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Summary

Novel energy storage devices beyond Li-ion are emerging in order to meet the ever-
growing energy demand of our society. However, most of these technologies are
under development and still face some important challenges such as long-term
stability. For this purpose, it is very important to find new active materials specifically
adapted to overcome the drawbacks associated to each technology. Among them,
graphene oxide is a promising candidate due to its easy manufacture, outstanding
mechanical properties and great tunability. Within this context, this thesis explores the
impact that the integration of graphene oxide and its derivatives have on the
performance of different energy storage systems; namely lithium-sulfur batteries,
sodium-oxygen batteries, supercapacitors and lithium-ion hybrid capacitors. State of
the art, fundaments framework and objectives are included in the Chapter I.

Chapter Il focuses in the preparation of graphene-based composites with high sulfur
loadings and its application as cathodes for high-energy and long cycle life
Lithium-Sulfur batteries. The graphene sheets wrap the sulfur particles with the aim of
circumvent some of the drawbacks associated to this technology. In Section 2.2,
hydrothermally reduced graphene oxide/sulfur composites are prepared, whereas
submicrometer-sized sulfur particles are produced by a green and scalable method.
The resulting composites exhibit improved stability while retaining most of the initial
capacity, even if the amount of sulfur in the cathodes is higher than that usually
reported in the state-of-the-art. This section is adapted from the research article
“Hydrothermally reduced graphene oxide for the effective wrapping of sulfur particles
showing long term stability as electrodes for Li-S batteries” published in Carbon (2018).
In Section 2.3, with the aim of increasing the sulfur loading of the composites,
graphene-based aerogels are explored as sulfur conductive matrix. Either the
incorporation of carbon nanotubes or the thermal reduction of the graphene leads to
a significant improvement of the areal capacity of the cathodes. This section is
adapted from the research article “Graphene oxide-carbon nanotubes aerogels with
high sulfur loadings suitable as binder-free cathodes for high performance lithium-
sulfur batteries” published in Journal of Power sources (2019).

Chapter Il explores the use of three-dimensional graphene architectures as
electrocatalyst to host the reaction in the Sodium-Oxygen batteries. In this chapter the
cycle life of the battery is extended due to the addition of graphene. Pore size



distribution of graphene-based oxygen cathodes show to have a great influence over
the electrochemical performance of Na-O, batteries in terms of cycle life, delivered
capacity and energy efficiency. Especially, a quick freezing of the GO suspension
guarantee the presence of active sites for ORR and OER reactions and provides enough
channels for the diffusion of O, and Na® ions. This chapter is adapted from the
research article “Pathways towards high performance Na—O, batteries: tailoring
graphene aerogel cathode porosity & nanostructure” published in Journal of Materials
Chemistry A (2019).

In Chapter IV activated carbon-graphene composites are developed from cigarette
filter wastes and its potential as electrodes for high energy EDLCs is investigated. The
incorporation of graphene into the carbon composites does not only increase its
electronic conductivity but it also induces morphological and textural changes that
favor the adsorption/desorption of electrolyte ions. The use of ionic liquids as
electrolyte along with the wide pore size distribution of the graphene-activated
carbon allows a stable performance even at 3.4 V. This chapter is adapted from the
research article “Nanostructured carbon composites from cigarette filter wastes and
graphene oxide suitable as electrodes for 3.4 V supercapacitors” published in Batteries
& Supercaps (2021).

Chapter V is devoted to the preparation of carbon composites from the pyrolysis and
activation of coffee waste and graphene oxide, and their evaluation as potential
electrodes for dual-carbon lithium-ion capacitors. The energy, power and cyclability
output of the LIC are enhanced due to the exhaustive optimization of some important
parameters such as particle size, electronic conductivity or mass loading of the
battery-type electrode; and the optimum combination of specific surface area and
pore size distribution for the capacitor-type electrode. This chapter is adapted from
the research article “Graphene-coffee waste derived carbon composites as electrodes
for optimized lithium ion capacitors” published in Carbon (2020).

Chapter VI includes an overview of the work, the conclusions and a perspective about
the potential use of graphene in energy storage systems.
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Chapter I. Introduction and objectives

1.1. Energy Storage

Reliable energy supply is of paramount importance in our society to carry out daily
activities such as heating, lighting, or transportation. Since XIX century, the
exponentially-growing global energy demand has being mainly covered by the use of
fossil fuels. However, our dependence on these fuels is associated to some important
issues such as their limited availability, its geopolitical dependence and also to the
environmental concerns derived from the pollutants evolved through their
combustion [1,2]. On this regard, the oil’s crisis of the 80’s pushed the development of
alternative renewable energy sources such as solar, wind or geothermal energy.
However, renewable energies are intermittent and strongly depend on the weather
conditions. As an illustrative example, the energy peak produced through solar energy
is shifted with respect to the maximum of the energy demand (Figure 1.1).

2 4 6 8 10 12 14 16 18 20 22 24
Hours of day

MORNING DEMAND EVENING DEMAND

Figure 1.1. Energy demand and maximum solar energy generation during daily hours (modified from [3]).

Energy storage systems (ESS) are the solution for this production/demand
mismatching, which limits the expansion of renewable energies at global scale.
Moreover, ESS can support services for consumers during power crises due to natural
disasters, as well as lessens the prices of electricity to support the peak demand by
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storing energy during off peak hours at low cost [4]. Additionally, ESS will play a crucial
role on the replacement of conventional internal combustion engine-run vehicles by
electric vehicles (EVs), contributing on the reduction of greenhouse gases emission
and the pollution levels in big cities [5,6]. ESS can be classified regarding the use of
energy in a specific form: mechanical, electrochemical, electrical or thermal [7].

Electrochemical energy storage (EES) devices involve the reversible transformation
from electrical to chemical energy and vice versa. The main representatives of this
type of systems are secondary (rechargeable) batteries, which are used to power most
of the portable electronic devices (laptops, cell phones, etc.) or as starter in vehicles.
Complementary to rechargeable batteries, electrochemical capacitors [8], offer a
much higher power density and work without interruption for an almost unlimited
lifespan. Electrochemical capacitors are generally found in high power applications
since they can release a large amount of energy in a short period of time (starter
systems for EVs, microelectronics, defibrillators or camera flash) [9].

Own to their features, electrochemical capacitors and secondary batteries have been
appointed as the main candidates to promote the use of renewable energy sources
and EVs to attain a sustainable energy development of our society [10].

1.2. Batteries

Batteries are devices that store the energy through chemical reactions. They are
classified into primary batteries and secondary batteries. In the former ones the
energy is released as electricity only once and after that the battery is “dead”. In the
last ones, also known as rechargeable batteries the electrochemical process is, up to
some extent, reversible. Chemical species can be electrochemically regenerated, or
charged, to its initial state by running a current into the battery, converting electric
energy in chemical energy ready to be released again. Cells are considered the
electrochemical units and batteries usually contain a stack of them connected in series
or parallel. Cells are formed by a cathode and an anode separated by a membrane
embedded in an electrolyte [11]. The term cathode refers to the electrode where
reduction process occurs, while term anode is used for the electrode where the
oxidation redox reaction takes place. However, in secondary batteries, this
classification can lead to confusion, because the electrodes known as “anode” and
“cathode” should be adapted to the charge or discharge processes. For this reason, it
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is more appropriate to name them as negative and positive electrode, on the basis of
the electric potential values. But it should be also kept in mind that in most of the
published works, the term “anode” and “cathode” are directly correlated to the
negative and positive electrodes, respectively.

A schematic representation of a battery operation is depicted in Scheme 1.1. During
the discharge step, the active materials in the negative electrode are oxidized. The
ions move internally along the electrolyte and diffuse through the separator
membrane to the positive electrode, where reduction reactions take place;
simultaneously, electrons move through the external circuit to the positive electrode,
giving rise to an electric current. Upon charge, electrons are forced to move in the
opposite way, producing the inverse redox reactions.

Discharge Charge

Scheme 1.1. Generic operation model for a battery during discharge and charge

The term capacity refers the amount of charge that can be stored in a battery and it is
expressed in coulombs (C) or in ampere hour (Ah), whereas 1C= 1As = 1/3600 Ah.
Generally, the capacity delivered by a given active material is normalized per its mass
(Ce= Ah g"). The maximum achievable capacity or theoretical capacity (Cie,) can be
calculated according to Faraday’s law as follows:
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F-n,
Ctheo = WAM (2.1)
Where MW, is the molecular weight of the active material, n. is the number of
electrons involved in the reaction and F is the Faraday’s constant. However, the
theoretical capacity is rarely achieved due to many different factors such as side
reactions, internal resistance of the cell or active materials polarization. Experimental
capacity (Ceyp) is calculated form the charge/discharge time (in hours) measured from
the galvanostatic charge/discharge curves registered at a constant current density

(Ag?).

(A _Ah (1.2)
Cexp =(=)(h)=—
9 9
The current density applied during galvanostatic measurements is commonly
expressed in terms of C-rate like:

1.3
Ig =M - Ctpeo (2.3)

Where |, is the gravimetric current density in A g and M is a multiple or fraction of
Cineo- As an example, an electrode in which Cyeo is 372 mAh g'l, the rates 1C and 0.1C
correspond to current densities of 372 and 37.2 mA g, respectively.

Theoretical energy of a single cell (Eyeo) is the product of the capacity and the cell
voltage.

(1.4)

Etheo = Ctheo " Vineo
Cell voltage (Vineo) can be calculated from the individual theoretical potential of each
of the active materials included in the cell.

(1.5)
Viheo = Egathode - Ef(l)node

In a simplified case under ideal conditions, the discharge of the battery proceeds at
the theoretical voltage until the active materials are consumed and the capacity is fully
extracted, leading to an abrupt voltage drop to 0 V (Scheme 1.2a). However, in a real
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system, the voltage measured under discharge load, is lower than the theoretical
voltage due to internal resistance of the cell as well as polarization effects at both
electrodes. A plateau is generally observed in the voltage curve when the effect of
change in reactants and reaction products is minimal until the active materials are
nearly exhausted (Scheme 1.2b). A multi-step curve, showing more than one plateau
region, is characteristic of electrochemical systems in which a change in the reaction
mechanism and reduction potential of the active materials occurs (Scheme 1.2c). A
slopping region is typical when the composition of the active materials, reactants,
internal resistance etc. changes upon cell discharge (Scheme 1.2d).

(a)
(b)

()

(d) \

Constant
current
1<0

Voltage (V) =———p

0 Time (5) =—p

Scheme 1.2. Characteristic galvanostatic discharge curves of batteries.

As above discussed, neither theoretical voltage nor theoretical capacity can be
experimentally reached. Thus, the theoretical energy density cannot be either
achieved [12].
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1.2.1. Lithium-ion batteries

Since Sony commercialized the first lithium-ion battery (LiB) in 1991, they have been
the most commonly used energy storage technology in portable electronics and
cordless devices. LIBs show higher energy density, higher voltage and lower self-
discharge compared to other energy storage systems. These features are associated to
some intrinsic cell components. Lithium is the third lightest element and has one of
the smallest ionic radii of any single charged ion, enabling a good diffusion of the
lithium ions into the active materials in the electrodes. It has the lowest reduction
potential of any element, allowing Li-based batteries to have the highest possible cell
potential [13].

Most commercially available lithium-ion batteries contain a carbonaceous material as
negative electrode, a layered LiMO, (M=Co, Mn, Ni) compound as positive electrode
and a lithium-containing salt dissolved in organic solvent as electrolyte. During
discharge, LiMO, is at some extent delithiated (equation 1.6) while lithium ions are
intercalated in the carbon-based matrix (equation 1.7) in the negative electrode.
Opposite reactions take place during charge. This simultaneous intercalation-
deintercalation of lithium ions in both electrodes is the reason why lithium-ion
batteries are sometimes denoted as “rocking chair” batteries [14].

LiMO, 2 Li;_,MO, + xLi* + xe~ (1.6)

xe” + nC +xLit s Li, Cy, (1.7)

Among the different carbonaceous materials that can be selected as negative
electrode, graphite is the most commonly used due to its low price, chemical stability
and low reduction potential. On the other hand, LiCoO, one of the first
commercialized cathodes for LiBs, is still present in most commercial devices due to its
high reliability, moderate theoretical gravimetric capacity and high operation
potential. Regarding the electrolyte, lithium hexafluorophosphate (LiPF¢) dissolved in a
mixture of carbonate-based solvents, is mostly employed [15]. Diagram of a
conventional LIB is depicted in Scheme 1.3.
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Scheme 1.3. Operation of a conventional Lithium-ion battery.

However, besides the aforementioned advantages, conventional lithium-ion batteries
based on the Li* intercalation mechanism cannot provide the fast charge needed for
certain number of applications. In addition, the use of critical raw materials such as
cobalt hinders their global use in stationary and grid storage applications. Research on
new materials for the anode and cathode side and exploring new battery chemistries
will play a crucial role on the development of a more efficient, cheaper and
environmentally friendly new generation of batteries. Among them, sodium-ion
batteries, lithium-sulfur batteries, metal-oxygen batteries or redox-flow batteries can
be mentioned as the most representative ones [16].

1.2.2. Lithium-sulfur batteries

Lithium-sulfur (Li-S) batteries use sulfur as the positive electrode, metallic lithium as
the negative electrode and a lithium containing organic salt as electrolyte. The
replacement of metal oxide intercalation cathodes by elemental sulfur, Sg, provides
some advantages. First, regardless the bad reputation of sulfur, it is a non-toxic
substance, since not mutagen or carcinogenic effects have been reported, and
continuous exposition to low amounts is recognized as safe [17]. Second, sulfur is
cheap and is one of the most abundant elements in the earth’s crust. Moreover, sulfur
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is @ major by-product of oil refining and gas processing; crude oil grades contain sulfur
that has to be removed through purification processes to fulfil the refined products
standards [18]. Third, and most important, the theoretical specific capacity of sulfur is
very high (1,675 mAh g?) since two electrons are shared in the course of the
electrochemical reaction and the molecular weight of sulfur is relatively low.
Combined with the high theoretical capacity of metallic lithium (3,861 mAh g*), Li-S
batteries exhibit one of the highest theoretical gravimetric energy densities among all
the battery chemistries (ca. 2,600 Wh Kg™). Therefore, Li-S batteries are considered
among the most promising next generation of lithium batteries [19,20]. Some relevant
parameters for Li-ion and Li-S cathodes are listed in Table 1.1.

Table 1.1. Some relevant parameters for conventional Li-ion and Li-S cathode materials [21].

Cell Voltage Theoretical Practical
Battery Cathode Cost V) g Capacity Capacity
(mAh g?) (mAhg™)
LiCoO, High 3.6 274 160
Li-ion LiMn,0, Low 3.9 148 105
LiFePO, Low 3.4 170 155
Li-S Sulfur Very Low 2.1 1,675 600-800

Regarding the operation principles, during the discharge reaction, lithium metal is
oxidized at the negative electrode to produce lithium ions and electrons (Reaction
1.8). Lithium ions migrate to the positive electrode through the electrolyte to the
positive electrode where sulfur is reduced to lithium sulfide (Li,S) (Reaction 1.9), while
the electrons travel through the external circuit generating an electrical current.
Overall discharge reaction is represented in Reaction 1.10.

Negative electrode 2Li — 2Li* + 2e” (1.8)
Positive electrode S+ 2Lit + 2e” - Li,S (1.9)
Overall discharge reaction: 2Li+ S - Li,S (1.10)
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Reduction of elemental sulfur into Li,S does not take place directly but through the
formation of several polysulfide intermediates (Li,S,). During discharge, two plateaus
and a sloppy region are generally observed due to the progressive reduction of sulfur
into Li,S. The first plateau at ca. 2.3 V vs. Li*/Li corresponds to the ring opening of Sg
and reduction into high order polysulfides (Li,Ss, Li,Sg). High order polysulfides are
furtherly reduced to Li,S, in the slopping region, and as the reaction continues, low
order polysulfides (Li,S,, Li,S) start appearing in the second plateau at ca. 2.1 V vs.
Li*/Li until reaction finishes due to the complete reduction of sulfur into Li,S (Scheme
1.4) [22].
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Scheme 1.4. Li-S ideal galvanostatic discharge curve.

In this technology, the inherent electrochemical advantages of sulfur coexist with the
challenges associated to the non-metallic feature of this element. First, sulfur and its
reduction products (Li,S) are electrical insulators, requiring the use of carbon additives
to improve the electronic conductivity of the electrodes, which unfortunately
contribute to increase the “dead weight” of the electrochemical cell, and therefore
decrease its specific energy density. In the second place, Li,S volume is a 76% larger
than that of sulfur. This volume expansion/contraction during the battery discharge
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and charge, respectively, can progressively deteriorate the cathode life and lead to
electrode cracking, loss of active material or even the short-circuit of the cell [23-25].
Last, the major challenge associated with the use of sulfur, is the so-called “Shuttle
effect”. High-order lithium polysulfides are very soluble in most commonly used
organic electrolytes, so, they tend to diffuse from the cathode to the anode due to
concentration gradient and potential difference. Then, long chain polysulfides are
reduced with metallic lithium, giving rise to low order lithium polysulfides that diffuse
back to the cathode and are again oxidized to high order lithium polysulfides. These
polysulfides can be even further reduced to insoluble Li,S or Li,S, that can precipitate
at the anode surface. This process takes place repeatedly during cycling, degrading
metallic lithium and leading to active material lost in the cathode. This effect results in
a progressive deterioration of the coulombic efficiency, a poor cycle life and a strong
capacity fading of the cell [26,27]. Discharge, charge and shuttle effect mechanisms for
a Li-S battery are summarized in Scheme 1.5.
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Scheme 1.5. Diagram of reaction mechanisms for a Li-S battery.
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To overcome all these issues, much effort has been devoted for optimization of the
cathode material. Most of them, involve the preparation of composites by mixing of
sulfur with other materials (polymers, transition metals, carbons) [28-32]. On the
anode-side, the use of bare metallic lithium has associated some important challenges.
The solid electrolyte interface layer (SEl) formed upon the reaction between lithium
and the electrolyte produce irreversible loss of active material and the heterogeneous
deposition of lithium ions on the anode side can lead to lithium dendrite formation
(ramified structures that grow beyond the surface of the anode) that limit the lifetime
of the battery and compromise its safety [33].

1.2.3. Metal-oxygen batteries

Metal-oxygen batteries (M-0,) rely on the electrochemical reduction of molecular
oxygen (0,) in the cathode and the use of an electropositive metal as anode. Well
known examples of M-O, batteries are primary cells in aqueous electrolytes such as
Zn-0,, Al-O, or Mg-0, batteries. Unfortunately, these devices cannot be recharged due
to the irreversible electrochemical reactions that take place in both anode and
cathode during discharge. On this regard, non-aqueous metal-oxygen batteries based
on the use of alkali metals such as Li or Na, have been recently identified as promising
next generation of batteries due to their outstanding theoretical energy density and
their ability to be recharged [34]. These cells are formed by combining an alkali metal
anode with an “air-cathode”; generally, a porous material with high surface area to
enable the gas diffusion and promote the reaction between sodium and oxygen. The
chemical processes behind the operation involve the metal (e.g. Li or Na) oxidation in
the anode during the discharge, and ions reaction with molecular oxygen at the
cathode. The reduction of molecular oxygen, usually denoted as oxygen reduction
reaction (ORR), lead to the formation of superoxide (O,) and peroxide (0,?) anions
simultaneously. These oxygen reactive species generated by the ORR combine with
the metal cation and the precipitation of metal oxides occurs at the surface of the “air-
cathode”. Upon charge, alkali metal oxides decompose reversibly into oxygen gas
(OER) and alkali metal [35,36]. The working mechanism of a generic rechargeable M-
0, battery is depicted in Scheme 1.6.
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Scheme 1.6. Schematic representation of the working principles of rechargeable M-0, batteries.

Among the different M-0, configurations, lithium-oxygen batteries (Li-O,), firstly
reported in 1996, have attracted considerable attention [37]. During discharge,
metallic lithium is oxidized to Li* in the negative electrode, which reacts with the O,
from the ORR to form LiO, in the cathode. However, LiO, is unstable and further reacts
with another Li* to form Li,0,. As consequence, Li-O, batteries have an outstanding
theoretical energy density of ca. 3,500 Wh kg™, which is almost ten times higher than
that of conventional LiBs. However, several drawbacks related to battery operation
such as Li dendrite growth, side reactions, stability of the electrolyte and poor kinetics
have limited its practical application [38]. Moreover, relying on quasi-reversible
oxygen/peroxide (0,/0,) electrochemistry, Li-O, cells suffer from high charging
overpotential that results in poor energy efficiency. In other words, more energy is
required to recharge the battery compared with the energy that can be obtained on
discharge. This high charging overpotential also contributes to instability of the cells
components, leading to a low cycling performance [39].

In 2012, the Na-0, technology emerged as a promising alternative just by replacing the
metallic Li by Na as the negative electrode [40]. Sodium shows higher ionic
conductivity, is more abundant and cheaper than lithium. Moreover, Na-O, batteries
perform through the formation of superoxide discharge product (NaO,, Reaction 1.11)
instead of peroxide, (Li,O,, Reaction 1.12).
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Na-0, discharge 0, + Na* +1e” - NaO, (1.11)
Li-O, discharge 0, + 2Li* +2e~ - Li,0, (1.12)

The one electron-based oxygen reduction undergone in Na-O, battery decrease the
energy density of the battery to 1,100 Wh kg*, but fasten the reaction kinetics,
decrease overpotential and improve stability and efficiency. Na-O, batteries, however,
are still a novel technology and will need further development before widespread
commercialization. The major challenge of Na-O, batteries is related to cyclability,
since more than 100 cycles are rarely achieved. This poor cycling life is associated to
the different cell components (anode, cathode, and electrolyte). Despite the
aforementioned positive features, metallic sodium is more reactive than lithium,
which may lead to premature cell failure due to dendrite growth and poor cycling rate
performance due to parasitic reactions [41]. The O, radical which is formed upon
discharge is highly reactive and may decompose most of the commonly used aprotic
electrolytes and attack both the anode and the cathode. Moreover, the excessive
accumulation of discharge products in the oxygen cathode can also lead to pore
clogging, hindering reversible cycling. In addition, a rationally designed cathode is
needed to provide efficient Na* and O, diffusion pathways at the time that serve as
catalyst for ORR and OER reactions [42]. Regarding cell setup, most of the cells used in
the Na-0, research field are homemade or noncommercially available. This leads to a
wide variability in the reported results, which varies from lab to lab [43]. In summary,
a thorough design and optimization of each cell component and a better
understanding of the reaction mechanism will be crucial for the development of this
promising technology.

1.3. Electrochemical capacitors

The discovery of electrical capacitors dates from 1957, when a group of engineers
from the General Electric Company firstly described the electric double layer effect
undergone in porous carbon electrodes. In 1969, Sohio Corporation manufactured the
first commercial electric double layer capacitor using a porous carbon in a non-
aqueous solvent. Finally, in 1978, NEC (a Japanese multinational Information
Technology provider) baptized these types of high electrochemical capacitors as
“supercapacitor” [44]. From then, the terms supercapacitor or ultracapacitor, are used
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to generally denote electrochemical capacitors (EC). Supercapacitors can be classified
in three main subcategories depending on their energy storage mechanism: electrical
double layer capacitors (EDLCs), pseudocapacitors and metal-ion hybrid capacitors.

1.3.1. Electrical double layer capacitors

Electric double layer capacitors are formed by two electrodes, which in most of the
cases are two similar porous carbon-based materials, separated by a semi-permeable
membrane impregnated in an electrolyte. Energy is electrostatically stored by the
adsorption of positive and negative charges at the interface electrode/electrolyte
rather than in a chemical form. Owing to the non-faradaic charge storage mechanism,
which does not involve any chemical reaction, these devices can stand millions of
cycles with an outstanding power density. When a potential difference is applied to an
EDLC, opposite ion charges in the electrolyte are attracted by the as-generated
potential difference, permeating the membrane and getting stored in the pores of the
carbon materials, thus forming the electric double layer [45] as represented in
Scheme 1.7.

Uncharged Charged

(b) |

Scheme 1.7. Activated carbon-based EDLC in its uncharged (a) and charged state (b).

As each electrode-electrolyte interface represents a conventional capacitor, the full
cell can be considered as two capacitors connected in series, and therefore, the charge
stored in the cell in farads, or capacitance (C.) can be calculated following the
Equation 1.13, where C, and C. are the capacitance values of the positive and negative
electrodes respectively.
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Energy stored on an EDLC is directly related to capacitance and exponentially
proportional to operational working voltage window as stated in Equation 1.14.
Meanwhile, power is delivered energy per unit of time like expressed in Equation 1.15.

1
E =EC-V2 (1.14)

p=E/, (1.15)

Extended research has been devoted to increase capacitance and voltage on EDLC
devices to achieve higher energy densities. While capacitance is mainly related with
the nature of the electrode materials, operational working voltage is highly dependent
on the selected electrolyte. Each electrode capacitance (C.) can be described by the
Helmholtz model:

S
C, = €o&, < (1.16)

Where gqis the permittivity of vacuum, g, the relative permittivity of the electrolyte, S
is the surface area of the electrode/electrolyte interface and d is the effective
thickness of the double layer. The influence of surface area over capacitance is the
main reason why activated carbons (ACs) are the preferred choice for EDLCs
electrodes. However, only a fraction of the surface area is available to form the
electric double layer, and consequently the capacitance calculated on the basis of
Equation (1.16) is usually overestimated. This is generally related to the adequacy of
pore size distribution with electrolyte ions size. For example, an excessively small pore
size will hinder the access of electrolyte ions, what entails an underuse of the whole
surface area. Therefore, electrode materials for EDLCs must account with large specific
surface area and an appropriate pore size distribution that fits the ions size of selected
electrolyte [50]. Additionally, electrolyte selection is no trivial issue since it mainly
determines the operational working voltage of the cell. Aqueous-based electrolyte
rarely exceeds 1 V (due to water decomposition), while organic electrolytes and ionic
liquids (ILs) can work above 2.5 V. More in detail, the ions of aqueous electrolytes
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generally account with a small size and a higher electronic conductivity, allowing
higher capacitance and power values than that obtained for organic electrolytes,
especially at higher rates. In any case, organic electrolytes are still the preferred choice
for commercial supercapacitors due to its wider operating potential windows (2.5 —
2.8 V). However, organic electrolytes, generally based on ammonium salts dissolved in
acetonitrile (ACN), still exhibit some volatility, safety and toxicity issues [46]. On the
other hand, ionic liquids have recently received significant interest as alternative
electrolytes for supercapacitors due to several advantages that include negligible
volatility, non-flammability and good thermal and electrochemical stability
(3.0 -3.5V). Nevertheless, the specific capacitance of the final EDLC can be
compromise due to the lower ionic conductivities and larger size of the ILs ions
[47,48].

Regarding their characterization, cyclic voltammetry (CV) is one of the most used
electrochemical techniques to evaluate the EDLC performance. A differential in
potential in terms of scan rate (Vsun rate = V 5) is applied and the current generated
due to electric double layer formation is registered. The resulting current can be
directly related to the cell capacitance from the following equation:

I

Ceenn = (1.17)

VScan rate

For an ideal EDLC, a perfect rectangular shaped curve should be observed under the
electrolyte stability limits. Consequently, this technique is very useful for a first
assessment of the new materials and to determine the stability voltage window for a
certain system. However, galvanostatic measurements, applying a constant current,
are considered a more accurate technique for the evaluation of critical operational
parameters such as energy, power or cycle life. While for batteries an almost constant
voltage (plateau) is attained during discharge, EDLCs show a linear dependency
between voltage and its state of discharge. Comparison between ideal CV and
galvanostatic curves for batteries and EDLC are shown in Scheme 1.8 [49].
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Scheme 1.8. CV (a) and galvanostatic (b) characteristic profiles for EDLCs and batteries (c and d).

1.3.2. Pseudocapacitors

In pseudocapacitors charge is stored via fast and reversible faradaic processes which
involve charge transfer between electrode and electrolyte. When a potential is
applied, reduction and oxidation reactions take place on the electrode material,
resulting in faradaic current passing through the capacitor cell. This non-diffusion
limited process enables much faster redox reactions, allowing higher capacitance
values than EDLCs [50]. Active electrode materials showing pseudocapacitive behavior
are transition metal oxides (RuO,, MnO,) and conducting polymers. A typical
pseudocapacitive reaction is represented in Equation 1.18.

Ru0, + xH* + xe~ 5 Ru0,_,(0OH), (1.18)
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1.3.3. Metal-ion Hybrid Capacitors

Metal-ion hybrid supercapacitors are devices that combine a battery-type electrode
with a capacitive one in the same cell. So, hybrids are built in an asymmetric
configuration. While one electrode store charge electrostatically, the other one
undergoes faradaic charge storage [51]. Metal-ion hybrid capacitors are a promising
technology since they exhibit intermediate properties between both technologies and
fill the gap for a number of applications where moderate energy densities at high
powers are demanded [52,53]. Lithium-ion capacitors (LICs), firstly reported by
Amattuci and coworkers [54], have gained considerable attention due to the
synergistic effects achieved when merging LiB and EDLC technologies. LICs include a
typical negative electrode from a LiBs and a positive capacitive-type electrode from
the EDLC, both impregnated with an organic electrolyte containing a lithium-ion
conducting salt. As depicted in Scheme 1.9, the charge/discharge processes in LICs
involve faradaic and non-faradaic electrochemical processes. During charging, lithium
ions are intercalated in the anode materials while the anions in the electrolyte are
adsorbed on the surface of the porous positive electrode. During discharge, electric
current is produced through the spontaneous reverse processes [55].
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Scheme 1.9. Lithium-ion capacitor operation diagram.
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In an ideal LIC, cell voltage shows a linear dependence with time, similar to what
occurs in EDLCs. The amount of stored energy is proportional to the capacitance, C,
and to the square of the operating upper, V2., and lower voltages, V2, according to
the following equation:

1
E =5 C(Vax = Vinn) (1.19)

Due to the larger operational potentials compared to EDLC, LICs exhibit much higher
energy densities. And the electrostatic charge storage process in the positive electrode
enables faster charge-discharge rates compared to LIBs. The advantages of LICs can be
summarized as follows (i) higher energy density and low self-discharge rate (<5%
voltage drop at room temperature) compared to EDLCs; (ii) higher power density
when compared to LiBs; (iii) long-term stability and (iv) wide operating temperature
ranging from -20 to 70 °C [56]. Ragone plots, showing energy to power density values,
are commonly used to compare the performance of different devices or
electrochemical storage systems. Ragone plot in Figure 1.2 clearly evidences the
“bridging” opportunities of LICs.

—
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Figure 1.2. Ragone plot comparing performance of representative energy storage devices.
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Although this technology is already commercialized [57], there are still some issues to
be solved, the main one is related with the mismatched kinetics between positive and
negative electrodes. The energy density of the LIC is limited by the specific capacitance
of the capacitive-type electrode, since specific capacity of the battery-type electrode is
much higher. On the other hand, the power density is limited by the battery-type
electrode which shows sluggish kinetics behavior [58]. Thus, a thorough selection and
optimization of positive and negative electrode materials are needed. For the positive
electrode, as for EDLCs, activated carbons are the preferred choice since possess the
merits of: (i) a high specific surface area to gain high specific capacitance; (ii) a high
operating voltage to ensure a high energy density; (iii) a superior electronic
conductivity to achieve a high power; and (iv) an excellent electrolyte accessibility
through the intrapore space [59]. On the other hand, a low operating voltage and a
good rate capability is desired for battery-type electrode materials in the LIC. Negative
electrodes, borrowed from LIBs anodes, can be classified into three kinds according to
their Li* storage behaviors: insertion-type (pre-lithiated carbons, LTO, TiO,),
conversion-type (Sn0,, Fe;04, Nb,0s) and alloy-type (Si, Sn) [60]. Despite the great
variety of electrode materials reported, it is remarkable that dual carbon LICs (DC-
LICs), in which both electrodes are based on carbonaceous materials, exhibit a safer
performance, better long-term cycling stability, greater reliability and higher power
densities than other LICs configurations [56,61]. However, pre-lithiation of the battery-
type electrode is required to enable the operation of DC-LICs since both the
carbonaceous materials used do not contain lithium ions. Pre-lithiation process can be
challenging and raise the price of LICs manufacture [62]. However, it also allows the
use of alternative carbon materials with low first cycle coulombic efficiencies, since
irreversible reactions associated with SEI formation takes place during this preliminary
step. This is the case of non-graphitizable carbons, also known as hard carbons (HCs),
which has demonstrated to be a suitable alternative to conventional graphite anodes
owing to their large storage capacity, low working potential and good cycling stability
[63]. Another, challenge associated to LICs, especially at the lab-scale, is the so-called
“platting” process. When potential of the battery-electrode reaches negative values,
formation of metallic lithium is favored. As result life performance of the LIC can be
seriously affected, but most important, the presence of metallic lithium in the cell
entails serious safety hazards. A careful control of the pre-lithiation process and
matching the kinetics of both electrodes need to be considered to avoid lithium
platting and ensure the correct operation of the LIC [64].
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1.4. Graphene

1.4.1. Structure and properties of graphene

Graphene is an allotrope of carbon where sp’-hybridized carbon atoms arranged in a
flat bidimensional honeycomb lattice. Graphene sheets layers, with a carbon atom
thickness of only 3.32 A, can be also considered as a basic structural building block for
several well-known carbon structures, such as graphite, carbon nanotubes or
fullerenes (Scheme 1.10).
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Scheme 1.10. Graphene as building block for different carbon structures.

Since first unambiguously obtained and partially characterized by Andre Geim and
Konstantin Novoselov in 2004 [65], graphene has attracted much interest due to its
outstanding properties and wide range of applications:

e Graphene is an excellent electric conductor due to its conjugated bidimensional pi
system. In fact, free-standing graphene has high electrical charge carrier mobility
up to ~ 200,000 cm?*V's™ [66].

e The thermal conductivity of graphene could reach ~ 5,000 W m™K™. As a result,
graphene could be used for thermal management in microelectronics or as an
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ultrahigh thermal conductive filler to improve thermal conductivity of polymer
composites [67].

e Graphene presents optic transparency, absorbing only the 2.3% of the white light.
This feature appoints graphene as a potential candidate to replace conventional
transparent electrodes (indium tin oxide) in solar cells [68].

e Regarding the mechanical properties, the flexibility of graphene adds another
advantage over the conventional rigid electrodes, and extends its application to
flexible, wearable electronics. Additionally, graphene can be used as a
reinforcement filler to enhance the mechanical properties of other materials
thanks to its outstanding mechanical strength (Young’s modulus, ~1 TPa) [69].

e The theoretical specific surface area of graphene is as high as 2,630 m* g™ [70],
which renders this bidimensional material highly desirable for its use in the
sorption of gases or water purification.

It is worth to remark that all these promising features only apply to pure single-atom
thick layer of graphene, which is usually called just as “graphene” or “pristine
graphene”. As several layers of graphene stack together due to pi-pi conjugation,
these properties may vary and progressively approach those of graphite. Attending to
that, it is well accepted in the scientific literature to use the term “multilayer
graphene” when 2 to 10 layers are stacked together [71]. If the number of layers is
above 10, it would be correct to use the term “graphitic material” or “carbon thin
film”. In order to properly classify the different emerging graphene-based materials,
terms like graphene nanoribbons, graphene nanosheets or graphene quantum dots
have been widely used in literature. This nomenclature refers to their aspect ratio.
However, they are often indiscriminately used, which leads to confusion.

1.4.2. Preparation of graphene-based materials

Since graphene does not occur naturally, different synthetic routes have been
explored for the preparation of single-layer carbon sheets. This is not a trivial issue
due to the great stacking tendency of the graphene layers, the instability of monolayer
graphene and the high dependency of graphene properties over its preparation
method. Despite great efforts have been devoted to find an approach that allows to
obtain large amounts of highly pure graphene so far none of them have fully succeed,
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which has hindered its integration in real systems. Within this context, in last decade,
several preparation methods of graphene have been described to fulfil these
requirements. Following the nomenclature used for the preparation of nanostructured
materials, the synthesis of graphene and its relatives can be classified into two main
categories, bottom-up and top-down approaches [72].

In bottom-up approaches individual constituents, like inorganic/organic molecules, are
assembled to build the bidimensional carbon layer. Methods based on the controlled
growth of graphene from decomposition of carbon precursors over a substrate like
chemical vapor deposition (CVD) or epitaxial growth are the most representative
techniques for bottom-up approaches. These techniques allow the production of high-
quality graphene (monolayer, non-defective, transparent, flexible). Nevertheless, the
high cost and extremely low yield of these manufacture processes greatly hinder their
use for the large scale production of graphene, limiting their use for certain
applications like microelectronics in which small quantities of high quality graphene
are needed [73].

On the other hand, top-down approaches use as precursor carbonaceous materials
that already contain graphene on its structure, e.g. graphite, and break in down into
its individual units. These processes can be classified according to the method used for
the exfoliation: mechanical, electrochemical or chemical. All of them allow getting a
considerably high amount of product at a very low cost, but resultant graphene-based
materials generally show a larger amount of defects compared to those obtained by
bottom-up approaches [74]. Graphene production through the graphite oxide
exfoliation route (chemical exfoliation) is the most used one due to its low-cost, large-
scale production and easy manipulation. The resultant product from this method is
graphene oxide (GO), one of the most commonly used precursors for the production
of graphene-based materials.

1.4.3. Graphene oxide

Graphene oxide is generally produced in two steps. In the first one, graphite is
oxidized to graphite oxide, and in the second one, graphite oxide is exfoliated to
graphene oxide. The most commonly used oxidation route of graphite is the
“Hummers’ method” [75], which consists on the sequential addition of strong oxidizing
agents (H,S0,, KMnQ,, NaNO3) to a certain amount of graphite. As a result, graphite is
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oxidized and oxygen functional groups are intercalated between the graphene layers,
reducing the Van der Waals energy forces due to the increase of the interlayer
distance [76]. The oxygen functional groups present on the surface of graphene layers
are mainly hydroxyl and epoxy groups on the inner part of the sheets and smaller
amounts of carboxyl, carbonyl, phenol, lactone and quinone groups mainly located at
the edges sites [77]. Resultant graphite oxide can be easily exfoliated to GO by
different methods such as sonication in a solvent. However, most oxygen
functionalities from graphite oxide remain anchored on the surface of the graphene
layers. For this reason, the term “graphene oxide” is generally used (see Scheme 1.11).
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Scheme 1.11. Schematic representation of a conventional route followed for the preparation of GO.

The presence of oxygen functional groups improves its dispersibility in polar solvents
and increase its reactivity for further surface chemical modifications, which is
especially interesting for the design of sensors or biomedicines [78]. Nevertheless,
graphene oxide is an insulator due to the disrupted sp® bonding networks which limits
the direct application of GO in electrically active materials and devices. To recover a
good electronic conductivity comparable to graphite, GO needs to be reduced to
restore its pi-pi conjugated structure. For this purpose, thermal or chemical
treatments are generally used to remove the oxygen functional groups, and in this
case the term “reduced graphene oxide” (rGO) is used to distinguish it from
non-defective pristine graphene [79].
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1.5. Objectives and goals

In short, there is an urgent need to develop new and more efficient energy storage
devices. For this purpose, new chemistries beyond Li-ion are arising. Among them,
lithium-sulfur batteries, sodium-oxygen batteries, electric double layer capacitors and
lithium-ion capacitors are quite promising. However, these technologies still need a
further development to meet the ever-growing energy demand of modern society. For
this purpose, it is crucial the search for new electrode materials tailored to the
requirements of each device. On this regard, graphene oxide is a promising candidate
thanks to its easy manufacture, low price, outstanding mechanical properties and
great tunability. Thus, the main objective of this thesis relies in the use of graphene
oxide and its derivatives to surpass the intrinsic challenges of the aforementioned
energy storage devices and enhance their practical energy and power densities. Since
each energy storage technology is based on different mechanisms and, subsequently,
individual strategies are needed, each chapter of the thesis is dedicated to a specific
technology. The common thread of the chapters is the use and evaluation of
graphene-based materials in the electrodes. Chapter | includes and introduction and
the State of the Art of the topic and the objectives of this thesis. Chapter Il objective is
the preparation of high sulfur loaded graphene-sulfur composites and its further
application as cathodes for high-energy and long-life Li-S batteries. Chapter Il aims to
produce three-dimensional graphene supports as oxygen cathodes for Na-O, batteries.
Chapter IV is devoted to the preparation of activated carbon-graphene composites
using cigarette filter wastes as precursor and evaluate its potential application as
electrodes for high energy EDLCs. Chapter V objective is the preparation of carbon
composites from the pyrolysis and activation of coffee waste and graphene oxide, and
their evaluation as potential electrodes for dual-carbon lithium-ion capacitors. Finally,
in Chapter VI, a general discussion is followed; results are examined and put into
perspective. Conclusions of this thesis are summarized.
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Chapter Il. Lithium-sulfur batteries

2.1. State-of-the-art of graphene-based materials for Li-S cathodes

Lithium-sulfur technology is moving forward by leaps and bounds towards overpassing
conventional Li-ion batteries. However, shuttle effect, isolating nature of sulfur and
large volume changes in the cathode during cycling largely hinder its large-scale
commercialization. To solve these challenges, the encapsulation of sulfur into a
conductive matrix has demonstrated to be a versatile approach [1]. On this regard,
graphene-based materials have been appointed as a promising material to
encapsulate sulfur particles. Their excellent electrical conductivity and mechanical
properties can mitigate the isolating nature of sulfur and buffer the volume changes
during cycling [2]. This can considerably increase the conductivity of the composite
and boost it rate capability, allowing higher sulfur utilizations. Pristine graphene,
referring to one-layer atom thickness defect-free graphene, has been considered as a
promising encapsulating material do its unparalleled conductivity and electron
transferring ability [3]. These features render graphene/S cathodes superior rate
performance and sulfur utilization compared with other carbonaceous materials [4—6].
However, the non-polar nature of defect-free graphene also results in a poor
compatibility with polysulfides, resulting in a fast capacity decay due to the
unrestricted shuttle effect taking place in the cells [7,8]. On the other hand, GO,
accounting with a low-associated cost and easy of fabrication, can benefit from the
wide range of oxygen functional groups which endow this material with higher polarity
than pristine graphene, allowing the chemical bonding of polysulfides [9,10].
Additionally, the hydrophilic nature of GO allow the incorporation of sulfur via
multiple liquid methods, increasing sulfur loading and promoting homogenization [11—
14]; as well as facilitate the fabrication of hierarchically porous structures such as
aerogels [15-17]. Nevertheless, GO shows a lower electronic conductivity than pristine
graphene or other carbonaceous materials. The combination with carbonaceous
conductive additives (CNTs [18—20], porous carbons [17,21,22] or carbon spheres [23])
and its partial reduction using chemicals [24] or thermal [25] treatments have been
proved to be effective approaches to improve the electronic conductivity without
compromising the polarity of GO. Moreover, functional groups can serve as anchoring
point for heteroatoms [26-28] or catalysts that promote sulfur conversion and/or
polysulfide trapping [29—35]. Table 2.1 summarizes the electrochemical performance
of most representative graphene-based/sulfur cathodes.
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2.1. State-of-the-art of graphene-based materials for Li-S cathodes

Table 2.1. Summary of some representative works employing graphene-based/S cathodes including
relevant electrochemical parameters for Li-S batteries.

Sulfur Sulfur mass Initial specific Initial areal Reversible Ne Cycles
Material content loading capacity (C-rate) capacity capacity (after oy . Ref
2 1 2 1 (% Retention)
[wt.%]* [mg ecm™] [mAh g~ ]** [mAh cm™] nth) [mAh g™]
1400 380 at 1C 800
PC-Graphene/S 48.0 - [5]
(0.1C) (after 800 cy) (76%)
1500 840 at 200 mA g'1 100
Graphene/S 36.5 0.86 4 1.29 [71
(100 mAg™) (after 100 cy) (53%)
1360 1028 at 0.5C 600
rGO-CNF/S 85.0 15.8 215 [15]
(0.1C) (after 600 cy) (83%)
NrGO- 1256 804 at 0.4C 300
70.0 8.20 10.3 [16]
Graphene/S (0.1C) (after 300 cy) (82%)
1386 670at 0.2C 400
PC-GO/S 70.0 2.00 2.77 [17]
(0.1C) (after 400 cy) (68%)
1049 464 at 0.5C 500
NrGO-CNT/S 53.5 1.60 1.68 [20]
(0.1C) (after 500 cy) (61%)
1500 341 at 1C 500
PC-rGO/S 41.2 1.23 1.85 [22]
(0.1C) (after 500 cy) (43%)
1413 526 at 1C 1000
NrGO/S 53.2 1.20 1.69 [26]
(0.1C) (after 1000 cy) (61%)
. 1116 831at 1C 200
rGO-TiO,/S 50.4 1.30 1.46 [33]
(0.2C) (after 200 cy) (98%)
1447 917 at 1C 200
rGO-VN/S 56.0 3.00 4.35 [34]
(0.2C) (after 200 cy) (81%)

*Sulfur content in the electrode
**C-rate according to the theoretical specific capacity of sulfur (1C= 1675 mA g™)

It should be highlighted, that despite the large initial specific capacities achieved in

some of the works (1000 — 1500 mAh g*), the sulfur content in those cathodes is

generally below the 60 wt.%, while sulfur loadings are rarely above 2 mg cm™. As

result, besides some exceptions [15,16,36—38], areal capacities reported in literature

are considerably lower than that of conventional Li-ion batteries (4 mAh cm™). Thus,

researches on new graphene-based cathodes that can host large sulfur loadings are

crucial to meet the requirements of practical Li-S batteries.
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Chapter Il. Lithium-sulfur batteries

2.2.  HrGO wrapping sulfur particles

Taking into account the aforementioned issues, this section of the thesis is devoted to
the preparation of high sulfur loaded graphene-sulfur composites to be used as
cathodes for Li-S batteries. Partially reduced graphene oxide obtained by the
hydrothermal treatment of a home-made GO suspension is investigated as sulfur host.
By controlling the time and reaction temperature, the hydrothermal treatment
partially reduces graphene oxide (HrGO) sheets and thus increase their electronic
conductivity compared to GO. Moreover, this methodology uses water as the reducing
agent, thus avoiding the use of toxic/hazardous chemicals and giving rise to a clean
HrGO dispersion that can be directly used in subsequent water-based processes. In
this approach, a colloidal suspension of sulfur particles is mixed with HrGO to form the
final composite. Sulfur suspension is prepared through a green route using sodium
thiosulfate as sulfur precursor in the presence of polyvinyl pyrrolidone (PVP) as
capping agent to control the growth of sulfur particles.

2.2.1. Sulfur composites and electrodes preparation

Graphite oxide was obtained through a modified Hummers’ method [39]. Briefly,
240 mL of concentrated H,SO, and 5 g of sodium nitrate NaNO; were added slowly
under vigorous stirring to a 250 mL round bottom flask containing 5 g of graphite
powder. Then, 30 g of KMnO, was added to the reaction mixture while the flask was
held on an ice bath, followed by stirring for 3 h at 30 °C. Afterwards, 1 L of H,0, (3%)
was added to the flask. The resulting graphite oxide was treated with 5% HCl and then
washed several times with distilled water followed by centrifugation until neutral pH.
After drying, graphite oxide was dispersed in 200 mL of water and ultrasonicated at
30 °C for 2 h, yielding an aqueous GO dispersion with a concentration of 2.3 g L™
HrGO was obtained by hydrothermal reduction of the GO suspension (1 g L™) in a
Teflon-lined reactor at 150 °C for 3 h.

On the other hand, a sulfur colloidal dispersion was prepared by disproportionation
reaction of 3 g of sodium thiosulfate (Na,S,03) dissolved in 0.5 L of water by the
further addition of 24 mL of concentrated hydrochloric acid (Reaction 2.1).

Na,S,05(aq) + HCl(aq) = 1 S(s) + SO,(g) + NaCl(aq) + H,0 (2.2)
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2.2. HrGO wrapping sulfur particles

Shape and size of sulfur particles in the dispersion were controlled by adding 1.6 g of
PVP. Finally, for the preparation of HrGO-PVP/S composite, 40 mL of HrGO suspension
were mixed with 20 mg of commercial conductive carbon (Super C, C65) and in-situ
prepared sulfur dispersion. Synthetic route followed for the preparation of HrGO-
PVP/S composite is depicted in Scheme 2.1. For the sake of comparison, PVP-free
composite (HrGO/S), non-reduced graphene composite (GO/S) and a sample prepared
in the absence of graphene (Sulfur) were prepared.

Hydrothermal 2
reduction

HrGO-PVP/S

Scheme 2.1. Schematic representation of the synthetic route followed for the preparation of HrGO-PVP/S.

In order to prepare laminates for further electrochemical characterization, composites
were mixed with carbon black and polyvinylidene difluoride (PVDF) in N-methyl-2-
pyrrolidone (NMP) in an 80:10:10 mass ratio. These slurries were then deposited onto
a carbon-coated aluminum foil using the doctor blade technique and dried under
vacuum overnight. Electrode discs of 12 mm in diameter and typical sulfur mass
loadings of 1.3-1.6 mg cm™ were cut and further dried prior to cell assembly. CR2032
type coin cells were assembled in an argon-filled glovebox using lithium discs as
counter and reference electrode. The electrolyte used was a 1 M solution of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in a 1:1 (v/v) mixture of 1,2-dimethoxy
ethane (DME) and dimethyl 1,3-dioxolane (DOL) containing 2 wt.% LiNOs. The
sulfur/electrolyte ratio was optimized to 1/20 for this kind of composites. Capacity and
current density values are referred to the mass of elemental sulfur in the electrodes.
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Chapter Il. Lithium-sulfur batteries

2.2.2. Physicochemical characterization of graphene-sulfur composites

From Figure 2.1 it can be noticed that under the mild selected hydrothermal
conditions, the partially reduced graphene oxide still maintains a good dispersion in
water, which could favor the homogeneous wrapping of sulfur particles. Moreover,
the change in color from light-brown to black undergone by the GO suspension
evidenced the removal of oxygenated functional groups [40].

GO HrGO

Figure 2.1. Digital photographs of GO (left side) and HrGO (right side) suspensions.

Nuclear magnetic resonance (NMR) studies were conducted to gain quantitative
information about the nature and ratio of the oxygenated functional groups present
on the graphene-based matrixes. The solid-state NMR spectra recorded for HrGO and
GO samples are shown in Figure 2.2. The spectra were deconvoluted considering
several signals at different chemical shifts. The assignment of chemical shifts to the
different functional groups is based in the very good agreement existing between the
experimental values obtained from the NMR experiments and the values reported in
the literature [41-43]. From the intensity of the signals and the contribution of each
deconvolution peak to the overall curve, it can be inferred that under selected
hydrothermal conditions, superheated water catalyzes bond cleavage of the oxygen
moieties in the GO, leading to a significant reduction of the overall number of oxygen-
containing functional groups. The difference is nevertheless non homogeneous, being
the ether groups the most prompted for reduction. According to the NMR spectrum
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2.2. HrGO wrapping sulfur particles

registered for the HrGO sample, a 37 wt.% of oxygen can be estimated in this sample,
which is significantly lower than the 50 wt.% measured for the pristine GO.

250 200 150 100 50 0 -50
13€C Chemical shift (ppm)

Figure 2.2. 3¢ solid state NMR of HrGO and GO samples. The result of the deconvolution is shown in the
spectra together with the signal assignments and the relative populations.

After the incorporation of sulfur into the graphene-based matrix, elemental analysis
was performed to determine the amount of sulfur in the composites. The data show
that the sulfur content in the GO/S, HrGO/S and HrGO-PVP/S samples correspond to
92.0, 90.3 and 85.6 wt.%, respectively. It is worth highlighting that the overall sulfur
content obtained in both composites and electrodes in the present study is among the
highest reported in literature [44-49]. X-Ray diffraction (XRD) patterns of the
composites were registered and depicted in Figure 2.3a. They clearly show very
intense diffraction peaks associated to the crystalline orthorhombic phase of sulfur
(JCPDS No. 08-0247). Raman spectra recorded for the composites further confirm the
presence of sulfur and graphene-based matrix within the composites (Figure 2.3b). All
the spectra clearly show three sharp peaks registered at ca. 152, 217 and 472 cm™,
which are assigned to the e,, a; and e; symmetry vibration modes of S-S bonds in
orthorhombic sulfur, according to literature [50]. In addition, two broad Raman peaks
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Chapter Il. Lithium-sulfur batteries

assigned to the D-band and G-band of graphite are observed at about 1598 and
1350 cm™, respectively [51]. When D/G area ratios were calculated from the curve
integration, values of ca. 1.12, 1.23 and 1.22 were obtained for the GO/S, HrGO/S and
HrGO-PVP/S samples, respectively. These results support the reduction undergone by
GO upon hydrothermal treatment since ratio of D to G band increases after thermal
treatment of graphene-based materials due to removal of oxygen functionalities in
form of CO,/CO gases which induce the formation of defects in the rGO lattice.
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Figure 2.3. XRD (a) and Raman (b) measurements for labelled sulfur-based composites.

The morphology and microstructure of these samples were furtherly evaluated by
scanning electron microscopy (SEM). As it can be noticed from Figure 2.4, spherical-
shaped sulfur particles efficiently covered by graphene sheets were obtained. Great
morphological similarities between GO/S (Figure 2.4a) and HrGO/S (Figure 2.4b) can
be attributed to the good dispersibility of both GO and HrGO in water, which allows a
good covering of the sulfur particles. In addition, higher roughness of the graphene-
based matrix is noticed for the HrGO composite, which is typical from reduced
graphene oxide materials. In both cases, sulfur particles of 5-10 um size were
obtained. On the other hand, HrGO-PVP/S pictures (Figure 2.4c and d), shows that PVP
acted efficiently as capping agent, resulting on a considerable reduction of the particle
size. In this later case, sulfur particle diameters were determined to be approximately
600 nm, which is almost one order of magnitude smaller compared to the composites
prepared in the absence of PVP.
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2.2. HrGO wrapping sulfur particles

Figure 2.4. SEM images of GO/S (a), HrGO/S (b) and HrGO-PVP/S (c and d).

2.2.3. Electrochemical characterization of graphene-sulfur composites

In order to test the electrochemical performance of the different samples, coin cells
were assembled and galvanostatically cycled at a current density of 0.2C
(1C=1675mAg"). Figure 2.5a shows representative galvanostatic charge-discharge
profiles of each composite. Characteristic Li-S discharge plateaus are observed at ca.
2.3 and 2.1V for the HrGO-based composites, corresponding to high-order and low-
order polysulfide formation, respectively. However, for GO/S composite and sulfur
pristine sample, the first discharge plateau is inappreciable and large polarization is
observed. This results in shortened charge/discharge processes, thus considerably
reducing specific capacity values. This behavior could be strongly related to the low
electronic conductivity associated to large amount of oxygen functional groups in the
GO matrix and the isolating nature of sulfur. Figure 2.5b shows the cycling
performance and coulombic efficiency of the different composites under galvanostatic
cycling tests with two activation cycles at a current density of 0.1C and then the
subsequent cycles at 0.2C. The initial capacity was 213, 877, 975 and 1021 mAh g* for
Sulfur, GO/S, HrGO/S and HrGO-PVP/S, respectively. It can be appreciated that the low
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conductivity of elemental sulfur results in an extremely low specific capacity during
the whole cycling. Regarding the graphene-based composites, after the first activation
cycles, GO/S shows a drastic capacity drop of a 43% due to the increment of current
density, remarking the poor conductivity of the GO. On the other side, capacity drop of
the more conductive HrGO composites is only 7% in both cases. For the first cycle at
0.5C, HrGO-based composites exhibited higher specific capacities, 944 mAh g™ (HrGO-
PVP/S) and 825 mAh g™ (HrGO/S), than the GO-based composite (503 mAh g*). After
100 cycles, the HrGO-PVP/S composite maintained 631 mAh g™ (67%), while HrGO/S
and GO/S retained 517 (63%) and 420 mAh g (84%), respectively. The larger number
of polar groups present in the GO may favor the trapping of polysulfide species;
however, its poorer electronic conductivity leads to lower capacity values. It is worth
noting the high coulombic efficiency observed for all composites is close to 100%.
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Figure 2.5. Galvanostatic curves of the 10" cycle (a) and specific capacity evolution upon cycling measured
at 0.2C (b) of labelled sulfur-based composites.

Figure 2.6 shows long-term cycling tests performed at the high current density of 1C
for the graphene-based composites. On one hand, the low conductivity of the GO/S
does not support the high-density current employed and values below 200 mAh g™*are
obtained during the cycling process with a very unstable coulombic efficiency. On the
other hand, HrGO-based composites demonstrate stable cycling after some initial
activation cycles. In the case of HrGO/S more than 100 activation cycles are needed
and strong capacity fluctuations are observed after reaching its maximum specific
capacity (435 mAh g). In contrast, the smaller sulfur particle size of HrGO-PVP/S
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result in a faster activation of only 50 cycles and higher maximum gravimetric capacity
value of 503 mAh g™. This result is very promising attending to the high current
employed (1.675 A g), and the high sulfur content on the electrode. It is worth noting
that for HrGO-PVP/S, a 35% capacity loss was observed after the activation process,
corresponding to a capacity degradation of 0.07% per cycle. Nevertheless, the
coulombic efficiency dropped below 95% after 150 cycles, indicating a progressive
failure trapping polysulfides in the graphene-based matrix, most probably due to the
sulfur redistribution upon long term cycling at high current density.
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Figure 2.6. Long-term cyclability studio at 1C for labelled sulfur-based electrodes.

Due to its promising electrochemical performance, capacity evolution at different
current densities was evaluated for the HrGO-PVP/S composite (Figure 2.7). By
increasing charge/discharge rates from 0.1C to 1C every 10 cycles, the material shows
high reversible capacities of 1,033 mAh g* at 0.1C, 716 mAh g™ at 0.2C, 654 mAh g™ at
0.5C and 588 mAh g™ at 1C, recovering 719 mAh g when the current was restored to
0.1C. The stable behavior and little capacity drop at high current densities indicate
good electronic conductivity, provided by the partially reduced graphene-based
matrix, and fast reaction kinetics, favored by the small particle size and homogeneous
distribution of sulfur. Reduced particle size provides a better electrochemical
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performance due to several factors. First, electronic contact between the matrix and
sulfur particles is improved considerably with the consequent increment of
conductivity, leading to higher capacity values. Second, a decrease of sulfur particle
size entails a shortening of the diffusion pathways, which results beneficial in terms of
high current density behavior. Third, sub-micrometer particle size results in better
coverage by the conductive matrix, creating a barrier that prevents the migration of
high-order polysulfides [25].
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Figure 2.7.HrGO-PVP/S composite galvanostatically cycled at several C-rates.

For the sake of comparison in Table 2.2 are summarized some representative results
obtained in previous studies, which followed a similar procedure for both the
electrode (lamination) and the composite preparation (sulfur obtained from Na,S,053)
and with sulfur loading above 70 wt.%. However, even if these composites reach a
high sulfur loading, it is worth to note that the final sulfur content in the electrodes is
significantly decreased from the addition of inactive materials such as binders or
conductive carbons during the lamination process. Taking this into account, only one
of the studies reported higher electrode sulfur content [52]. Besides, none of them
reaches specific (630 mAh g™) or areal capacities (ca. 1 mAh cm?) as high as reported
in this study at the 100" cycle at 0.2C. In addition, number of cycles reported not
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exceed 200" in any of the cases, while in this work 500" cycles are reached with an
outstanding stability at high current density (1.675 A g™).

Table 2.2. State-of-the-art of different high-sulfur content composites prepared by lamination using
Na,S,03 as sulfur precursor.

%S in the %S in the Sulfur Specific Areal

Material composite  electrode  loading  capacity*  capacity* Number Reference
(wt.%) (wt%)  (mgcm’) (mAhgl) (mAhcm?)  Of cveles
GO/s 86 60 1.0 390 0.39 200 [13]
GO-CB/S 70 56 - 560 - 140 [14]
GO/s 80 56 - 400 - 100 [47]
rGO/S 91 77 2 430 0.86 100 [52]
rGO-PPy/S 73 44 0.7-0.9 450 0.32-0.40 200 [53]
HrGO-PVP/S 86 69 15 630 0.95 500 This work

*Specific and areal capacities calculated at 0.2C and referred to the 100" cycle

The influence of graphene-based matrix reduction degree and sulfur particle size over
cell resistance was furtherly evaluated by electrochemical impedance spectroscopy
(EIS). Measurements were conducted in three-electrode cells in the fully charged state
to monitor the changes in electrode resistance during the first cycles (Figure 2.8). The
characteristic resistances for the different electrochemical processes were calculated
according to the equivalent circuit shown in Figure 2.8a. EIS spectra of all composites
after activation cycles at 0.1C (Figure 2.8b) show two semicircles at high and medium
frequency and a linear region at the low frequency range. The value of resistance
registered at the highest frequency corresponds to the electrolyte resistance (R.). The
semicircle at high frequencies is related to the interphase contact resistance (Rs.) and
associated capacitance (Cg ), and the middle-frequency semicircle corresponds to the
charge transfer resistance (R¢7) and its double layer capacitance (Cp.). GO/S composite
exhibits much larger impedance than the materials based on HrGO, showing a clear
difference in the size of the high frequency semicircle, related to surface layer
resistance. This could indicate lower conductivity of GO compared to HrGO or could be
the result of a stronger interaction of functional groups present in larger amount on
the GO’s surface [54]. On the other hand, HrGO-based composites show smaller high
frequency semicircles, less resistive due to higher reduction degree. Figure 2.8c shows
the impedance response evolution of HrGO-PVP/S composite upon cycling. After the
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first cycle a change on the interfacial properties and on the charge transfer is evident.
Both Rs, and R¢r are reduced during the redistribution of sulfur active materials on the
graphene network, favored by the good conductivity of HrGO and the small particle
size of precipitated sulfur capped by the PVP. During the following cycles, impedance
spectra of HrGO-PVP/S electrode vary very little, only with minor decrease in charge
transfer resistance.
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Figure 2.8. Equivalent circuit (a) and Nyquist plots for the noted samples after activation cycles at 0.1C (b)
and for HrGO-PVP/S upon cycling (c).

The parameters extracted by fitting the EIS data of HrGO-PVP upon cycling are shown
in Table 2.2. In this model, nonideal behavior of porous and rough surfaces are
compensated using constant phase elements (CPE) instead of capacitors. Thus, Cg.-T
and Cp,-T reflect “pseudocapacitance” values, while Cg-P and Cp-P are their
corresponding phase parameters. A phase parameter close to 1 or O reflects a
behavior close to a pure capacitor or to a resistance, respectively. According to Gao et
al. [47], the adsorption of polysulfide species also affect the capacitance, therefore its
interpretation is more complex. The interphase contact resistance, Rs,, decreases from
the first cycle at 0.1C, 8.334 (), to the second cycle at 0.2C, 6.885 Q, then the
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resistance increased slightly to 7.264 Q. These changes reflect a redistribution of the
sulfur at the initial cycles, followed by a relatively stable situation with growth of a thin
insulating Li,S surface layer, explaining the increased interphase resistance. On the
contrary, charge transfer resistance, Ry, decreases slightly but continuously during the
five cycles, suggesting minor losses of active material due to dissolution. Warburg
impedance fitting returns three parameters, W-R, W-T and W-P, related to the
diffusion resistance, diffusion coefficient and the phase parameter. The term
associated to diffusion resistance, interestingly does not follow the trend of R¢y, but
that of the interphase resistance, Rs.. The term assigned to the diffusion coefficient
remains virtually unaltered after one cycle at 0.1C and after a second cycle at 0.2C, to
increase considerably after the fifth cycle at 0.2C, pointing at a weakened Li" diffusion
upon cycling as the interphase resistance increases.

Table 2.3. Summary of some relevant parameters calculated from the fitting of the electrochemical
impedance spectroscopy curves.

Re  Ra Co-T  Cs-P Rer Co-T  CoP W-R  WT WP
Q@ (Q) (Q)

After1cycle 1.3 83 4.9E-5 0.66 23.8 4.3E-3 0.76 59.2 124.7 0.70

After2cycles 13 6.8 2.9E-5 0.70 19.7 4.7E-3 0.79 548 1221 0.72

After5cycles 1.0 7.3  3.6E-5 0.67 17.0  5.2E-3 0.82 93.8 2458 0.70

2.3. Graphene-based aerogels as sulfur matrix

In the last section, the composites prepared from partially reduced graphene oxide
have demonstrated to enhance the performance of Li-S batteries in terms of
cyclability, rate performance and specific capacity values. However, even if the sulfur
content in the processed electrodes is considerably high (ca. 70%), the sulfur loading
(1.5 = 1.7 mg cm?) is still insufficient to fulfill the requirements of practical Li-S
batteries [36]. Taking this into account, this section is devoted to the preparation of
three-dimensional, self-standing graphene aerogels as high-sulfur loading cathodes.
The processing of graphene-based electrodes as macroporous sponges not only can
help to increase the amount of sulfur loaded, but also facilitate the diffusion of the
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electrolyte to the whole surface of the cathode [55]. Moreover, the absence of binder
within the electrodes can be also strongly beneficial, since binders are not active
materials but in contrast it may have a negative impact by blocking pores and
decreasing electronic conductivity [56]. The large amount of oxygen functionalities of
graphene oxide allows this material to be processed as self-standing aerogels by a
simple freeze-freeze drying process. However, as previously remarked, the high
oxygen content in the GO may be a double-edged sword. On one hand, it can favor the
chemical trapping of polysulfides by chemical bonding, improving the efficiency and
capacity retention of the cell; but in the other hand, decreases its electric conductivity,
leading to lower sulfur utilization and rate capability. On this regard, two different
approaches are followed to improve the electric conductivity of the GO-based
aerogels. The first one relies on the incorporation of CNTs within the graphene-based
architecture, which is expected to lead to an improvement of the electronic
conductivity of the samples due to the generation of a conductive network along the
graphene oxide sheets [57]. The second one is based on the partial reduction of GO
self-standing discs by thermal treatment which would lead to the removal of
oxygenated functional groups present in the GO structure, and partially restoring the
sp® graphitic character of the materials with its subsequent improvement on the
electronic conductivity [58].

2.3.1. Graphene-based aerogels and composites preparation

Graphene-based aerogels have been prepared from a commercially available GO
suspension supplied by Graphenea. For the preparation of GO-CNT aerogels, 2 mg of
CNT (Sigma Aldrich, MWCNT) were added to 40 ml of a GO suspension (2 mg mL™) and
vigorously stirred overnight. Then, suspension was frozen by its immersion in liquid
nitrogen and then freeze-dried for 72 h. Aerogels obtained after the drying process
were compacted and subsequently punched out to obtain discs of 12 mm in diameter.
On the other hand, GO aerogels were prepared following the same route but in the
absence of CNT. Reduced GO aerogels (hereafter denoted as rGO) were obtained by
the thermal treatment of GO aerogel discs at 700 °C for 1 h under dynamic argon
atmosphere (Scheme 2.2).
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Scheme 2.2. Schematic representation of the preparation method followed for the preparation of GO-CNT,
GO and rGO discs

Sulfur composites were prepared by melt diffusion using the different graphene
aerogels as supports. Briefly, a certain amount of commercial sulfur is dispersed in
2 mL of toluene under heating at 90 °C. Subsequently, single self-standing graphene-
based aerogel pellets were added to the sulfur dispersion and heated until completely
dry, then transferred to a furnace and heated at 155 °C for 12 h in order to obtain the
different electrodes. Resulting self-standing electrodes, with typical thickness values of
300 £ 20 um, were directly assembled as cathodes for Li-S batteries in CR2032 type
coin cells. Lithium discs were used as counter and reference electrodes while the
electrolyte used was 1M LiTFSI in a mixture 1:1 (v/v) of DME/DOL. The
sulfur/electrolyte ratio was optimized to 1/30. Capacity and current density values are
referred to the mass of elemental sulfur in the electrodes.

2.3.2. Physicochemical characterization of self-standing cathodes

As described in the previous section, composites were prepared by melt diffusion of
sulfur into the graphene-based self-standing aerogels. The aerogels used to support
sulfur were prepared by compacting and punching out different pieces of the
monoliths obtained by the freeze/freeze-drying of both graphene oxide (Figure 2.9a)
and graphene oxide-CNT suspensions. In order to compare the impact of the addition
of a small amount of CNT versus the thermal reduction effect, some GO discs (Figure
2.9b) were thermally treated at 700 °C to yield rGO (Figure 2.9c). The partial reduction
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is noticed by the color change, which turns from brown to black when aerogels are
submitted to the thermal reduction treatment. It is worth noticing that the aspects of
the aerogel wafers do not change significantly after the deposition of sulfur
(Figure 2.9d), suggesting a good and homogeneous dispersion of sulfur within the
surface of the three different aerogels.
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Figure 2.9. Digital photographs of GO monolithic aerogel [6.5 cm width / 2.5 cm height] (a), GO pellets (b),
rGO pellets (c) and labeled composite electrodes (d) after the incorporation of sulfur.

Morphology and microstructure of the sulfur-free aerogels were evaluated by SEM
(Figure 2.10). Uniform graphene-sheet like morphology is observed for the different
samples. However, a slight increase on the roughness is observed due to the thermal
treatment from GO (Figure 2.10a) to rGO (Figure 2.10b). On the other hand, the
incorporation of CNT does not show to have any influence over GO-CNT aerogel
(Figure 2.10c) morphology.

Figure 2.10. SEM images of GO (a), rGO (b) and GO-CNT (c) aerogels.
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Nitrogen adsorption-desorption isotherms registered for the three samples are
depicted in Figure 2.11a. All of them show similar adsorption profiles matching with
type-ll isotherms according to the IUPAC classification [59]. These isotherms are
characteristic of materials that contain macropores which, in these cases, are due to
the interparticle voids generated between graphene sheets. BET specific surface area
calculated for the different samples give values of 21, 47 and 53 m? g™ for the GO, rGO
and GO-CNT, respectively. In good agreement with previous publications [60], the
slight increase on the specific surface area observed in the thermally reduced sample
is related to the partial reorientation and slight wrinkle of the graphene. On the other
hand, the increase experimented by the GO-CNT sample can be assigned to the
pillaring effect of CNT between some graphene-type layers, as previously observed
[61]. The XRD patterns measured for the three different graphene-based aerogels are
shown in Figure 2.11b. A prominent peak is observed between 15 and 30 degrees for
the three composites, which can be indexed as the C(002) reflection corresponding to
hexagonal structure of graphite [62]. In the case of GO and GO-CNT, the peak appears
at ca. 17 degrees while for rGO at ca. 26 degrees. This shift towards larger angle is
ascribed to the graphene interlayered distance, which is reduced upon thermal
reduction treatment. In addition, the different orientation of the graphene sheets,
characteristic of non-reduced graphene oxides, broads the peak at 17 degrees with
respect to 26 degrees peak for rGO [63,64].
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Figure 2.11. Nitrogen adsorption/desorption isotherms (a) and XRD spectra (b) for labelled graphene-
based aerogels
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After sulfur infiltration on the graphene-based aerogels, sulfur content was measured
by elemental analysis, showing values of ca. 70 % in weight for all the composites. Self-
standing cathodes do not need to be further processed together with non-active
materials such as binder or conductive additive, thus allowing higher sulfur content in
the final electrode. Morphology and microstructure of the composites were evaluated
by SEM (Figure 2.12). No significant morphological differences are observed between
GO/S (Figure 2.12a) and rGO/S (Figure 2.12b), indicating that the pristine porous
structure of GO is maintained after sulfur infiltration. Similar results are obtained in
the case of the sample that contain CNTs; it seems that the incorporation of the CNT
within the graphene aerogels (GO-CNT/S) do not significantly modify the macroporous
structure of the composites as noticed from the cross-section image included in Figure
2.12c. High-magnification image using back scattered electron detector (Figure 2.12d)
confirms the presence of CNTs uniformly distributed within the graphene layers.
Moreover, the absence of sulfur agglomerates suggest that sulfur has been
homogeneously distributed along the surface of the graphene sheets within the
aerogels.

. A =N

Figure 2.12. SEM pictures of GO/S (a), rGO/S (b) and GO-CNT/S (c) aerogels. Back scattered SEM image of
GO-CNT/S registered at higher magnification (d).
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2.3. Graphene-based aerogels as sulfur matrix

XRD study performed for the composites containing sulfur (Figure 2.13a), shows
intense and narrow diffraction peaks ascribed to the orthorhombic phase of sulfur
(JCPDS No. 08-0247). The Raman spectra registered for these materials (Figure 2.13b)
show two broad Raman peaks observed at about 1351 and 1599 cm™, assigned to the
G and D bands of graphite, respectively. From Iy/Ig calculation, values of ca. 0.88, 0.90
and 0.99 were obtained for GO/S, GO-CNT/S and rGO/S respectively, indicating the
reduction process undergone by GO to rGO in thermal treatment. A closer view at the
Raman spectra registered within the 100-650 cm™ range (Figure 2.13c) show three
peaks at ca. 155, 220 and 475 cm™ assigned to the e,, a; and e; symmetry vibration
modes of S-S bonds in orthorhombic sulfur [50]. In good agreement with previous
works, the low intensity of the peaks suggests that crystalline sulfur clusters are
homogeneously dispersed along the graphene surface [65,66].
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Figure 2.13. XRD (a) and Raman (b) measurements for labelled sulfur containing aerogels; and Raman
spectra after several acquisitions of rGO/S aerogel (c).

2.3.3. Electrochemical characterization of self-standing cathodes

To determine the influence of the addition of CNT and thermal reduction over GO
electrodes, EIS study was performed in a three electrodes cell to the as-described
materials. Obtained data were fitted using the equivalent circuit depicted in Figure
2.14a, which assumes an electrolyte or uncompensated resistance (R.), a surface layer
resistance (Rg,) and a charge transfer resistance (R¢y). It can be noted that GO/S (Figure
2.14b) and GO-CNT/S (Figure 2.14c) show a similar spectrum which is related to their
non-reduced nature. Nevertheless, as predicted previously, CNT presence contributes
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to create a conductive framework on the GO-CNT structure, decreasing considerably
the resistance of the system. On the other side, rGO/S (Figure 2.14d) spectrum shows
to be different from the previous one due to its reduced structure resultant from the
thermal treatment. Although resistance on the first cycle is very large, a subsequent
decrease is observed for the following cycles, indicating greater stability and a large
activation time for the electrode to reach its maximum potential.
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Figure 2.14. Equivalent circuit (a) and Nyquist plots for GO/S (b), GO-CNT/S (c) and rGO/S (d) self-standing
electrodes.
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Charge transfer resistance and goodness of the fitting values are referred in Table 2.4.

Table 2.4. Charge transfer resistance values and goodness of the fitting {chiz) of the composites upon

cycling
Samples Cycle 1 Cycle 2 Cycle5 Cycle 10 Cycle 20 Cycle 50
Go/s Rer(Q) 44.25 36.46 34.30 31.98 32.33 35.13
xz 6.73E-5 5.78E-5 4.11E-5 3.51E-5 5.98E-5 4.73E-5
Rer(Q)  25.00 20.68 19.42 17.42 17.61 21.93
GO-CNT/S 2
X 4.52E-5 1.69E-5 2.99E-5 4.06E-5 4.46E-5 6.63E-5
Rer(Q)  34.85 27.21 22.85 20.54 19.14 19.04
rGO/S 2
X 3.42E-4 1.32E-4 9.01E-5 1.04E-4 1.05E-4 1.19e-4
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2.3. Graphene-based aerogels as sulfur matrix

For a better comparison of the electrochemical performances, the three samples were
cycled at different C-rates using electrodes with similar areal mass loadings (4 mg cm?)
(Figure 2.15a). GO-CNT/S and rGO/S obtain similar initial areal capacities of 3.75 and
3.25 mAh cm™ respectively at 0.05C. On the other side, the lack of conductivity of GO
results in much lower initial areal capacity values (ca. 1 mAh cm™). When increasing
current density to 0.1C and 0.2C, it can be noted that the addition of CNT and thermal
reduction leads to similar areal capacity values of ca. 2 mAh cm? and ca.
1.75 mAh cm™ respectively. However, when increasing to 0.5C and 1C it can be
perceived that carbon nanotubes do not provide enough conductivity to support the
applied current and consequently lower capacity values are obtained for GO-CNT/S
with respect to rGO/S which maintains values above 1 mAh cm™ at 0.5C and almost
0.75 mAh cm™ at 1C. Besides, it is worth noting that GO-CNT/S electrode exhibit a
better cycling stability compared to rGO/S, which shows some capacity fluctuations. In
addition, when returning to 0.1C, the GO-CNT/S electrode recovers the initial capacity
with ca. 2 mAh cm? in the 65™ cycle with a capacity loss of only 3.3% in the last 20
cycles at 0.1C, while rGO/S electrode shows stronger fading, reaching values of ca.
1.75 mAh cm™ in the 65™ cycle (9% capacity loss). From voltage curves represented in
Figure 2.15b for the 50" cycle, two typical Li-S plateaus are observed at 2.25 and
2.05V for GO-CNT/S and rGO/S, which correspond to the formation of high and low-
order polysulfides respectively. For GO/S, greater polarization and the disappearance
of the first plateau are observed, which could be attributed to the lack of conductivity.
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Figure 2.15. Specific capacity calculated at different C-rates (a) and corresponding galvanostatic charge-
discharge curves registered at the 50" cycle (b) for noted graphene/sulfur cathodes.
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Cycling stability and capacity loss of the samples were further evaluated at 0.1C for
100 cycles as represented in Figure 2.16a. A similar electrochemical behavior is again
observed for GO-CNT/S and rGO/S, with areal capacity values of 2.2 and 2 mAh cm™
after 100 cycles respectively. However, it can be noted that materials without CNT
need an activation period while GO-CNT/S electrode present a very stable
charge/discharge behavior. Likewise, very good capacity retentions are obtained for
the samples with a capacity loss of 2.8, 7.7 and 17.1% for GO/S, GO-CNT/S and rGO/S
respectively between 20™ and 100" cycle. The great cycling stability derived from the
addition of CNT is also showed from coulombic efficiency calculation (Figure 2.16b).
Greater instabilities are observed for materials without CNT, especially in the first
cycles for rGO/S due to the low activation process and in the case of GO/S, during the
whole experiment because of its low conductivity.
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Figure 2.16. Specific capacity evolution registered at 0.1C for the indicated composites (a) and their
associated Coulombic efficiencies (b).

The superior electrochemical behavior observed in these materials, in terms of areal
capacity and capacity retention, compared to other reported electrode materials,
processed as laminates [6,11,26,52], can be ascribed to the use of porous graphene-
based architectures. Such three dimensional porous graphene structures are not only
suitable to host large amounts of sulfur but also provide effective activation sites for
sulfur reduction and re-precipitation, while trapping the high-order polysulfides in the
matrix [55]. This argument was further justified by post-cycling SEM images (Figure
2.17) of the cycled electrodes after 100 cycles at 0.1C (corresponding to electrodes
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2.3. Graphene-based aerogels as sulfur matrix

cycled in Figure 2.16). Backscattered SEM images at low magnification of GO/S (Figure
2.17a), GO-CNT/S (Figure 2.17b) and rGO/S (Figure 2.17c) show a clean and
homogenous surface, with no major morphological changes after the cycling process.
From a visual examination of the cycled electrodes (Figure 2.17a, b and c inset), no
damages were observed and a good physical integrity was maintained after the cycling
process. Since all the electrodes maintain a good structural integrity, it can be said that
this behavior arises from the aerogel structure and not from further thermal
treatment or additives addition. Also, it is worth noting that no agglomerations of re-
precipitated sulfur have been observed in any of the cases. From GO-CNT/S cathode
observation at high magnification (Figure 2.17d and e) after cycling, it can be
appreciated how sulfur particles have re-precipitated orderly and homogenously in a
sub-micrometer size in the graphene matrix, which could be the major reason of the
good capacity retention observed.

Figure 2.17. Backscattered SEM images acquired for GO/S (a), GO-CNT/S (b) and rGO/S (c) after 100
cycles, and high magnification SEM images of GO-CNT/S (d and e).
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2.4. Abrief outlook and perspectives

In this chapter two different strategies have been followed for the encapsulation of
sulfur into graphene-based matrices in order to mitigate the challenges associated to
the Li-S technology. For the sake of clarity, encapsulation of in-situ synthesized sulfur
particles (Section 2.2) is hereafter denoted as Strategy 1, while the use of aerogels as
self-standing cathodes (Section 2.3) will be denoted as Strategy 2. In Table 2.5 are
summarized some relevant parameters for Li-S cell design followed in Strategy 1 and 2.

Table 2.5. Summary of some relevant parameters for Li-S cell design followed in Strategies 1 and 2.

- . Electrode S/electrolyte  Sulfur mass %S in the %S in the
Sulfur infiltration

method processing ratio loading composite electrode
method (mgs:plL) (mg em?) (wt.%) (wt.%)
Strategy 1 * Na:50. Casting in 1:20 145015  85-92 68-70
dimutation Aluminum

e Dissolution of
Strategy 2 sulfur in toluene None 1:30 4.20+£0.20 68 -72 68-72
o Melt Diffusion

The first difference arises on the sulfur infiltration method in the graphenic matrix. On
this regard, Strategy 1 is based on the disproportionation of an aqueous solution of
Na,S,0; to form submicrometer-sized sulfur particles. This is considered a green,
scalable and easy approach since no hazardous chemicals are used. On the contrary,
sulfur infiltration techniques are greatly limited in Strategy 2 due to the self-standing
nature of the electrodes. For this purpose, a simple approach relies on the dissolution
of sulfur in an organic solvent and further sulfur adsorption of the graphene pellets by
soaking. However, the nonpolar nature of sulfur greatly constricts the list of suitable
solvents [67]. For this reason, toluene is used in Strategy 2 even if it is considered a
highly toxic and flammable chemical. A further melt diffusion procedure at 155 °C for
12 hours is needed to assure the correct redistribution of sulfur in the graphene-based
matrix. Despite the use of toluene, it is necessary to emphasize that this method allow
the deposition of a thin sulfur film along the graphene matrix, which favors its
utilization and limits the migration of polysulfides. Powdered composite resulting from
sulfur infiltration in Strategy 1 needs to be processed into a slurry in order to be casted
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in aluminum. Nowadays, casting is the preferred choice for the lab-scale and large-
scale electrodes manufacture [68]. However, conductive carbons and binders
employed for slurry fabrication increase the fraction of inactive materials, leading to a
reduction of the energy density of the cell. In fact, even if sulfur content of the
composites is ca. 88%, after electrode processing this value is reduced to ca. 70%.
Additionally, the most used electrolyte salt in Li-S batteries, LiTFSI, can corrode
aluminum current collectors, which can result in progressive capacity fading, parasitic
reactions and cell failure, as reported elsewhere [69]. Contrary, self-standing
electrodes processed by the Strategy 2 do not need binders nor being deposited on
current collectors and can be directly assembled as Li-S cathodes. Additionally, sulfur
loading in the electrodes processed as self-standing binder-free pellets is higher (ca.
4 mg cm™) when compared to laminates (ca. 1.5 mg cm™). As a consequence, even if
Strategy 1 can provide higher specific capacities than that of Strategy 2 (Figure 2.18a);
areal capacities for latter materials are almost two times higher (Figure 2.18b).
However, due to its open porous structure, aerogels need a higher amount of
electrolyte to ensure the correct diffusion of the lithium ions, which would also result
in a decrease of the practical energy density of the cell.
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Figure 2.18. Specific capacity (a) and corresponding areal capacity (b) evolution upon cycling at 0.1C for
noted Li-S cathodes.

Summarizing, both strategies report advantages and disadvantages toward its
utilization for practical Li-S batteries. And, regardless the strategy used, graphene has
been proved to be an excellent sulfur host matrix, to improve the electrochemical
performance of these systems.
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2.5. Summary and conclusions

In this chapter, the role of graphene in Li-S batteries has been explored. For this
purpose, two different strategies have been followed. In the first approach composites
of partially reduced graphene oxide and sulfur have been successfully prepared
following a simple and environmentally friendly approach. PVP assisted synthesis of
sulfur particles limited its particle growing and allowed its homogeneous distribution
within the graphene matrix. The partially reduced nature of HrGO maintaining certain
amount of polar functional groups on graphene sheets allowed combining good
electronic conductivity with good dispersibility which helped for the homogeneous
and effective wrapping of sulfur particles. The composite was able to deliver more
than 500 cycles at 1C with good capacity retention as well as acceptable rate
capability. Regarding the second approach, Graphene-CNT-sulfur composites have
been prepared as self-standing films and used as binder-free cathodes in Li-S batteries.
The graphene-based-sulfur electrodes are easily obtained by freeze and freeze drying
graphene oxide-CNT suspension, and then impregnated with sulfur by melt diffusion
to reach a sulfur content over 70 wt.% and sulfur loadings of 4 mg cm™. Similar
performances were found for those samples with CNTs than those thermally reduced,
both significantly improving the performance of the composites formed by non-
treated GO samples. The incorporation of just 2 wt.% of CNTs demonstrates to
significantly enhance both the capacity and the capacity retention compared to the
CNT-free samples. Large areal capacities above 2.0 mAh cm™ after 100 cycles are
obtained for both thermally reduced and CNT containing samples.
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Chapter lll. Sodium-Oxygen Batteries

3.1. State-of-the-art of graphene-based cathodes for Na-O, batteries

Although significant progress has been achieved in the last years, there are still many
challenges to overcome in order to reach the final commercialization of Na-0,
batteries. One of the most limiting and challenging factors is the development of
bifunctional cathodes towards oxygen reduction and evolution reactions [1,2]. Besides
the overall cell performance, the utilization of a suitable cathode material is required
to accommodate the maximum amount of discharge products without pore clogging
and subsequent cell failure [3,4]. Porous carbon materials have been largely used due
to their low cost, high surface area, chemical stability and high conductivity [5-9].
Among carbon-based materials, graphene has been appointed as a very versatile and
promising air cathode in M-0, batteries due to its high electronic conductivity
(~ 2,000 S m™), specific surface area (> 2,600 m” g*), mechanical strength, low density
and intrinsic catalytic activity towards ORR/OER reactions [10,11]. Moreover,
graphene confers the suitable electrode channels for O, diffusion, facilitates the
impregnation of the electrolyte and offers high number of active sites for the
formation/deposition and decomposition of the discharge products [12-14]. To
improve the catalytic activity of graphene in M-O, batteries, different routes have
been explored, such as the introduction of ORR/OER catalysts like noble metal
nanoparticles [15-17]. Even though such nanoparticles have demonstrated highly
catalytic activity, they suffer from high cost, low selectivity, poor durability and
detrimental environmental impact. In this context, metal-free carbon catalysts
incorporating nitrogen atoms in the carbon lattice/bulk are a great alternative since
heteroatoms can modify the acid/base and electronic characteristic of the electrodes
[18,19]. But in practical terms, the effective access to the large and active 2D surface
of graphene is subjected to careful engineering of both the morphology and the 3D
structure. This is extremely important in M-O, batteries; an optimum air cathode
should maximize the oxygen diffusion towards the three-phase boundary (i.e.,
electrolyte/electrode/oxygen interface) and accommodate a large amount of
discharge product during ORR [20-22]. On this regard, graphene-based aerogels have
been appointed as promising oxygen cathodes [23—25]. However, to fully exploit the
outstanding features of Na-O, batteries, a comprehensive research on the role of
graphene-based cathodes textural properties over battery performance is still needed.
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3.2. Graphene-based aerogels as Na-O, cathodes

In the present work, an easy and sustainable preparation procedure of different rGO
aerogels was followed to use directly as self-standing, binder-free cathodes for Na-O,
batteries. In this context, the self-assembly in aqueous solution of 2D graphene-based
sheets to form 3D nanomaterials is expected to prevent individual graphene sheets to
stack while provides low-density materials with controlled porosity. Moreover,
avoiding the utilization of either binder or current collector offer several advantages
such as reducing the total weight of the battery which is essential to develop practical
Na-O, batteries, since a lower fraction of inactive materials allow greater cell energy
densities. On the other hand, the role of specific surface area and pore size
distribution of the graphene-based cathodes over their electrochemical performance
in Na-O, cells is studied and disclosed.

3.2.1. Material and electrode preparation of the rGO-based electrodes

Graphene oxide suspensions were prepared by following the modified Hummers’
method described in Section 2.2.1. Graphene oxide suspensions (2 mg mL") were
suddenly frozen with liquid nitrogen at -196 °C (N,-rGO) or slowly in a freezer at -75 °C
(F-rGO). Furtherly, frozen suspensions were freeze-dried for 72 hours to obtain the
graphene-based aerogels. For the shake of comparison, a third sample was prepared
by drop-casting GO suspension on silicon rubber and kept at room temperature until
totally dry (Film). Discs of 12 mm in diameter were cut from GO aerogels or Film and
thermally treated in a tubular furnace at 800 °C for 1 h to obtain the oxygen
electrodes (see Scheme 3.1).

%- I e

Graphene ? AerGoOels AEm— N,-rGO
' Oxide (GO j g 9 = electrodes
1- Freezing with N, = — 1- Thermal [ —

treatment (800 °C)

2- Freeze-drying

Scheme 3.1. Synthetic route followed for the preparation of N,-rGO electrodes.
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Chapter lll. Sodium-Oxygen Batteries

Graphene-based discs were assembled as positive electrode and metallic sodium as
counter and reference electrode in a pressurized 2-electrode Swagelok-type cell. A
0.1 M solution of sodium perchlorate (NaClO,) in DME was used as electrolyte. After
the assembly, cells were pressurized with pure oxygen to ~1 atm before the
electrochemical measurements. The discharge and charge experiments were
performed at a current of 100 mA g™ (~ 150-300 pA cm™) with a potential cut-off
between 1.8 to 3.2 V vs. Na/Na®.

3.2.2. Physicochemical characterization of the rGO-based electrodes

The morphology of the self-standing binder-free rGO cathodes was studied by
scanning electron microscopy (Figure 3.1). The film shows a smooth and uniform
surface with no visible porosity (Figure 3.1a) and a thickness around 12 um as
measured by cross-sectional SEM imaging (inset Figure 3.1a). In contrast, F-rGO
electrode displays large platelet-like structures incorporating voids of ca. 100 um
(Figure 3.1b) while N,-rGO presents a smooth morphology with smaller pores of
around 30 um (Figure 3.1c). The appearance of narrow pores in N,-rGO is probably
caused by the presence of small and randomly oriented aggregates of graphene sheets
formed during sudden freezing of the GO suspensions.

Figure 3.1. SEM images of the rGO film (a), and both aerogels: F-rGO (b) and N,-rGO (c).

The textural properties of the rGO electrodes were studied by nitrogen gas adsorption.
Figure 3.2a displays the N, adsorption-desorption isotherms measured at -196 °C.
According to the IUPAC classification [26], the film and F-rGO samples yield a type-ll
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isotherm which is ascribed to non-porous or macroporous solids. In contrast, N,-rGO
present a mixture between type-l and Il isotherms revealing the presence of both
micro and macroporous. The electrode prepared by freeze-casting at lower
temperature (N,-rGO) bear H3-type hysteresis indicating the presence of non-rigid
aggregates of graphene sheets bearing slit-shape pores in-between the sheets. The
electrode froze at -75 °C (F-rGO) yields an H4 hysteresis loop indicating also the
existence of interparticle porosity, but narrow pore size. The pore size distribution was
further studied by bidimensional non-local density functional theory (2D-NLDFT)
analysis (Figure 3.2b). The aerogels present an adsorption maximum at 0.9 nm
suggesting the presence of micropores. It is worth to remark that much larger
micropore volume is observed for N,-rGO sample. Regarding mesoporosity, F-rGO
mesopores are narrower than 5 nm while N,-rGO displays much wider mesopore size
distribution, with sizes ranging from 2 to 25 nm.

(a) (b) 0.0
1601 —e— N,-rGO — N,rGO,
o 140 —=— F-rGO 004
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2 100 "o 0.03
£ ?
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> 20 .
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Figure 3.2. Nitrogen adsorption/desorption isotherms (a) and PSD (b) of the noted rGO-based samples

A larger average mesopore size and mesopore volume for N,-rGO aerogel is further
confirmed by calculating the equivalent mesopore diameter (Table 3.1, D). The
mesopore size shifts from 8.8 nm for F-rGO to 11.3 nm for N,-rGO. Higher total pore
volume (V;), specific surface (Sger) and external areas (Sgxr) have been observed for the
3D porous aerogels when compared to that of the Film (Table 3.1). The Film presents
negligible gas adsorption in the whole pressure range and, consequently, can be
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considered a non-porous material. To study the macroporous nature of the materials,
the apparent density (p,) was calculated by measuring and weighting the electrodes
while the true density (p; skeletal density with no contribution of pores) of the
different samples was calculated by He pycnometry. The high pore volume of aerogels
is confirmed by their low apparent density. N,-rGO presents the largest real density
which confirms a greater pore volume for this sample (Table 3.1, V;). In addition of a
developed porosity, N,-rGO shows a narrower average macropore size (Table 3.1,
Dwmacro) than that of F-rGO (1263 nm vs 1630 nm). In view of the results obtained it can
be attained that a quick freezing of the GO suspension during the pore casting
(N,-rGO) resulted in narrower macroporosity than that observed for a slow freezing
(F-rGO). The ice crystals formed during N,-rGO preparation are very small and highly
dispersed as compared with the big crystals formed during the slow freezing.
Regarding mesopores, the slow process provides time to the GO sheets to orientate
leading to big aggregates and highly oriented mesoporous channels with narrow
mesopore size distributions and large macropore size. In contrast, a sudden freeze of
the suspension resulted in randomly-oriented small aggregates of GO sheets which
gave rise to wide pore size distributions with large mesopores and narrow
macropores.

Table 3.1. Most representative textural parameters measured for graphene-based electrodes by N,
adsorption-desorption isotherms at -196 °C and He pycnometry at room temperature.

N, at -196 °C He at room temperature
Vr Seer Sext Pa Pt Vp Diteso Dwacro
(em’g”) (m’g") (ecm’g’) (gem’) | (gem”)  (em’g’)  (nm) (nm)
Film 0.02 11 18 0.10 1.23 9.40 7.00 2090
F-rGO 0.07 32 35 0.05 1.85 14.3 8.80 1630
N,-rGO 0.22 78 65 0.07 2.14 20.5 11.3 1263

The differences in the 3D structure arrangement of the GO sheets during the freeze-
casting, therefore, not only lead to variations in the macroscopic morphology of the
final electrodes by changing the aggregation behaviour of graphene sheets but also in
the pore size (nanoscale). Thus, the as-prepared graphene-based materials present
noticeable differences regarding porous properties, enabling a suitable evaluation of
the influence of this key parameter over Na-0, battery performance.
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3.2.3. Electrochemical characterization of the rGO-based electrodes

The cells were galvanostatically discharged to full capacity at 100 mA g™ in order to
evaluate the oxygen reduction reaction kinetics of NaO, formation on graphene-based
electrodes (Figure 3.3a). F-rGO and Film cathodes show large overpotentials
(~300-400 mV; E° (NaO,) = 2.27 V) and limited discharge capacities of 1.72 and
0.06 mAh cm?, respectively. On the other side, N,-rGO presents much higher
discharge capacity (6.61 mAh cm™) and lower overpotential (260 mV). The three
studied materials present a similar potential drop at the beginning. This behaviour is
related to the nucleation barrier needed to start forming the nucleation sites. Once
these sites are available, the voltage increases and NaO, grows. The discharging stage
ends with a sudden potential drop when the surface is totally covered and there are
not more active sites for NaO, growth.
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Figure 3.3. Galvanostatic discharge curves of noted graphene-based electrodes.

Raman spectroscopy and “’Na solid-state nuclear magnetic resonance analysis were
used to identify the nature of the discharge products (Figure 3.4). Raman spectra show
the presence of an intense peak at 1,156 cm™ for both N,-rGO and F-rGO, which as
previously reported [27], confirms NaO, as the main discharge product (Figure 3.4a).
This peak is also verified for the Film but featuring much lower intensity, probably due
to the low capacity achieved (Figure 3.3). In addition, two broad peaks corresponding
to D and G bands were observed at 1,340 and 1,585 cm™, respectively. Ip/lg ratios of
ca. 1 were obtained for the different electrodes, pointing out the remaining graphitic
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character in all the samples, which favours the electronic transport from/to the
cathode. As reported elsewhere [28,29], free-electrons located on lattice defects have
demonstrated to act as active sites for the ORR as O, molecules oxidize preferentially
at electron rich domains. On the other hand, suitable porosity is crucial to enhance
molecular diffusion of O, molecules which are adsorbed on the surface/pores of
carbon-based air cathodes prior to the charge transfer process. Bearing this in mind,
the low overpotential discharge verified for N,-rGO cathode points out the great
influence of the 3D arrangement of the graphene sheets on the rGO aerogels when
used as air electrodes. Regarding NMR analysis, the >Na NMR spectra (Figure 3.4b)
reveal that after discharge, N,-rGO and F-rGO electrodes show a major resonance
at -25 ppm attributed to NaO, [30] with two clear shoulders at around -16 and -5 ppm
that can be ascribed to the formation of irreversible discharge subproducts [14]. The
peak assigned to NaO, cannot be observed in the Na-NMR spectra of the Film since,
as commented above, the discharge capacity is very low and the amount of NaO,
might be below the detection limit.
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Figure 3.4. Raman (a) and “Na NMR (b) spectra for the discharged rGO-based electrodes.

Fully discharged electrodes were also studied by SEM imaging as depicted in
Figure 3.5. It can be observed that discharge products in all the samples show a cube-
type morphology, which in good agreement with literature [31,32], is characteristic of
NaO, crystals. The number and size of superoxide cubes observed for the film (Figure
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3.5a) is lower than in the case of the aerogels (Figure 3.5b and c), which can be related
to its lower capacity. In the case of F-rGO (Figure 3.5b) and N,-rGO (Figure 3.5c)
discharged electrodes, the surface is covered by cubes ranging between 11 and 20 um.
It is worth to note that the deposition of NaO, on N,-rGO cathode surface is greatly
favoured since the surface of the aerogel is fully covered with cubes. These results can
be ascribed to the 3D arrangement of the graphene sheets in the aerogel cathodes
that expose a larger proportion of defects, which serve as nucleation sites for the
growth of NaO,. Thus, the porous network acts as diffusion channel for an enhanced
Na‘/0, supply while lower restacking of graphene sheets provides accessible active
sites for both ORR and OER reactions.

Figure 3.5. SEM pictures of galvanostatically discharged rGO-based electrodes; Film (a), F-rGO (b) and
N,-rGO (c).

To evaluate the cycling performance of the graphene-based materials, cells were
charge/discharged at 100 mA g™ with a capacity cut-off of 0.5 mAh cm? (Figure 3.6). It
can be attached from Figure 3.6a that film-based electrode is not capable to reach the
capacity cut-off, showing an initial areal capacity of 0.3 mAh cm™ and it is only able to
perform 2 charge/discharge cycles. Conversely, F-rGO and N,-rGO deliver 0.5 mAh cm™

for 20 and 38 cycles, respectively. It is worth to remark that F-rGO electrode provides
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both lower cycle life and worst C.E. evolution when compared to that of N,-rGO. From
galvanostatic charge/discharge curves it can be observed that the capacity of the non-
porous Film (Figure 3.6b) is notably lower than that of the porous aerogels while the
voltage hysteresis is much higher. On the other hand, F-rGO (Figure 3.6c) also presents
higher voltage hysteresis than N,-rGO (Figure 3.6d). More in detail, after first cycle
stabilization, the average discharge and charge voltage plateaus of N,-rGO fall into the
range of 2.04-2.12 V and 2.36-2.44 V, respectively. These values correspond to charge
overpotential of 240-370 mV (2™ to 38™ cycle). In addition, N,-rGO delivers 39 cycles
followed by an overpotential increase (up to 510 mV at 39" cycle) and consequently
capacity fade, probably due to accumulation of insoluble discharge products within
the porous network. This finding further confirms the importance of building a tuned
porous structure to improve the cycle life and stability of Na-0, cells.
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Figure 3.6. Evolution of discharge capacity and coulombic efficiency for noted samples (a) and
representative galvanostatic charge/discharge curves of Film (b), F-rGO (c) and N,-rGO (d) electrodes.

In order to improve the cycle life of N,-rGO cathode, shallow-cycling experiment
(0.15 mAh cm™) was further conducted (Figure 3.6a). The cycle life of the Na-O,
battery increases from 39 cycles (0.5 mAh cm™) to 128 cycles (0.15 mAh cm?) by
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decreasing the capacity cut-off. The morphology of the discharge products after
cycling was further examined by SEM imaging of the electrode in the uncharged state
(Figure 3.6b). Two particle regimes are observed on the surface of N,-rGO; ~ 12 um
cubes (Figure 3.6¢) and ~ 3 um rounded particles (Figure 3.6c); these latter particles
were found in a greater extent. The appearance of different particle regimes might be
due to the occurrence of two simultaneous processes; the dissolution of NaO,
particles upon galvanostatic cycling (small particles) and appearance of new nucleation
sites (big particles).
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Figure 3.7. Representative galvanostatic charge/discharge curves of N,-rGO sample when limiting
capacity to 0.15 mAh cm? (a) and SEM images of the electrode after 128" cycles at low (b) and high
magnification (c and d).

Table 3.2 summarizes the state-of-the-art Na-O, battery performance using graphene-
based materials. However, not all key parameters such as mass of active materials are
given which hinders a reasonable evaluation. Among all the graphene-based materials
reported in literature, the concentration of the electrolyte is the lowest reported,
which have been shown to affect the discharge capacity and overpotential, i.e., higher
concentration of electrolyte gives rise to greater discharge capacities and lower
overpotentials [33]. However, a large amount of electrolyte could decrease the overall
energy density of the cell, hindering a real implementation. In this work, even using
the lowest concentration of electrolyte, one of the lowest charge overpotential has
been attained (260 mV). Regarding the nature of the discharge products, most of the
studies listed in Table 3.2 observed the formation of Na,O, and Na,CO; on the surface
of the air cathode [12,15,16,20,23]. Nevertheless, as previously reported [34-36], the
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formation of NaO, as main discharge product results in lower voltage hysteresis and
single flat plateau charge when compared with other discharge products. Similar to
the herein studied aerogel cathodes, only three works identified the superoxide as
main discharge product [13,14,17]. When comparing with pure graphene-based
materials, results are similar to those reported previously but with lower overpotential
and longer cycling life when limiting the discharge capacity [12,14]. The approach
herein presented does not require of complex procedures, expensive metals or
functionalization/doping, providing an efficient and sustainable method for NaO, air
cathode manufacture. Overall, when comparing our result with current state-of-the-
art in terms of rate, discharge capacity and cycle life; the presented pore-tuned 3D
graphene-based aerogel yields an outstanding performance as Na-O, cathode.

Table 3.2. Representative electrochemical parameters summarized for the state-of-the-art of graphene-
based materials used as cathodes in Na-O, batteries.

Voltage
3 Discharge Discharge Number of & .
Material Electrolyte i Hysteresis Ref
capacity product cycles
(V)
0.25M NaPFsin 9268 mAh g Na;0; o
GNS DME [200mA g (Film) (at300mA g™ to 1.5 [12]
g 1200 mAh g%
Printed 1M NaCF3S0s 9.1 mAh cm™ NaO, 120 (0.34 mA cm™ 0.4 [13]
rGO DEGDME [0.13mA cm?] (Cubes) t0 0.34 mAh cm?) :
Porous 0.25M NaClO, in 12 mAh cm™ NaO, 17 (0.1 mA cm?to 0.4 (14]
rGO DME [0.1 mA cm?] (Cubes) 1 mAh cm?) '
0.25M NaClO, in 2 2
GNS/Pt 41 12 mAh cmz Nazfiog 10 (0.1 mA cml to 13 [15]
DME [0.1 mAcm™] (particles) 100 mAh g™)
. R NaO, and B
1M NaClO, in 7574 mAh g 2 30 (0.2 mAcm?to
rGO/A ' 16
/A DME [0.1 mA cm?] Na;0, 0.125 mAh cm?) 0.9 [16]
(particles)
B,N-doped 1M NaCF3S0; 3.8 mAh cm? NaO, 100 (0.05 mA cm™ 10 7]
rGO/RuO, TEGDME [0.05 mA cm™] (Cubes) t0 0.5 mAh cm™) :
N doped- 0.5M NaSOsCF; 6000 mAh g* Na,0, 3(75mAgto 0.6 [(19]
GNS in DEGDME [150 mA g7] (Particles) 1150 mAh g™ :
N-doped 5 5
0.3M NaCF;50; 9 mAh cm™[0.08 Na,0, 100 (0.08 mA cm”
graphene 2 2 2 0.2 [23]
DEGDME mA cm™] (Particles) t0 0.42 mAh cm™)
aerogel
40 (0.15 mA cm™
0.1M Naclo, in 6.6 mAh cm™ NaO, t0 0.5 mAh cm?) This
N-rGO 4 —_— 0.3
DME [100mA g™ (Cubes) 100 (0.15 mA cm work

to 0.15 mAh cm?)
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3.2.4. Discussion and proposed mechanisms

The rGO-based aerogels presented in this work, therefore, demonstrate to be
competitive with all the above commented approaches due to their high conductivity,
stability and the existence of unpaired electrons located in lattice defects which can
catalyse both ORR and OER reactions. In addition, the influence of the pore size
distribution of the present work correlates well with that previously reported for Li-O,
battery cathodes by Xiao et al. [37]. They observed that both too large and too small
pore size led to a less efficient use of mesopore volume. This observation is consistent
with the results of this work since large mesopores existing in F-rGO cathode could
lead to a loose of surface area for the adsorption of O, molecules and deposition of
discharge products. As opposed to the trend observed in this work, Xiao’s group
reported that narrow pore size distributions with an average pore size ~ 3.5 nm
enhance Li-O, batteries efficiency. This might be due to the difference in size between
Li and Na where Li ions could more easily access to smaller pores than Na ions [38]. On
the other hand, lithium presents higher desolvation energies than sodium and may
need higher adsorption energies (narrower pores) to get desolvated for the formation
of metal oxides [39]. A recent report in Na-O, batteries furtherly confirm the results
obtained in this study, since they observe that the highest discharge capacity was
found for a carbonaceous cathode with a pore size of ca. 6 nm; this was over 100
times greater than that delivered by a cathode with a pore size less than 2 nm [40].

A diagram of the proposed discharge mechanisms for the rGO-based electrodes is
depicted in Scheme 3.2. The fast capacity fade observed for the rGO film can be
ascribed to the absence of accessible active sites to perform the ORR/OER reactions on
the surface due to its non-porous nature. Thus, a high overpotential is observed in the
discharge-charge profile of Film electrodes (see, Figure 3.6b). As previously reported
[41], oxygen molecules diffusion through the graphene matrix can be seriously
reduced due to restacking of the graphene sheets. The subsequent formation of NaO,
nuclei is therefore hindered as the active sites in between the graphene sheets are
blocked. In the case of F-rGO aerogel, the assembling of the graphene sheets leads to
the formation of ordered domains in between oriented meso/macroporous channels.
The thus formed porous network supplies a path for molecules to diffuse towards the
active sites. Nevertheless, the oriented self-assembly of the sheets to form porous
channels causes a partial stacking, limiting the exposure of the active sites. As a
consequence, reduced effective area for oxygen to oxidation/reduction originates
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relative high overpotential and low cycling stability (see, Figure 3.6c). For N,-rGO
aerogel-based electrodes, the disordered arrangement of the graphene sheets; i)
maximize the exposed surface of active sites, ii) provides large pore volume, iii) wide
mesopore size distribution and iv) narrow macropore size. These specific features
clearly promote the occurrence of ORR/OER, enhance the molecular diffusion and
favour the formation/redissolution of the NaO, cubes during the electrodes cycling. It
can therefore be concluded that the improved performance of N,-rGO when
compared with F-rGO can be ascribed to the different spatial arrangement of the
graphene sheets and, consequently, to specific meso-macroporosity.
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Scheme 3.2. Proposed discharge processes followed in the rGO-based electrodes.
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3.3.  Summary and conclusions

In this chapter the preparation of graphene-based aerogels with tuned porosity and its
successful implementation as oxygen electrodes for Na-O, batteries is demonstrated.
The influence of experimental parameters like freezing temperature of the GO
suspensions before freeze-drying has demonstrated to have a great influence over the
textural properties of the resultant aerogels. Moreover, it was observed that air
cathode porous properties play a key role on battery performance, influencing oxygen
supply and hence oxygen reduction and evolution reaction kinetics (ORR/OER). Hence,
a sudden freeze at very low temperature of the GO suspensions (-196 °C, N,-rGO)
leads to a discharge capacity of 6.61 mAh cm?, a good stability, and more than 100
cycles. The utilization of more progressive freezing (-75 °C, F-rGO) leads to significant
reduction of both the discharge capacity and the cyclability. Such performance
degradation is ascribed to large mesopores existing in the F-rGO cathode (>1,500 nm)
which could lead to a loss of surface area for the adsorption of O, molecules and
deposition of discharge products. The low capacity and cyclability of non-porous 2D
rGO film as the cathode, highlights the importance of a good interconnected
graphene-based matrix for practical Na-O, batteries. The enhanced performance of
the N,-rGO cathode is, therefore, related to three features; (i) highly accessible active
sites for the ORR due to the tridimensional arrangement of the graphene sheets (low
restacking), (i) high pore volume (0.22 cm® g™) and (iii) suitable mesopore (5— 25 nm)
and macropore (ca. 1200 nm) size maximizing the surface area and molecules/ion
diffusion.
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Chapter IV. Electrochemical Double Layer Capacitors

4.1. State-of-the-art of graphene-based EDLCs

High specific surface area materials plays a significant role in the enhancement of
charge storage in EDLCs since electrostatic adsorption/desorption of ions mainly takes
place on the surface of the electrode. The excellent mechanical and electrical
properties of graphene combined with its high theoretical surface area of 2,630 m* g™
make it an ideal material for the fabrication of EDLCs [1]. However, the full utilization
of the graphene surface is not possible, mainly due to the serious stacking between
graphene sheets [2,3]. In order to tackle this issue, great efforts are being made to
enhance the SSA of graphene and its derivatives like three-dimensional processing [4—
8] or chemical activation [9-12]. However, multilayer structure and defects are
inevitable in graphene electrodes as large-scale production of pristine graphene
materials are widely considered difficult. Therefore, new methods are necessary to
further improve the performance of graphene-based electrodes. Hybridization with
other functional materials is one promising strategy to push the performance of
graphene-based electrodes to a higher level [13]. In fact, enhanced energy density can
be attained when combining graphene with pseudocapacitive materials that offer
extra charge storage capability like metal oxides [14-20], metal sulfides [21-24] or
polymers [25-29]. However, cyclic stability and power performance still remains a
challenge for these composites [30]. On this regard, the formation of composites
combining graphene and activated carbons, has demonstrated to bring several
advantages [31-36]. On one hand, ACs have been the preferred choice as electrodes in
high performing EDLCs due to its large SSA and low cost, as well as superior physical
and chemical stability [37]. Additionally, ACs can be readily produced from worldwide
abundant an easy accessible wastes such as orange peels [38], coffee waste [39],
cigarette butts [40] or paper pulp [41]. On the other hand, the incorporation of
graphene has been found to be useful for increasing the electronic conductivity of the
composites by tailoring their particle morphology textural properties [42—-44].
Nevertheless, most of the reported works relies on the use of aqueous-based
electrolytes, which limits considerably the energy density of the EDLCs due to its
narrower voltage window [45]. Thus, the evaluation of graphene-AC composites in
non-aqueous electrolytes (organic, ionic liquids) is needed to subtract its maximal
potential as electrodes for advanced EDLCs.
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4.2. Cigarette butts-graphene derived activated carbons for EDLCs

In the light of the aforementioned, this section focuses on the preparation of activated
carbon-graphene composites and its evaluation as electrodes for symmetric EDLCs in
non-aqueous electrolytes. Cigarette butts (CBs) were chosen as AC precursor since are
considered an extremely pollutant waste due to its low biodegradability rate and to
the presence of highly toxic compounds (heavy metals, polycyclic aromatic
hydrocarbons, hydrogen cyanide, etc.) that can be easily released to aquifers and soils.
Moreover, CBs are one of the most abundant residues (see Scheme 4.1), yearly
accounting approximately a million of tons worldwide [46]. Pyrolysis and activation of
acetate cellulose, which is the main component of cigarette filters, for the production
of ACs and its application on aqueous-based EDLCs has been previously presented as a
promising revalorization strategy [47-50]. In this work, three different non-aqueous
electrolytes (ammonium salt-based conventional organic electrolyte and two
imidazolium-based ionic liquids), are used with the aim of extending the operational
voltage window and thus, enhance the energy density of the devices. Moreover,
addition of graphene as additive is expected not only to increase the conductivity of
the carbon composite, but also to provide tailored morphological and textural
properties towards the adsorption of large electrolyte ions in the electrolyte.

Top 10 rubbish items

M Cigarette butts

m Alcoholic beverage bottles

m Glass bottles

M PET drink Container

M Pieces of plastic

m Alcoholic beverage cans

w Plastic chip & confectionary
wrappers

1 Polystryene pieces

Soft drink cans

Scheme 4.1. Percentage of most common type of litters in the state of Victoria (Australia) in 2013 [51].
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4.2.1. Material and electrode preparation of the ACs

Commercial GO from Graphenea and cigarette butts, collected from ashtrays, served
as carbon precursors. First, remaining tobacco rods, paper and ashes were removed
from the cigarette filter. Then, filters were manually shredded into a fluffy mass of
fibers. Cigar waste/GO composite was prepared by mixing 3.0 g of as-obtained fibers
and 50 mL of 2 mg mL™" GO. Mixtures were kept 12 h before drying by freeze-freeze
drying process. Dried precursor composite was pre-carbonized at 400 °C for 3 h under
Ar atmosphere. Then carbon is grounded together with KOH in a mortar using a C:KOH
mass ratio of 1:4 and then heated at 800 °C for 1 h under Ar atmosphere. The resulting
material was washed once with a diluted solution of HCl and then several times with
hot deionized water. Dry activated carbon (GO-FdAC) is obtained after freeze and
freeze-drying the material (Scheme 4.1). For the sake of comparison, an activated
carbon was also prepared following the same route but in the absence of GO (FdAC).

Mixing . Pyrolisis (400 °C) Activation (800 °C) ~Activated Carbon
(GO-FdAC)
—_— _——— (o o
' —— e E-
’ =:- . ‘?M Al ’ '-_—-T —_— A4 | ’
Freeze @ == Mixing with = =+ Washing
drying - KOH (1:6)

Scheme 4.2. Schematic representation of the synthetic route followed for the preparation of GO-FdAC.

Electrodes of active materials were processed by rolling and pressing a mixture formed
by these ACs together with Super P C65 and polytetrafluoroethylene in ethanol using a
90:5:5 mass ratio. Self-standing electrode discs (s= 11 mm) were punched out from
the paste and dried at 120 °C under vacuum overnight prior to cell assembly. AC-based
electrodes (4 + 1 mg cm™?, 150 + 30 um) were evaluated as symmetric EDLCs using a
two-electrode Swagelok-type cell. AC-based electrodes were also evaluated in a three-
electrode Swagelok-type cell using an oversized Norit (Kuraray) disc as counter
electrode and a silver wire as reference electrode (Ag/Ag’). The chosen electrolytes
were 1M tetraethylammonium tetrafluoroborate (Et;N BF,) in acetonitrile (ACN),
1-ethyl-3-methylimidazolium  tetrafluoroborate (EMIN BF,;) and 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) imide (EMIN TFSI).
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4.2.2. Morphological and physicochemical characterization of the ACs

As described in Section 4.2.1, cigarette filters were dispersed within the graphene
oxide suspension to maximize the homogeneous distribution of the graphene sheets
into the acetate cellulose fibers. Afterwards, the dried composite was submitted to a
pre-carbonization step at 400 °C prior the chemical activation. As previously reported,
this pre-carbonization step has been proved to enhance the SSA of the final ACs
[52,53]. Morphology of pre-carbonized samples, without (FAAC precursor) and with
graphene (GO-FdAC precursor) was evaluated by SEM imaging. It can be observed that
FAAC precursor (Figure 4.1a) is formed by large-sized carbon particles (>100 um) with
smooth surface. The addition of graphene results in a significant reduction of the
particle size (<50 um), which it is also accompanied by a roughening of the carbon
surface, and its homogenous coating by graphene sheets (Figure 4.1b). No significant
morphological changes are observed by SEM upon activation of FdAC (Figure 4.1c). On
the contrary, the incorporation of graphene sheets in the GO-FJAC sample (Figure
4.1d) seems to act as a template during acetate cellulose fibers carbonization. As
result, GO-FAAC sample shows a pronounced flat-shaped morphology compared to
that of FdAC sample.

Figure 4.1. SEM images of filters (a) and graphene-filters mixture (b) carbonized at 400 °C; as well as FdAC
(c) and GO-FdAC (d) activated carbons.
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TEM image of the GO-FdAC sample clearly shows the uniform growth of acetate
cellulose-derived AC on the surface of the graphene sheets (Figure 4.2a). The Raman
spectra (Figure 4.2b) registered for these materials were deconvoluted to better
understand the structural differences between both samples. The fitted spectra show
two characteristic D and G bands at ca. 1,345 and ca. 1,593 cm™, respectively. From
the ratio between bands integrated areas (Ap/Ag), values of 2.17 and 1.42 were
calculated for FAAC and GO-FdAC, pointing out the lower concentration of defects and
larger degree of graphitization of the graphene containing sample. Additionally, the
spectra also show the | and D” band at ca. 1070 and ca. 1550 cm™, these bands are
related to the disorder in the graphitic lattice and the presence of amorphous phases,
respectively. These results are in agreement with the morphological changes induced
by the incorporation of the graphene sheets into the carbon composites observed by
electron microscopy.

GO-FdAC (b)

Intensity (a.u)

800 10I00 12l00 14I00 16I00 18I00 20100 2200
Raman shift (cm™)

Figure 4.2. TEM image of GO-FdAC sample (a) and Raman spectra (b) of noted activated carbons.

Textural properties of the activated carbons were determined by nitrogen
adsorption/desorption isotherms, which are included in Figure 4.3a. According to the
IUPAC classification [54], the isotherm of the FAAC sample can be indexed as type-l,
which corresponds to microporous carbons, while GO-FdAC exhibits a profile in
between type-l and IV, characteristic of samples containing a combination of both
micropores and mesopores. FAAC and GO-FdAC activated carbons show BET specific
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surface areas of 2,266 and 2,252 m? g’l, respectively. Pore size distributions calculated
from the isotherms are depicted in Figure 4.3b. Most of the total pore volume of FAAC
sample corresponds to the microporous contribution, showing a large amount of
small-sized micropores (0.7 nm). On the other hand, the pore size distribution
calculated for the GO-FdAC sample is shifted towards larger microporous ranges and
small micropores coexist with medium (0.9 nm) and larger ones (2.0 nm). Differences
in PSD for both samples can be ascribed to the morphological changes induced by the
presence of graphene, as already observed in the SEM images (see Figure 4.1).
Specifically, the graphene sheets act as support for the cellulose acetate fibers,
limiting the carbon particle growth and leading to composites with smaller particle
size. Under these circumstances the impregnation with KOH is favored leading to the
collapse of contiguous micropores into larger size pores.

(a)1ooo (b)1.s
= FdAC
nm
E 800 - e |
by /-/4)_—. £ 1.0
Q 600 g k=
£ )
] E
® 400 K GO-FdAC
£ 2 05
3
O 200
> —— GO-FdAC
——FdAC
0 T T T T 0.0 T
0,0 0,2 0,4 0,6 0,8 1,0 0.5 1 2 5 10
Relative Pressure (P/P°) Pore Size Distribution (nm)

Figure 4.3. Nitrogen adsorption/desorption isotherms (a) and corresponding pore size distributions (b) of
noted activated carbons.

4.2.3. Electrochemical characterization of the ACs

Activated carbon electrodes were first electrochemically evaluated using a two
electrode symmetric configuration in one organic electrolyte (1M Et;N BF,; in ACN) and
two bare ionic liquids (EMIN BF, and EMIN TFSI). The determination of the stable
operating voltage window for each electrolyte is depicted in Figure 4.4. As expected,
the higher electrochemical stability of the imidazolium-based ionic liquids enables a
much wider operational window than that of conventional EDLC organic electrolyte.
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Specifically, operating voltage windows of 2.8, 3.3 and 3.4 V were determined for the
1M Et,N BF,/ ACN (Figure 4.4a), EMIN BF, (Figure 4.4b) and EMIN TFSI (Figure 4.4c)
electrolytes, respectively. Same voltage windows determined for GO-FdAC electrodes
were applied to FAAC-based EDLCs for the sake of comparison (Figure 4.4d, e and f).

(a)2s0 (b) 250 (c) 250
200{1M Et,N BF, / ACN 200]EMIN BF, 200] EMIN TFSI
150 ~ 150 ~ 150
o 100 2 100 2 100
® 50 o 501 o 501
£ o] g ol g ol
% -50] g -50] g 50
§-1 00 8-100 8-100]
-] ]
G150 b - O-150] S-150
g ] < > - ] ra ~ - ] -l ~
200 2.8V 200 € 33V > 200 € EWRY >
250 l—————— 250 -250
00 05 1,0 15 20 25 30 00 05 10 15 20 25 30 35 00 05 10 1,5 20 25 30 35
Voltage (V) Voltage (V) Voltage (V)
l(d)2s0 (e) 250 (f) 250
200] 1M Et,N BF, / ACN 200] EMIN BF, 200] EMIN TFSI
-~ 1501 150 150
2 100 2 100 2100
® 504 o 504 o 50
£ o] g o g o
= s ] g ]
& 50 G 50 G 504
8-100] 8100 3-100
o -] ]
Q1501 O-150 G150
200 ] -200] -200 ]
250l ———————————— 0 - ——————r -250 1 — . ‘
00 05 10 15 20 25 30 00 05 10 15 20 25 30 35 00 05 10 1,5 20 25 30 35
Voltage (V) Voltage (V) Voltage (V)

Figure 4.4. CVs of symmetric EDLCs measured at 5 mV st using GO-FdAC electrodes at different voltage
windows in Et,N BF, (a), EMIN BF, (b) and EMIN TFSI (c), as well as corresponding measurements for FAAC
electrodes (d, e and f).

CVs at different sweep rates included in Figure 4.5 illustrate the performance of both
ACs in those operating voltage ranges. At a first sight, the rectangular-shaped
voltammograms reveal the capacitive storage electrostatic mechanism in both of the
samples whatever the electrolyte tested. However, the graphene containing sample-
GO-FdAC- (Figure 4.5a, b and c) outperforms pristine activated carbon- FdAC- (Figure
4.5d, e and f) in terms of specific capacitance values and capacitance retention. This
fact is much more prominent in the ionic liquid systems. A deeper analysis in the
performance of the GO-FdAC in ILs (Figure 4.5b and c) shows its good capacitance
retention, evidenced by the rectangular-shaped profile of CV curves even at very high
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sweep rates. In contrast, when the graphene-free FAAC sample is tested in ILs, its CV
curves get distorted and specific capacitance strongly decays when increasing the
sweep rates (Figure 4.5e and f). The good electrochemical performance of GO-FdAC
can be ascribed, on one hand to its wider porosity, which enables a fast access of the
electrolyte ions to the whole surface of the carbon composite, and, on the other hand,
to its better electronic conductivity. On the contrary, the narrow micropores (mainly

pores below 0.7 nm) present on the FAAC sample restrict the access of the large EMIN®
and TFSI ions.
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Figure 4.5. CVs at different scan rates for symmetric EDLCs using GO-FdAC electrodes in Et,N BF, (a), EMIN
BF, (b) and EMIN TFSI (c), as well as corresponding measurements for FAAC sample (d, e and f)

Galvanostatic charge/discharge curves registered for the GO-FdAC and FdAC samples
in the different electrolytes are included in Figure 4.6. In agreement with the CVs
measurements, the triangular shape of the charge/discharge curves confirms the
electrostatic charge storage mechanism and the absence of faradaic processes on
these EDLC systems. More in detail, the GO-FdAC sample when measured at current
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density of 1 A g shows a negligible ohmic drop whatever the electrolyte tested
(Figure 4.6a). Only a small voltage decay is observed in the IL-based systems when the
current density is increased to 10 Ag' (Figure 4.6b). These results support the
outstanding electric conductivity of the graphene-containing sample. In the case of the
1M Et,NBF,/ACN electrolyte, no significant voltage drop is observed whatever the
current rate tested. Regarding the pristine sample, FAAC shows more pronounced
ohmic drops either at 1 (Figure 4.6c) and 10 A g* (Figure 4.6d) in all the tested
electrolytes.

3,5 3,
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Figure 4.6. Galvanostatic charge/discharge curves at 1 A g'l (a) and 10 A g'l (b) for Go-FdAC sample in
noted electrolytes; and corresponding measurements for FAAC sample (c and d).

The specific capacitance values for the GO-FdAC sample calculated from the discharge
branch of galvanostatic curves at different current rates for all the electrolytes are
shown in Figure 4.7a. At low current densities (0.25 A g), the specific capacitance in
ionic liquids is larger than for the conventional organic electrolyte (160 F g™ vs.
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132 Fg'). However, Et,N BF, electrolyte shows better capacitance retention at high
current densities than ILs. At 10 A g™, around 86% of the initial capacitance is retained
in the organic electrolyte while 75 and 69% are retained in EMIN BF; and EMIN TFSI
systems, respectively. This trend is directly related to the viscosity and ionic
conductivity values, summarized in Table 4.1, associated to each of the electrolytes.
Conventional organic electrolyte has significant lower viscosity (0.57 mPa s) and higher
conductivity (63 mS cm™) than ILs. And in the case of imidazolium-based electrolytes
with similar viscosity (35-37 mPa s), the BF,-based salt has higher conductivity
compared to the TFSI-based electrolyte (14 vs. 9 mS cm™ respectively), as reported
elsewhere [55].

Table 4.1. Representative physicochemical properties of the electrolytes used in this study.

Viscosity Conductivity Cation size Anion size References
Electrolyte .

(mPas) (mS cm™) (nm) (nm)
1M Et4N BF,in ACN 0.57 63 0.69 0.46 [55,56]
EMIN BF, 37 14 0.76 0.46 [57]
EMIN TFSI 35.55 9 0.76 0.79 [58]

Specific capacitance values calculated for the pristine FAAC sample (Figure 4.7b) follow
the same electrolyte-dependent trend. However, as also observed in the CV curves,
FAdAC shows a low performance in IL-based electrolytes, which is especially
pronounced in the case of the EMIN TFSI. At the current density of 10 A g7, a
capacitance retention of just 34 and 10% are measured for the FdAC systems tested in
EMIN BF, and EMIN TFSI electrolytes, respectively. In the case of the conventional
organic electrolyte (1M Et;NBF, in ACN) the FdAC sample also shows lower
capacitance retention compared with the graphene containing sample (74 vs. 86%,
respectively).
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Figure 4.7. Specific capacitance values at different current densities measured for GO-FdAC (a) and FdAC
(b) activated carbons in noted electrolytes.

So, in an overall aspect, the incorporation of graphene within the carbon composite
improves the electrochemical performance of the EDLC systems regardless the
electrolyte used. As mentioned above, the presence of the graphene oxide sheets
promotes morphological changes during carbonization, which leads to composites
with slightly larger micropores that favor the fast adsorption/desorption of large
electrolyte ions. Additionally, graphene sheets create a conductive network all along
the different AC particles that significantly increases the electric conductivity.
Electronic impedance spectroscopy studies, depicted in Figure 4.8, further confirm the
increase of the electronic conductivity and the enhancement of the ionic diffusion for
the graphene-containing carbon composite regardless the electrolyte used. The
vertical line in the low-medium frequencies regime is characteristic of the capacitive
behavior. The semicircle registered at high frequencies is related to the resistances of
the system. The first cut with the X-axis is ascribed to the resistance of the electrolyte
and the amplitude of the semicircle with the contacts and internal resistances. The 45°
slope region at middle frequencies (Warburg) is related to diffusion processes of the
ions into the pores. In the case of the systems tested in the conventional organic
electrolyte (1M Et;N BF,/ACN), they show an almost ideal behavior, which is
associated to its very low resistance values. When samples are tested in EMIN BF, the
resistance increases in both of the samples, but it is worth mentioning that, at
medium-low frequencies, GO-FJAC (Figure 4.8a) shows a slightly steeper slope than
FAAC (Figure 4.8b), which indicates a better ionic diffusion into the pores due to the
improved conductivity and the more appropriate textural properties developed in the
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graphene containing composites. In the case of EMIN TFSI, the resistance measured is
the largest one. At high frequencies both materials show a semicircle mainly related to
the formation of a parasitic interphase film between the current collector and the
materials. This unwanted artifact is smaller for the GO-FdAC sample. Nevertheless, at
medium-low frequencies GO-FdAC shows more vertical features than FdAC pointing
out the better access of TFSI" anions in the wider pores.
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Figure 4.8. EIS measurements recorded for GO-FAAC (a) and FAdAC (b) electrodes as symmetric EDLCs in the
labeled electrolytes at full discharge state.

Energy-to-power density plots for the GO-FdAC-based symmetric EDLCs are included
in Figure 4.9a. The extension of the operating voltage range to 3.3 and 3.4 V leads to
outstanding energy densities of 60 and 63 Wh kg™ at 206 and 212 W kg™ for the EMIN
BF, and EMIN TFSI electrolytes, respectively. At high current densities, EMIN BF,-based
systems overperform the EMIN TFSI-based ones in both energy and power densities
due to the better capacitance retention measured in the former electrolyte (41 vs.
37 Wh kg’ at 7,863 and 7,816 W kg™, respectively). When using the conventional
organic electrolyte (Et,N BF, in ACN), the GO-FdAC sample exhibits a slightly lower
energy density at low current rates, 36 Wh kg™ at 175 W kg™, due to its narrower
operating voltage window (2.8 V) compared to IL-based systems. But, at high current
rates conventional organic-based systems show much better capacitance retention,
still delivering 25 Wh kg™ at 26,888 W kg. In contrast, Ragone plot for graphene-free
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activated carbon (FAAC sample, Figure 4.9b) shows significantly lower energy densities
regardless the electrolyte tested. Specifically, initial energy densities of 36, 42 and
34 Wh kg'l are obtained for Et;N BF,, EMIN BF, and EMIN TFSI electrolytes,
respectively. While the conventional organic electrolyte retains 15 Wh kg™ at the high-
power density of 25,000 W kg™, ionic liquids show abrupt energy density drops at high
power values.
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Figure 4.9. Ragone plots of GO-FJAC (a) and FdAC (b) activated carbons measured in noted electrolytes as
symmetric EDLCs.

Stability of the GO-FdAC-based EDLC systems were evaluated through repetitive
galvanostatic charge/discharge measurements at 10 A g" (Figure 4.10a). It is worth
highlighting that in all the cases, graphene-containing system still provides ca. 78% of
the initial capacitance after 11,000 cycles. On the other hand, FdAC sample retains
only 40-50% of the initial capacitance after 11,000 cycles for Et;N BF; and EMIN BF,
electrolytes (Figure 4.10b). Nevertheless, an unexpectedly high capacitance retention
value is observed for the EMIN TFSI electrolyte. It can be related to the fact that at this
current density, FAAC delivered specific capacitance is almost negligible (see last point
in Figure 4.7b for EMIN TFSI).
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Figure 4.10. Capacitance retention evolution upon cycling at 10 A g’l measured in noted electrolytes for
GO-FdAC (a) and FdAC (b) activated carbons.

In Table 4.2 some representative performance values reported for EDLC systems
based on biowaste-derived ACs are summarized. It is worth mentioning, that under
these circumstances, EDLC cells assembled using GO-FdAC outperform most of the
values reported in literature.
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Table 4.2. Summary of some relevant EDLC parameters reported in representative works using biomass-
derived ACs in organic and ionic liquid electrolytes.

Surface Voltage Energy Power
Capacitance Cyclability
Material area Electrolyte window ( »1) Density Density %) Ref
E Fg b i %
(m’g?) V) (Wh kg™ am) (W kg™ am)
Orange peel 140 43 1,180 79%
2160 EMIN BF, 3.0 , , ) (38]
derived AC (0.2Ag") (300 W kg™) (25 Wh kg™) (500 cy)
Aloe Vera 126 40 800 83%
1890 EMIN BF,4 3.0 X X . [59]
derived AC (0.1Ag") (150 W kg™) (15Wh kg™) (500 cy)
Rice Straw 80 17 650 78%
1007 EMIN BF,4 2.5 X X ) [60]
derived AC (0.1Ag") (126 W kg™) (6 Whkg™) (5,000 cy)
Cherry 173 81 13,650 93%
1612 EMIN BF, 36 . . . [61]
derived AC (1Ag) (446 W kg™) (25 Whkg™) (6,000 cy)
Bamboo 146 59 42,000 95%
1472 EMIN TFS! 35 . . . [62]
derived AC (0.2Ag") (166 W kg™) (43 Wh kg™) (5,000 cy)
Thiourea 41 62 7,560 92%
2561 EMIN TFS! 3.0 . . . [63]
derived AC (1Ag) (300 W kg™) (26 Whkg™) (5,000 cy)
Cellulose 132 44 20,000 90%
2285 EMIN TFS| 3.0 . . . [64]
derived AC (1Ag) (746 W kg™) (18 Wh kg™) (20,000 cy)
1M EtyN 162 30 5,450
2.3 -
Paper pulp »o80 BF,in ACN (0.1Ag? (57 W kg™) (20 Wh kg™ -
derived AC 162 51 7,000 91%
EMIN TFSI 3.0
(0.1Ag" (371 W kg™) (31 Whkg™) (5,000 cy)
Capsicum 116 37 3,000 100%
derived AC 2201 EMIN TFSI 3.0 (1Agh (600 W kg™) (25Whkg") (25,000 cy) [65]
Firmiana 100 55 2,083 94%
3320 EMIN TFSI 3.0 . . N [66]
derived AC (0.5AgY (200 W kg*) (42Whkg?) (10,000 cy)
g g g Y
1M Et;N 127 36 26,880 78%
2.8
BF,in ACN (1Ag?) (175 W kg?) (25Whkg?) (11,000 cy)
150 60 7,863 78% This
GO-FdAC 2252 EMIN BF, 3.3 N N N
(1AgY) (206 W kg™) (41 Wh kg™) (11,000 cy) Work
147 63 7,816 75%
EMIN TFSI 34
(1Ag?) (212 W kg™?) (37Whkg?) (11,000 cy)
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4.2.4. Three-electrode studio of GO-FdAC

To get insight on the adsorption processes of GO-FdAC-based EDLCs, three-electrode
measurements were performed using a silver wire and oversized NORIT discs as
reference and counter electrodes respectively. First, the electrochemical stability
window of each ion was determined from the open circuit potential to its maximum
voltage (Figure 4.11a, b and c). It can be observed that Et,N" and EMIN" cations deliver
similar stable voltage windows of ca. 2 V. On the other side, the stable voltage window
is enlarged for the anions BF, and TFSI" when taking part of the ILs (Figure 4.11b and
c¢), which can be the reason for the large operational voltage of both ionic liquids.
Once the stable voltage window was determined, CVs were performed at several scan
rates as depicted in Figure 4.11d, e and f. In good agreement with the CVs of
symmetric EDLCs (see Figure 4.5), it can be observed that IL-based EDLCs shows more
distorted profiles upon scan rate fastening. This can be ascribed to the lower
conductivity and higher viscosity of the imidazolium-based electrolytes.
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Figure 4.11. CVs measured at 5 mV s? for GO-FAAC sample in a three electrode configuration in 1M Et,N
BF,in ACN (a), EMIN BF, (b) and EMIN TFSI (c) at several voltage windows; and CVs at different scan rates
for 1M Et,N BF, in ACN (d), EMIN BF, (e) and EMIN TES! (f).
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Specific capacitances of GO-FdAC electrodes in the three-electrode system were
calculated from the integrated area of the CV curves for each ion at different scan
rates (Figure 4.12a, b and c). The higher specific capacitance at lower rates obtained
for the ILs in symmetric cells in comparison with the conventional electrolyte (see
Figure 4.7a) is related to the higher specific capacitance of the cation EMIN® compared
with that of Et,N" as it is evidenced by three-electrode set up (Figure 4.12a, b and c).
Considering that the size of Et,N* < EMIN" (Table 4.1) and that most of the total pore
volume of GO-FJAC sample arises from pores ~0.9 nm (Figure 4.3b), the higher
capacitance must be related to the different geometry and the better confinement in
the pores of EMIN®, as it has been previously reported [10,58,67,68]. From the
capacitance retention values for each ion (Figure 4.12d, e and f), one can conclude
that the conductivity of the electrolyte is the main factor limiting the performance at
higher rates rather than the viscosity or even the size of the ions.
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Figure 4.12. Specific capacitance evolution upon scan rate fastening for GO-FAAC sample measured in
1M Et,N BF,/ACN (a), EMIN BF, (b) and EMIN TFSI (c) in a three electrode configuration and corresponding
capacitance retention values (d, e and f).
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4.2.5. GO-FdAC measured in diluted ionic liquids

With the aim of improving the rate performance and power of GO-FdAC-based EDLCs,
dilutions of 1M EMIN BF, and 1M EMIN TFSI were prepared from pure ionic liquids in
ACN. As previously reported [69,70], dilution of ILs can enhance the performance of
EDLCs thanks to it lowered resistance and viscosity. To support this argument, EIS
spectra were measured in pure (dotted line) and diluted ionic liquids (solid line) for
GO-FdAC sample in a symmetric configuration (Figure 4.13a). As expected, diluted
electrolytes show lower electrolyte resistance than that of pure ILs. Moreover, it is
worth to remark the evolution of a 45° slope region at middle frequencies for pure ILs,
indicating hindered molecular diffusion in the EDL formation. GO-FdAC electrodes
were galvanostatically charge/discharged at different rates in the different ILs using a
symmetric configuration as represented in Figure 4.13b. It can be observed that GO-
FAAC deliver lower initial capacitances in diluted ILs (ca. 140 F g'!) when compared to
that measured for pure ILs (ca. 160 F g*). As reported elsewhere [71], this
phenomenon can be ascribed to the solvation of the ionic liquid molecules in ACN.
Nevertheless, thanks to their higher conductivity, diluted ILs show larger specific
capacitance values at faster rates (>10 A g). Even 76 and 59 F g* are retained at
40 Ag’, corresponding to a 56 and 43% retention of the initial capacitance for 1M
EMIN BF, and EMIN TFSI in ACN, respectively. Conversely, pure ionic liquids only retain
the 32 and 26% of the initial capacitance at 40 A g™ for BF, and TFSI based electrolytes,
respectively.
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Figure 4.13. Nyquist plot (a) and capacitance evolution at different current densities (b) for GO-FAAC
electrodes evaluated in bare (dotted) and diluted (solid) ionic liquids in a symmetric configuration.
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Ragone plot of GO-FdAC in diluted and pure ILs (Figure 4.14a) shows higher energy
values for the pure ionic liquids at low power densities. However, this trend is
reversed from 5 kW kg'lAM onwards, which is in good agreement with the minor
resistance and improved capacitance retention recorded for dilutions at higher rates.
More in detail, EDLCs measured in diluted EMIN BF, and EMIN TFSI electrolytes deliver
initial energy densities of 52 and 55 Wh kg™ (290 and 230 W kg™), respectively and
high power densities of 29,200 and 30,700 W kg™ (23 and 19 Wh kg™). Unfortunately,
long-term cycling stability at 10 A g™* (Figure 4.14b) reveals that while 78% of the initial
capacitance is retained after 11,000 cycles for the pure EMIN BF, and EMIN TFSI only
26% and 41% is retained for their respective dilutions. This is related to the lower
electrochemical stability of acetonitrile compared to that of the used ionic liquids.
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Figure 4.14. Ragone plots (a) and long-term stability tests at 10 A g'l (b) registered for GO-FAAC in bare
(dotted) and diluted (solid) ionic liquids using a symmetric EDLC configuration.

Therefore, performance at higher rates is improved for diluted ILs at the cost of
sacrificing their capacitance retention upon cycling, disabling them for long-term
applications. In order to increase the stability, a narrower voltage window would be
needed. However, this would considerably affect their energy density performance. A
correct balance between energy, power and cycling stability is still required in this
study for the correct performance of EDLCs based on GO-FdAC and diluted ILs.
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4.3. Summary and conclusions

The potential of this ecofriendly and easy-scalable route for the preparation of
activated carbons from wasted cigarette filters to be used as electrodes for high
voltage EDLCs have been demonstrated. It was found that graphene significantly
improves the performance of the devices evaluated in ILs and organic electrolytes. The
presence of graphene (i) increases the conductivity of the carbon composites, (ii)
performs as a template, leading to flat-shaped structures that favors the ions diffusion
and (iii) promotes textural modifications, extending the micropores size and thus
enabling the adsorption of large-sized electrolyte ions such EMIN® or TFSI". Symmetric
EDLCs assembled using this nanostructured carbon composite delivered ca. 160 F g” at
low current rate, and still ca. 120 F g at 10 A g™ when tested in ILs, leading to energy
densities of ca. 63 Wh kg™ at 210 W kg™ and 40 Wh kg™ at 7,800 W kg™ in EMIN BF,
and EMIN TFSI, respectively. In addition, even when operating above 3.3 V, these
systems reach 11,000 charge-discharge cycles with ca. 80% retention of the initial
capacitance. Besides, a comprehensive three-electrode study disclosed that the
enhanced capacitance observed for these carbon composites ILs is related to the
optimized textural properties, which improves the imidazolium-cation adsorption.
Moreover, graphene-based electrodes were also evaluated in diluted ILs, improving
the rate performance and power delivered. However, the lower electrochemical
stability of the diluted ILs results in a poor capacitance retention upon cycling.
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Chapter V. Lithium-ion Capacitors

5.1. State-of-the-art of graphene-based Lithium-ion Capacitors

Lithium-ion capacitors are promising energy storage devices that can fill the gap
between batteries and supercapacitors. However, a thorough search for safe, cheap
and efficient electrode materials is still needed to overcome the imbalance electrode
kinetics between the battery-type and the capacitive-type electrode. On this regard,
the rational design of graphene-based electrodes has been appointed as a promising
solution strategy [1,2]. Graphene can be considered an ideal capacitive-type electrode
material thanks to its outstanding theoretical capacitance of 550 F g. However,
graphene sheets tend to suffer from restacking and aggregation, leading to a drastic
reduction of its theoretical SSA. As result, graphene-based materials explored as
positive electrodes of a LIC [3-10] deliver insufficient specific capacitances, limiting
the energy density of the LIC. On the other hand, graphene has spurred much interest
as battery-type electrode for LICs owing to its high aspect ratio, outstanding electric
conductivity and low resistance to Li* diffusion [11-14]. Moreover, graphene can act as
robust 2D substrates for the anisotropic growth of various battery-type compounds as
electrode materials, buffering their volume changes and promoting a fast charge
transfer process [15-33]. Although outstanding energy densities are achieved at low
rates for graphene-based battery-type electrodes, the sluggish kinetics result in limited
power output and shortened cycle life of the LICs. Among the different hybrid
configurations, graphene-based dual-carbon LICs show a longer cycle life and
improved power performance [34-38]. Additionally, the fabrication of carbon-
graphene-composites and its integration in dual-carbon LICs has demonstrated to be a
versatile and efficient approach [39-43]. On one hand, carbonaceous materials can be
easily adapted to the charge storage mechanism of each electrode, matching
electrodes kinetics in the LIC. On the other hand, graphene-based materials can not
only serve as a conductive matrix but also tailor the morphological and textural
properties of the composites. Thus, development of advanced carbon-graphene
composites from safe and environmentally friendly sources can be considered a
promising strategy to solve the aforementioned challenges of LICs.

5.2.  Graphene-coffee waste derived HC as the negative electrode

This section is devoted to the preparation of graphene-coffee waste derived hard
carbons and its electrochemical evaluation for its further utilization as negative
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electrodes in a LIC. As already mentioned, the power performance of LICs is limited by
the battery-type electrode since it involves lithium insertion/extraction mechanism
which leads to a much stronger decay of capacity at high current densities compared
to the capacitive electrode. Thus, in order to enhance the performance at high current
densities without compromising lifetime, it is of paramount importance to find the
most appropriate balance between morphology, particle size and surface area of
carbons. In this section parameters such as (i) the presence of graphene, (ii) reduction
of the carbon particle size and (iii) amount of active mass loading in the electrodes are
carefully evaluated to improve the power performance of the battery-type electrodes.

5.2.1. Material and electrode preparation of the HC

In a first step, coffee waste was collected from used capsules of a well-known coffee
company. Then, 2.5 g of exhausted coffee waste and 40 mL (2 mg mL") of
commercially available GO suspension (Graphenea) were mixed and vigorously stirred
overnight. GO/Coffee waste dry precursor was obtained after freeze/freeze-drying the
suspension. Graphene containing hard carbon composites were obtained by heating
the powdered GO/coffee waste mixture at 950 °C for 1 h under dynamic Ar
atmosphere. The sample hereafter denoted as GOCAF was obtained after ball milling
(Planetary mill PULVERISETTE 5) at 250 rpm using a ball:carbon mass ratio of 1:30.
Milling process (30 minutes) was repeated six times with a resting time of 5 minutes
between each repetition (Scheme 5.1). For sake of comparison an additional sample
without GO, denoted as CAF, was also prepared.

Mixing w{{m Pyrolisis (950 °C) Hard Carbon
(GOCAF)

Ball milling /\//\\

Scheme 5.1. Schematic representation of the preparation method followed for the synthesis of GOCAF.
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In order to prepare laminates for further electrochemical characterization, HCs were
mixed with carbon black and PVDF in NMP using a mass ratio of 90:5:5. These slurries
were then deposited onto a cupper aluminum foil using the doctor blade technique
and dried at 120 °C under vacuum overnight. Electrode discs of 11 mm in diameter
were cut and further dried prior to cell assembly. Two electrode type Swagelok cells
were assembled in an argon-filled glovebox using lithium discs as counter and
reference electrode. The electrolyte used was a 1 M solution of lithium
hexafluorophosphate (LiPFg), in a 1:1 (v/v) mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC).

5.2.2. Morphological and physicochemical characterization of the HCs

SEM images registered for the coffee waste derived carbon just after its pyrolysis
(Figure 5.1a) reveals that the materials are formed by particles of about ca. 200 um in
size, which contains macropores in a honeycomb structure. The addition of GO
(Figure 5.1b) does not significantly modify neither the structure nor the particle size of
the samples as can be observed from the SEM images. Despite its low content
(6 +1 wt.%), reduced graphene oxide sheets, product of the thermal reduction of
graphene oxide, fully cover the surface of the carbon particles in a homogeneous way,
creating a conductive network along the whole sample. Controlled ball milling
treatment of both samples produces a significant decrease in the particle size to
2 -5 um as can be observed in Figure 5.1c and d.
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Figure 5.1. SEM images of CAF (a) and GOCAF (b) before and after (c and d) the ball milling process.

TEM images registered for CAF (Figure 5.2a) and GOCAF (Figure 5.2b) samples
furtherly show the presence of irregular-shaped hard carbon particles in both of the
materials, which in the case of the GOCAF sample are embedded within the graphene
sheets.

Figure 5.2. TEM images of CAF (a) and GOCAF (b).
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The XRD patterns measured for CAF and GOCAF are shown in Figure 5.3a. Both of
them show two broad peaks assigned to the (002) and (100) diffraction planes of
graphite, which in good agreement with reported literature [44], confirm the
amorphous/disordered structure of the carbons. Raman spectra registered for the HCs
are shown in Figure 5.3b. Both of them show two broad peaks at ca. 1,351 and
1,599 cm™, assigned to the G and D bands of carbons. From the ratio between peak
integrated areas (Ap/Ag) values of 1.65 and 1.78 are calculated for GOCAF and CAF,
respectively, indicating a lower concentration of defect and larger degree of
graphitization in the graphene containing sample [45]. Textural properties were
investigated through gas adsorption. Nitrogen adsorption/desorption isotherms
registered for both samples are included in Figure 5.3c. Both of them show a similar
adsorption profile ascribed to type-lll isotherms, according to the IUPAC classification
[46], that corresponds to the adsorption in macroporous or non-porous materials. It is
worth noticing that, despite the low amount of graphene within the sample, SSA is
increased from 12 to 51 m? g"* with the incorporation of graphene.

(a) (b) (c)
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- = & ]—e— GOCAF
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- —_ @
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Figure 5.3. XRD (a), Raman (b) and Nitrogen adsorption-desorption isotherms (c) registered for labelled
graphene-coffee waste HCs.

5.2.3. Electrochemical characterization of the HC

HCs were submitted to a preliminary electrochemical evaluation in order to assess
their performance as battery-type electrodes. For this purpose, HCs were assembled
as working electrodes in a two electrode configuration against metallic lithium. Cells
were galvanostatically cycled between 0.002 and 2 V to simulate their potential swing
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as negative electrodes in the LIC. CAF and GOCAF samples were cycled at different
C-rates (1C: 372 mA g referring to the theoretical specific capacity of graphite) to
assess the impact of graphene in the composite (Figure 5.4). It is clearly observed that
the incorporation of graphene into the carbon composite produces a significant
increase on the specific capacity in the whole range of current densities investigated.
Moreover, the presence of graphene does not have a negative impact over coulombic
efficiency evolution.
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Figure 5.4. Scan rate comparing electrochemical performance of CAF and GOCAF.

Galvanostatic charge/discharge curves registered for CAF and GOCAF samples are
depicted in Figure 5.5. Both of them show sloping profiles without plateaus that are
characteristic of Li* insertion in non-graphitic carbons, as reported elsewhere [47]. It is
worth highlighting that the capacity measured when charging process is stopped at
0.2 V vs. Li/Li* almost reaches the 70% of the full capacity, particularly when current
densities over 1C are applied. More in detail, GOCAF sample (Figure 5.5a) shows
outstanding gravimetric discharge capacity values of 398, 356, 305 and 195 mAh g at
current rates of 0.5C, 1C, 2C and 10C, respectively. At these current densities CAF
sample (Figure 5.5b) delivered considerably lower specific capacity values (231, 195,
159 and 92 mAh g?). The significant improvement measured in the graphene
containing sample, whatever the current rate applied is, could be ascribed to a
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synergistic effect between rGO and the coffee waste derived carbon particles that
enables fast insertion/extraction of lithium ions within the carbonaceous structure
while graphene sheets creates a 3D conductive network that interconnects the whole
sample enhancing its electronic conductivity.
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Figure 5.5. Galvanostatic charge/discharge curves at different rates for GOCAF (a) and CAF (b).

The electrochemical impedance spectroscopy measured in the fully discharged state
(2 V) was performed in a three-electrode configuration cell to monitor electrode
resistance (Figure 5.6) for the HC-based materials. The characteristic resistances for
the different electrochemical processes were calculated according to the equivalent
circuit shown in Figure 5.6 inset. EIS spectra of both materials after 5 activation cycles
at 0.1C, show a semicircle at high frequency and a linear region at the low frequency
range. A clear reduction in the size of the high frequency semicircle is observed for the
graphene containing sample. This could be ascribed to the as-mentioned conductive
network created by the incorporation of rGO which allows a faster and unimpeded
charge transfer in the sample.
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Figure 5.6. EIS spectra of labelled HCs fitted with the equivalent circuit shown inset.

Specifically, as can be observed from (Table 5.1) resistance of the electrochemical
processes (Rer values) are clearly reduced when graphene is incorporated in the
sample.

Table 5.1. Resistance values goodness of the fitting calculated from fitted EIS spectra of HCs.

2

R (Q) Rs. (Q) Rer (Q) Chi
CAF 13 26.3 29.1 5.49E-4
GOCAF 1.3 17.7 19.5 5.39E-4

Besides the role of incorporating graphene in the sample, some other parameters such
as active mass in the electrodes and particle size where evaluated for a proper
optimization of the negative electrode of the LIC. As it is generally known [48-50], the
active mass loading of the electrodes plays a critical role in the electrochemical
performance of the cell, and this is especially relevant at high current rates. Within this
context, the performance of GOCAF was evaluated at several C-rates using different
mass loadings as represented in Figure 5.7a. The impact of that mass loading on
GOCAF sample over its electrochemical properties was studied in the mass range
between 1 and 3 mg (0.9 and 2.8 mg cm™). As expected, the largest capacity values are
obtained for the lowest mass loading whatever the C-rate applied. The specific
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capacity decreases progressively as the active mass increases from 1.0 to 2.2 mg and
no significant differences are observed when moving from 2.2 to 3.0 mg. This behavior
could be related to the progressive increase of the electrode resistance as the
electrode is thickened, and to the negligible contribution of the external particles in

the capacity output.

Carbon particle size is also a critical parameter for Li-insertion anodes. On one hand,
very large carbon particles can hinder Li* kinetics resulting in lower capacity values,
especially at high current densities, while on the other hand, a very small particle size
can result in extremely low coulombic efficiencies during the first cycle and
consequently, a huge irreversible loss of active material which could be detrimental
for practical applications [51]. In order to evaluate the influence of carbon particle size
over electrochemical performance, graphene containing samples before
(GOCAFnoBM) and after (GOCAF) the ball milling process were galvanostatically cycled
at different C-rates (Figure 5.7b). As expected, the reduction on the carbon particle
size produce a considerably increase on the specific capacity in the whole range of
current densities studied.
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5.2. Graphene-coffee waste derived HC as the negative electrode

HCs capacity variations at several C-rates due to the different optimization methods
followed in this section are illustrated in Figure 5.8. Firstly, from Figure 5.8a it can be
appreciated that the incorporation of graphene results in an outstanding capacity
improvement in the whole range of current densities. Even a 40% capacity
improvement is achieved at low current densities (0.1C). Also it is worth noting that
the positive impact of graphene incorporation is more pronounced at higher rates,
reaching a capacity improvement of the 64% at 50C. Secondly, regarding the influence
of electrodes mass loadings (Figure 5.8b), the capacity loss when increasing the active
mass from 1 to 3 mg is more prominent at high current rates, rising from 40% at 0.1C
to 90% at 50C. Thirdly, as can be appreciated from Figure 5.8c, reduction of the
particle size has also a beneficial influence over capacity in the whole range of scanned
rates. It should be also noted that this improvement is even more prominent at high
current rates. Specifically, while only a 10% capacity improvement is obtained at 0.1C,
when increasing current density to 50C, capacity improvement related with the
reduction of particle size increases to 50%.
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Figure 5.8.Percentual capacity variations due to the incorporation of graphene (a), increasing the mass
loading from 1 mg to 3 mg (b) and reducing the carbon particle size by ball milling (c) of the HCs.

It is also worth noting that the incorporation of graphene does not strongly impact on
the first cycle coulombic efficiency (Figure 5.9a), and values of 50 and 52% are
obtained for the GOCAF and CAF samples, respectively. This could be ascribed to the
low content of rGO in this sample (6 * 1 wt.%) which it is proved to be enough to
increase the capacity and boost the rate capability compared to the CAF sample, but
does not significantly increase the irreversible decomposition of the electrolyte and
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the solid electrolyte interphase formation on the surface of the particles. Likewise,
capacity improvement due to ball milling process does not have a detrimental effect
over first cycle C. E., since as can be observed from Figure 5.9¢ and Figure 5.9a, values
of C.E. in the first cycle for both samples (GOCAFnoBM and GOCAF respectively) are
pretty similar. This could be ascribed to the optimized reduction of the particle size by
the controlled ball milling process. This tailored particle size lead to an increase in the
capacity compared with GOCAFnoBM sample, but does not result in excessive
appearance of irreversible reactions due to the SEl formation.
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Figure 5.9. First cycle charge and discharge curves for GOCAF (a), CAF (b) and GOCAFnoBM (c).

Some representative capacity values reported for different carbons obtained from the
pyrolysis of biowastes when tested as anodes for LIBs are summarized in Table 5.2. It
is worth highlighting that the specific capacity delivered by GOCAF is among the
highest reported values in literature for biomass derived carbons. This can be majorly
ascribed to the presence of graphene, since the HC prepared in the absence of
graphene (CAF) does not stand out over the state-of-the-art.

126



5.3. Graphene-coffee waste derived AC as the positive electrode

Table 5.2. Electrochemical performance of some representative biomass waste derived carbons as
negative electrodes for Li-ion energy storage systems.

Current Density  Specific Capacity

Active material Electrolyte Reference
v (mAg?) (mAh g?)

Coffee waste .

. LiPFg in EC:DEC 100 360 [52]
derived carbon
Olive pits .

3 LiPFg in EC:DMC 186 (0.5C) 230 [53]
derived carbon
Wheat straw .

. LiPFg in EC:DMC 186 (0.5C) 250 [54]
derived carbon
Green tea ) i

_ LiPFg in EC:DMC 200 352 [55]
derived carbon
Loofah U

) LiPFg in EC:DMC 200 346 [56)
derived carbon
rGO-Coffee waste . .

R LiPFg in EC:DMC 186 (0.5C) 398 This work
derived carbon (GOCAF)
Coffee waste L .

LiPFg in EC:DMC 186 (0.5C) 225 This work

derived carbon (CAF)

5.3.  Graphene-coffee waste derived AC as the positive electrode

Last section focused on the optimization of the battery-type electrodes to enhance the
power performance of the LICs. In the same way, the positive electrode must be taking
into consideration since its capacitive reactions can restrict the energy performance of
the LICs. Thus, this section is devoted to the preparation of graphene-coffee waste
derived activated carbons and its electrochemical evaluation for its further utilization
as positive electrodes in a LIC. For this purpose, both chemistry and texture of the
materials need to be optimized. Specially, textural properties should be carefully
considered, since the electrochemical adsorption/desorption of charge is directly
related to the available specific surface area of the electrode. For this purpose,
activated carbons are prepared using GO-coffee waste as precursor and KOH as
activating agent. The influence of the C:KOH activation ratio over textural properties of
the ACs and its further impact over electrochemical performance are carefully
evaluated to improve the energy output of the capacitive-type electrodes.
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5.3.1. Material and electrode preparation of the AC

GO/coffee waste mixture was pre-carbonized at 400 °C in a furnace for 3 h under
dynamic Ar atmosphere. Then carbon was grounded together with KOH in a mortar
using two different C:KOH mass ratios: 1:4 (AC4) and 1:6 (AC6) and furtherly heated at
800 °C for 1 h under Ar atmosphere. The resulting materials were washed one time
using a diluted solution of HCI and then several times with hot deionized water. Dry
powder was obtained after freeze and freeze-drying the material (see Scheme 5.2).

-,fw Pyrolisis (400 °C) Activation (800 °C) - Activa(ted C)afbon
, AC6

Mixing with

-” KOH (1:6)

Scheme 5.2. Schematic representation of the preparation method followed for the synthesis of GOCAF.

AC electrodes were prepared using the same method as for HC but in this case
aluminum was used instead of cupper as current collector. Three electrode-type
Swagelok cells were assembled in an argon-filled glovebox using a lithium disc as
reference and an oversized NORIT disc as counter electrode. Three electrode cells
were evaluated in the potential range of 1.5 to 4.2 V. AC-based electrodes were also
tested as symmetric EDLC devices using two electrode-type Swagelok cells with AC-
electrodes as working and counter electrodes. EDLCs were evaluated in the voltage
range of 0 to 2.7 V. The electrolyte used was a 1 M solution of LiPFg in a 1:1 (v/v)
mixture of EC and DMC.

5.3.2. Morphological and physicochemical characterization of the ACs

SEM images of graphene-coffee waste powdered precursor carbonized at 400 °C and
derived activated carbons prepared using a C:KOH ratio of 4 (AC4) and 6 (AC6) are
shown in Figure 5.10. All the samples show carbon particles of approximately 10 um in
size that appears homogeneously coated with rGO sheets. From these images no
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5.3. Graphene-coffee waste derived AC as the positive electrode

significant microscopic differences are observed between the non-activated (Figure
5.10a) and activated samples (Figure 5.10b and Figure 5.10c). Likewise, similar

morphology is observed for the ACs regardless the activation ratio.

- i o Ly
Figure 5.10. SEM images of GO/Coffee waste precursor precarbonized at 400°C (a) and activated carbons
prepared using a C:KOH ratio of 1:4 (b) and 1:6 (c).

Textural properties of AC4 and AC6 were investigated by nitrogen
adsorption/desorption at -196 °C (Figure 5.11a). According to IUPAC classification [46],
isotherm registered on the AC4 sample can be indexed into type-I, which corresponds
to microporous carbons, while AC6 exhibits a profile in between type-l and I,
characteristic of samples containing a combination of both micropores and
mesopores. BET specific surface area values calculated for AC4 and AC6 are 1,650 and
2,350 m” g, respectively, pointing out the significant surface increase on the AC6
sample as consequence of its larger activating agent ratio. PSD calculated from the
isotherms of these two ACs are reported in Figure 5.11b. This plot clearly shows that
increasing the amount of KOH up to 6 produces an enlargement of the pore size as
consequence of the collapse of contiguous small micropores giving rise to pores
ranging from 1 to 2 nm.
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5.3.3. Electrochemical characterization of the AC

The electrochemical performance of ACs was firstly investigated vs. Li/Li" in a three-
electrode cell using LiPFg in EC:DMC as electrolyte and an oversized electrode made
from Norit (Kuraray) carbon as counter. Electrochemical cells were evaluated in the
potential range of 1.5 - 4.2 V to emulate the operation conditions of the ACs in the
lithium-ion capacitor. CVs registered for AC4 (Figure 5.12a) and AC6 (Figure 5.12b) at
different sweep rates, show typical rectangular shaped profiles characteristic of
capacitive charge storage mechanism. Both samples show high specific capacitance
and low resistance even at high sweep rates. However, lower specific capacitance is

delivered by AC4, evidencing the better capacitive performance of AC6.
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Figure 5.12. CVs of AC4 (a) and AC6 (b) measured in the three electrode configuration.
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5.3. Graphene-coffee waste derived AC as the positive electrode

Evolution of specific capacitance (capacity) for both ACs was measured from the
galvanostatic discharge branches at different current rates (Figure 5.13). Larger
specific capacitances measured for the AC6 sample in the whole current density range
can be ascribed to its larger SSA and wider PSD than those measured for the AC4.
Specifically, more than 200 F g (150 mAh g*) are obtained at a current density of
0.25A g*, while 112 F g (84 mAh g*) are retained when increasing the current
density to 10 A g'. On the other hand, AC4 delivered 187 F g™ (140 mAhg?) at
0.25Ag",and90Fg' (68 mAhg')at10A g™
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Figure 5.13. Specific capacity and capacitance evolution at different current densities for labelled
activated carbons.

The electrochemical performance of the activated carbons was also evaluated in a
symmetric EDLC configuration using LiPFs in EC:DMC as organic electrolyte in a voltage
window of 0-2.7 V (Figure 5.14). CVs measured at different scan rates for AC4 and
AC6 are represented in Figure 5.14a and Figure 5.14b, respectively. Both ACs
voltammograms display almost ideal quadratic shapes, furtherly confirming their
capacitive charge storage mechanism. ACs were also galvanostatically cycled at several
current densities in the symmetric EDLC configuration (Figure 5.14c). AC6 delivers high
specific capacitances of 157 Fg* at 0.25 A g and 128 Fg* at 10 Ag™. In contrast, AC4
shows lower capacitances in the whole range of current. From Ragone plots (Figure
5.14d) it can be appreciated that AC4 shows a more abrupt energy decay at higher
powers when compared to AC6. Specifically, AC6 sample delivers energy density
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values of 40 Whkg'aw and 22 Wh kg'aw at the corresponding power densities of
168 W kg'am and 24.68 kW kg'aw, respectively. On the other hand, AC4 energy
densities are 36 Wh kg'am and 14 Wh kg™*av at the corresponding power densities of
168 W kg'lAM and 22.98 kW kg'lAM, respectively. Summarizing, measurements of the
ACs in the symmetric EDLC configuration furtherly confirmed the better performance
of AC6 over ACA4.
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Figure 5.14. Electrochemical performance of graphene-coffee waste ACs measured as symmetric EDLCs
including: cyclic voltammetry measurements of AC4 (a) and AC6 (b); specific capacitance evolution upon
increasing current density (c) and corresponding Ragone plots (d) for labelled ACs.

Some values reported recently for representative ACs obtained by the pyrolysis of
different biowastes are summarized in Table 5.3. It is worth highlighting that under
these circumstances, EDLC cells assembled using AC6 carbon outperform on
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5.4. Assembly and performance of graphene-coffee waste LIC

capacitance and energy densities terms (i.e. 128 F g and 31 Wh kg™) those biowaste
derived ACs reported in literature, either using conventional organic EDLC or battery-
based electrolytes.

Table 5.3. Textural properties and electrochemical performance of some representative biowaste derived
activated carbons used as electrodes in non-aqueous symmetric EDLC systems.

5 . Specific Surface Capacitance Energy Density
Active material 2 1 Electrolyte 4 1 Reference
Area (m®g™) (Fg™) (Wh kg™)
KOH activated
K K 2225 Et;NBF4/ACN 90 22 [53]
olive pits
ZnCl, activated
1021 TEABF,/ACN 110 20 [57]
coffee waste
KOH activated
1946 BMINBF,/ACN 88 27 [58]
coffee waste
KOH activated .
. 1306 LiPFg/EC:DEC 55 17 [59]
human hair
KOH activated .
o 1413 LiPF¢/EC:DMC 60 13 [60]
indian cake rusk
KOH activated . .
2350 LiPF¢/EC:DMC 128 31 This work

rGO-coffee (AC6)

*Specific capacitance and gravimetric energy density values are calculated at the current density of 10 A g™

5.4. Assembly and performance of graphene-coffee waste LIC

In this section the assembly, optimization and electrochemical evaluation of the final
LICs are disclosed. In view of their better performance, graphene-coffee waste derived
hard carbon (GOCAF, Section 5.2) and the AC within a 1:6 activation ratio (AC6,
Section 5.3) were selected as negative and positive electrode materials, respectively,
for the development of the LICs.

5.4.1. Optimization and assembly of the LIC

In order to maximize the output capacity of the LIC, mass balance of the electrodes
needs to be performed. In this regard, both electrodes must exhibit the same charge
stored. For this purpose, the individual evolution of the specific capacity values
calculated for GOCAF and AC6 at different current rates using similar electrode masses
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are shown in Figure 5.15. It is clearly observed that the GOCAF exhibits a characteristic
evolution of battery-type electrodes showing higher capacities at low current rates
and a prominent capacity decay as the current rate is increased. In contrast, AC6
electrode shows a lower capacity at the beginning but with improved capacitance
retention, characteristic of capacitive materials. Since it is impossible to define a
proper mass balance for the whole applied current density range, a 1 to 1 mass
balance was selected aiming at the design of an optimal system for an application that
requires charge/discharge times of 30 seconds (i.e. a current density of ca. 5 A g*). At
this current density the negative electrode is slightly oversized to avoid its full
utilization, and lithium platting.
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Figure 5.15. Specific capacity evolution of AC6 and GOCAF at different current densities.

Prelithiation of the GOCAF electrode was carried out before full cell assembly. The HC
electrode was cycled five times between 0.002 and 2 V vs Li/Li* at 0.1C in order to
form a SEl and supply sufficient lithium to compensate for the first cycle irreversibility.
For instance, the last discharge was performed at a lower current rate and the final
potential was set to 0.2 V (Scheme 5.4a). After prelithiation process, lithiated GOCAF
was assembled together with AC6 in a three-electrode Swagelok cell using lithium
metal as reference electrode to monitor the potential of the cell (Scheme 5.4b). HC
potential was set to 0.2 V vs. Li/Li* and AC was charged up to 4.2 V vs. Li/Li". The
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5.4. Assembly and performance of graphene-coffee waste LIC

different potential ranges of the electrodes can efficiently enlarge the operating
voltage window of the LIC, enhancing its energy density.

(a) — (b)
| Prelithiation | | LIC assembly |
Ref
* 5cycles 0.1C (0.002 to 2V)
* Last discharge 0.05C (0.2 V) g
(we 0 ( _cE) we )0 ¢ _cE)
WE: GOCAF WE: AC6 b
CE: Lithium disc CE: GC_)C_AF prt? ithiated
Ref: Lithium disc

Scheme 5.4. Schematic representation of prelithiation process (b) and LIC assembly (c).

5.4.2. Graphene-coffee waste LIC electrochemical performance

LICs were cycled after assembly at some representative current rates in the 1.5 - 4.2
voltage range. Galvanostatic charge/discharge curves plotted in Figure 5.16a show a
linear voltage increase/decrease during charge and discharge, characteristic of the
non-faradaic capacitive charge storage mechanism taking place. Almost unappreciable
ohmic drop are observed up to 5 A g7, pointing out the low internal resistance of the
LIC. To get insight on the contribution of each electrode into the full cell, individual
galvanostatic charge/discharge profiles were monitored at representative current
rates. It is observed that at 0.5 A g™ (discharge time of 5 minutes, Figure 5.16b), the
positive electrode potential swings 2.1 V, while the negative electrode only fluctuates
0.6 V. When the current rate is increased to 5 A g* (Figure 5.16c), the discharge time is
reduced to ca. 25 seconds and the potential swing of the GOCAF-based negative
electrode increases to ca. 1.0 V, while the potential swing of the AC decreases to 1.7 V.
It is worth mentioning that even at 5 A g*, no lithium platting is observed, ensuring a
safe operation of the cell. When current rate is increased over 8 A g the potential of
the GOCAF-based negative electrode reaches negative values (Figure 5.16d), which
can be risky not only affecting cyclability but also from a safety point of view. Taking
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this into account only values below 6 A g were considered for the Ragone plot

calculation.
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Figure 5.16. Galvanostatic charge/discharge curve for the LIC measured from 1.5 to 4.2 V at
representative current rates (a), and galvanostatic charge/discharge profiles registered at 0.5 (b), 5 (c)
and 8 A g'l (d) for the LIC (black), the negative electrode (blue) and the positive electrode (red).

Energy-to-power ratio of the LIC calculated from the galvanostatic charge/discharge
curves in the voltage range of 1.5 - 4.2 V is represented in Figure 5.17a. Empty points
of the curve represent energy/power values, for which the negative electrode reaches
negative potential values (from 6 A g onwards). It can be observed that for a similar
power density, the LIC can deliver more than three times of the energy corresponding
to its EDLC counterpart (0 — 2.7V), and still shows impressive energy retention
(100 Wh kg’lAM at 9 kW kg’lAM). Figure 5.17b shows the capacitance retention of the
LIC tested within the 1.5 -4.2 V cell voltage. As it can be observed, herein developed
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LIC reaches 80% of the initial capacitance after 3,000 charge/discharge cycles at 5 A g™

(discharge time less than 30 seconds).
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Figure 5.17. Ragone plot (a) and long-term cycling at 5 A g'l (b) of LIC assembled using GOCAF and AC6 as
negative and positive electrode respectively. Measurements were carried out in the 1.5 — 4.2 V window.

It is worth mentioning that this LIC shows superior performance in terms of power
compared to the biomass derived dual carbon based LICs reported so far in the state-

of-the-art, as summarized in Table 5.4.
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Table 5.4. Electrochemical performance of representative reported biowaste derived dual-carbon LICs.

Positive Negative LiCc
. 3 LIC Power
Positive SSA electrode Negative electrode Voltage . N° Cycles
2 1 . . . density** | Ref
electrode (m°g"”) capacity* electrode capacity window (kKW kg™ ) (% Retention)
(mAhg™) (mAh g™) (V) &
KOH activated Olive pits 250 5000
o 2225 120 ) 4 1.5-4.2 2 [53]
olive pits derived carbon (0.2AgY) (70%)
KOH activated 2083 146 Juliflora 400 18-44 ) 5000 (61]
juliflora derived carbon (02Ag% T (94%)
KOH activated Natural 373 7000
o 2448 95 ‘ 4 2.0-4.0 3 [62]
juliflora graphite (0.1Ag") (80%)
ZnCl, activated Coconut shell 250 8000
1795 81 ) . 1.7-4.2 3 [63]
coconut shell derived carbon (0.1Ag") (83%)
KOH activated . 1000
1901 - Graphite - 2.0-4.0 0.5 [64]
orange peel (80%)
KOH activated . 1000
2108 70 Graphite - 2.0-4.0 0.2 [65]
teak wood (80%)
KOH activated Mesocarbon 375 1000
) 3104 60 ) 4 2.0-4.0 1.3 [66]
natural sisal microbeads (0.1Ag") (93%)
KOH activated rGO-coffee
. 398 3000
rGO-coffee 2350 150 waste derived a1, 1.5-4.2 9
(0.2Ag?) (80%)
waste (AC6) carbon(GOCAF)

*Positive electrode capacity corresponding to the current density of 0.1 A g’1
**Power density values corresponding to energy density values of ca. 100 Wh kg'1

Despite the great energy and power density values achieved, cyclability still need to be
improved to find the requirements of possible industrial applications. Additionally,
lithium platting observed from 6 A g onwards could result in serious safety risks due
to the appearance of metallic lithium in the cell. Thus, with the aim of expanding the
cycle life of the cell and avoid premature platting, LICs were assembled following the
previous method but cycled in a shortened voltage window of 2.0 — 4.0 V.
Galvanostatic charge/discharge curves measured at representative current rates in
Figure 5.18a evidences the low internal resistance of the cell, since almost negligible
ohmic drops are appreciated. However, due to the shortening of the voltage window,
around half of the discharge time is attained when compared with the LIC measured in
the 1.5 — 4.2 V window (Figure 5.16a). Discharge time reduction of the LIC can be
ascribed to the lower utilization of the negative electrode, which potential swings
from 0.84 to 0.46 V at 0.5 A g (Figure 5.18b) and from 0.87 to 0.43 V at 5 A g (Figure
5.18c). Nevertheless, since GOCAF-based negative electrode is not fully utilized,
potentials below 0 V are not reached, avoiding lithium platting in the whole range of
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current densities applied. It can be observed from Figure 5.18d that even at the
current density of 10 A g, the potential swing of the negative electrode is far from
reaching negative potential values, whereas the LIC tested from 1.5 to 4.2 V suffers
from metallic lithium formation from 6 A g onwards.
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Figure 5.18. Galvanostatic charge/discharge curve for the LIC measured from 2.0 to 4.0 V at
representative current rates (a), and galvanostatic charge/discharge profiles registered at 0.5 (b), 5 (c)
and 10 A g'l (d) for the LIC (black), the negative electrode (blue) and the positive electrode (red).

Ragone plot for the LICs measured in the shortened voltage window is depicted in
Figure 5.19a. Due to the reduced discharge time and since energy is quadratically
proportional to the voltage window, the device tested from 2.0 to 4.0 V displays lower
energy densities when compared to the LIC measured in the extended voltage window
(1.5 to 4.2 V; Figure 5.17a). Still, the device is capable to double the energy density
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delivered by the corresponding EDLC (measured from 0 to 2.7 V). Nevertheless, at the
cost of scarifying part of the energy density, cyclability is considerably enhanced.
Specifically, even 15,000 cycles can be reached at 5 A g™* before the initial capacitance
decays to 80% (Figure 5.19b). This can be ascribed to the lower electrochemical
degradation degree of the electrolyte at the selected voltage window. These results
evidence the flexibility of LIC storage devices since, by simply adjusting some
operational parameters, the electrochemical performance can be tailored to the
required application.
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Figure 5.19. Ragone plot (a) and long-term cycling at 5 A g'l (b) of LIC assembled using GOCAF and AC6 as
negative and positive electrode respectively. Measurements were carried out in the 2.0 — 4.0 V window.

5.5. General summary and conclusions

The potential of ecofriendly and easy-scalable carbons derived from the pyrolysis
and/or activation of coffee waste combined with graphene oxide and their application
in lithium ion capacitors was demonstrated. It was shown that the optimization of
different parameters such as particle size, electronic conductivity or activation degree
in the corresponding materials have a great impact on the performance of the final
electrodes. Specifically, it was found that the incorporation of graphene oxide into the
hard carbon leads to a 40 to 70% increase of the capacity depending on the applied
current rate. With regard to the activated carbon, AC6 showed specific capacitance
values of 200 F g at low rates while 128 F g™ are retained at 10 A g™*. LICs assembled
with these activated carbons and graphene-carbon composites show high energy
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density values of ca. 100 Wh kg'aw at a high power density of 9,000 W kg'am,
accounting for more than three times the energy corresponding to the EDLC system. In
addition, the device was able to reach 3,000 cycles with an 80% retention of the initial
capacitance when operating between 1.5 - 4.2 V, and 15,000 cycles when voltage
window is fixed to 2.0-4.0 V.
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Chapter VI. General overview, conclusions and perspectives

6.1. General overview

With the aim of improving the performance of different energy storage systems,
graphene has been rationally used to overcome some of the challenges associated to
each of the technologies. Graphene oxide was chosen as precursor due to its
availability and its easy processability for the fabrication of electrodes. It was found
that graphene structures play an important role to circumvent some of the handicaps
of Li-S batteries (Chapter Il). The insulating nature of sulfur, the volume changes
undergone upon cycling and/or polysulfide migration have been partially mitigated by
incorporation of graphene into the cathode. Moreover, graphene allows hosting large
sulfur contents and to process high sulfur loadings cathodes. In contrast, the direct use
of graphene oxide for the preparation of sulfur composites results in poor
electrochemical performances due to its large oxidation degree, which contribute to
polysulfide trapping but, at the same time, decrease the electronic conductivity of the
composite. Taking this into account, a partial reduction of the oxygen functionalities
through hydrothermal treatment was proved to be an effective route for the
preparation of graphene suspensions. Combination of hydrothermally reduced GO and
in-situ synthesized sulfur particles (ca. 500 pum) result in well performing Li-S cathode,
reaching 500 charge-discharge cycles with a very low-capacity loss (0.07% per cycle)
when cycled at 1.675 A g”. However, even if the sulfur content in these cathodes is
higher than most of the reported works until now (70%), the sulfur loading is not yet
enough to outperform the energy densities of current lithium-ion batteries. For this
propose, GO-based self-standing cathodes with sulfur loadings as high as 4 mg cm™
were prepared. The combination of this high loading with the increased conductivity
of the GO-based aerogels due to thermal treatment or incorporation of CNTs resulted
in high areal capacities (2 mAh cm™) with almost no capacity loss after 100 cycles.
Results show that the interconnected framework created by the CNTs in the GO-based
matrix enables a better electrochemical stability of the cathode. On the other hand,
thermally treated supports show a better performance at high rates due to its higher
conductivity.

The performances of thermally reduced GO-based aerogels were furtherly
investigated as electrocatalyst in Na-O, batteries (Chapter Ill). In this particular case, it
was found that the textural properties of graphene-based oxygen cathodes can be
modified by adjusting the freezing temperature of the GO suspensions before the
freeze-drying. A quick freezing with liquid nitrogen leads to the formation of randomly
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orientated small aggregates which results in a well-developed porosity. Total pore
volume and pore size distribution of the material frozen at lower temperatures (faster
freezing) resulted to be higher than that of the material frozen at higher temperatures
(slower freezing). It was found that pore size distribution plays an important role on
the performance of these materials as electrocatalyst support for the oxygen
cathodes. The graphene-based porous material that was frozen at lower temperatures
shown the best electrochemical performance in terms of higher discharge capacity
(6.6 mAh cm?), lower charge overpotential (260 mV) and extended cycle life
(38 cycles). Moreover, cycle life was extended to even 128 cycles by shortening the
capacity limitation. These results, which show a much better performance over the
scarce state-of-the-art results, are mainly ascribed to the well-distributed
mesoporosity of the carbonaceous matrix, which allows the deposition of large
amounts of discharge products and provides active sites for ORR and OER reactions. It
is worth noting that sodium superoxide (NaO,) was found as the major discharge
product, which enables a greater stability than Na,O,. This finding brings some light
over the topic, since, which is the preferentially formed discharge product in NaO,
batteries is still controversial.

According to the results, it was proved that graphene can promote faradaic reactions
in Li-S and Na-O, batteries, improving the specific capacity, rate capability and cycle
life. Besides, graphene also has shown to have a great impact over the electrochemical
performance of non-faradaic devices like EDLCs (Chapter 1V). The sustainable
combination of used cigarettes and graphene oxide precursors resulted in the
formation of highly porous graphene-carbon composites (2,252 m? g*). It was found
that graphene can act as a template for the growth of the carbon precursors, which
after carbonization leads to carbon composites with a flat-shaped morphologies.
Tailored morphology and textural properties provided by the presence of graphene
enabled the use of large-sized electrolyte ions such as imidazolium-based ionic liquids.
This suitable combination leads to stable operational voltage windows of even 3.3 and
3.4 V when using EMIN BF, an EMIN TFSI, respectively. Moreover, graphene-carbon
composites delivered capacitance values of ca. 160 F g™ at low current rate, and still
ca. 120 F g" at 10 A g* when tested in ILs. As result, energy densities of ca. 63 Wh kg™
at 210 W kg™ and 40 Wh kg™ at 7,800 W kg were obtained in EMIN BF, and EMIN
TFSI, respectively. In addition, these systems reach 11,000 charge-discharge cycles
with ca. 80% retention of the initial capacitance. Three-electrode study disclosed that
the enhanced capacitance observed for these carbon composites in ionic liquids is
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related to the optimized textural properties, which improves the imidazolium-cation
adsorption. Evaluation of graphene-based electrodes in diluted ILs shown that the rate
performance and power delivered can be furtherly increased. However, the lower
electrochemical stability of the diluted ILs results in poor capacitance retention upon
cycling.

The experience acquired from the preparation of graphene-carbon composites
starting from biowaste precursors was transferred to the preparation of active
materials for DC-LICs (Chapter V). In this case, coffee waste was selected as precursor
for the preparation of both battery-type and capacitive-type electrodes. It was shown
that some parameters such as carbon particle size or active mass loading have a great
impact on the rate capability of the battery-type electrodes. Additionally, it was found
that the incorporation of graphene oxide into the hard carbon leads to a 40 to 70%
increase of the capacity depending on the applied current rate. Regarding the
capacitive-type electrode, the influence of the amount of activation agent over the
EDL formation was demonstrated. The sample prepared with a larger carbon:KOH
ratio delivered higher capacitance values in the whole range of current densities due
to its higher SSA (2,350 m” g') and wider PSD. Individual optimization of the
electrodes according to their charge storage mechanism enabled the smooth
operation of the LIC, delivering ca. 100 Wh kg at a high-power density of
9,000 W kg'lAM. In addition, the device was able to reach 3,000 cycles with an 80%
retention of the initial capacitance. Moreover, at the cost of sacrificing some energy
density, the shortening of the voltage window from 1.5 — 4.2 V to 2.0 — 40 V
demonstrates to greatly enhances the cyclability to 15,000 cycles and avoid lithium
platting.
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6.2. Conclusions

Lithium-Sulfur Batteries

1.

Graphene-based materials effectively create a conductive matrix for the wrapping
of sulfur particles, alleviating the major challenges of Li-S technology: isolating
nature of sulfur, volume changes during cycling and polysulfides migration.

Partial reduction of GO through hydrothermal treatment allows the creation of
stable aqueous suspensions with higher conductivity and maintaining some
polarity for the efficient wrapping of polysulfides, which allows a long-cycle life of
the cells at high rates.

Sub-micrometer size sulfur particles produced by a green and scalable process
using sodium thiosulfate as precursor and PVP as capping agent improve the
electrochemical stability of Li-S batteries.

Graphene-based aerogels allow the incorporation of larger amounts of sulfur,
leading to higher areal capacities.

Addition of carbon nanotubes and thermal reduction of GO-based aerogels result
in enhanced electrochemical performance due to its higher conductivity.
Graphene-CNT/S composites show better stability but lower rate performance
than thermally treated ones.

Sodium-Oxygen Batteries

6.

7.

Graphene-based supports demonstrate to be versatile oxygen cathodes for Na-O,
batteries.

Textural properties of the rGO-based aerogels can be tuned by simply adjusting
the freezing temperature of GO suspensions before freeze-drying.

Pore size distribution of graphene-based oxygen cathodes greatly influences the
electrochemical performance of Na-O, batteries in terms of cycle life, delivered
capacity and energy efficiency. Especially, a quick freezing of the GO suspension
guarantees the presence of active sites for ORR and OER reactions and provides
enough channels for the diffusion of O, and Na" ions.
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9. Sodium superoxide was found to be the major discharge product. Size and
distribution of NaO, have a high dependence on the textural properties of the
carbon matrix used

Electric Double Layer Capacitors

10. Cigarette butts waste showed to be an effective green source to prepare high
specific surface area activated carbons.

11. Graphene acts as a template during activation of acetate cellulose, leading to a flat
morphology of the activated carbons. This modified morphology enables a better
access of the activation agent, which provides a wider pore size to the composite.

12. Wide PSD of the graphene-AC composite facilitates the access of large-sized
electrolyte ions of ionic liquids, allowing a stable performance even at 3.4 V.

13. Diluted ionic liquids increase the power performance of graphene-based EDLCs at
the cost of reducing capacity retention upon cycling due to its lower
electrochemical stability.

14. Three-electrode study disclosed that the enhanced capacitance observed for these
carbon composites in ionic liquids is related to the optimized textural properties,
which improves the imidazolium-cation adsorption.

Lithium-ion Capacitors

15. Novel ecofriendly and easy-scalable production approach for the preparation of
carbon-graphene composites from coffee wastes is demonstrated.

16. The presence of graphene creates a conductive matrix that interconnects the
carbon particles enhancing the electrode conductivity and enabling fast Li*
diffusion.

17. Particle size and mass loading optimization in the negative electrode improve
electrochemical performance, especially at high rates.
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18.

19.

20.

Activated carbon materials obtained from the highest 1:6 ratio (carbon:KOH)
exhibit the highest pore sizes and the larger specific surface area, thus, showing
the highest specific capacitance values

Individual optimization of both positive and negative electrodes of the LIC
according to their charge storage mechanisms has a great impact on the energy
and power performance of the full cell.

Cyclability of the LIC can be extended from 3,000 to 15,000 cycles, at the cost of
the energy just by decreasing the voltage window from 1.5-4.2Vt02.0-4.0V.

155



Chapter VI. General overview, conclusions and perspectives

6.3. Perspectives

The investigations presented in this thesis, in agreement with most of the recent
bibliographic studies, have shown that the integration of graphene can improve some
of the most relevant metrics of different energy storage technologies when tested at
lab-scale. However, these promising findings should be taken with caution because it
takes time and efforts to implement them into commercial energy storage devices.

Although graphene produced through the graphite exfoliation is a very promising
route for its mass production, it still has associated some important drawbacks such as
high cost and the poor physical and chemical reproducibility. In addition, the low
density of graphenic materials may limit its use in those applications where high
volumetric energy density is needed.

Taking all of this into account, it seems that there is still a long way until some of the
graphene-based next generation energy storage devices reach the maturity and gets
into the market. To make this possible advanced large-scale production processes that
can guarantee reproducible, high quality and low-cost graphene is still required and
the engineering processes of electrodes in battery cells should be also adapted for the
integration of the graphene-based new formulations.
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Appendix I. List of abbreviations

2D-NLFDT Bidimensional non-local density functional theory
AC Activated Carbon

ACN Acetonitrile

AM Active Mass

BET Brunauer—-Emmett-Teller

CB Cigarette Butt

CNT Carbon Nanotube

CcT Charge Transfer

CvD Chemical Vapor Deposition

C.E. Coulombic Efficiency

CTAB Cetyl Trimethyl Ammonium Bromide
cv Cyclic Voltammetry

DC-LIC Dual Carbon Lithium-ion Capacitor
DME 1,2-Dimethoxyethane

DMC Dimethyl Carbonate

DOL 1,3-Dioxolane

EC Electrochemical Capacitor

EDL Electric Double Layer

EDLC Electric Double Layer Capacitor

EES Electrochemical Energy Storage

EIS Electrochemical Impedance Spectroscopy
EMIN 1-Ethyl-3-Methylimidazolium

Et;N Tetraethylammonium

ESS Energy Storage System

EV Electric Vehicle

GNS Graphene nanosheets

GO Graphene Oxide
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HC Hard Carbon

HrGO Hydrothermally Reduced Graphene Oxide
IL lonic Liquid

IUPAC International Union of Pure and Applied Chemistry
LiB Lithium-ion Battery

LIC Lithium-ion Capacitor

Li-S Lithium-Sulfur

LTO Lithium titanate Oxide

LiTFSI Lithium bis(trifluoromethanesulfonyl) imide
M-0, Metal Oxygen

NLDFT Non-Local Density Functional Theory
NMP N-Methyl-2-Pyrrolidone

NMR Nuclear Magnetic Resonance

ocp Open Circuit Potential

OER Oxygen evolution reaction

ORR Oxygen reduction reaction

PC Porous Carbon

PPY Polypyrrole

PSD Pore Size Distribution

PVDF Polyvinyilidene fluoride

PVP Polyvinyl Pyrrolidone

rGO Reduced Graphene Oxide

SEI Solid electrolyte interface

SEM Scanning Electron Microscopy

SL Surface Layer

SSA Specific Surface Area

TEM Transmission Electron Microscopy

VN Vanadium Nitride

XRD X-Ray Diffraction
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Appendix Il. Experimental

All.1. Physicochemical characterization techniques

All.1.1. X-Ray Diffraction

In XRD measurements, X-ray beam is directed to the surface of the studied material,
interacting with the atoms in the crystal. A portion of the X-ray beam is
scattered/diffracted, at a well-defined angle (20) and detected by the instrument. The
diffraction pattern for an element or compound is unique, which is related to the
crystal structure. The average spacing d between layers or rows of atoms can be
determined by the incident X-ray wavelength (A) and angle 6, following Bragg’s Law
(see Scheme All.1):

ni = 2d - sen(0) (All.2)

—@ ® ® ® o

Scheme All.1. Diagram of Bragg reflection by a set of parallel planes with interplanar distance d [1].

X-ray diffraction (XRD) patterns were registered for powdered samples in a Bruker D8
X-ray diffractometer; data were collected at 40 kV and 30 mA using CuKa radiation
over 26 within the range from 10 to 80° at steps of 0.02° and a residence time of 5 s.

All.1.2. Raman

Raman spectroscopy is a light scattering technique where the sample is irradiated by a
monochromatic, high intensity laser light source. Incident light interacts with the
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atoms of the materials and scattered light is detected. Much of the scattered radiation
has the same frequency of the incident radiation; this is the so-called Rayleigh
scattering. On the other hand, a much smaller fraction of the scattered light has a
different frequency from the irradiated one, this constitutes the Raman scattering. The
Raman scattering process leads to absorption of energy by the molecule and its
promotion to a higher energy excited vibrational state. As result, scattered light, also
known as Stokes scattering, presents a higher wavelength than irradiated one. In
contrast, due to thermal energy, some molecules might be presented in an excited
state. Scattering from this state to the initial state, is called anti-Stokes scattering and
in this process energy is transferred to the scattered photon, resulting a lower
wavelength when compared to that of original radiation (see Scheme All.2).

Incident frequency
w
Molecules

Scattering frequency
w+w, w w-w,

S1
Virtual state - - - - - - — - ~ P i
SO
Raman scattering Rayleigh Raman scattering
(anti-Stokes) scattering (Stokes)

Scheme All.2. Scheme and Jablonski diagram illustrating Raman and Rayleigh scattering [2].

When measuring graphene-based materials, two broad Raman peaks appears at ca.
1600 and 1350 cm™, commonly denoted as D-band and G-band, respectively. D-band
is associated to the disordered structure of graphene, representing the dispersive,
defect induced vibrations, while the G-band is related to vibration of spz-bound carbon
atoms [3]. The relative area ratio (Ap/Ag) or maximum intensity pick ratio (Ip/lg) of the
D and G bands are measures of the defects formed in the sample and is inversely
proportional to the average size of the sp, domains [4].
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Raman spectra were recorded with a Renishaw spectrometer (Nanonics Multiview
2000) operating with an excitation wave-length of 532 nm. The spectra were acquired
with 30 s of exposition time of the laser beam to the sample. The ratio between the
integral of D and G peaks was calculated in Origin software by fitting the experimental
curve with Gaussian and Lorentz equations.

All.1.3. Nitrogen adsorption isotherms

Among the different gas adsorption methods, N, adsorption at -195.8 °C (77 K) is the
most commonly used technique owing to the large pore range that can cover and its
weak interaction with most solids. The surface adsorption capacity of nitrogen in a
solid surface depends on the nitrogen-relative pressure (P/P,), where P is the partial
pressure of nitrogen and Pyis the saturated vapor pressure of nitrogen under
temperature of liquid nitrogen [5]. The information related to the specific surface area
and pore size distribution of the material can be extracted from the adsorption-
desorption isotherm.

Nitrogen adsorption/desorption isotherms were registered at -196 °C in an ASAP 2460
and ASAP 2020 from micromeritics. Already thermally treated samples (AC, HC, rGO)
were degassed at 250 °C during 3 h under vacuum while non-reduced samples (GO,
GO-CNT) were degassed at 90 °C for 12 h under vacuum. The specific surface area was
calculated according to the Brunauer—-Emmett-Teller (BET) method [6] from the
nitrogen isotherms in the relative pressure range of 0.05-0.25. The t-plot method was
used to the external surface area (Sgxr) in the relative pressure range of 0.07-0.25. The
total volume of micro-mesopores (V;) was calculated as the amount of N, adsorbed at
the relative pressure of 0.99. The pore size distribution was determined by using
2D-NLDFT heterogeneous surface method (equilibrium/desorption branch) and fitting
with SAIEUS software. The average mesopore (Dmeso) and macropore sizes (Dmacro)
were calculated as specify above:

_4Vr (All.2)
/SBET

Dmeso -

Y All.3
P/SEXT ( )

Dmacro -
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where V, is the total pore volume of micro-meso macropores calculated by He
pycnometry at room temperature (cm®g?)

All.1.4. Helium Pycnometry

A gas pycnometer operates by detecting the pressure change resulting from
displacement of gas by a solid object. Expanding a quantity of gas at known pressure
into an empty chamber and measuring the pressure establishes a baseline. Then a
sample is placed in the chamber and the chamber is resealed. The same quantity of
gas at the same pressure is again expanded into the sample chamber, and the
pressure is measured. The difference in the two pressure combined with the known
volume of the empty sample chamber allows the volume of the sample to be
determined by way of the gas law. Helium is usually used because is not adsorbed by
almost any solid at normal conditions [7].

In this work, AccuPyc Il 1340 pycnometer (Micromeritics) was used to measure the
true density (p,) of graphene-based materials. The total pore (V;) volume of micro-
meso and macropores was calculated by the formula:

1 1 (All.4)

Vo =
" e P

where p, is the apparent density (g cm™) calculated by weighting and measuring the
dry materials and p;is the true density (g cm™).

All.1.5. Elemental Analysis

Elemental analysis is a well-known method for determining the elemental composition
of a substance. Elemental analysis commonly refers to CHNX analysis, where X is a
heteroatom like halogens or sulfur. Generally, for EA measurements, samples are
heated at very high temperatures in the presence of catalysts, leading to the total
combustion of the samples in the form of gases, which are detected by the equipment.
The total amount of gases detected can be quantitatively related with the atomic
composition of the sample. Elemental analysis was carried out using a flash 2000
Thermo Scientific CHNS-O analyzer to determine the sulfur content in the composites
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All.1.6. Solid-State NMR

NMR is the oscillatory response of nuclei with non-zero spins in a magnetic field to
resonant excitation by radiofrequency irradiation. The NMR transition frequencies are
sensitive to the electron distribution around the nucleus, which shields the nucleus
from the applied magnetic field. The shielding constant, g, varies for different nuclei of
a given isotope in a molecule, causing slightly different frequencies. Thus, NMR
frequencies reveal the chemical structure of the sample. NMR frequencies are
commonly reported as a chemical shift, 6, which is the fractional difference between
the frequency of a particular nucleus and a standard compound [8]. In solution NMR,
spectra consist of a series of very sharp transitions, due to averaging of anisotropic
NMR interactions by rapid random tumbling. By contrast, solid-state NMR spectra are
very broad, as the full effects of anisotropic or orientation-dependent interactions are
observed in the spectrum. These anisotropic dipolar interactions can be suppressed by
introducing artificial motions on the solid - this technique involved rotating the sample
about an axis oriented at 54.74° with respect to the external magnetic field. This
became known as magic-angle spinning. Samples are finely powdered and packed
tightly into rotors, which are then spun at rates from 1 to 35 kHz, depending on the
rotor size and type of experiment being conducted (Scheme All.3).

B

0

MMagijc ‘3/79/@
3.
¥
S

Scheme All.3. Diagram representing Magic Angle Spinning configuration [8].
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Solid state NMR experiments were performed in a WB 500 MHz spectrometer
equipped with a Bruker standard 2.5 mm probe. Experiments were carried out using a
rotor-synchronized Hahn echo pulse sequence using a 90° pulse duration of 3 us. The
pulse delay was set to 10 s, as this was observed in our sample, and previously to be
sufficient to avoid signal saturation allowing the quantitative characterization of the
signals in the spectra. A total of 25,920 scans were accumulated with a total
experimental time of 72 h. The Magic Angle Spinning frequency was set to 20 kHz in all
experiments. The experimental data were deconvoluted using the Dmfit software.

All.1.7. Scanning Electron Microscope

Scanning Electron Microscope is a technique used to evaluate the morphology and
chemical features of the surface of a certain material. A high-energy laser beam
irradiates electrons to the sample and then the signals produced are collected and
analyzed from the secondary electrons, back-scattered electrons, characteristic X-rays,
transmitted electrons, etc. Analysis of each signal can provide different information
about the sample’s surface. For example, analysis of the dispersed X-Rays can give
gualitative information about the elemental composition of the sample. On the other
hand, most common SEM images are created from the secondary electrons that arise
from the sample and are attracted to the sample holder through a positive potential.
Thus, when electrons cross the sample and impact on the sample holder, a light that is
converted by a photomultiplier in a voltage signal is generated and converted into an
image. Similarly, detection of elastically reflected electrons of the laser beam after
interacting with the sample, also known as backscattered electrons, can give
information about the chemical composition of the sample.

In this work, SEM measurements were performed using a Quanta200 FEI (3 kV, 30 kV)
microscope.

All.1.8. Transmission Electron Microscope

TEM relies on the detection and analysis of transmitted electrons after passing
through a thin sample. For this purpose, high energy electrons (up to 300 kV) are
accelerated and focused into a thin beam thanks to the use of condenser lens. After
the electron beam strikes the sample, transmitted electrons are focused by the
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objective lens into a phosphor screen to convert the electron image information to a
visible form. This configuration allows considerably greater magnification than that
obtained from SEM imaging. Additionally, since high-energy electrons pass through
the sample, crystallographic and atomic information of the sample can be obtained
from this technique. However, samples need to be processed into thin films to
perform the measurements. Scheme All.4 compares the configuration of most
commonly employed SEM and TEM instruments.

TEM measurements were carried out in a FEI -TECNAI G2 F20 S-TWIN microscope at an
acceleration voltage of 200 kV and a spot size of 3. Samples were dispersed in acetone
and transferred onto a holey carbon film fixed on a 3 mm copper grid.

SEM TEM

@// Electron source \_@

- Condenser lenses \@

c=— Sample

Xy - Objective =
scancoils lenses E j .
Intermediate
Objective == — lenses
lenses Bakscattered
\@/electron detector )
= @_ Projector
X-Ray

lens

detector\% @ Secondary
electron detector Fluorescent

Sample —£ E/ screen

Scheme All.4. Diagram of the most representative parts in SEM and TEM instruments (modified from [9]).
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All.2. Electrochemical characterization techniques

All.2.1. Electrode preparation

In Section 2.2, active materials (HrGO-PVP/S, HrGO/S, and GO/S) are mixed with PVDF
and C65 conductive carbon (IMERYS Graphite & Carbon) in NMP using an 80:10:10
ratio. These slurries were then deposited onto a carbon-coated aluminum foil using
the doctor blade technique with a coating thickness of 300 um and dried at 50 °C
under vacuum overnight. Electrode discs of 12 mm in diameter and typical sulfur mass
loadings of 1.3-1.6 mg cm™ were cut and further dried prior to cell assembly.

In Section 2.3, composites (GO/S, GO-CNT/S and rGO/S) were processed as self-
standing discs and directly used as electrodes. The electrodes, accounting with a
diameter of 12 mm and typical thickness values of 300 + 20 um, were dried at 50 °C
under vacuum overnight prior their assembly into the cell. The same electrode
preparation process was followed in Chapter Il for graphene-based materials (N,-rGO,
F-rGO and Film). In this case, self-standing electrodes of 11 mm in diameter and
1.77+0.44 mg cm™ were dried at 120 °C under vacuum overnight prior to cell
assembly.

In Chapter IV, electrodes of active materials (both GO-FdAC and FAAC) were processed
by rolling and pressing a mixture formed by these materials together with Super P C65
and polytetrafluoroethylene in ethanol according to the 90:5:5 mass ratio. Self-
standing electrode discs (4 + 1 mg cm™, 150 + 30 um) of 11 mm in diameter were
punched out from the paste and dried at 120 °C under vacuum overnight prior to cell
assembly.

In Chapter V, hard carbon (both GOCAF and CAF) and activated carbon (both AC4 and
AC6) electrodes were processed by mixing the active materials together with Super P
C65 and PVDF in NMP according to the 90:5:5 mass ratio. Hard and activated carbon
NMP-based inks were coated on copper and aluminum foil, respectively, using doctor
blade technique with a coating thickness of 150 um and then the laminates were dried
at 80 °C under vacuum overnight. Electrode discs of 11 mm in diameter were punched
out and dried at 120 °C overnight under vacuum prior the cell assembly.
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All.2.1. Cell Assembly and Electrochemical Conditions

Different cell assembly configurations were used according to the needs of each
technology. CR2032 coin cells were used for galvanostatic measurements of Li-S
batteries (Scheme All.5a). Electric double layer capacitors and lithium-ion capacitors
were assembled in two (Scheme AIllL.Sb) and three (Scheme All.5c) electrode
Swagelok-type cells. A clamp was attached to the Swagelok-type cells during the

electrochemical measurements to ensure a good pressure in the cell.

CR2032 coin cell | 2 Electrode Swagelok | | 3 Electrode Swagelok
e o (b) (c)
% Spring
R.E.
T > seacer
S— cE
© Lithium (14 @) Separator
—————— Celgard 3501 (16 @) W.E.
o Cathode (12 @) Teflon body
E——= ] Gasket
Plunger
E—
(a)

Scheme All.5. Representation of different cell parts in CR2032 coin cells (a); and two (b) and three (c)
electrodes Swagelok-type cells.

For NaO, batteries, a pressurized Swagelok-type cell with an entry for gases was used
(Scheme All.6a). Since geometrical disposition of the electrodes in the cell has a great
influence when performing EIS measurements [10]. EL-cells were used for this
purpose, since a homogenous distribution of the current is guaranteed thanks to the
coaxial ring-shaped reference electrode (Scheme All.6b). In all the cases, cells were
assembled inside an Ar-filled glovebox.
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Pressurized Swagelok I EL-Cell I
(a) (b)
Reference disc (Li)
Oxygen
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Scheme All6. Set up of a pressurized Swagelok-type cell (a) and an EL-cell (b).

In Section 2.2., CR2032 type coin cells were assembled using lithium discs (@= 14 mm)
as counter and reference electrode and graphene-sulfur materials as working
electrodes (@= 12 mm). Celgard 3105 (@= 16 mm) was used as separator and a 1 M
solution of LiTFSI, in a 1:1 (v/v) mixture of DME/DOL containing 2 wt.% LiNO; as
electrolyte. The sulfur/electrolyte ratio was optimized to 1/20 for this kind of
composites. Electrochemical measurements were carried out using a Maccor 4000
series potentiostat. The working electrodes were galvanostatically cycled between 2.6
V and 1.7 V vs Li*/Li. EIS measurements were carried out in an EL-cell at the fully
charged state over frequency ranges from 200 kHz to 10 mHz with a BiolLogic VMP3
station. Specific and areal capacity values are referred to the mass of elemental sulfur
in the electrodes. The same procedure was followed in Section 2.3., but in this case a
1/30 sulfur/electrolyte ratio was stablished.

In Chapter lll, pressurized 2-electrode Swagelok-type cell were assembled using a
sodium metal anode (@= 12 mm) and graphene-based materials as oxygen electrode
(@= 12 mm). The electrolyte was a 0.1 M NaClO, in DME solution prepared in the glove
box with final water content below 20 ppm, determined by C20 Karl Fisher coulometer
(Mettler Toledo). DME was dried over molecular sieves (3 A) for one week and NaClO,
under vacuum at 80 °C for 24 h prior to electrolyte preparation. Before the assembly
of the cell, graphene-based electrode and Celgard H2010 separators (@= 13 mm) were
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soaked overnight in 150 ul of electrolyte. After the assembly, cells were pressurized
with pure oxygen to ~1 atm before the electrochemical measurements. Galvanostatic
measurements were performed with a potential cut-off between 1.8 to 3.2 V vs
Na‘/Na in a BioLogic VMP3 station.

In Chapter IV, AC-based electrodes (@= 11 mm) were assembled in a two-electrode
Swagelok-type cell as working and counter/reference electrodes (symmetric
configuration). AC-based electrodes were also evaluated in a three-electrode
Swagelok-type cell using an oversized Norit (Kuraray) disc as counter electrode and a
silver wire as reference electrode (Ag/Ag’). Whatman D-type glass fiber discs
(@=13 mm) were used as separator, while 1M Et,N BF, (Sigma Aldrich, >99.0%) in
acetonitrile, EMIN BF, (Sigma Aldrich, 299.0%) and EMIN TFSI (Solvionic, 99.9%) were
chosen as electrolytes. Electrochemical impedance spectroscopy (signal amplitude 10
mV, frequency range 1 MHz-10 mHz), cyclic voltammetry and galvanostatic charge-
discharge measurements were performed in a multichannel VMP3 generator from
Biologic.

In Chapter V, HC-based electrodes (@=11 mm) were assembled in a two-electrode
Swagelok-type cell using a lithium disc (@=10mm) as counter and reference
electrode. Galvanostatic charge/discharge measurements were carried between 0.002
and 2.0 V vs. Li/Li". AC-based electrodes were evaluated in a three-electrode
Swagelok-type cell using an oversized Norit disc (@= 11 mm) as counter electrode and
a lithium disc (@=10 mm) as reference electrode. Galvanostatic charge/discharge
measurements and cyclic voltammetries were carried between 1.5 and 4.2 V vs. Li/Li".
AC-based electrodes were also evaluated in a symmetric configuration using a two-
electrode Swagelok-type cell. Galvanostatic charge/discharge and CV measurements
for EDLCs were performed within the 0-2.7 V cell voltage range. Before the assembly
of the LIC, hard carbon electrode was pre-lithiated in a two electrode Swagelok-type
cell using lithium metal disc as counter and reference electrode. The pre-lithiation
process involved 5 charge/discharge cycles at 0.1 C between 0.002 and 2.0 V vs. Li/Li,
an then a slow discharge at 0.025 C from 2.0 V to 0.2 V. LICs were assembled using the
pre-lithiated HC as battery-type counter electrode vs. an AC as the capacitive-type
working electrode in three-electrode Swagelok-type cell using metallic lithium as
reference electrode. HC potential was set to 0.2 V vs. Li/Li* and AC was charged up to
4.2 V vs. Li/Li*. Galvanostatic charge/discharge measurements for the LIC were
performed within the 1.5-4.2 V cell voltage range in a multichannel VMP3 generator
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from Biologic. Whatman D-type glass fibers discs (@= 13 mm) in diameter and 1 M
LiPFgin 1:1 in volume of ethylene carbonate (EC) and dimethyl carbonate (DMC) were
used as separator and electrolyte, respectively in all the measurements. Specific
capacity and current density values were calculated with respect to the total mass of
active material.

In Table All.1 are summarized the most relevant set-up parameters employed for the
construction of the studied energy storage devices.

Table All.1. Most relevant set-up parameters for the construction of the studied energy storage devices.

A Electrode 3 Current
Technology Type of Cell Electrolyte Evaluation . Binder
preparation Collector
. Carbon
1M LiTFSlin Lamination* PVDF
Half Cell coated Al
Li-S batteries CR2032 DME/DOL with (V. Li)
s. Li 2 i
2 Wt.% LINOs Self-standing None None
aerogel**
Na-0, Pressurized 0.1M NaClO4 in Half Cell Self-standing
X None None
batteries Swagelok DME (Vs. Na) aerogel
Electric 1M Et4N BF,/ACN
N BF/ Full Cell Self-standing
Double Layer Swagelok EMIN BF, . PTFE None
) (ACvs. AC) film
Capacitors EMIN TFSI
Lithium-ion 1M LiPFg in Full Cell L Al (AC)
X Swagelok Lamination PVDF
Capacitors EC/DMC (AC vs. HC) Cu (HCQ)

*Section 2.2, **Section 2.3

All.2.2. Cyclic Voltammetry

Cyclic Voltammetry is a powerful technique to evaluate the existence of redox
processes, reaction mechanisms or intermediate reactions in electrochemical cells.
When performing a CV, a lineal change in the electric potential (mV s™) is imposed to
the cell between certain voltage ranges, generating a current which is measured. The
potential change as a function of time is usually called “scan rate”. Voltammograms
usually represents the generated current (Y-axis) versus the voltage of the cell (X-axis).
Essential information regarding the nature of the electrochemical processes can be
attained from the intensity of the current generated, and most importantly, from the
shape of the voltammogram. In the case of faradaic materials, a peak in the
voltammogram is observed due to the appearance of an electrochemical reaction at a
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certain voltage. On the other hand, ideal capacitive-type materials show rectangular
shaped curves due to the formation of the EDL.

In this thesis, CV was employed for the initial evaluation of the electrochemical
performance of EDLCs. For example, the stable operational voltage window in each
electrolyte was determined by this technique. This is possible since rectangular shaped
voltammograms are attained for capacitive-type materials, but when electrolyte starts
to decompose, a gradual increase in the current is observed [11]. Moreover, current
axis of the voltammograms can be easily expressed in terms of electrodes specific
capacitance (C, = F g*) by:

| (All.5)

Vscan rate " Mact

Co=2

Where Vean rate is the applied scan rate in mV s™, m,q is the mass of active material in
the electrode in grams and | correspond to the measured current in amperes. By
applying progressively faster scan rates, the variation in the shape of the
voltammograms can give a clear idea about the resistivity of the system towards the
formation of the EDL. In order to exactly extract the capacitance value from CV
measurements in three-electrode cells, the next formula was applied:

1-dE
Ce = f (All.6)

Vscanrate " Mact

Where | is the instant current, E is the instant working potential and Vi, rare is the
applied scan rate in millivolts per second.

All.2.3. Galvanostatic Charge/Discharge Measurements

In galvanostatic measurements a fixed current is applied and change in potential with
time is recorded. Curves describing the variation of the potential vs. time allow
calculating the stored charge, the capacity, the capacitance, the specific energy and
power from the working electrode or the overall device. This electrochemical
technique has been employed in this thesis for all the evaluated systems.

In the case of batteries, charge/discharge overpotential, voltage hysteresis, specific
capacity and coulombic efficiency are calculated from the galvanostatic curves.
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Charge/discharge overpotential is the difference between the theoretical reaction
voltage, calculated from list standard potentials, and the practical potential measured
in the cell. In an idealized case, charge and discharge should take place at the same
potential. However, due to internal resistance and various polarizations, charge and
discharge may present a difference in potential for the same reaction. This difference
between charge potential and discharge potential is usually called as
hysteresis”. Specific capacity (C; = mAh g") is calculated by multiplying the time for the

I

‘voltage

reaction to occur (service life) to the fixed current density applied.

(A _Ah (AIL.7)

Cg=\=)-(h)=—

9 9
Coulombic efficiency is the ratio between charge and discharge capacity. CE is often an
indication of the loss of capacity per cycle and thus an important parameter for
predicting the battery life [12]. Moreover, monitoring CE evolution is useful to

evaluate the appearance of irreversible process, such as the formation of the SEI.

Galvanostatic measurements were also applied to capacitive-type devices to extract
their specific capacitance, energy and power density values. Applied current density
values were calculated on the basis of the total mass of active material in the
electrodes. Specific capacitance values of the two electrode symmetric cells were
calculated from the discharge galvanostatic plots, following the equation:

Ig ) td
AV

C,= 2 (AIL.8)

where t; and AV are the discharge time and the operational voltage window,
respectively, once the total resistance drop is subtracted. Gravimetric energy (E,) and
power densities (P,) were calculated according to the following equations:

171 5 ”
Eg = E §Cg * Vitax — Viin) (Al.9)
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Eg

=7 (Al1.10)
d

where Vy and Vy;, are the maximum and the minimum of the cell potential, once
discarded the corresponding resistance drop.

All.2.4. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) measures the impedance (Z) of a
system with a small alternating current potential applied over a range of frequencies.
It can reveal the electrochemical processes in an electrode material such as electron
transfer mass transport or diffusion processes. Data obtained by EIS can be expressed
graphically in a Nyquist plot where the real part of impedance is represented on the X-
axis and the imaginary part on the Y-axis of a chart. The experimental impedance
diagrams fit mathematically to the representation of an equivalent electrical circuit,
thus the profile can be decomposed in parameters with physical sense.
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Publications

During this PhD a total of thirteen articles were published in indexed Q1 journals.
Impact factor (IF) of the journals was updated in January 2022.

1-

J. L. Gdmez-Urbano, J. L. Gomez-Camer, C. Botas, N. Diez, J. M. Lépez del Amo, L.
M. Rodriguez-Martinez, D. Carriazo, T. Rojo. Hydrothermally reduced graphene
oxide for the effective wrapping of sulfur particles showing long term stability as
electrodes for Li-S batteries. Carbon. 139 (2018) 226-233. (IF: 7.794).

M. Enterria, C. Botas, J. L. Gdmez-Urbano, B. Acebedo, J. M. Lépez del Amo, D.
Carriazo, T. Rojo, N. Ortiz-Vitoriano. Pathways towards high performance Na-0O2
batteries: tailoring graphene aerogel cathode porosity & nanostructure. Journal of
Materials Chemistry A. 6 (2018) 20778-20787. (IF: 10.721).

N. Diez, M. Qiao, J. L. Gémez-Urbano, C. Botas, D. Carriazo, M. Magdalena-Titirici.
High density graphene—carbon nanosphere films for capacitive energy storage.
Journal of Materials Chemistry A. 7 (2019) 6126-6133. (IF: 11.301).

J. L. Gdmez-Urbano, J. L. Gdmez-Camer, C. Botas, T. Rojo, D. Carriazo. Graphene
oxide-carbon nanotubes aerogels with high sulfur loadings suitable as binder-free
cathodes for high performance lithium-sulfur batteries. Journal of Power Sources.
412 (2019) 408-415. (IF: 8.247).

Z. Zhao, G. Tian, A. Sarapulova, G. Melinte, J. L. Gémez-Urbano, C. Li, S. Liu, E.
Welter, M. Etter, S. Dsoke. Mechanism Study of Carbon Coating Effects on
Conversion-Type Anode Materials in Lithium-lon Batteries: Case Study of
ZnMn204 and ZnO-MnO Composites. ACS applied materials & interfaces. 11
(2019) 29888-29900. (IF: 8.491).

G. Moreno-Fernandez, J. L. Gdmez-Urbano, M. Enterria, T. Rojo, D. Carriazo. Flat-
shaped carbon-graphene microcomposites as electrodes for high energy
supercapacitors. Journal of Materials Chemistry A. 7 (2019) 14646-14655. (IF:
11.301).
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7-

8-

9-

J. L. Gdmez-Urbano, M. Enterria, . Monterrubio-Santin, |. Ruiz de Larramendi, D.
Carriazo, N. Ortiz-Vitoriano, T. Rojo. An Overview of Engineered Graphene-based
Cathodes: Boosting Oxygen Reduction and Evolution Reactions in Lithium and
Sodium Oxygen Batteries. ChemSusChem. 13 (2020) 1203-1225. (IF: 8.928).

J. L. Gomez-Urbano, G. Moreno-Fernandez, M. Arnaiz, J. Ajuria, T. Rojo, D.
Carriazo. Graphene-coffee waste derived carbon composites as electrodes for
optimized lithium ion capacitors. Carbon 162 (2020) 273-282. (IF: 9.594).

G. Moreno-Fernandez, J. L. Gémez-Urbano, M. Enterria, R. Cid, J. M. Lépez del
Amo, R. Mysyk, D. Carriazo. Understanding enhanced charge storage of
phosphorus-functionalized graphene in aqueous acidic electrolytes. Electrochimica
Acta. 361 (2020) 136985. (IF: 6.215).

10- M. Enterria, J. L. Gdmez-Urbano, J. M. Munuera, S. Villar-Rodil, D. Carriazo, J. I.

Paredes, N. Ortiz-Vitoriano. Boosting the performance of graphene cathodes in Na-
O, batteries by exploiting the multifunctional character of small biomolecules.
Small. 14 (2021) 2005034. (IF: 13.281).

11- J. L. Gémez-Urbano, G. Moreno-Fernandez, M. Granados-Moreno, T. Rojo, D.

Carriazo. Optimized graphene-cigarrette filter derived carbon composites as
electrodes for high voltage supercapacitors. Batter. Supercaps (2021). (IF: 7.093).
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Phosphorus-functionalized graphene for power and cyclability improved lithium-
ion capacitors. Batteries and Supercaps. 4 (2021) 469-478. (IF: 7.093).

13- M. Granados-Moreno, G. Moreno-Fernandez, R. Cid, J.L. Gomez-Urbano, D.

Carriazo, Microstructured nitrogen-doped graphene-Sn composites as a negative
electrode for high performance lithium-ion hybrid supercapacitors. Sustain. Energy
Fuels. Online version available (2022) (IF: Not available).
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Oral presentations

The following works were presented as oral presentations in conferences:

1-

J. L. Gomez-Urbano, J. L. Gémez-Camer, C. Botas, N. Diez, L. M. Rodriguez-
Martinez, D. Carriazo, T. Rojo. High sulfur loading graphene composites as
cathodes for Li-S batteries. Carbon 2018, Madrid, Spain (International).

J. L. Gémez-Urbano, J. L. Gédmez-Camer, C. Botas, N. Diez, L. M. Rodriguez-
Martinez, D. Carriazo, T. Rojo. The role of graphene-based materials in Li-S
batteries. Graphene Week 2018, Donostia, Spain (International).

J. L. Gémez-Urbano, J. L. Gémez-Camer, C. Botas, N. Diez, L. M. Rodriguez-
Martinez, D. Carriazo, T. Rojo. El papel del grafeno en las grafeno en las baterias
litio-azufre. Multimat 2019, Granada, Spain (National).

J. L. Gémez-Urbano, J. L. Gdmez-Camer, C. Botas, N. Diez, T. Rojo, D. Carriazo. High
Sulfur loading graphene composites as self-standing cathodes for advanced Li-S
batteries. Power Our Future 2019, Vitoria-Gasteiz, Spain (International).

J. L. Gomez-Urbano, J. L. Gdmez-Camer, C. Botas, N. Diez, T. Rojo, D. Carriazo.
Graphene-based self-standing composites as promising candidates as cathodes for
Li-S batteries. Graphene Week 2019, Helsinki, Finland (International).

J. L. Gémez-Urbano, J. L. Gdmez-Camer, C. Botas, N. Diez, T. Rojo, D. Carriazo. El
papel del grafeno en las baterias del futuro. VIl Jornadas Doctorales G9 2018,
Logrofio, Spain (National).

J. L. Gomez-Urbano, G. Moreno-Fernandez, M. Arnaiz, J. Ajuria, T. Rojo, D.
Carriazo. El papel del grafeno en la preparacion de electrodos avanzados para su
aplicacion en condensadores hibridos de doble capa. QIES 2022, Sevilla, Spain
(National).
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Co-author conferences

The following works with participation of the PhD candidate were presented in
conferences:

1-

G. Moreno-Fernandez, J. L. Gdmez-Urbano, M. Enterria, D. Carriazo. Electrodos de
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shaped carbon-graphene composites as electrodes for high energy
supercapacitors. Graphene Conference 2019, Rome, lItaly (International, oral
presentation).
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graphene microcomposites for high energy supercapacitors. Power Our Future
2019, Vitoria-Gasteiz, Spain (International, poster).

G. Moreno-Fernandez, J. L. Gémez-Urbano, M. Enterria, D. Carriazo. Flat-shaped
carbon-graphene microcomposites for high energy supercapacitors. LeStadium
Conference 2020, Tours, France (International, oral presentation).

M. Enterria, J. L. Gomez-Urbano, J. M. Munuera, J. |. Paredes, S. Villar-Rodil, D.
Carriazo, A. Martinez-Alonso, J. M. Diez-Tascén, N. Ortiz-Vitoriano. The use of
nucleotides for the sustainable manufacture of high-performing graphene
cathodes for NaO2 batteries. ISE Conference 2020, Online congress
(International, poster).
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