrospinning, after stabilization and post-carbonization.

At the first two processes, the Raman yield is overwhelmed by a very broad and structureless signal,
probably associated with fluorescence. Nevertheless, when the data are processed by subtracting a
structureless background, a weak signal appears for the as prepared sample in the region between
300-500 cm™?, where the vibrations of sphalerite ZnS structure should be active [360]. This Raman
activity is accompanied for the stabilized sample by the appearance of the well-known Raman
structures associated with graphene [332].

The results are shown in Figure 3.65, where the spectra for ZnS—GO, 10%ZnS—GO/CNFs and 30%ZnS—
GO/CNFs are reported, together with the Raman spectrum for CNFs. One can appreciate the changes
in line shapes and intensity ratios between G and D bands. Less significative are the very small changes
in the peak energies. In the inset, the intensity ratio parameter (lg/Ip) is reported for the four considered
samples. The values for this parameter have been derived by best-fitting procedures in the range 1000—
1800 cm™tusing a sum of Lorentzian curves as fitting functions, as shown in Figure S. 18 for the ZnS—
GO sample and according to [361,362].
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For all samples, the absence of sphalerite Raman signals is not surprising, based on the different Raman
cross-sections, and on the fact that the rGO carbon coating and CNFs matrix prevent the excitation of

inner sphalerite structure.
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The higher value (0.85) is obtained for ZnS/GO composite, indicating a good crystalline order of the
matrix. This is consistent with the presence of the graphene sheets embedding the ZnS nanoparticles
and obtained by the graphene oxide reduction. When this matrix is added to CNFs, the Ig/lp value
decreases and a net broadening of the line shape is observed. The lowest Is/Ip value (0.64) is obtained
for 10%ZnS—GO/CNFs according to the lowest amount of the ordered carbon matrix; in this case, the
value is practically equal to that obtained for pure CNFs. Increasing the amount of the ZnS-GO part
leads to an increase of lg/Ip value (0.74), in any case lower than that for ZnS—GO.

These results evidence that the ordered carbon component present in the ZnS—GO/CNF samples is
mainly related to the graphene embedding the ZnS nanoparticles. Indeed, the fitted peak position of
the (0 0 2) reflection of carbon (see Figure S. 16) is very comparable for the three samples, and a dooz
interplanar distance of 3.36 A is calculated, independent of the presence of the CNF component and
its amount.

Subsection 18 Electrochemical results

The cyclic voltammetry and charge/discharge curves (GDG) of the ZnS—GO, 10%ZnS—GO/CNF and
30%ZnS— GO/CNF samples are reported in Figure 3.66.

The reduction and oxidation peaks are detected at 0.5 V-0.7 V and at about 1.0V, respectively. During
the cathodic cycle, the insertion of Na*and the conversion of ZnS to metallic Zn occurs [198], while in
the anodic process the conversion of Zn to ZnS and the extraction of Na*takes place [198] (see Section
5 for further information on ZnS red-ox). The first cycle presents, in the cathodic region, the broad peak
between 0.1 V-0.5 V attributed to the SEI formation, caused by the intercalation of Na* and the
structure settling [198].

In the case of the ZnS—GO sample (Figure 3.66a,b), the anodic and cathodic peaks show a current
intensity higher than 0.5 A g}, and a quite high AV values of about 0.3 V, which underline the
polarization phenomena. While the anodic peaks are visible at 1 V, the cathodic peak at 0.9 V moves
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to 0.5 V-0.7 V after the first cycle and the SEIl formation. Finally, the peaks are not perfectly overlapped,
confirming that the redox reversibility is not strong.
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Figure 3.66: Cyclic voltammetry and charge/discharge curves of a,b) ZnS—-GO, ¢,d)10%ZnS—-GO/CNF and e,f)
30%ZnS—GO/CNF samples.

In the 10%ZnS/CNF CV (Figure 3.66c¢,d), the redox peaks are broader and show lower current intensities
than the ZnS-GO (Figure 3.66a). It can be underlined that, in the free-standing anode, the active
material amount is only 11.3 wt% vs. 70% in the slurry ZnS—GO electrode. Noteworthy, for the 10%ZnS—
GO/CNF sample the redox peaks are overlapped, suggesting a good reversibility of the red-ox process.
In the anodic region, a red-ox peak is also visible at about 0.1 V. This can be ascribed to the CNF
component as reported by refs. [82,363], because the sample contains about 90 wt% of carbon
nanofibers, (see Section 1 in Chapter 3 for further information of electrochemical activity of CNFs as
anode for LIBs and SIBs).

In the CV curve of the 30%ZnS—GO/CNF (Figure 3.66¢,f), the redox peaks show currents of 0.05 A/gin
charge and -0.08 A/g in discharge. These values are lower than the slurry electrode but higher than
the 10%ZnS—GO/CNF. This is explained by the ZnS—GO powder amount in the 30%ZnS—GO/CNF: lower
than the 70% of slurry, but higher than the 11.3% in the other self-standing electrode. In this case, it is
possible to see the formation of SEl in the first cycle, too.

The variation of CV curve between 10%ZnS—GO/CNF and 30%ZnS—GO/CNF is due to the different
amount of active material powder, which cause variation in intensity current of the peak.

The GCD profiles at 0.05 C (Figure 3.66b,d,f) agree with the CV results. The high overlap of the second
and third cycle curves of the 30%ZnS—GO/CNF sample confirms a satisfactory reversibility of charge
and discharge processes. The curve’s shape is well-comparable to ZnS anodes reported in the literature
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[193,196]. The voltage plateau at about 1 V is more evident in the 30%ZnS—GO/CNF sample, containing
a higher amount of active material (24.9 vs. 11.3 wt%).

The charge/discharge cycling at different C-rates of ZnS—GO, 10%ZnS—GO/CNF and 30%ZnS—GO—-CNF
samples are reported in Figure 3.67.

The ZnS—GO (Figure 3.67a) presents an initial charge/discharge capacity of 770.82/1409 mAh g and
initial coulombic efficiency (ICE) of 58.89%. CE% increases to 91.93% in the second cycle. The initial
capacity loss is attributable to both the SEI formation and Na* trapping. Averaged capacities of 671.93,
423.14, 279.27, 155.42, 94.97, 51.72 and 36.76 mAh g are reached at 0.05 C, 0.1 C, 0.2 C, 0.5C, 1C,
2C and 5C, respectively. After the first cycle, a progressive capacity loss is visible for each C-rate, until
the cell reaches good stability and a high overlapping of charge and discharge capacity, suggesting a
reversibility of the red-ox process. The good electrochemical performance is confirmed by the value of
the coulombic efficiency 298%, too. At the end of the analysis, the capacity at 0.05 C is 43.89% of the
initial one after SEI formation.

In the first cycle of the 10%ZnS—GO/CNF sample (Figure 3.67b), the charge/discharge capacity is
200.02/385.3 mAh g*. The ICE is 52.10%, and increases to 99.16% in the second cycle. Averaged
specific capacities of 233.79, 181.06, 162.01, 140.57, 97.42, 80.55, and 57.68 mAh g™ are obtained at
0.05C,0.1C,0.2C,0.5C,1C,2Candb5C, respectively. By switching again to 0.05 C, a good capacity
recovery is obtained, corresponding to 94.41% of initial capacity after SEl formation.

In Figure 3.67¢, the 30%ZnS—GO/CNF self-standing electrode shows an initial charge/discharge capacity
of 205.03/428.7 mAh g™*. The ICE value of 57.95% increases to 88.34% in the second cycle. Averaged
specific capacities of 271.89, 215.6, 196.38, 156.25, 132.28, 113.83 and 80.80 mAh g *are obtained at
0.05C,0.1C,0.2C,0.5C,1C, 2Cand5 C, respectively. At the end of the measurement, at 0.05 C the
capacity is totally recovered. Both self-standing anodes show an increased stability with respect to the
slurry electrode, as a lower capacity loss is detected by increasing the C-rate. Noteworthy, the
electrospun electrodes report an improved capacity recovery compared to the tape-casted ZnS—GO
anode.

Figure 3.67d, the specific capacity of the three electrodes as a function of C-rate is reported and
compared to the electrochemical activity of the pristine CNF anode. The capacity value is the average
specific capacity at each C-rate. For all anodes, increasing the C-rate the specific capacity gradually
decreases, but for the free-standing electrodes the capacity decay is not so steep as for the slurry
anode. In addition, both the 10%ZnS—GO/CNF and 30%ZnS—GO/CNF samples show fair capacity values
at high C-rates: 69.93 and 92.59 mAh g™tat 5 C, respectively, vs. 50 mAh g™ for the ZnS—GO slurry anode.
The electrochemical activity of the pristine CNFs self-standing electrode stands between the slurry and
self-standing anodes. At low C-rate, the pristine CNF anode shows lower capacity than slurry, 10%ZnS—
GO/CNF and 30%ZnS—GO/CNF electrodes, while at C-rate higher than 1 C. the pristine CNFs displays
capacity values higher than slurry but lower than both 10%ZnS—GO/CNF and 30%ZnS—GO/CNF anodes.
At 1 C, the pristine CNFs, 10%ZnS—GO/CNF and slurry electrodes show comparable electrochemical
performance.

The obtained charge/discharge results suggest that the self-standing anodes display a lower value of
specific capacity at low C-rates, due to the lower amount of active material in the electrode but seem
really promising at high C-rates thanks to the presence of porous CNFs matrix which permits a faste
ion-diffusion.

Figure 3.68 shows the cycling performance for the ZnS—GO, 10%ZnS—GO/CNF and 30%ZnS—GO/CNF
samples. The cells are tested at 0.5 C for 200 cycles, and the ZnS— GO/CNF electrodes are cycled at 5 C
for 50 cycles, too.

For ZnS—GO (Figure 3.68a), the initial capacity at 0.05 C is 1847 mAh g™*. In the following cycles at 0.5
C, a gradual capacity loss is detected, and the capacity achieves stable values (in the range 185-223
mAh g™1) only after the 100th cycle. The charge and discharge capacity values are overlapped and a
coulombic efficiency 298% is obtained. The cell is also tested at 5 C after 200 cycles at 0.5 C, but this
does not work. The capacity retention after 200 cycle is 21.20%.

In the 10%ZnS—GO/CNF sample (Figure 3.68b), the initial capacity is 389.6 mAh g at 0.05 C. In the
following cycles, the capacity decays, but the cell quickly reaches a stable capacity value (about 150
mAh g™!) at the 13th cycle. The charge/discharge capacities are overlapped and coulombic efficiencies
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299% are obtained at 0.5 C. The cell is tested at 5 C for 50 cycles, after 200 cycles at 0.5 C. Compared
to the slurry ZnS—GO electrode, the 10% self-standing anode reaches stable capacity values quicker and
withstands cycling at high C-rate after 200 cycles at 0.5 C. The capacity retention after 200 cycle is
66.51%.
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Figure 3.67: Charge/discharge cycles at different C-rates of a) ZnS—GO, b) 10%ZnS—GO/CNF and c) 30%ZnS—
GO/CNF samples. d) Samples’ capacity vs. C-rates. Charge (green), discharge (blue) and coulombic efficiency (red).

Finally, the 30%ZnS—GO/CNF sample (Figure 3.68c) displays an initial capacity of 789 mAh g *at 0.05 C.
In the following 200 cycles at 0.5 C, the cell shows better cyclability than the slurry, but worse than the
10% self-standing anode. Interestingly, the 30% self-standing electrode reports capacity values in the
255-400 mAh g trange for 200 cycles at 0.5 C. The charge and discharge capacities are overlapped and
coulombic efficiencies 299% are reached. The electrode also shows good cycling performances at 5 C
for other 50 cycles, demonstrating a capacity of 80-90 mAh g%, and the cell still works at the end of
the cycling test. The capacity retention after 200 cycles is 69.57%.

We can compare the electrochemical results obtained at 0.5 C for the 30%ZnS—GO/CNF sample (ZnS:
24.9 wt%) to recent literature results for metal sulfide/CNF anodes synthesized by electrospinning and
used for SIBs. Bell string-like hollow ZnS—CNF (ZnS: 50 wt%) displays a reversible capacity of 361.7 mAh
glat 0.2 A gtand 433.5 mAh g tafter 50 cycles at 0.1 A g™* [196]. Capacity values of about 510 mAh
glat 0.2 A g'land 499.9 mAh g after 100 cycles at 0.1 A g were reached by low crystallinity SnS
encapsulated in CNT decorated and S-doped CNF anodes (SnS: 48.3 wt%) [205]. Finally, rGO-
encapsulated MoS,/CNF electrodes (Sulphur: 20.9 wt%) display a capacity of 345.8 mAh g™ at the 90th
cycle at 0.1 A g1[209] and 3D-hierarchical MoS,-CNF nanostructures (MoS,: 63 wt%) retain a capacity
of 438 mAh g after 100 cycles at 0.1 A g [364]. The long-term cycle life is comparable to other
electrospinned anodes such as SnS; [365] which presents 200 cycles at 0.1C with a specific capacity of
400-600mAh/g. It presents quite stable value of capacity during the long cycling, ad s for our ZnS-
GO/CNFs materials. Our results with the 30%ZnS—GO/CNF sample seems appealing, if we take into
consideration the lower amount of active material loaded onto CNFs (ZnS: 24.9 wt%).
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Figure 3.68: Cycling performance of a) ZnS—GO, b) 10%ZnS—GO/CNF and c) 30%ZnS—GO/CNF samples. Charge
(green), discharge (blue) and coulombic efficiency (red).

The 30%ZnS—GO/CNF anode electrochemical performances suggest that the self-standing electrode
investigated in this study is very promising in terms of improving the specific capacity at high C-rate
and the lifespan of the cell. The goal is reached thanks to the role played by both the graphene sheets
embedding the ZnS nanoparticles and the carbon nanofibers. The ordered carbon component, suitable
for increasing the poor electronic conductivity of ZnS, principally resides in the graphene sheets coating
the active material, as depicted by the Raman spectroscopy results. However, the CNFs buffer the huge
volumetric changes of crystal structure during the sodiation/desodiation processes: this results in the
improved cycling performances at high C-rate with respect to the conventional tape-casted anode. The
improvement is given by using a lower amount of active material (24.9 wt% vs. 70 wt% of the tape-
casted anode), and neither metal support nor binder is necessary. To conclude, a feasible and simple
two-step synthesis is used. In this study, we prepared ZnS—GO composites and simply added them to
the carbon precursor solution to be electrospun, stabilized and carbonized, and we prepare the ZnS—
graphene embedded in carbon nanofibers. This synthetic approach may be extended to other active
materials: in the first step, they can be modified, coated or embedded to increase their electrochemical
performance, then a further upgrade can be matched simply by adding the composite to the carbon
precursor solution employed for electrospinning.
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Chapter 4.  Conclusions

In this work, we synthesized and characterized active materials/carbon nanofibers composites as free-
standing cathodes and anodes for SIBs. The flexible CNFs matrix is a suitable support for our electrodes.
Moreover, CNFs display good electronic conductivity and high porosity, beneficial for electron migration
and electrolyte/active material contact. We loaded LiFePOs, NasMnZr(PQO,)s, NasMnTi(PO4)s, and ZnS-
GO active materials into CNFs.

Firstly, we investigated the matrix, namely the pure CNFs deposited by electrospinning. We evaluated
the optimal carbonization temperature to obtain highly conducive carbon: a good graphitization is
achieved for thermal treatments in N2 flux at temperatures higher than 700°C. The CNFs carbonized at
900°C give the highest value of electronic conductivity, and their electrochemical activity is
investigated. The carbon nanofibers do not exhibit red-ox peaks in the cathode range, whilst they are
electrochemically active as anodes. This point has been taken into account in the study of the ZnS-
GO/CNF self-standing anode, as the electrochemical performance depends on both ZnS and CNFs.
Then, we synthetized the active material/CNFs self-standing electrodes. We chose the carbonization
temperature of 750°C as a good compromise, to guarantee a good electronic conductivity and avoid
possible structural changes of the active material.

Before starting the systematic synthesis and characterization of self-standing cathodes and anodes for
SIBs, we carried out a preliminary investigation on the LiFePO4/CNFs cathode for LIBs. This study aims
at evaluating the best experimental conditions to prepare the composites by electrospinning, and at
investigating the role of CNFs on a well-known active material. Indeed, lithium-iron-phosphate is widely
studied in literature and commercially employed in industry for LIBs. The LiFePO, powder (Sigma
Aldrich) is simply dispersed (10 and 30 wt%) into the polymeric solution, which is electrospun and
further thermal-treated for the carbonization process. We achieved an active material loading of 12.25
and 34.53 wt% in the two self-standing cathodes. The olivine-type crystal structure of LiFePO, is
retained, and the active material is homogeneusly dispersed into and within CNFs. A conventional tape-
casted LiFePO, cathode (80 wt%) is appositely prepared, for comparison. The low active material
amount of self-standing electrodes leads to lower anodic and cathodic peak current intensities
compared to the tape-casted one, as well as lower charge and discharge capacities at low C-rates.
However, the 30% LiFePO,/CNF sample gives better cycling performance and charge/discharge
capacities at high C-rates, thanks to the presence of CNFs matrix, which guarantees an easier
electrolyte diffusion and good contact with LiFePO, particles, beneficial to reach lower polarization
effects and higher reversibility.

The results suggest the applied electrospinning approach is suitable to synthesize self-standing
cathodes performant at high C-rates, by loading lower amount of the active material than for the
traditional tape-casted cathodes.

The NaSICON-type NasMnZr(PO4); and NasMnTi(PO4)s compounds are chosen as active materials in
self-standing cathodes for SIBs, as they provide good structural stability upon sodiation/desodiation,
and high working potential. Both active materials are synthesized via sol-gel. The citric acid is added in
different amount (citric acid/compound mole ratio: 8.8, 3, and 2), as both chelating agent and carbon
source for active material’s coating. Among the investigated compositions, the sample with the lower
citric amount displays a thinner and homogeneous carbon coating, and higher graphitization degree,
favourable to enhance the electrochemical performance: the cyclic voltammetry and charge/discharge
cycling analysis confirm higher peak current intensity and specific capacity, compared to samples with
higher amount of citric acid as chelating agent in the sol-gel synthesis.

The synthesized active materials with citric acid/compound mole ratio of 2 was used to synthesize the
active material/CNF electrodes by dispersion method: 10 or 30 wt% of active material is dispersed into
the polymeric solution, which is electrospun (horizontal or vertical setting) and graphitized. The active
material/CNF electrodes are also synthesized by dip-drop method: the active material precursors’
solution is dip-drop coated on pre-synthesized CNFs, and the active material is synthesized in-situ onto
CNFs.
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In the case of NasMnZr(PO,)s /CNF self-standing cathodes, NasMnZr(PO,)s displays the NaSICON-type
structure, and is successfully loaded into CNFs, independently of the synthetic approach. However, the
synthesis route influences the active material loaded amount, and the distribution within the carbon
nanofibers sheets. Compared to the dip-drop coating approach, the dispersion method gives a
homogeneous distribution of NasMnZr(PQ,); particles along the thickness and into the CNFs sheets,
and the aggregates link and coat the CNFs, but also are embedded into them: an intimate contact
between active material and CNFs is achieved, that is beneficial for the electrochemical performance.
Among the deposition setting, the vertical one is preferred, as the particles’ settling is avoided, and the
active material is quantitatively loaded into CNFs (29.8 wt%). Independently of the synthetic method,
enhanced specific discharge capacities at different C-rates are achieved in the binder-free cathodes,
compared to the tape-casted one. The enhancement is especially achieved at high C-rate, where the
porous nature of the non-woven CNFs guarantees better electrolyte diffusion and easy contact with
the active material. The best electrochemical performances are obtained for the v-30%MnZr/CNF
electrode, which also displays promising long lifespan, compared to the tape-casted counterpart. The
reported results suggest that the ex-situ synthesis of NasMnZr(PO,); and its addition (30 wt%) to the
polymeric solution to be electrospun is a simple and feasible approach to obtain binder-free cathodes
with improved electrochemical performances compared to the tape-casted ones (70 wt% of active
material).

For the NasMnTi(PO4)3/CNF self-standing cathodes, only the 11.73 wt% of active material can be loaded
into CNFs by dispersion method. For higher amount, NasMnTi(PO4)sparticles agglomerate and settling
accurs. In the dip-drop coating approach, impurity phases forms. The TEM, SEM and EDS analysis of
the 10%MnTi/CNF sample demonstrate that the active material particles are homogeneously spread
within and into CNFs, and along the sheet thickness. The loaded NasMnTi(PO4); powder display the
NASICON-type structure, but cell shrinkage occurs, due to the sintering temperature of 750°C used for
the carbonization process. Notwithstanding the low amount of loaded active material and the cell
shrinkage make the redox activity sluggish, the charge/discharge cycling test at different C-rates and
long cycling analysis confirm the promising electrochemical performance of the binder-free electrode,
compared to the conventional tape-casted counterpart. The 10%MnTi/CNF cathode shows an initial
discharge capacity of 124.38 mAh/g at 0.05C, completely recovered at the end of the measurement,
and a coulombic efficiency 298%. The capacity value at 20C is 77.60 mAh/g. The self-standing electrode
lifetime is better than the slurry one: cycled for 1350 cycles, it displays capacities ranging between 67.2
and 110.1 mAh/g at 1C, and can further be cycled at 5C, 10C and 20C after 1000 cycles at 1C, contrary
to the slurry one, working only for 300 cycles and up to 5C. The porous non-woven CNFs permits an
increased alkali metal-ion faradaic contribution to the total current, and an easier electrolyte diffusion.
Finally, we investigated self-standing anodes for SIBs. We chose ZnS-GO as active material, but we have
also to take into account the CNFs themselves, as they are electrochemically active as anodes. We
synthesized two ZnS-GO/CNF binder-free anodes with different active material loading (11.3 and 24.9
wt%) by deposition method. The loaded ZnS displays the sphalerite structure, and the ZnS—GO particles
are spread between and within CNFs, and are homogeneously distributed on the surface and along the
thickness of the CNFs sheet. The anodes were tested for both LIBs and SIBs. The electrochemical
investigation demonstrates that both self-standing anodes display better electrochemical performance
in terms of specific capacity at C-rates higher them 1 C, compared to the conventional tape-casted
anode (69.93 and 92.59 mAh/g at 5 C for 10%ZnS—GO/CNF and 30%ZnS—GO/CNF samples, respectively,
vs. 50 mAh/g for ZnS—GO) and CNFs alone. The best cycling performance is obtained for the 30%ZnS—
GO/CNF sample, which exhibits capacity values in the 255—-400 mAh/g range for 200 cycles at 0.5 C,
coulombic efficiencies 299%, and capacities of 80—-90 mAh/g for other 50 cycles at 5 C.

The aforementioned results demonstrate that the self-standing active material/CNFs electrodes are
successfully synthesized by a simple, feasible and scalable technique: the electrospinning. Their
fascinating properties, such as good electronic conductivity and high porosity, favor the electron
migration and the electrolyte/active material intimate contact, essential to achieve the enhanced
capacity values at high C-rates and the long cycle life, compared to the dense and poorly porous tape-
casted counterparts. The improved electrochemical performances of the self-standing electrodes in
terms of specific capacity at high C-rates and capacity retention are demonstrated by the results
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summarized in Table 4.1-4.4. The results reported in this PhD thesis suggest that the proposed self-
standing manufacturing process acts as a technology booster, namely it improves performances of

known active materials.

Table 4.1: Electrochemical performance of 30%LiFePO4/CNF self-standing electrode vs LiFePOs tape-casted one.

LiFePO, | 30%LiFePO4/CNF
Specific capacity at 10C (mAh/g) 38.56 34.94
Specific capacity at 20C (mAh/g) 8.21 25.58
Capacity retention 50 cycles at 0.2C 74. 8% 77.4%
Capacity retention 1000 cycles at 1C / 35.4%

Table 4.2: Electrochemical performance of v-30%NasMnZr(POa)3/CNF self-standing electrode vs NasMnZr(POa)s

tape-casted one.

2-N03Man(PO4)3

v-30%NasMnZr(POs)3/CNF

Specific capacity at 1C (mAh/g)
Specific capacity at 5C (mAh/g)
Specific capacity at 10C (mAh/g)

Capacity retention 50 cycles at 0.2C

Capacity retention 1000 cycles at 1C

9.01
3.01

/
15.8%

16.20
12.80
9.10
52.9%
22.6%

Table 4.3: Electrochemical performance of 10%NasMnTi(PO4)3/CNF self-standing electrode vs NasMnTi(POa)s

tape-casted one.

2-NasMnTi(POa)s3

30%NasMnTi(PO4)s/CNF

Specific capacity at 1C (mAh/g)

Specific capacity at 5C (mAh/g)

Specific capacity at 10C (mAh/g)
Capacity retention 50 cycles at 0.2C
Capacity retention 1000 cycles at 1C

85.69
4.12
5.70

77.6%

/

93.60
89.15
88.30
81.7%

59.6%

Table 4.4: Electrochemical performance of 30%ZnS-GO/CNF self-standing electrode vs ZnS-GO tape-casted one.

ZnS-GO 30%2ZnS-GO/CNF
Specific capacity at 1C (mAh/g) 51.72 113.83
Specific capacity at 5C (mAh/g) 36.76 80.80
Capacity retention 200 cycles at 0.5C 21.20% 69.57%
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Figure S. 1: Rietveld refinement of X-Ray patterns of a) LiFePQs, b) 10%LiFePO4/CNF carb, and c) 30%LiFePO4/CNF
carb samples. Experimental pattern (blue line), calculated pattern (red line), difference curve (grey line). Peaks
position of the LiFePO4 phase (blue bars on the bottom). The refined position of the broad peak of the amorphous
CNF phase is indicated by the blue vertical line.

Table S. 1: LiFePOgslattice parameters, cell volume, discrepancy factor and goodness of fit obtained by the Rietveld
refinement of the LiFePOs and LiFePO4/CNF samples.

Lattice parameters LiFePO4 10%LiFePO4/CNF | 30%LiFePO4/CNF
a (A) 10.3141(5) 10.3181(10) 10.3074(6)
b (A) 6.0002(3) 6.0012(5) 5.9979(3)
c (A) 4.6886(3) 4.6925(5) 4.6914(3)
V (A3) 290.16 290.56 290.04
Rwp 13.84 5.20 6.27
S 1.78 1.33 1.34
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Figure S. 2: X-Ray patterns of a) 10%LiFePO4/CNF spin (blue), stab (red), carb (green), and b) 30%LiFePO4/CNF spin
(blue), stab (red), carb (green). In both figures the X-Ray patterns of CNF pure carbonized at 750°C (black) and
LiFePO4 commercial powder (purple) are also shown.
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Figure S. 4: Nyquist plot of the 30%LiFePO4/CNF and LiFePOs cathodes. The equivalent circuit is shown in the
inset. Rb: electrolyte resistance; R(sf+ct): surface and charge transfer resistance; W: Warburg impedance.

161



2000
2500
2000
1500
1.000

500

500
1000
500
2000

Intensity (a.u.)

-

n NASICON 10000 %

A T S P S S WS — sl .

L 1y | 1y T Ly

0 12

" o1 18 W 2 2

(TS T OO T 8L WU TH T TN T VOO K WU TR W T 1T TN T T AT TN RE o1
s

N T TN
s % 78 s 82 84 ER ]

2 M 3® =W w42 5 48 S s

2-Theta (degrees)

Figure S. 5: Rietveld refinement of 2-MnZr sample. Experimental pattern (blue line), calculated pattern (red
line), difference curve (grey line). Peaks position of the the NasMnZr(POa)s phase (blue bars on the bottom).

3500
o NASICON 10000 %
2
%150IJ A
Q 2000 A n a)
gwm { %
21000 i’
2 500 .
2. A ;
I e e e T T A - e e
= L1 .1 1 Ll 1 Ll 1 L 1T Lt Ll | T 1 T 1 Il L T T T VI T T TV TR Tl
16 18 2 2 k. % B 0 2 H £ B L] 2 “ 46 % 50 82 £l % 8 L1 1] ] L] L] 0 n " ® "
2Theta (Degrees)
3500
. NASICON 100.00 %
" 3000
E 2500
=5
O 2000 N \ b)
QO |
Sml e 1
%1mn Aamacad u\w A m}‘“ﬂz\w‘d‘\*ﬂ‘w’w
c s = 3
9 f
€ ¢ et A i ¢ 7 ¥
~500 L] 1 | 1l (i | | (NN | ] | T I 1 L/ N T YT I 1111 T T 1
16 18 20 2 o % el k2 2 El £ » 40 @2 “ 46 48 S0 82 Bl % 8 & 82 64 86 Ll 0 n i) % %
2Theta (Degrees)
2500
N NASICON 100,00 %
fé'znm H
30 c)
Q
2" ™ w
>
= 7
0 50
=
o ]
g 0 iA A Srpror LY i\ . s i 4 . ]
500 1] I | 1 11 L.t} 1 | NN L1 Ll L1l [ T 1 {1 T 1 O I I 0 WA L uiiem poutu
16 18 x n u ® % k1 2 £l * k] “ 2 “ % Ll 0 52 “ %6 58 &0 82 B4 66 68 n n " 76 .
2Theta (Degrees)
sy NASICON 10000 %
9 250 'I
£
3 2000
3 f\J \ }\ d)
e‘w " L \ A
e \ W»}\‘ 2
2w ”‘*MMMMMW
g A ,
H i o o it - LS e T PV — - et
0 i L1 I I I N I N I 1 N T O O VI O T I TR T TRT AT/ BT
16 18 2 2 4 % % ] 2 Ed k] E] 40 2 44 % E: &0 82 B4 66 88 n n "

46 4 0
2Theta (Degrees)

Figure S. 6: Rietveld refinement of the X-ray diffraction data of the a) h-10%MnZr/CNF, b) h-30%MnZr/CNF c) v-
30%MnZr/CNF and d) dd-MnZr/CNF samples. Experimental pattern (blue line), calculated pattern (red line),
difference curve (grey line). Peaks position of the NasMnZr(POa)s phase (blue bars on the bottom). The refined
position of the broad peak of the amorphous CNF phase is indicated by the blue vertical line.
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Table S. 2: Refined lattice parameters, cell volume, crystallite size, weighted-pattern discrepancy factor and
Goodness of Fit of the NaSICON-structured NasMnZr(POs)3 phase obtained by Rietveld refinement of 2-MnZr and

MnZr/CNF samples.
Samples 2-MnZr | dd-MnZr/CNF | h-10%MnZr/CNF h-30%MnZr/CNF | v-30%MnZr/CNF
a(A) 8.970(1) 8.794(1) 8.818(1) 8.844(1) 8.840(1)
c(A) 22.585 (5) 22.742(4) 22.740(4) 22.705(4) 22.709(4)
V(A3 175.45 173.20 173.66 173.90 173.85
c/a 2.518 2.586 2.578 2.567 2.569
Crystallite
size (hm) 30(1) 28(1) 40(1) 37(1) 36(1)
Rwp 5.51 6.26 6.67 6.13 6.79
S 1.41 1.75 1.83 1.76 1.62
‘ i | — h-10%MnZr/CNF spin | — h-30%MnZr/CNF spin
ik h-10%MnZr/CNF stab | — h-30%MnZr/CNF stab
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Figure S. 7: Diffraction patterns of electrospun (blue), stabilized (red) and carbonized (green) samples of a) h-
10%MnZr/CNF, b) h-30%MnZr/CNF, c) v-30%MnZr/CNF and d) dd-MnZr/CNF samples. The X-ray pattern of 2-MnZr
powder sample (purple) and CNF (black) are also reported.
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Figure S. 9: The electrolyte permeation in v-30%MnZr/CNF after carbonization.
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Figure S. 10: Nyquist plot of the v-30%MnZr/CNF and 2-MnZr cathodes. The equivalent circuit is shown in the

inset. R b : electrolyte resistance; R (sf+ct) : surface and charge transfer resistance; W: Warburg impedance.
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Figure S. 11: Rietveld refinement of the X-ray diffraction data of the 2-MnTi sample. Peaks position of the
NasMnTi(PO4)3 phase (blue bars on the bottom).
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Figure S. 12: Rietveld refinement of the X-ray diffraction data of the a) 10% MnTi/CNF, b) 30%MnTi/CNF c) dd-
MnTi/CNF samples. Experimental pattern (blue line), calculated pattern (red line), difference curve (grey line).
Peaks position of the NasMnTi(POa)s phase (blue bars on the bottom). The refined position of the broad peak of
the amorphous CNF phase is indicated by the blue vertical line.

NASICON 100.00 %

Table S. 3: NasMnTi(POa)s lattice parameters, crystallite size, crystallinity degree, discrepancy factor and goodness
of fit obtained by the Rietveld refinement of the 2-MnTi and MnTi/CNF samples. Cell volumes and c/a ratios are

also reported.
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Figure S. 13: X-Ray diffraction pattern of electrospun (blue), stabilized (red) and carbonized (green) samples of a)
10%MnTi/CNF, b) 30%MnTi/CNF, and c) dd-MnTi/CNF samples. The X-ray pattern of 2-MnTi powder sample
(purple) and CNF (black) are also reported.
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Figure S. 14: The electrolyte permeation in 10%MnTi/CNF after carbonization.
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Figure S. 15: Nyquist plot of the 10%MnTi/CNF and 2-MnTi electrodes. The equivalent circuit is shown in the inset.

Rb: electrolyte resistance; R(sf+ct): surface and charge transfer resistance; W: Warburg impedance.
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Figure S. 16: Rietveld refinement of the X-ray diffraction data of the a) ZnS-GO, b) 10%ZnS-GO/CNF and c) 30%ZnS-
GO/CNF samples. Experimental pattern (blue line), calculated pattern (red line), difference curve (gray line). Peaks
position of the sphalerite phase (bottom: blue bars). Peaks position of the (0 0 2) plane of graphene and of the
amorphous carbon (blue vertical lines).

Table S. 4 Lattice parameters, crystallite size, weighted discrepancy factor and Goodness of Fit obtained by the
Rietveld refinement of the diffraction data of the ZnS-GO, 10%ZnS-GO/CNF, 30%ZnS-GO/CNF samples.

Samples ZnS-GO | 10%ZnS-GO/CNF | 30% ZnS-GO /CNF
a (A) 5.3947(7) 5.3961(32) 5.3986(8)
Crystallite size (nm) 11.8 11.7 11.7
Rwp 9.7 6.2 5.4
GoF 1.7 1.1 1.1

Raman Intensity (arb.units)

1.000
Raman Shift (cm™)

1.200

Figure S. 17: Room temperature Raman spectra for the sample 30%ZnS-GO/CNF as obtained after electrospinning
(black line), after stabilization (red line) e post carbonization process (blue line). The inset shows the first two
spectra as derived after baseline subtraction using a polynomial curve.
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Raman Intensity (arb.units)

1,400
Raman Shift (cm™")

Figure S. 18: Result from best-fitting procedure (red line) performed in the range 1000-1800 cm™ on the Raman
data (empty circle) from Zn-GO sample using a sum of 3 lorentzian curves (blue lines). From the fitting parameters
the values for (ls/Ip) have been derived.
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BES = energy storage

CAES = Compressed Air Energy Storage

CC = constant current

CCCV = constant current and constant potential
CCV = Close Circuit Voltage

CNFs = carbon nanofibers

CNTs = carbon nanotubes

C-Rate = Current Rating

CV = Cyclic voltammetry

DFT = Density functional theory

DMACc = Dimethylacetamide

DOD = Depth of Discharge

DRC = Democratic Republic of Congo

EC = ethylene carbonate

ECS = Energy Chemical Storage

EDS = Energy Dispersive X-ray spectroscopy
EES = electrochemical energy storage

ESW = electrochemical stability window

FEC = fluoroethylene carbonate

GCD = Galvanostatic charge/discharge cycles
GHGs = greenhouse gases

IHP = Inner Helmotz plane

JT = Jahn Teller

LCO = lithium-cobalt oxide LiCoO;

LFP = Lithium-lron-Phosphate

LIB = Lithium-ion battery

LMOs = lithium layered oxides

MW = molecular weight

NaSICON = Sodium (Na) Super lonic Conductors
NCA = Lithium-Nickel-Cobalt-Aluminum oxide
NMC = Lithium-Nickel-Manganese-Cobalt oxide
NMP = N-methyl-2-pirrolidone

OCV = Open Circuit Voltage

OHP = Outer Helmotz plane

PA = Polyamide

PAN = Polyacrylonitrile

PANI = Polyaniline

PBAs = Prussian Blue Analogues

PBI = Polybenzimidazole

PC = propylene carbonate

PEO = Polyethylene oxide

PHS = Pumped Hydroelectric Storage

Pl = Polyimide
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PS = Polystyrene

PVA = Polyvinyl alcohol

PVC = Polyvinyl chloride PMMA = Polymethyl methacrylate
PVdF = Polyvinylidene fluoride

PVK = Polyvinyl carbazole

RB = rechargeable batteries

RE =renewable energy

r-GO = graphene oxide

RRs = renewable resources

SEl = solid electrolyte interphase

SEM = Scanning Electron Microscopy

SIB = Sodium-ion battery

SOC = battery’s state-of-charge

TEM = Transmission Electron Microscopy
TES = Thermal Energy Storage

TGA = Thermogravimetric analysis
V(SOB) = Voltage profile
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