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Abstract

The goal of the current thesis, which represents a significant collaborative effort between four
institutions and universities (Italian Institute of Technology, University of Genoa, CA' Foscari
University of Venice, and Hasselt University), is to summarize the most recent findings in the area
of sustainable secondary batteries by utilizing various waste biomass through a specific
carbonization treatment, or a waste-to-energy action. Since it is generally known that the
components of conventional secondary batteries have an adverse effect on the environment,
research on eco-friendly alternatives are both extremely desirable and necessary. In this respect,
our work aims to make a significant advancement in this area, bringing us one step closer to
practical lithium-ion batteries (LIBs) with minimal environmental impact.

Herein, we have tackled the sustainable batteries problem by breaking it down in its main parts,
namely what kind of bio resources materials to exploit and their treatment to make them suitable
to run as battery anode. Our materials choice was motivated by the desire to secondary use of waste
biomass, would surely be beneficial both from an environmental and economical point of views.

In line with the philosophy of a reduced environmental impact, the engineering of biochar was
based on steam and CO: activations, neither of them recognized as dangerous procedures.
Additionally, for preparing fully sustainable and environmentally friendly LIBs anodes, deionized
water and carboxymethyl cellulose (CMC) have been used as alternatives to toxic/teratogen N-
methyl-2- pyrrolidone (NMP) and to biologically hazardous Polyvinylidene fluoride (PVdF),
respectively. Furthermore, going towards reduced cost, we have employed water solvent and
flouride-free bio-derived CMC binders. Indeed, to provide a scenario as complete as possible, the
results achieved for half-cell batteries were also confirmed in a full battery configuration where
LiFePO4 (LFP), and sulfur cathodes were used, the latter being particularly attractive in the
emerging field of sulfur-based batteries. All in all, we believe that the combination of these actions
goes in the direction of the 2030 goal of having green LIBs at 100 $ /kW h''. Last but not least, we
have also provided a detailed comparison in terms of performance, where we highlight how our
results outperform anything reported to date, with the intention of giving a general picture of the
state-of-the-art in this field and with the desire for precise positioning of our results.

Keywords: Sustainability, Li-ion battery, Bio-based anodes, High-efficient, Next-generation
batteries
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1.1 Introduction

Before the invention of electric generators and electrical networks at the end of the 19th century,
batteries served as the main source of electricity. They have a lengthy history, and their future
evolution will likely be equally exciting. The historical timeline of the battery is schematically
shown in Figure 1.1. A negative electrode, a positive electrode, an electrolyte, and a separator
make up a battery cell, which is primarily capable of generating energy through a chemical process.
In 1799, the Italian scientist Alessandro Volta made the first battery [1]. Volta’s battery included
alternating disks of zinc and silver (or copper and pewter) separated by paper or cloth soaked either
in salt water or sodium hydroxide, which was later named ‘Volta pile’[1]. Following this invention,
numerous efforts have been made to advance battery technology by introducing novel chemistry,
processes, and materials. Until now, many types of batteries including primary batteries (non-
rechargeable) such as Alkaline, Zin-Carbon, Magnesium, etc., and secondary batteries (re-
chargeable) such as Lead—acid, Nickel-Cadmium, Lithium-ion batteries, etc., have been developed
and used in various applications. However, among them, lithium-ion technology has attracted
considerable attention, owing to its electrochemical rechargeability, high energy density, long
cycling life, acceptable rate feature, and no memory effect [2]. Figure 1.2 illustrates the history of
the early development of LIBs following their introduction to the market by Sony in 1991.
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Figure 1.1. The historical timeline of the battery (https://www.upsbatterycenter.com/blog/history-
batteries-timeline/).



‘,-" 1970 \\-.) British chemist M. Stanly Whittingham discovered how to store Li-ions within the layer of disulfide material.
X /' Whittinghamused titanium sulfide and lithium metal as the electrodes.

-
Because the batteries with metallic lithium electrodes demonstrated safety issues, research moved to develop
batteries in which, instead of metallic lithium, only lithium compounds are present, being capable of accepting
and releasing lithium ions.

/’1-974"“ .. Reversibleintercalation ofLi-ion intothe graphite and cathodicoxides was discovered by J.0. Besenhard at TU
76 Munich. Electrolyte decomposition and co-intercalation of solvent molecules into graphite were serve early
" drawbacks for battery life.

P

"\ Samar Basu demonstrated the electrochemical intercalation of lithium into graphite at University of Pennsylvania.

{ 1
K 1977 }_;' This led to the workable lithiumintercalated graphite electrode

N 4

T Working in separate groups, Ned A.Godshall et al. and shortly thereafter, John B. Goodenough and Koichi
[ 1979 \'-) Mizushima, demonstrated a rechargeable lithium cell with voltage in 4 V range using LiCoO2 as the cathode and

\\__/f lithium metal as the anode. This innovation provided the positive electrode material that enabled early
commercial lithium batteries.
Godshall et al. further identified the similar value of ternary compound lithium-transition metal oxides such as
LiMn204, Li2MnO3, LiFeO2, LiFe508, and LiFe504.

Rachid Yazami showed the reversible electrochemical intercalation of lithium in graphite, and invented lithium
/ graphite electrode. Nowadays, graphite is most common anode electrode in LIBs.

y . "\ Michael M. Thackeray, peter Bruce, William David, John B. Goodenough developed Manganese Spinal, MnO2, as
/ charged cathode material for LIBs.

\“-\ Akira Yoshino assembled a prototype cell using carbonaceous material into which lithiumions could be inserted
/ asone electrode and LCoO as the other.

. Arumugam Manthiramand John B. Goodenough discovered the polyanion class of cathodes. They showed that
| 1989 }) positive electrodes containing polyanions, e.g., sulfate, produce higher voltage than oxides due to the inductive effect

" ofthe polyanion.

( 1990 ":. Jeff Dahn and two colleagues at Dalhousie University reported reversible intercalation of Li-ions into graphite in the
\\__// presence of ethylene carbonate solvent, thus finding the final piece of the puzzle leading to modern LIBs.

F'
K 1991 )‘ Sony and Asahi Kasei released the first commercial LIBs.

N

Figure 1.2. Brief history of LIBs commercialization by 1991 [3].

The basics of electrochemical cells, the operation of LIBs, electrochemical processes, and the size
of the global LIBs market are covered in this chapter. Henceforth, an overview of carbonaceous

materials in electrochemical energy storage devices (EESDs) is provided.



1.2 Fundamental of Electrochemical cells

1.2.1 what are the parts of an electrochemical cell?

The figure below (Figure 1.3) shows a schematic cross-section of an electrochemical cell.
Although a lithium-ion cell construction is presented below, electrochemical cells generally
feature the same parts. In an electrochemical cell, the negative electrode is often a metal or an
alloy. This electrode undergoes oxidation and releases electrons to the external circuit during the
discharge process. Oxidation is the process through which a molecule, atom, or ion loses electrons
during a reaction. On the other side, the negative electrode is decreased during recharging. It means
that this electrode accepts electrons from the external circuit. During the discharge process, the
negative electrode is also technically known as the anode electrode because the anode is the
electrode that provides electrons where the chemical reaction takes place. Nevertheless, during
charge process, the negative part gains electrons and is technically defined as the cathode. It is
worth noting that, in the literature, the negative electrode refers often to the anode, and the positive
electrode means cathode. The positive electrode in an electrochemical system typically contains
metal oxides, metal sulfides, or oxygen. During the discharging process the positive electrode
gains electrons from the external circuit, while during the re-charging cell it gives up electrons to

the external circuit [4].

+ Positive electrode

Current collector
Current collector

Figure 1.3. Schematic cross-section of an electrochemical cell.
Another component of an electrochemical cell is the electrolyte, which provides an internal

medium for the movement of ions between the negative and positive electrodes during

electrochemical reactions. The electrolyte typically consists of dissolved chemicals such as acid,



base, or salt in a solvent. The chemicals must disassociate into positive and negative ions. To
prevent self-discharge, the electrolyte also needs to be an electronic insulator and an ion conductor.
In most cases, the electrolyte medium acts as a medium for the movement of ions from one internal
side of the cell to the other, but not for the passage of electrons. Instead, the electron follows a path
that is not inside the cell. There is something between two electrodes of the cell known as the
separator. Separator is an electronic insulator and thin permeable membrane with large enough
pores that allow Li ions to pass through. This membrane is a crucial feature of the cell because it
keeps the cathode and anode electrode particles from coming into touch physically, ensuring the
safety of the cell (which would short-circuit the cell). Current collectors are yet another crucial
component of an electrochemical cell. Current collectors are usually metal foils that collect
electrical current generated at the electrodes. It should be noted that electrode materials are often

powder form and could not directly attach to the external terminal of the cell [5].

1.2.2 Battery Specifications

The background terminology that is essential for comprehending battery operation and
performance will be introduced in this section. In order to accurately define battery cells or battery
packs, it is imperative for battery researchers to develop a common language [https://e-lyte-
innovations.de].

Cell

Cell is the smallest electrochemical unit that delivers a voltage. This voltage can be used to power
a load. The voltage of the cell is determined by the chemistry employed to create the battery
components. Primary and secondary cells come in two different varieties. Although the secondary
cells allude to rechargeable cells, the primary cells are not. It should be emphasized that a cell and
a battery are not the same thing. A battery technically consists of many cells that are connected in
series, parallel, or sometimes even series and parallel. Nevertheless, the terms "cell" and "battery"
are frequently used synonymously by ordinary people and even researchers. For instance, six 2 V
lead-acid cells are connected in series to form a single typical automotive lead-acid battery (12 V)
[4,6].
Nominal voltage and capacity

The amount of energy that drives each moving electron is known as voltage. The voltage of a (cell)

battery is determined by the mixture of active substances in the cathode and anode as well as the



level of charge. The nominal voltage of a battery is a typical voltage or average voltage of a battery
cell, which is between the fully charged voltage and a fully discharged voltage. On the other hand,
voltage is rather energy per unit of charge. The voltage of a typical alkaline, nickel-based
secondary, and the majority of lithium-based cells is 1.2, 1.2-1.5, and over 3 V, respectively

[https://electricalschool.org].

Another crucial term related to battery cells is capacity. The capacity of a battery, which is
measured in ampere-hours (Ah), represents the maximum amount of energy that can be extracted
from the battery under certain condition [7]. In other words, capacity refers to the amount of energy
a battery can store and release during discharge. The battery capacity is affected by the following

factors:

= Type, chemistry, weight, density, and size of the electrodes
= Electrolyte
=  Temperature

= Charge and discharge rates

State of charge (SOC) and Depth of discharge (DOD)
SOC conveys the battery's level of charge in relation to its capacity. SOC is expressed as %. 100%

indicates that the battery is fully charged, whereas 0% indicates that the battery is completely
empty. A different type of SOC that displays the level of discharge is depth of discharge (DOD)

[8].

Open-circuit voltage (OCV)

OCYV is the electrical potential difference between two device terminals while there is no load
being applied. The battery's state of charge, state-of-charge, cell assembly, temperature, etc. all
affect the open-circuit voltage [9].

Power density and energy density

Energy density (Wh kg!) refers to the amount of energy in a given mass (or volume) whereas
power density (W kg™!) means the amount of energy flow per unit of mass (area, and volume) and
per unit of time. An energy-dense system can store a lot of energy in a small volume of matter. A
high energy density does not necessarily mean a high-power density [https://energyeducation.ca].

A battery with a high energy density with low power density is able to perform for a longer period



in comparison with capacitor with high power density and low energy density [10]. Figure 1.4
depicts the Ragone plot for different energy storage systems. Ragone plot demonstrates the
relationship between energy and power density and according to this, the electrochemical storage
devices need to be improved from the energy and power density points of view to competing with

combustion engines [11].
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Figure 1.4. Ragone plot for various energy storage systems [11].

C-rate
The C-rate of a battery cell is the level of constant current charge or discharge which is used to

measure the speed at which a battery is fully charged or discharged. In theory, charging at a C-rate
of 1C means that the battery is charged from 0-100% in one hour. 4C-rate means that the full
charge of a battery cell takes 15 minutes [5]. When the theoretical capacity of the researched
material is unknown, current density per unit of mass (mA/g) is a frequent alternative to C-rate for
expressing the rate of charging and discharging.

Coulombic efficiency (CE)

A general definition of CE, this parameter expresses the ratio of discharge capacity overcharge
capacity of a specific electrode in a cell. Because the charge/discharge capacity of a cell is

measured by the total charge flow to/from the electrode, CE can be expressed as the ratio between



the amount of Li" ions or electrons inserted into the cathode and the amount of Li* or electrons de-

inserting from the cathode in a full cycle [12]. In full cell LIBs, the CE% can be defined as follows:

Discharge capacity <100

CE% = :

Charge capacity
or Equation 1.1
CE% = Total number of e (or Li") back to cathode <100

Total number of ¢ (or Li") departing from cathode

Cycle life and Rate capability
The number of discharge-charge cycles that the battery can experience before it fails to meet

specific performance criteria. Cycle life is estimated for specific charge and discharge conditions.
The battery's cycle life is influenced by factors such as temperature, DOD, SOC, and
charge/discharge C-rate [13]. The Rate capability expresses the maximum charge/discharge rate
of a battery or cell. This rate capability test is typically conducted at a range of C-rates to determine
a battery's or cell's capacity at a given current. High power can be produced by a cell with excellent
rate capability because it experiences less polarization (voltage loss) even under high current loads.
Solid electrolyte interphase (SEI)

Currently available lithium-based batteries are made up of three primary components: the anode
electrode (typically, graphite, carbon, or metallic L1), the cathode electrode (typically metal oxides
such as LFP!', NMC?, LCO? LMO¥, etc.), and an electrolyte to provide an electrical insulation
environment for Li ions mobility ((typically lithium salt such as LiPF¢ dissolved in an organic
solvent (EC3:DMCY?)) [14]. The negative terminal of such batteries operates at potentials near the
equilibrium potential of lithium which is in —3.04 V vs. standard hydrogen electrode [15]. The
chosen electrolyte should therefore be stable under such extreme reducing conditions. Organic
solvents such as EC — the most used solvent in the current LIBs- along with the salt are reduced

through cathodic reactions at the negative electrode. This results in the formation of SEI, a

! LiFePOq4

2 LiNip.sMno.3C00.20

3 Lithium Cobalt Oxide
4 LiMn204

® ethylene carbonate

5 Dimethyl carbonate



passivation layer on the electrode surface that is a crucial component of the electrochemical
process (Figure 1.5) [16]. This layer contains both organic and inorganic compounds, and is
heterogeneous and mainly amorphous. The SEI layer is conductive to Li" but electrically insulator
to electron flow. The advantages of this layer are the batteries’ safety enhancement by protecting
the anodes from Li dendrite growth on metallic Li or continuous graphite exfoliation in LIBs [17].
However, by producing heat during the charge/discharge cycle and raising the battery's internal
resistance, which is linked to a rapid capacity drop during cycling, the thick SEI layer lowers the
battery's performance [18]. The SEI layer's presence is essential for the security and stability of

LIBs.

Figure 1.5. SEI layer formation in LIBs [15].

1.3 Electrochemical techniques

1.3.1 Charge and discharge

The operation and long-term performance of batteries are heavily dependent on charging and
discharging. An external circuit receives electricity from the battery during discharging, and the
anode releases Li ions during an oxidation process that moves to the cathode. The newly formed
ions' electrons move in the reverse direction, flowing into the circuit that is powering the electrical
or electronic device (https://www.electronics-notes.com). Through this action, chemical energy is
transformed into electrical energy. In contrast to discharging, the charging process involves the
return of electrons from the cathode through the electrolyte to the anode [19]. The electrical energy
is then produced by combining the Li ions and the electrons from the external circuit. Lithium

cobalt oxide (LCO), for instance, loses some of its lithium ions during the charging of an



LCO/graphite cell, resulting in a less lithium-containing molecule that is still chemically stable.

These Li ions are intercalated, or stored, on the anode side in the gaps between the molecules of

the graphite molecular lattice (https://predictabledesigns.com). It should be noted that the charging

procedure is not entirely efficient because some energy is lost as heat during the charging process.

More heat is produced as a result of the increased charge and discharge C-rate [20]. Figure

1.6 demonstrates the discharge curve (polarization curve) of an electrochemical cell. Battery

polarization, which takes place throughout the discharge process, determines how a battery

behaves (https://www.batterypowertips.com). During discharge, batteries experience a drop in

terminal voltage (V). The drop in V¢ is associated with several factors:

1) An IR or ohmic polarization drop occurs when current flows over the internal resistance of

the battery, resulting in a drop in cell voltage. When the C-rate goes up, the IR drop also

goes up.

2) Activation polarization set on by the charge-transfer reaction's kinetic barriers.

3) Concentration polarization arisen from the resistance faced by the mass transfer (diffusion)

process by which ions are transported across the electrolyte from one electrode to another.

ocv

IR drop '

Ohmic Polarization

Y
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i e e B e i e

Discharging

Figure 1.6. Discharge curve (polarization curve) of an electrochemical cell.

It should be noted that temperature has a significant impact on how well LIBs function. At either

low or high temperatures, LIBs cannot be charged. LIBs typically operate at a temperature of about

25 °C. Working at a temperature below 25 °C results in lower voltage and reduced capacity

10



because the Li-ion movement rate is affected by less energy being given. On the other hand, a
greater temperature enables an improvement in the mobility of Li ions, which facilitates access to
the electrolyte and Li ions diffusion and increases energy, but reduces the battery's cycle life

[21,22].
There are three main charging methods for batteries:

e Constant current (CC): The battery is charged at a steady current while maintaining a
voltage that is equal to the battery's max terminal voltage.

e Constant voltage (CV): The battery is charged at a predefined constant voltage.

e Constant current-Constant voltage (CC-CV): This method is a combination of constant

current and constant voltage.

1.3.2 Cyclic voltammetry (CV)

Cyclic voltammetry is a fundamental analytical technique among electrochemical methods which
is extremely beneficial to comprehend the reactions in LIBs. The following data will be gathered

with the use of the CV technique [6]:

e Reversibility or irreversibility of the chemical reaction
e Determination of the reduction/oxidation potential
e (Qualitative and quantitative analyses for unknown substances.

e Analysis by changing test conditions (scan rate, Temperature, etc.)

The CV approach involves linearly varying the voltage applied to an electrode, which results in a
little amount of current linked to an electrochemical reaction at the electrode interface. The ability
to determine whether a chemical reaction is reversible or irreversible is the merit of the CV method,
as was previously mentioned. In a reversible process, the rate of electron transfer is fast enough at
the electrode surface, thus the peak potential (Ep) is independent of the variation of scan rate
(Figure 1.7). However, in a quasi-reversible process (e.g., Li ions intercalation), the peak potential
is a function of scan rate due to the limitation of electron transfer kinetics (Figure 1.7). The cyclic
voltammogram of the quasi reversible process demonstrates gradual peak shifts to higher potential

values [23].
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Figure 1.7. Cyclic voltammogram of reversible, quasi reversible, and irreversible electron transfer [23].

Electrode particle size, electrolyte condition, electrode thickness, scan rate, and temperature are

variables influencing voltammetric curve shape [24].

1.3.3 Electrochemical Impedance Spectroscopy (EIS)

EIS is a commonly used non-destructive method to examine the physical and chemical processes
in LIBs [4]. EIS is a metric of electrical flow resistance that can be used to assess AC systems.
According to the various relaxation times, the EIS approach may efficiently break down complex
electrochemical processes into a number of simple processes. It should be highlighted that the
system needs to be in a steady state for EIS measurements. A periodic disturbance of current or a
potential with modest amplitude can be used to excite the electrochemical process at different
frequencies [25]. The impedance of the electrochemical system is determined by measuring the
response (current or potential) of the system to this perturbation. Figure 1.8 demonstrates a typical
Li-ion cell EIS measurement presented in the Nyquist plot. With a separate feature for each
fundamental process that makes up the overall electrochemical mechanism, this figure contrasts
the imagined and actual portions of the impedance. The inductive element observed in the high-
frequency domain of the spectrum can be related to the wires connecting the cell to the geometry
of the cell and cell windings [26]. The high-frequency region corresponds to the sum of internal
ohmic resistances, including the electrolyte, active material, current collectors and electrical

contacts. The electrochemical reactions taking place at the electrode/electrolyte interfaces inside
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the cell, which include resistance and capacitance, are linked to the mid-frequency region's
observed arcs [26]. Lithium (de-)insertion happens concurrently with double layer (dis)charging
at each electrode, while lithium transport via the SEI occurs concurrently with dielectric
polarization [26]. Therefore, this domain is related to anode/cathode charge transfer, and
anode/cathode SEI. In the LIBs, the low-frequency region mainly refers to solid-state Li-ion

diffusion in the electrodes [25], known as Warburg diffusion element.
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Figure 1.8. A typical Nyquist plot of commercial Li-ion cell [25].

The EIS technique makes it possible to quickly and efficiently collect significant values from each
component in the cell. EIS is a useful method for examining how battery system reactions and

aging work as well.

1.4 Global lithium-ion battery market size

With a compound annual growth rate (CAGR) of 15.1%, the market for LIBs is expected to surpass
USD 40 billion in 2019 and reach $85.72 billion in 2026. [https://www.prnewswire.com]. It should
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be highlighted that the 2019 Nobel Prize in Chemistry was given for the creation of this battery

technology because of the significance of LIBs. The first, and second largest regions in LIB’s

market in 2021 was Asia, and North America, respectively [https://www.prnewswire.com].

The primary factor driving LIBs' market expansion is the inclusion of high energy density features
brought about by the usage of Co, Ni-based cathodes in LIBs. Through 2026, the LIB market's
nickel manganese cobalt oxide (NMC) chemical sector is expected to increase at an 18% annual
rate (https://www.gminsights.com). Increasing penetration of EVs and rising acceptance of light
electric vehicles will stimulate the demand for this material. Nickel manganese cobalt is one of the
most successful cathode combinations in LIBs. Nickel and manganese are combined to enhance
each other’s strengths which can be custom-made to work as power and energy cells. Lithium iron
phosphate (LFP) and lithium cobalt oxide (LCO) also are the most used cathode materials in LIB’s
market ( Figure 1.9a) (https://www.gminsights.com). Although, NMC batteries have slowly
occupied the position of LFP credited to their high energy density, the use of phosphates in LFP
batteries avoids concerns of cost and environmental contamination. Therefore, LFP could be
considered the best choice to design a sustainable battery. In addition to cathode materials, anode,
electrolyte, aluminum foil, and copper foil, are some of the key LIBs’ components that
determine the cost of the battery. Figure 1.9b demonstrates the cost of each material that

affects the final cost of the LIBs (https://www.gminsights.com).

The energy density of the LIBs is 100-265 Wh/kg or 250-670 Wh/L (mainly depending on the
cathode materials used), which is one of the highest energy densities of any battery technology.
The primary factor that has made LIBs the most popular batteries for use in electric vehicles,
computers, mobile phones, and other devices is their high energy density. Lowering the final cost
of LIBs increases demand for these batteries. Materials, and production techniques, overhead
expenses, and significant expenditures in these battery systems are among the causes prompting a
decline in LIBs prices. By 2030, the price of LIB with a combined cost for cell and pack would
fal to US$76 per kWh, according to a Navigant Consulting Research

(https://www.prnewswire.com).
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Figure 1.9. a) the most common cathode electrodes in LIBs’ Market, and b) the key LIB’s
components regarding their cost [www.gminsights.com].

1.5 Carbon anode materials for application in LIBs

There is an increasing need for low-cost, high-performance materials due to the LIBs' use in
electric cars and portable electronic gadgets. Cathode and anode electrodes are two crucial parts
of LIBs. Before covering Hard Carbon's (HC) structure, chemistry, Li-ion storage methods,
difficulties, and viewpoint in this part, let's take a quick look back at how carbonaceous materials

were developed for use as the anode in LIBs.

1.5.1 Carbonaceous materials

Carbonaceous materials including graphite, soft carbon (SC), and HC are a practically viable
candidates for application as the anode in LIBs. These materials had a great influence on the launch
of the first commercial LIBs which were based on graphite anode (derived from petroleum coke)
and LiCoO; cathode [27]. Up to now, graphite has been the most popular anode material for

commercial LIBs.

We should note the contribution of the scientists in presenting the carbon-based materials in LIBs.
One of the pioneers who initially presented a new family of interstitial compounds generated from
graphite in 1972 was Michael Armand [28]. J.O. Besenhard and Eichinger proposed the reversible
intercalation of Li ions into the cathodic oxides and graphite in late 1970 [28]. Nevertheless, due
to the lack of an appropriate electrolyte, the graphite anode still was not considered a good choice
for LIBs. The electrochemical intercalation and de-intercalation of Li ions into/from the graphite
anode was later discovered by Yazami and Tiuzion in 1982 through experimental investigations

[29]. However, because graphite and the propylene carbonate electrolyte were incompatible at the
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time, its usage in LIBs was still constrained [30]. Exfoliation of the graphite in the electrolyte
causes battery failure. Akira Yoshino identified the first practical example of such carbonaceous
material for LIBs in 1985 [31]. He proposed that as-prepared petroleum coke with a low degree of
graphitization and a certain crystalline structure shows structurally stable electrochemical
behaviour with the electrolyte of LIBs. This discovery enabled the commercialization of LIBs by
the Japanese Sony Corporation in 1991 [27]. The compatibility of graphite electrodes with another
kind of carbonate-based electrolyte, ethylene carbonate, was discovered through further research.
Long cycling life of graphite is enabled by the development of SEI on the graphite anode without
exfoliation [32]. This development led to improve graphite anode-based LIBs’ performance, thus
laying the foundations for their debut of them in the markets. Nonetheless, the low theoretical
capacity (372 mAh g'! vs Li*/Li) and poor rate capability of graphite hinder using it in advanced
battery technology [33,34]. The next task for researchers in this field of study has been to
investigate different carbonaceous materials to address the issues with graphite in LIBs. Figure
1.10 demonstrates the most important discoveries of carbonaceous materials from birth and applied

to the first commercial LIBs.
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Figure 1.10. Brief historical timeline of carbonaceous materials in LIBs.

The application of HC for the current and upcoming generations of LIBs has been regarded as one
of the promising carbonaceous materials among many other types. Because of their distinctive

physical and chemical characteristics, HCs provide great cycle stability and capacity in LIBs.
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Table 1.1 compares three different types of carbonaceous materials primarily from a physical and

electrochemical perspective. In the following part, we focus on the structures of HCs,

understanding Li-ion mechanisms in HCs, challenges, precursors, and modification methods of

HCs.

Table 1.1. The main comparison of graphite, soft carbon, and HC from physical and electrochemical

points of view.

Material Graphite Soft carbon Hard carbon
Raw materials Natural Pitch/petroleum coke Resin/pitch/biomass
graphite/pitch/petroleum
coke
Carbonization temperature 2500-3000 °C 1000-1500 °C <1500 °C
Crystal structure (Lc) [nm] >80 2-20 1.1-1.2
Interlayer distance [nm] ~0.335 0.34-0.37 0.37-0.42
True density [g cm™] ~2.2 ~2.2 1.4-1.8
Compacted density of 1.5-1.8 ~1.2 0.9-1.0
electrode [g cm™]
Expansion rate of electrode ~10 1-10 ~1
(%)
Charge capacity at low temperatures -15°C/3 C -20°C/10 C -50°C/>10C
and
fast-charging performances
Cycling stability Medium Significantly High
capacity drop at
high temperature
Initial Coulombic efficiency High High Low
Safety Good Excellent Excellent
Application in battery Li-ion Li-ion Li/Na/K-ion
cost Low Medium High

1.5.2 Typical structure of HCs
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HC:s are referred described as "non-graphitizable" carbon because they contain curved graphene
sheets that cannot be flattened to further stack into graphite even at temperatures exceeding 3000
°C [35]. The predecessors' interlayer cross-linking or the presence of C-O-C bonds is what causes
HCs to be amorphous [36]. The "failed cards" model, which suggests that HCs contain small
graphite sheets, amorphous domains with defects, and pores, is the most widely recognized theory
regarding their structure [37,38]. The spherical, wirelike, or porous structure are three
morphological traits of HCs, which are stemmed from HCs’ precursor (Figure 1.11). The
anisotropic hexagonal carbon layers in HCs leads to form many open or closed pores [35]. Figure

1.12 demonstrates the structural difference between graphite, SC, and HC.
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Figure 1.12. Structural difference of graphite, SC, and HC.
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Some conventional characterization analyses such as Raman spectroscopy, X-ray Powder
Diffraction (XRD), and N> adsorption/desorption can give quantitative structure properties of HCs
such as degree of graphitization, average interlayer spacing, crystallite size, porosity, and specific
surface area. The figure below (Figure 1.13a) demonstrates the Raman spectra of graphite, SC,
and HC. The 2D band at around 2685 cm™' is not observed for HCs, indicating that the number of
graphite crystallites is decreased. The broad D band located around 1360 cm™ is associated with
the edges, defects, and disorders of carbonaceous materials [40]. On the contrary, the G band at
about 1600 cm™! corresponds to the graphitic layers and shows sp2 hybridized carbon [41]. The
intensity ratio of the D band and G band (Ip/Ig) can be applied to determine the level of disorder
in the carbon. A sharp rise of the D band shows disordered carbon materials with more defects.
From the Raman spectra, it can be concluded that HC and SC are turbostratic carbon materials
with lower degrees of graphitization compared to graphite. The XRD patterns (Figure 1.13b)
indicates two broad diffraction peaks located at around 25°, and 43° associated with (002) and
(100) lattice planes, respectively. HC demonstrates a shift to lower degrees (002) in comparison
with SC, and graphite. This proves that the structure of HC is more disordered (with increased
average interlayer spacing (doo2)) than SC, and graphite [42]. Additionally, the XRD peaks have a

wider characteristic in HC due to smaller average crystallite sizes in HC than in SC and graphite

[43].
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Figure 1.13. a) Raman spectra and b) XRD spectra of graphite, SC, and HC [36].
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HCs also have a higher specific surface area than graphite, resulting from ample defects,
microporosity, and turbostratic structure [44]. Benefiting from these properties, HCs usually
possess a higher capacity than graphite in alkali batteries [45]. It is worth noting that the
graphitization, porosity, and interlayer space of HCs can be easily tuned by varying thermal
treatment conditions, making it a potential carbon anode for battery application. Generally,
porosity, surface area, crystallinity, elemental composition, etc., are influencing factors that
determine the electrochemical performance parameters. Bio-based carbon materials have a high
specific surface area, and thus part of the low voltage capacity (below 0.1 V) will be sacrificed due
to a large amount of SEI formation, particularly for LIBs [44]. The mentioned features are being
explored to further investigate the right balance between porous and graphitic structures for

elaborating electrochemically optimized carbons for the alkali metal ion storage technology.

1.5.3 Li ions storage mechanism in HCs

High capacity, outstanding cycleability, and promising rate capability are the major characteristics
of HCs that make them desirable candidates for employment in LIBs [36,46]. Although these
depend on the carbon sources (feedstock properties) and treatment procedure, HCs often exhibit
superior electrochemical performance than graphite (the most frequently used anode electrode in
the industry). This electrochemical performance in LIBs could be explained through Li-ion storage
mechanisms in these materials. It should be noted that, due to the complex microstructure, the
existence of pores, edge sites, graphitic crystallite size, defects, and heteroatoms in HCs, the Li
ions storage mechanism in them is still under discussion [47,48]. The schematic representation of
Li ions being stored in HC is shown in Figure 1.14. Two typical reaction pathways for Li ions
intercalation into HCs were proposed using the microstructure and charge/discharge profile of
HCs. First, Sato et al. proposed a model in 1994. This model says that the occupation of ionic sites
and covalent sites on carbon layers, and the formation of Li> covalent molecules with a saturated
state of LiC lead to high energy (Figure 1.15) [49]. The second reaction mechanism for Li" was
proposed by Besenhard and his coworkers in 1998. In addition to graphitic domains, they thought

that cavities of HCs could also host Li ion electrochemical processes [50].
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Figure 1.14.
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Figure 1.15. Typical reaction mechanisms for Li ions intercalation into HCs, a) the model suggested by
Sato et al in 1994 [49], and b) the model proposed by Besenhard and his coworkers in 1998 [50].

In addition, the charge/discharge profile of carbonaceous materials (graphite, SC, and HC) reflects

the distinct intercalation/de-intercalation behaviour of Li ions [51,52]. The constant current

discharge/charge patterns of these materials are shown in Figure 1.16. The typical staging profile

of a graphite electrode shows that its maximum capacity is found at low voltage plateau regions.
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[50]. However, for HCs, the intercalation of Li ions begins around 0.8 V vs. Li/Li+. There is no
discernible plateau but instead a downward slanted, demonstrating that no visible staging
phenomena occurs as Li ions intercalate HCs. The structural differences of HCs can be used to
explain a variety of electrochemical phenomena. The disordered structure and highly crystalline
graphite offer non-equivalent, and equivalent sites, respectively, both in electronically and
geometrically [53]. It should be pointed out that HCs reveal a larger voltage delay compared to
SC, and graphite [50]. In comparison with HCs, SCs show a higher starting voltage (1.0 V vs.
Li/Li"). They lack a noticeable low voltage plateau, like HCs, though. Additionally, the voltage
and capacity are roughly linearly connected, and the discharge profile is substantially steeper than

that of HCs. As a result, the capacities are lower and the average oxidation voltages are greater.
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Figure 1.16. Galvanostatic charge/discharge profiles of graphite, HCs, and SCs.

In-situ characterization and computer modeling may potentially provide us with more thorough
and organized details about the Li ion storage process in HCs. Li ions are essentially stored in HCs

in three steps, as shown in Figure 1.14:

1) Liions up taking in nanopores
2) Liions adsorption at defect sites
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3) Liions intercalation into the graphitic layers

In-situ XRD analysis of the electrochemical behaviours of Li ions confirmed a reduction in the
(002) peak intensity at the slanted voltage region caused by the intercalation of Li" ions between
graphitic layers [54]. An "intercalation-filling process" for HCs was postulated by in-situ small-
angle X-ray scattering (SAXS) investigation of the behaviours of Li ions within the low voltage
plateau. These studies along with experimental and theoretical simulations revealed that the
adsorption of Li ions on defects or edge sites led to the slanted capacity of the high-voltage region.
On the other hand, the plateau capacity of the low-voltage region mainly stemmed from the
electrochemical intercalation of Li ions into the graphitic layers [55]. Figure 1.17a demonstrates
the diffusion coefficients of Li ions in porous carbon which it is very sharp initially before reaching
the minimum state. The initial large value of diffusion coefficients shows the physical adsorption
of Li ions that they easily diffuse in the high voltage range. Afterward, the diffusion coefficient is
decreased (as the discharge potential decreases), suggesting the domination of chemical adsorption
of Liions. Figure 1.17b provides evidence in favor of the notion that Li ions adsorb and intercalate
at the low voltage plateau and slanted voltage area, respectively [56]. Other similar studies also
proved the adsorption-intercalation model [38,57]. Based on experimental observations and
theoretical calculations, it has been confirmed that Li ions preferentially adsorbed on defects,
edges, and microporous surfaces (slanted high-voltage capacity), and then intercalated into
graphitic layers (low-voltage plateau region). Despite many researchers believe in the “adsorption
intercalation” mechanism, some research results are inclined to support the “intercalation-
adsorption” mechanism [54,57]. This difference of opinion has been caused by the complex
structural makeup of HCs, which may present new chances for researchers to understand more
about the Li storage mechanism of HCs and develop high potential electrodes with improved Li

ion storage.
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Figure 1.17. a) Diffusion coefficient of Li ions in porous carbon. Inset is the potential galvanostatic
profile of intermittent titration technique in the first cycle. b) Galvanostatic profile and schematic of Li
ions storage in porous carbon [56].

1.5.4 HCs’ precursors

Engineering/synthesis/treatment settings and precursor texture have a significant impact on the
microstructures and electrochemical performances of HCs in LIBs [58-60]. Resin-based, pitch-
based, and biomass-based are the three main precursors to make HCs for LIBs’ application. Figure
1.19. a) Schematic of the synthesis of phosphorus-doped resin-based HCs. b) Rate capability and ¢) cycling
performance of undoped (HC-700) and doped (PHC-700) samples [64]. Figure 1.18 illustrates the main
characteristics of the precursors that are frequently employed to create carbon-based electrodes for
alkali batteries [61]. From the practical point of view, graphite shows the highest efficiency
because of having a reasonable price/performance ratio. However, if great electrochemical battery
performance is taken into account, resin may be a superb choice. Phenolic resin-based HCs are
lower-cost than resin and can work as anode materials for LIBs and supercapacitors [62]. Resin is
normally a solid or extremely viscous substance of synthetic or botanical origin that can be
converted into polymers. It is typically made up of combinations of organic chemicals
(https://goldbook.iupac.org). The heteroatom doping strategy also can bring positive
electrochemical effects for the electrochemical performance of HCs by changing of electronic
structure, increasing conductivity, introduction of different active/defect sites and functional

groups for Li" ions adsorption, and the increased interlayer distance [63]. The creation of
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phosphorus-doped resin-based HCs employing phosphoric acid as a crosslinking agent and
phosphorus supply as well as epoxy resin as a crosslinking and curing agent is a successful example
of this strategy (Figure 1.19a) [64]. The physical and electrochemical analyses revealed that the
introduction of P species enabled the Li" ions adsorption, and the formation of LixPCy, leading to
the reversible capacity of 1294.8 mAh g'! with a high ICE, excellent rate capability, and long cycle
life (Figure 1.19b,c).
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Figure 1.18. The major features of commonly used precursors to fabricate carbon-based electrodes [61].
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Figure 1.19. a) Schematic of the synthesis of phosphorus-doped resin-based HCs. b) Rate capability and
¢) cycling performance of undoped (HC-700) and doped (PHC-700) samples [64].

Pitch is regarded as another source to get HCs. It may be manufactured or natural and generated
from plants, coal tar, or petroleum [65]. Pitch can be used to make HCs at a low cost and with high
carbon residue rates. The direct carbonization of pitch, however, results in the formation of a
structure resembling graphite because of the hydrocarbons and nonmetallic compounds present in
pitch [66]. Therefore, the generation of oxygen-rich active sites before pitch carbonization is a
solution to form HCs [67]. Guo et al., suggested a simple two-step oxidation/carbonization method
to prepare HC from coal tar pitch [68]. The pitch-based HC material's structural investigation
found that it had a weakly crystalline structure with some contacted microcrystallites that
resembled graphite (Figure 1.20a). Additionally, from the electrochemical point of view, this
sample showed the reversible capacity of 350.8 mAh g*!, after 30 cycling at 37.2 mA g! (Figure
1.20b). Similar investigations demonstrated that the electrochemical characteristics of pitch-based
HC in LIBs may be greatly impacted by the oxygen concentrations [69]. Despite the benefits of
pitch precursor, the mechanism underlying the cross-linking oxidation process is still being
debated. To optimize the pitch-based HCs for use in LIBs, the pre-oxidation and carbonization

processes must be precisely modulated.
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Figure 1.20. a) Raman spectrum, and b) the cycling performance of pitch-based HC in lithium half-cell
batteries [68].

1.5.5 Biomass-based HC

The third HCs precursor is biomass that has captured immense interest for application as anode
materials for LIBs because of their favorable properties, including easy availability, sustainable
production, low-cost and environmental friendliness. Considering the growing importance of such
materials and the increasing number of research activities (Figure 1.21) in this area, this part

presents a brief overview of studies that investigated biomass-materials in LIBs.

As a definition for biomass, we can say that biomass is organic, which it is made of material that
comes from living organisms, such as plants and animals. Plants, wood, and waste are the most
common biomass materials which have been used for energy applications [70]. These are referred
to as biomass feedstocks, and biomass will be accessible as a renewable energy source for as long

as these materials are present on earth. It is crucial to note that biomass energy can also be produced

from non-renewable resources.
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Figure 1.21. Number of publications on biomass-derived materials as anodes for LIBs’ application from
2016 to March 2022 [71].

Biomass materials include all types of biologically produced materials. Figure 1.22
demonstrates the biomass resources in nature which are abundant, including energy crops,
agricultural crops, and their residues, wood and wood wastes, municipal, industrial, and animal
wastes, aquatic plants, and algae [72]. Typically, biomass has the capacity to store chemical energy
from solar energy in the plant tissue through the process of photosynthesis. Because of this,
biomass energy is also regarded as the primary source of renewable energy, along with solar, wind,
hydroelectricity, and geothermal energy. More importantly, though, using this energy will lower
CO; emissions [73]. Nowadays, a variety of uses for biomass energy, including the production of
electricity and the fueling of vehicles, are common [74]. The most common products from biomass
are biochar and activated carbons (ACs). In addition to biochar, and AC, biomass also can be
converted into liquid or gas fuel, such as bioethanol or biodiesel, which have wide range use of
applications [75]. Biochar is often produced by burning (carbonization) and pyrolysis (low
oxygen). These procedures frequently result in very porous structures with a large specific surface
area, which can be beneficial for a variety of applications. In agriculture, for instance, biochar may

be used to absorb nutrient cations and anions for the growth of soil-beneficial microbes, resulting
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in soil fertilization and providing significant agricultural benefits [76]. Another by-product of the
pyrolysis of biomass is ACs, which are used for water purification, ground and municipal water
treatment, power plant, landfill gas emissions, precious metal recovery, and electrodes for
electrochemical energy devices and typically have higher specific surface area than biochar [77].
Although biomass materials have been used in various applications so far, the fundamental
challenge is always the same: how to enhance performance through structural optimization. In
order to respond to this query, it is necessary to have a solid understanding of the mechanisms that
lead to the production of high-performance chemical feedstocks, which will enable us to meet the

difficulties associated with energy and the environment.
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Figure 1.22. Various resources of biomass [78].

1.5.6 Conversion methods of Bio-based HCs

To transform biomass into viable forms of energy utilization, a variety of techniques have been
used. The primary variables that influence the choice of conversion process include the kind and
quantity of biomass feedstock, the intended form of the energy, or end-use needs, environmental
standards, economic conditions, and project-specific factors [79]. Basically, all the processes can
be grouped into two categories, i.e., thermochemical methods (such as combustion, gasification,
and pyrolysis) and biochemical method (e.g., fermentation and anaerobic digestion) [79]. One of
the most important processes for energy recovery is pyrolysis, which involves thermally degrading
a solid (or a liquid) into smaller volatile molecules. This process generates a number of products,

including char, oil, and gas, at high temperatures and without oxygen [80]. Due to the thermal

29



pyrolysis, the remaining solid char shows different features in comparison with the pristine
biomass. Through well designed synthesis processes, this solid char can be utilized to create a
variety of carbon-based materials, including activated carbon, porous carbon, nanostructured
carbons, carbon nanotubes, and graphene [81-84]. Activation methods and agents can
modify/change the texture, structure, and surface functional groups of the resultant biochar [85].
Physical activation, chemical activation, and hydrothermal carbonization are the three main
synthesis techniques used to produce carbon-rich compounds from renewable biomass feedstock.
Herein, we briefly explain the mentioned conversion methods.

Physical activation

To physically activate carbon precursors, two stages are often required. The raw material is first
carbonized (at a temperature of around 700 °C) using a pyrolysis process, which increases surface
area and decreases the degree of polymerization and crystallinity by thinning the particle size. [86].
The controlled gasification process takes place after the second phase at significantly higher
temperatures (>800 °C) in the presence of oxidizing gases such CO, steam, air, or CO»/steam/air
mixes. Due to the complexity of the reaction environment, the mechanistic understanding of
pyrolysis is limited [87]. Cellulose, hemicellulose, and lignin are the main constituents of the
biomass (raw material, especially lignocellulosic biomass) [88]. During the pyrolysis process,
water loss takes place in the first stage (<100 °C). At higher T (220 to 315°C), hemicellulose
degrades, leading to the formation of the basic structure of char. In comparison with cellulose,
hemicellulose has a random, amorphous structure with lower molecular weight and little strength.
The third stage, which is connected to the pyrolysis of cellulose, is the consolidation of the char
structure, which happens between 315 and 400 °C. Decomposition of lignin covers a wide range
of temperatures from 150 to 900 °C [89]. It should be noted that only pyrolysis is not enough to
have rich porous with high surface area carbon because often disorganized carbon (formed from
the decomposition of tars during the pyrolysis process) occupies the pores of the char. Thus, a
subsequent activation process at high T (800-1000 °C) is vital to remove the disorganized material,
resulting in a well-developed and accessible interconnected porous structure [89]. Physical
activation with CO»/steam as a clean and feasible technique can be a good option to achieve key
desirable properties [90,91]. The main disadvantage of physical activation is the high consumption
of energy because of running analysis at extremely high T. Figure 1.23 demonstrates the activation

of wheat straw by a two-step method [92].
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Figure 1.23. Obtaining activated carbon from wheat straw biomass by two-step method (pyrolysis and
CO: activation) [93].

Chemical activation
ACs can exhibit acidic, basic, or neutral properties depending on the surface functional groups.

Consequently, modifying biochar chemically involves changing its natural surface functional
groups. Between 400 and 900 °C, chemical activation often occurs in a single phase that combines
heat treatment with chemical compound activation, such as HCI, ZnCl,, H3PO4, K2CO3;, KOH,
NaOH, etc. [94,95]. In comparison with physical activation, chemical treatment brings advantages
from different points of view such as lower conversion temperature, higher carbon yield, and

porosity with high specific surface area [74].

KOH is a highly developed activator with a microporous structure that has a mild activation
temperature compared to other activators, producing high yields [96]. Due to these qualities, KOH
has been the most often used activator agent since 1978. It is worth noting that when a material is
employed for energy storage or conversion devices, a high specific surface area and a clearly
defined micropore/mesopore pore size distribution are regarded as critical properties. The
mechanism of KOH activation is still not fully understood. However, the chemical activation
mechanism can be summarized as follows: 1) KOH, K>COs3, and K>O etch carbon fragments via
the redox process to create the pore network. 2) As a result of the activation process, gaseous is
created that reacts with carbon; 3) the carbon lattices will expand as a result of the intercalation of
metallic potassium (K) into the carbon framework, resulting in the development of porosity [97].
It is reported that O-containing groups, such as C—O and —OH groups, have the greatest effects on

the chemical activation process. Because these groups may react with KOH during the activation
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process. Therefore, the chemical interactions between oxygen (or O-containing species) and KOH
should be considered during activation Additionally, it is established that KOH reacts with active
O-containing species during the pyrolysis of biomass to eliminate the majority of the O-containing
groups [98]. This causes a number of vacancies to arise. Additionally, vacancies are produced
when KOH reacts with more durable carbon fragments. In order to supply oxygen, OH- from KOH
can then fill these vacancies, leading to the formation ofmany new O-containing groups in the

biochar. Figure 1.24 depicts a potential chemical reaction route of KOH activation during biomass

pyrolysis.
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Figure 1.24. Possible mechanism of KOH activation during pyrolysis of biomass [98].

In addition to KOH, other activation agents, such as HNOs3;, HCl, H;PO4, NaOH, etc., have an
impact on the conductivity, graphitization level, and heteroatom content of carbon materials. For
instance, oxidants agents typically increase disorders, increase oxygen concentration, and decrease
the conductivity of carbon materials which can negatively impact on the stability of the sample in
EESDs [99]. On the other hand, reductant agents such as NH3 could be a good option for the
chemical treatment of carbon materials for application in EESDs [100]. Moreover, it has been

reported that HCI treatment of biochar after pyrolysis can remove great amounts of collapsed
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structures on the biochar surface (Figure 1.25), leading to carbon-rich material with a high surface

area that is desirable for Li ions insertion/de-insertion [101].
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Figure 1.25. SEM images of the biochar, before a) HCI modification, and b) after HCI modification
[101].

Hydrothermal Carbonization
Hydrothermal carbonization (HTC) is a technique to convert wet biomass into energy (Figure 1.26)

and chemicals without pre-drying, involving raw feedstock with hot, pressurized water. Compared
to pyrolysis or gasification, which are recognized as common thermal treatments, the process
operates at lower temperatures. The temperature range where HTC carbonization occurs is 180—
250°C[102]. In 1913, cellulose was initially transformed into coal-like compounds using the HTC
process. HTC provides a practical, affordable, and environmentally friendly method for

carbonizing biomass precursors such fungus, pine cones, tobacco rods, and bagasse [103].

The HTC method's reaction pathways have been the subject of numerous studies, although some
scientists think that the method's chemical process is still not entirely understood [104]. However,
it can be inferred from the earlier findings that, although other reactions like dehydration,
decarboxylation, or condensation are involved, hydrolysis is the key factor controlling HTC [104].
Hemicellulose, cellulose, and lignin are broken down into smaller parts during the hydrolysis
process, enabling the subsequent reactions (dehydration and decarboxylation) to lower the H/C

and O/C ratios, which are essential for producing a solid product that resembles coal [105].
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Additional processes, such decarboxylation, enable the breakdown of carboxyl-carbonyl groups
and release the majority of the final fuel gas's composition (i.e., CO2 and CO) [104]. Hydrochar
(carbon-rich part), liquid product (formic acid, lactic acid, furfural, phenol, guaiacol, acetic acid),
and the gas (CO», CO, CHy, or H») are the three main phases of the HTC process [106]. Although
HTC is a low-cost method of producing carbonaceous materials from biomass, the resulting carbon

often has low specific surface area and low porosity.
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Figure 1.26. Conversion of wet biomass into energy by HTC method [107].

1.5.3 Challenges of HCs

Although the benefits of HCs (cheap, plentiful, eco-friendly, and high specific capacity) for use in
alkali metal-ion batteries are inevitable, there are still a few major obstacles preventing their
widespread application in practical applications (Figure 1.27). One of the main issues is the low
initial coulombic efficiency (ICE) of HCs, which is caused by the ions' irreversible adsorption on
the pores and defect sites (particularly in half-cells) [108]. For the use of HCs in the battery sector,
stable SEI layers and ICE are crucial. Low ICE is typically a result of electrolyte decomposition
to create the SEI in the first cycle and poor reversibility of the lithiation/de-lithiation reaction.
Alkali ions have an adsorption-insertion storage mechanism in HCs as an intercalation-type anode

material, as was previously mentioned. In order to have more active sites and boost a battery's
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specific capacity, the existence of defects and surface functional groups is essential. Nevertheless,
these defects and surface functional groups (Figure 1.28) may cause a side reaction and irreversible
absorption between defects/surface functional groups and alkali ion, leading to a large initial
capacity loss in the initial cycle. Additionally, theoretical studies demonstrated that defects in
carbon layers cause ions to trap and create a repulsive electric field, which lowers the ICE by
interfering with the continuous ion flux [109]. As a result, the surface structure has a significant

impact on how easily the ions may intercalate and de-intercalate [110].

There are ways to optimize the structure and thickness of the SEI layers in order to improve ICE.
Since the electrolyte composition mostly determines the SEI layer properties of HCs, altering the

electrolyte's solvents, salts, and additives may have some impact on the ICE [111,112].

The undesirable rate performance of HCs is another major reason hindering the wide application
of HC anodes. For HCs in alkali-based batteries, a considerable amount of the capacities is
delivered at low voltage plateaus with slow ionic diffusion. At high current densities, HC losses
the plateau capacity (for example, <0.1 V vs. Na/Na") which results in poor rate capability in half
cells and lower energy/power density in full cells [113,114]. HC anodes with high initial capacities
also have been shown fast capacity decay after several cycles. The instability of the SEI layer
(increasing the thickness, changing composition, and morphology) formed on the HC anodes
increases the ohmic resistance and blocks the ionic diffusion, leading to high voltage hysteresis
and causing capacity drop [39]. The other reason of the low electrochemical performance of HCs
is associated with co-intercalation of solvent molecules together with the exfoliation of the graphite

layers.

Challenges
Low price Environmentally High specific Low ICE Low rate Structural

friendly capacity capability complexity

Figure 1.27. Advantages and challenges of HCs for application in alkali metal-ion batteries.
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Figure 1.28. The factors leading to low ICE of HCs in akali-based batteries.

A full understanding of the HC's structure, reactivity with the electrolyte, ion transport, and storage
mechanisms is vital to improving HCs' performance in LIBs. It is important to estimate and
compare the theoretical and experimental capacities of HC. Even though several studies have been
conducted, HC performance can still be enhanced. Due to the complexity of HC and the
shortcomings of the characterisation methodologies, these materials are still far from lithium
battery market. For the purpose of increasing capacity and ICE, HC defects and porosity are
crucial. On the other hand, a clear strategy to fully utilize the Li storage capability is to increase

the interlayer spacing of HC.

Despite significant advancements, more work needs to be done to engineer biomass structures in
order to create devices that are suitable for real-world use. In fact, it is acknowledged that finding
an effective approach for the use of waste biomass in the field of energy storage will create a new
paradigm for widespread manufacture of green batteries, making the suggested plan appropriate
for realistic scenarios. In this research, we have broken down the issue of sustainable batteries into
its component elements, namely what kind of biomass waste materials to use and how to prepare
them for application as battery anodes. In order to address the circular economy, another crucial
environmental issue, we choose our materials accordingly. The need for scalability has also been

taken into account in our deliberations. We assessed the proposed waste biomass' electrochemical
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performance in both half-cell and full-cell LIBs configurations, giving us the broadest possible
view of the anode electrode behaviour. In addition to analysing the materials in conventional LIBs,
we offered a first-reported approach for designing the next-generation of LIBs (lithium-metal free
(LiMF)) based on an amorphous hard carbon anode. However, further optimization is still needed
to develop fast-charging LiMF based on sulfur chemistry, which will be important for the EVs and

emerging markets such as drones and aviation.
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Chapter 2. Sustainable
conventional lithium-ion batteries
based on waste biochar as the anode
electrode

Section 2.1 The effects of steam and CO: activations on the structural and electrochemical
properties of Metal-free tannery waste biochar

In this chapter, we tackle the sustainable batteries topic by addressing its most defining aspects,
namely what kind of waste material should be employed and its treatment for realizing performant
battery anodes. In this regard, we focus on leather shaving waste (LSW), as it is an important waste
element in many economies, hence resulting in an advantageous choice both from an
environmental point of view and in terms of circular economy. Herein, especially metal-free LSW
is used to introduce an innovative kind of eco-friendly anode for lithium-ion batteries (LIBs). A
pyrolysis process of the waste material is adopted to form biochar, followed by its texture
engineering through either steam or CO», both of them recognized as safe and environmentally
friendly procedures. Indeed, these procedures develop hierarchical micro/mesopores in the biochar
and modify the amount of oxygen-containing functional groups on its surface, which can lead to
high performance anodes. In this respect, when water-based solvent and carboxymethyl cellulose
(CMC) binder are employed, the fabricated electrode discloses high initial capacities and
remarkable electrochemical stability in lithium-metal half-cells. In particular, the steam-activated
electrode demonstrates a specific discharge capacity of 735 mAh g after 1000 charge and
discharge cycles at 0.5 A g!. This anode electrode also secures an excellent initial capacity and
acceptable cycling stability in full-cell LIBs where a high mass LiFePO4 loading cathode is
employed. The results reported here represent a noticeable improvement with respect to the state
of the art, hence demonstrating the enormous potential associated with the green re-use of wasting
materials in important sectors such as energy storage.
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2.1.1 Introduction
The ever-growing demand for electrical energy related to the requirement to move towards

sustainable and alternative energy sources, has driven the research to design and develop high-
performance energy storage devices [115].

LIBs are now considered as the most popular energy storage system for portable electronic devices
and transportation applications [41,116]. Among different types of energy storage devices, LIBs
have shown superior electrochemical performance associated with high energy density, stability
after long-term cycling, good rate capability, and no memory effects [117—119]. However, LIBs
still face several challenges, particularly in electrode performance, which play a crucial role in
battery efficiency [120]. Although conventional electrodes such as graphite, which is used as an
anode part in commercial batteries, possess several advantages including low cost, high
conductivity, and high cyclic and thermal stability, yet they could not meet the future needs of the
battery industry [121]. The low theoretical capacity of 372 mAh g!, the poor diffusion kinetics of
lithium (L1i), the formation of lithium dendrites at low temperatures or high rates, are the main
disadvantages of graphite electrodes for application in LIBs [87]. Most importantly, graphite relies
heavily on fossil fuel-based precursors and harsh or energy-intensive synthesis [87,122,123].
Furthermore, the next-generation anodes based on Sn, Si, Ge, Fe, or Co, still has some drawbacks
such as poor cyclic stability, large volume changes during charge and discharge processes, and
large irreversible capacity that limit their application in the next prevalent generation of energy
storage systems [124,125]. As an available natural resource, biochar (carbon-based materials
obtained from biomass or industrial waste pyrolysis) has been considered as a high potential
alternative to the abovementioned electrodes, to address the electrochemical performance, and
environmental and economic concerns [87,126]. Biochar is categorized as non-graphitic/non-
graphitizable carbons, and, its performance in LIBs’ electrodes is highly dependent on its pore
structure [127]. Several methods have been developed for biochar activation (i.e., pores formation
combined to the change of the amount of functional groups containing heteroatoms on the biochar
surface) and to design of hierarchical porous structure such as physical or chemical activation and
activation using templates [ 128—131]. Biochar materials possess a crystalline disorder wherein the
carbon sheets cross-links are rotated to each other. Through the activation process, the cross-links
can be broken forming free layers carbon, an ideal situation for the introduction of heteroatoms

such as O, N, and S. This heteroatoms insertion occurs especially at the outer region of the carbon
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sheets configuration, while the internal region undergoes an ordering process known as localized
crystallization. Physical activation using steam, CO», or air can enlarge the volume of biochar
pores, and trigging the formation of micro-meso-macro hierarchical porous structure. Due to the
formation of a hierarchical porous structure, and to the presence of optimum heteroatoms content
such as N, O, H, S, Mg, and K, the lithiation capacity and stability of the activated biochar LIBs
can be improved compared to those obtained by non-activated biochar [99,132,133].

In our earlier research, we discovered that biochar made from the green algae Cladophora
glomerata is more electrochemically stable and capable in LIBs and supercapacitors than graphite
[41,134]. In this work, the activated carbon obtained from pyrolysis of metals-free leather shaving
waste (by LIFE GOAST technology, Green Organic Agents for Sustainable Tanneries) is
investigated as anode electrode in LIBs. Leather industry plays a very important role in our society
from socio-economic point of view. There are approximately 10,000 tanneries in the world
producing leather more than 6.5 million tons per year. Even though the leather industry uses a by-
product from the meat industry as raw material, it is considered as an activity demanding for
integrated prevention and control of pollution [135]. Along the entire process from raw skins/hides
to finished leather, a huge amount of solid and water wastes are generated. The solid wastes include
fleshings, raw trimmings, shavings, buffing dust, etc. One of the most abundant solid wastes (ca.
25% in weight of leather) generated throughout the leather tanning is the shaving waste. Leather
shaving is a mechanical process that aims to reduce the tanned skin to specific thickness prior to
tanning and finishing. Such product is mainly made of collagen and tanning agent used [136]. At
the present time, over 85 % of the world leather formation is from chrome tanned [137].
Consequently, large amounts of chromium-containing shaving wastes need to be treated and
disposed. The major concern about the management of this kind of solid waste is ascribed to
chrome content, which makes the convention disposal methods, such as landfilling and
incineration, not a practicable solution. Therefore, many efforts have been developed in recent
decades for promoting eco-friendly/alternative leather production and more effective waste
management. Herein, shaving waste resulted from LIFE GOAST tanning technology is proposed
as low-cost precursors for the preparation of carbon material as anode for LIBs. LIFE GOAST
technology is established on the combination of innovatory chemicals and protocol which allows

forming Chrome-Free leather with high quality. Since GOAST leather processing is 100% organic,
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no heavy metals will be included in the shaving waste and into the biochar and activated carbon
obtained.

The potential use of leather waste in lithium metal batteries was studied for the first time by
Ashokkumar et al. [138]. After 40 charge and discharge cycles, the produced collagen-based
electrode showed a reversible capacity of 327 mAh g™ at the low current density of 0.05 A g
Biochar derived leather waste was also demonstrated to be a highly efficient catalyst for oxygen
reduction reaction, and a high specific capacitance for three electrode-based supercapacitor
[139,140]. Despite the significant progress made, attempts to engineer the structure of biomass are
still crucial for practical applications.

Here, we provide a sustainable method for creating inventive electrodes for half-cell and full-cell
LIBs using waste from chrome-free leather shaving. This study's primary objective is to investigate
and compare the physical characteristics of biochar made from leather waste using various
methods (such as steam and CO; gas flow) in order to fabricate high potential electrodes for use in
real LIBs. More importantly, for preparing a fully sustainable and environmentally friendly anode
electrodes for LIBs, deionized water and carboxymethyl cellulose (CMC) have been used as
alternatives to toxic and teratogen N-methyl-2- pyrrolidone (NMP) and biologically hazardous
Polyvinylidene fluoride (PVdF), respectively [141]. Additionally, a much lower price of the water
solvent and the flouride-free bio-derived CMC binder, compared to NMP and PVdF respectively,
and applying LiFePO4 (LFP) in full cell LIBs bring us closer to the goal of achieving a price
forecast of 100 $ / kWh for greener LIBs in 2030 [142—-144]. Besides, preparation of the water-
based electrodes doesn’t need a controlled environment and, due to the higher vapour pressure of

water in comparison with NMP, the water-based electrode drying is much faster [145].

2.1.2 Experimental Section
2.1.2.1 Synthesis of Tannery Waste Activated Carbons biochar

The pyrolysis process was carried out by a laboratory-scale prototype plant (Carbolite custom
model EVT 12/450B). The experimental equipment consists of a vertical tubular furnace split into
two halves along its length. The pyrolysis was performed in a fixed bed quartz tube equipped with
a porous septum to hold the sample and to let the gas pass through, at the same time. The end

flange of the quartz tube was connected to the quenching system through a heated outlet pipe (ca.
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200°C) to prevent condensate build-up. The quenching system consisted of a first condenser,
water-cooled at 20°C, which was linked to a series of glass condensers, cooled at 0°C in an ice

bath, for collecting the condensable fraction.

The output of the condenser was directly connected to GC-TCD injector using an automatic
sampling valve for the continuous non-condensable fraction analysis (out of this work).
Additionally, a trap filled with quartz wool and magnesium perchlorate was located at the outlet
of the quenching system in order to retain non-condensed products and water before the
chromatography analysis. The furnace temperature was controlled using an electrical heater and a
PID temperature controller. N-type thermocouples were used to measure both temperatures of the
furnace and the quartz tube reactor. The desire inert gas flow (N2) was set using a Brooks mass

flow controller. The schematically pyrolysis plant is reported in Figure 2.1.

In a typical run, approximately 40 g of leather shaving waste (LSW) was placed into the reactor.
The feedstock used was supplied by PASUBIO S.p.A. tannery (Arzignano, Italy). Before pyrolysis
treatments, the LSW was sieved to < 0.250 mm and then air-dried for 48 h. Afterwards, the
feedstock was pyrolyzed under nitrogen flow of 100 mL/min at 700°C with a heating rate of

5°C/min, and residence time of 30 minutes. The obtained biochar was labeled as LSW-Biochar.

The LSW-Biochar was then physically activated by steam (LSW-ACS) or CO2 (LSW-ACC) flow.
For synthesizing LSW-ACS, LSW-Biochar was treated at 800 °C under 57 vol.% steam/ N
mixture for four hours, with a total gas flow of 160 mL/min. LSW-Biochar was activated under
the same reaction circumstances as LSW-ACC, but CO» gas flow was used as the activating agent
instead. After that, 1.0 M HCI solution and deionized water was used to remove the contaminants

from the biochars' surface.
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Figure 2.1. The schematically laboratory-scale prototype.

2.1.2.2 Material Characterization

The oxygen content was calculated by difference after the CHNS elemental analysis was
completed using the UNICUBE organic elemental analyzer (Elementar). Thermogravimetric
analysis (TGA 8000 PerkinElmer) was used to determine the ash content in accordance with
ASTM-D7582 protocol. Surface functionality was examined by Attenuated Total Reflection
Fourier Transform Infrared Spectroscopy (ATR-FTIR) using a Perkin Elmer Frontier FT-IR
spectrometer over a wavenumber range of 400-4000 cm™ at room temperature and resolution of 4
cm’!. To investigate the existence of heteroatoms and their binding to the carbon matrix X-ray
photoelectron spectroscopy (XPS) was carried out with a Kratos Axis Ultra DLD spectrometer
equipped with a monochromatic Al Ka source (15 kV, 20 mA). Nitrogen physisorption
measurements were performed at -196 °C using a Micromeritics Tristar II Plus sorptometer
(MICROMERITICS USA). The samples (~100 mg) were outgassed at 200 °C for 2 hours before
the sorption experiment. The BET and Langmuir equations were used to compute the surface area,
and the total pore volume (Vo) was estimated using the amount of N> that was adsorbed and P/Py

(absolute pressure/saturation vapour pressure) values that were close to 0.98.

To ascertain the crystallinity, mineral content, and degree of order/disorder in the samples'

structures, an X-ray diffractometer (XRD, Malvern PANalytical Empyrean) outfitted with a 1.8
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kW CuK sealed ceramic tube and a Renishaw in-Via Micro Raman system with a 532 nm laser

source were utilized.

Using a JEOL JSM-6490LA SEM Analytical (low-vacuum) scanning electron microscope, the
morphology of non-activated and activated carbons was examined (SEM). The activated samples
were further examined using a JEOL JSM-7500 FA (Jeol, Tokyo, Japan) field emission scanning
electron microscope (FE-SEM) while operating at an acceleration voltage of 5 to 10 kV and taking

secondary electrons into consideration for improving the morphological structures.

2.1.2.3 Electrode Preparation and Cell assembly

By combining 70wt% (activated)biochar material, 20wt% conductive carbon black agent, and
10wt% CMC as the binder, the electrodes were made using an environmentally friendly process.
The mixture was ground in a mortar to form a slurry, and then deionized water was added as a
solvent. The mixture was then stirred until it became a completely homogeneous slurry. The slurry
was then cast using the doctor blade process on a copper foil at a thickness of 200 pm. The
electrode foil was dried for 3 h at 80 °C. Thereafter, the dried sheet was punched into circular discs
with a diameter of 15 mm. The electrode discs were then vacuum-dried using a Buchi apparatus
for a further 12 hours at room temperature. The discs were then transferred in an argon-filled glove
box (MBraun) with oxygen and water content below 0.1 ppm at the end of this procedure. The
active substance had a mass loading of between 0.8 and 1 mg cm™. Lithium metal chips served as
the anode, a microporous membrane (Celgard 3501) served as the separator, and 1.0 M LiPFg
solution in a 1:1 (V/V) ratio of ethylene carbonate: dimethyl carbonate (LP30) used as the
electrolyte (Merck, battery grade) for the cell assembly.

To investigate the performance of the biowaste in full-cell LIBs, we selected the LSW-ACS anode
electrode because of its good electrochemical stability in half cell studies. This electrode was pre-
lithiated before being coupled to a commercial LFP (NEI corporation) as the cathode. The mass
loading of single-coated LFP cathode on aluminum foil was 14.5 mg cm™. To assure strong
reversibility of LSW-ACS vs lithium metal, the pre-lithiation of the LSW-ACS anode was
conducted with a discharge at the extremely low current density of 0.05 A g™ (based on LSW-ACS
active mass). After the discharge process, Li/ LSW-ACS cell was disassembled, and the LSW-
ACS electrode was rinsed with dimethyl carbonate in the argon-filled glove box. Afterward, the

full-cell was assembled in the LSW-ACS: LFP mass ratio of 1:3.6; the ratio number is based on
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the capacity ratio Qanode:Qcathode at low current density. It should be noted that the anode's active
mass loading was changed to 4 mg cm™ for the full cell. The same electrolyte and separator that
were used in the half cell were also employed in the full-cell assembly. The laboratory-scale
preparation of the electrodes and testing in 2032 coin-cells are schematically depicted in Figure

2.2.

FULL Cell based on
activated biochar and
LFP

Half cell analysis Coin cell assembly

Bio-based electrode

Figure 2.2. The schematically laboratory-scale preparation of the electrodes and testing in 2032 coin-
cells.

2.1.2.4 Electrochemical measurements

2032 coin cells were used for the CV measurements, which were carried out at a scan rate of 0.05

mV s’!

with a potential range of 0.01-3.00 V. The half cells underwent charge/discharge
experiments using a constant current (CC) technique. Based on the mass of the biowaste active
material, the specific capacity of the half cells was assessed. Additionally, the CC condition was
used for full-cell analysis in the 1.5-3.9 V range at 0.1 current-rate (equal to 0.1 C — 1C=170 mA
/grrp). Electrochemical Impedance Spectroscopy (EIS) was also used in the frequency range from
10 kHz to 100 mHz at an open circuit with a 10 mV Alternating Current (AC). The obtained
impedance spectra were analysed using Boukamp software, with a Chi-square goodness fit (y%)

below 10™. A BCS-805 BioLogic equipment was used to conduct all of the electrochemical tests

at room temperature.
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2.1.3 Results and Discussion

2.1.3.1 Biochar and activated biochar characterization

Table 2.1 reveals the CHNS elemental analysis of the samples. The activation processes with steam
and CO; entail oxidation reactions, which cause the production of porosity, as is commonly
reported in the literature [146]. According to Table 2.1, the activation process with either steam or
CO» determines the removal of nitrogen and sulfur from the pristine biochar, thus increasing the
carbon content in the resulting samples. Particularly, steam activation appears to remove more
sulfur and nitrogen than the CO; method. This feature can be attributed to the water molecule's
lower size compared to CO2 molecules, which makes it easier to activate through the diffusion of
steam into the porous network [147]. Since both nitrogen and sulfur are helpful for enhancing
lithium storage and enhancing reversible capacity, LSW-ACC currently seems to be the material
of choice [148]. However, when O and C are included in the elemental analysis, the situation
appears to shift in favor of LSW-ACS. Indeed, when CO; and steam are employed as oxidizing
agents, they alter the functional groups on the active surface that contain oxygen. Our research
indicates that LSW-ACC has a greater O/C ratio than LSW-ACS, indicating that CO> activation
has produced more O-containing functional groups on the carbon surface. Importantly, a high
content of O can reduce the stability of the biochar, hence negatively affecting its electrochemical
response [149]. Analysis was done on how the activating agents affected the degree of
carbonization. After the activation process, a large decrease in the H/C ratio suggests that the
carbon structure is becoming more and more aromatic and carbonaceous [150]. The LSW-ACS
sample has a lower H/C ratio than the LSW-ACC sample, which suggests a higher level of
carbonization and a more condensate structure, both of which can improve the LSW-ACS sample's

electrochemical stability.

Table 2.1. CHNS elemental analysis of LSW-Biochar, LSW-ACS, and LSW-ACC.

Sample C [%] N [%] H [%] S [%] O [%] Ash [%] H/C o/C
LSW-Biochar 71.6 11.0 1.8 1.1 5.8 8.7 0.025 0.08
LSW-ACS 77.8 4.0 1.3 0.6 4.7 11.6 0.016 0.06
LSW-ACC 73.4 7.4 13 1.0 53 11.6 0.018 0.07
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ATR-FTIR was then applied to qualitatively analyse the functional groups on the carbon surface
after the activation process. In the ATR-FTIR spectra of Figure 2.3, the weak intense band around
3600 cm™! is due to the vibrations of O—H functional groups [151]. A strong band is observed at

approximately 1600 cm™!

, which may be generated by the aromatic C=C stretching vibration and
C=0 stretching of conjugated ketones and quinones [152,153]. Although the IR profiles of the
activated samples and the original biochar are comparable, it is still feasible to detect minor
variations in the wavenumber range between 2300 cm™' and 800 cm™', which is indicative of the
surface functional groups of the structural network. The bands between 1700 cm™ and 2300 cm™!
indicate carboxyl and carbonyl groups. The broad band in the 1400-900 cm™! region is associated
with a series of overlapping absorption bands stemmed from the contemporary presence of C—O
bonds that are typical of alcohol, phenol, and ether bridges occurring between the aromatic rings
and the nitrogen group component (N—C, N-COO) [41,154]. Interestingly, these overlapping bands
undergo a change in shape and intensity upon the occurrence of the activation process (blue and
red lines), demonstrating a different distribution of nitrogen and oxygen functional groups on the
material surface. Specifically, for LSW-ACC (red line), the maximum of absorption shifts to a
lower value (near 1140 cm™) than the pristine biochar (1210 cm™). The shift might be explained
by a negligible N-bond contribution to the absorption band, in line with the decreased nitrogen
content discovered by CHNS elemental analysis. The aforementioned overlapping bands are faint

peaks at 1220, 1120, and 1020 cm™ when LSW-ACS (blue line) is instead taken into account,

indicating a reduction in the number of surface functional groups compared to LSW-ACC.
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Figure 2.3. ATR-FTIR spectra of LSW-ACC, LSW-ACS, and LSW-Biochar.

By using XPS, the effective heteroatom doping of LSW-Biochar was examined. Figure 2.4
indicates X-ray photoemission high-resolution spectra on oxygen, nitrogen, and sulfur energy
regions, together with the results of the best-fit procedure. Analysis of the N 1s region shows that
N is effectively bound to carbon in several states (Pyridinic N, Amino N, Pyrrolic N, Graphitic N).
The low intensity peak at 402.6 = 0.2 eV suggests that some nitrogen atoms are in the form of
oxygenated compounds: pyridine N-oxide [155]. Four different chemical states are fitted to the
sulfur signal. The fitting demonstrated that the primary source of sulfur is either C-S-C or
thiophene (peaks at 163.70, and 164.5 eV). The presence of a peak at 532.6 ¢V in the O 1s spectrum
is associated with oxygen atoms in various oxygen groups, including C= O, O-C-O and O=C-O
[156]. It is essential to mention that the carbonized biowaste contains additional elements, such

Mo, in addition to the S, N, and O groups.
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Figure 2.4. XPS spectrum of LSW-Biochar. C 1 s XPS spectrum, O 1s XPS spectrum, and N 1 s XPS
spectrum, S 2p XPS spectrum.

Figure 2.5 shows nitrogen physisorption analysis which it was carried out to recognize the surface
area and pore size distribution of the samples. The isotherm of the pristine LSW-Biochar (in the
inset of Figure 2.5) does not match with any profile in the [UPAC classification. According to the
findings, LSW-Biochar has a very low surface area and total pore volume that are typical of non-
porous materials. These results can also be discovered in a variety of materials, such as carbon
samples produced by the pyrolysis of waste from the leather-processing industry [157]. As
depicted in Figure 2.5, the N> adsorption-desorption isotherms of the activated carbons show a
composite nature, exhibiting the combination of type I and type IV isotherms with an apparent
hysteresis loop of type H4. This suggests the co-existence of a micro and mesoporous structure.

The initial region of reversible micropore filling is followed by multilayer physisorption and
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capillary condensation. A micro/mesoporous activated carbon with a slit-like pore structure
typically has a profile like this [152].

Both activated samples present high surface areas, large pore volumes, and wide average pore sizes
(as summarized in Table 2.2). According to the BET surface analysis, the surface areas of LSW-
ACS and LSW-ACC are equal to 726 and 858 m? g !, respectively. Both activated samples' high
surface area and hierarchical distribution of micro- and mesopores could offer a large number of

sites for charge-transfer reactions and for cutting the diffusion time for lithium ions, respectively.
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Figure 2.5. Nitrogen adsorption-desorption isotherms of LSW-ACC (red line), LSW-ACS (blue line), and
LSW-Biochar (black line).

Table 2.2. Results of nitrogen physisorption analysis.

SBE T S langmuir Smicm Vot Vicro Vneso
Sample (m’g?) (m’g?) (m’g") (cn’g”) (cm’g”) (cm’g”)
LSW-ACS 726 1.029 865 0.45 0.27 0.18
LSW-ACC 858 1.165 975 0.48 0.29 0.19
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Figure 2.6 exhibits the XRD patterns of the carbonized materials. The patterns show the same
features observed in most disordered carbon materials [158]. Two prominent broad diffraction
peaks are present at 20 25° and ~44°, which are related to the (002) and (100) reflection planes
[159]. The shape of these peaks confirms the presence of a disordered turbostratic carbon structure
[160]. According to the Bragg’s law [161], the interlayer distance of graphitic layers (doo2) is
calculated in the range ~0.351 - 0.359 nm. Additionally, the thickness (L), and the average width
of the graphitic domains (L), calculated using the Scherrer equation [162], are very similar for all
samples, ~0.95 - 1.01 nm for L, and 2.08 - 2.37 nm for L.. Table 2.3 reports the parameters
calculated from each sample. Based on these results, the carbonized samples are estimated to be
composed by ~3 stacked graphene layers (i.e., 0.98/0.36=2.72) [163]. In addition to (002) and
(100) reflections, several sharp peaks are present in the XRD patterns, which can be associated
with some inorganic phases such as NaCl (ICSD- 41439), probably arising from HCI used in the
synthesis process, and crystalline SiO2 (quartz (ICSD 83849), and Trydimite (ICSD 176)), typical

contaminations present in quartz reactors.
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Figure 2.6. XRD patterns of LSW-ACS, LSW-ACC, and LSW-Biochar.

The interlayer distance of graphitic layers (doo2) is calculated by using Bragg equation:

A=2do2 sin6 Equation 2.1
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Here, A is the wavelength of the X-ray beam.

The thickness (L), and the average width of the graphitic domains (L) of the carbonized samples

are calculated according to the Scherrer’s equation:

Le= 0. 894/(Boo2 cosOp) ; La= 1. 84A/(B100 cosOp) Equation 2.2

where A is the wavelength of the X-ray beam, 3 is the peak width at half-maximum intensity

(FWHM in radians), and 0z is the Bragg angle (in degrees).

Table 2.3. Parameters calculated from the XRD patterns.

Sample L. (nm) L. (nm) doo2 (nm) FWHM (002) FWHM
LSW-Biochar 2.37 0.98 0.359 8.22 7.38
LSW-ACC 2.20 1.01 0.351 7.95 7.96
LSW-ACS 2.08 0.95 0.358 8.43 8.41

Raman spectroscopy (Figure 2.7) was then carried out for the LSW-Biochar, LSW-ACS, and
LSW-ACC electrodes to determine the carbon order and the number of defects. The broad D band
located around 1360 cm™! is related to the edges, defects, and disorders of carbonaceous materials
[40]. The graphitic layers, on the other hand, are represented by the G band at roughly 1600 cm!,
which exhibits sp® hybridized carbon [40,164]. The amount of disorder in the carbon may typically
be estimated using the Ip/Ig ratio (In/l is proportional to the disorder) [165]. In this respect, the
In/Ig ratio for LSW-ACC is equal to 0.91, a value higher than the corresponding ratio for LSW-
ACS (In/Ig= 0.88). This disparity shows that LSW-ACC has a lower graphitic order, presumably
as a result of the significant amounts of S and N elements present in the graphene layers [149].
Another important quantity to consider is Ip/(In+lg) which describes the ratio of defects along the
whole graphene sheets [166]. The Ip/(Ip+lc) value of LSW-Biochar, LSW-ACC and LSW-ACS
are 0.50, 0.48 and 0.47, respectively. These results reveal that the activation process and the
elevated temperature can slightly diminish the number of defects. The higher defect density in
LSW-ACC compared to LSW-ACS supports the idea that the degree of graphitization decreases
with the increase of defect concentration. In this respect, and as previously reported [167], the
amount of defects introduced by N atoms into carbon structures increases the number of active

sites for Li storage. Although both defects and a high degree of ordered graphitic carbon can affect
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an electrochemical material's performance, a trade-off between the two needs to be determined

when evaluating a material's overall electrochemical performance [148,167].
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Figure 2.7. Raman patterns of LSW-ACS, LSW-ACC, and LSW-Biochar.

Scanning electron microscope (SEM) and field emission scanning electron microscope (FESEM)
pictures were used to monitor the morphology of the activated carbon samples. According to the
SEM images in Figure 2.8a, LSW-Biochar exhibits a morphology like glass shards fragments with
no apparent pores on the surface. This finding implies that a well-defined porosity cannot be
produced by pyrolysis alone. As opposed to this, a visible porosity can be seen in the activated
samples. SEM and FESEM images of LSW-ACS in Figure 2.8(b-d) show an uniform distribution
of olive-shaped pores on the biochar surface [134]. Additionally, LSW-ACS appears to have
higher order porosity than LSW-ACC, which is consistent with the findings of elemental, Raman,
and N2 adsorption-desorption isotherm investigations. The higher order porosity of LSW-ACS vs.
LSW-ACC is associated with the smaller dimension of the H>O molecule [168,169]. Indeed, its
small dimension makes H>O more effective than CO; in the removal of non-carbonaceous
materials, therefore leading to the formation of high order micro-porous structures on the biochar

surface [139]. This is confirmed by Figure 2.8(e-g), where is shown an irregular surface of LSW-
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ACC given by different pores dimensions and channel sizes, and related to the higher amount of
N, O, and S (Table 2.1). Additionally, it seems that using CO; as an activation agent causes the
biochar surface to develop more mesopores than micropores. This would support the results of the
earlier Raman investigation, which showed that LWS-ACC had a higher amorphous grade than
LWS-ACS.

Figure 2.8. SEM image of LSW-Biochar (a), SEM (b, c), and FESEM images (d) of LSW-ACS sample.
SEM (e, f), and FESEM images (g) of LSW-ACC sample.

2.3.1.2 Electrochemical performance of biochar and activated biochar

Galvanostatic charge-discharge cycling, CV, and EIS techniques were used to assess the
electrochemical performance of LSW-Biochar, LSW-ACS, and LSW-ACC electrodes. By using
CV analysis with a 0.05 mV s scan rate, the electrochemical processes of the LSW-Biochar,
LSW-ACS, and LSW-ACC electrodes were evaluated during the first 10 cycles. Figure 2.9(a-c)
shows two reduction peaks at around 1.5 and 0.7 V in the first cycle which are related to the
irreversible reaction of the electrolyte with surface functionalities of the bio electrodes, and solid
electrolyte interface (SEI) formation, respectively [170,171]. Because of the high level of nitrogen
content in the LSW-Biochar and LSW-ACC electrodes, the cathodic peaks at around 0.7 V are not
clear meaning that the surface of the electrode is relatively resistant to electrolyte degradation

[148]. After completing bio electrodes lithiation, the anodic peak related to their de-lithiation is

54



clear at about 0.2 V [119]. In LSW-Biochar and LSW-ACS electrodes, also a broad oxidation peak
at about 1 V is obvious that could be associated with the faradic capacitance on the surface/edge
sites of the biochar product [172]. Besides, during the oxidation process in LSW-Biochar, a narrow
peak is appeared at around 2.4 V which could be related to the transformation of LixS into the
polysulfides [149]. Both the LSW-ACS and LSW-ACC electrodes, in contrast to LSW-Biochar,
show a significant amount of overlap in the succeeding cycles, confirming the great reversibility

and electrochemical stability of the activated electrodes.

The galvanostatic charge-discharge profiles of LSW-Biochar, LSW-ACS, and LSW-ACC at a
current density of 0.1 A g’! relative to the weight of the biowaste active material are shown in
Figure 2.9(d-f). The initial discharge specific capacity of LSW-ACS is 1520 mAh g’!, while its
first charge specific capacity is 645 mAh g™!, which led to an initial coulombic efficiency of 42.4%.
However, the LSW-ACC electrode achieves an initial coulombic efficiency of 38.3%, which is
attributed to the electrode's first discharge specific capacity of 2063 mAh g and its first charge
specific capacity of 789 mAh g!. The non-activated electrode shows the low initial specific
discharge and charge capacities of 487 and 194 mAh g'. The LSW-ACS and LSW-high ACC's
surface area, development of porosity, and creation of numerous micro- and mesopore defects and
vacancies during the activation process, which provides more active sites for storing Li ions, are
all factors that contribute to the remarkable higher initial capacity of activated electrodes compared

to the LSW-Biochar [173].

Figure 2.9f demonstrates the visible plateau at around 1.6 V during first discharge. This plateau
supports the presence of additional elements, such as N, O, and S, in the activated samples by CO»
compared to LSW-ACS and is connected to the irreversible reaction of the electrolyte with surface
functional groups of LSW-ACC. A certain amount of the heteroatoms could affect the electron

density around N and O atoms, which leads to more Li ions holding [174].

Although both activated electrodes show low initial coulombic efficiencies, the second cycle
efficiency increases to around 96% and after the initial cycles, the coulombic efficiencies enhance
dramatically to the range of 99%, demonstrating the excellent stability of the activated electrodes.
The low initial coulombic efficiency is a common phenomenon for turbostratic porous carbon
structure [175]. The main causes of the observed initial efficiency are the electrolyte degradation

on the large specific surface area of LSW-ACS and LSW-ACC electrodes (plateau at about 0.7 V
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during the first discharge process in galvanostatic charge-discharge profiles), and the irreversible
reduction of functional groups like dioxygen and oxygenated present in the turbostratic porous

biowaste-based electrodes [174,176].
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Figure 2.9. (a-c) CV curves of the biowaste electrodes at a scan rate of 0.05 mV s”. (d-f) Galvanostatic
charge-discharge profiles. Performed in the lithium-metal half cells at room temperature within 0.01-3 V.
(a, d) LSW-Biochar, (b, e) LSW-ACS, and (c, f) LSW-ACC.

Figure 2.10a shows the rate performance of LSW-Biochar, LSW-ACS, and LSW-ACC over
cycling at different current densities. At 0.1, 0.2, 0.5, 0.7, 1, and 2 A g’!, the specific discharge
capacity of LSW-ACS is around 600, 490, 410, 380, 350, and 280 mA h g!, respectively, while
for LSW-ACC the specific discharge capacity returns values around 760, 630, 500, 450, 407 and
319 mA h g!, respectively. At all the measured current densities, the non-activated electrode, in
contrast, offers much lower reversible capacities. This demonstrates that through changing the
surface properties of the biochar, such as surface texture, surface area, and porosity through CO:
and steam activations, promote reversible Li-ion storage. Finally, when the current density rolls
back to 0.1 A g'!, all three electrodes show an excellent capacity retention of 100%.

The cycling performance of biowaste electrodes at 0.5 A g™ (equivalent to ~1.4 C vs. graphite) is

reported in Figure 2.10b. While the cell containing the LSW-Biochar electrode only exhibits an
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initial discharge capacity of 100 mA h g at 0.5 A g’!, the cells with activated biochars exhibit an
initial discharge capacity of roughly 400 mA h g at the same condition. The low capacitance of
the LSW-Biochar electrode is associated with its low surface area and non-porous structure that
provide less active sites for Li-ions storage compared to LSW-ACS and LSW-ACC. Interestingly,
the activated carbon-based electrodes exhibit capacity increase after the initial charge-discharge
cycling process. This behaviour was also seen in earlier research using N, O-rich porous carbons
made from biomass as an electrode for LIBs [125,177,178]. After many oxidation/reduction
events, the electrolyte could have easy access to the electrodes' uncovered micro and mesopore
sites, which could explain this behaviour [179]. Another factor is the decrease in internal resistance
during cycling, as demonstrated by the Nyquist plots of LSW-ACS and LSW-ACC (Figure 2.11,
Table 2.4). Finally, after 1500 charge and discharge cycles, LSW-Biochar, LSW-ACS, and LSW-
ACC could still maintain 108, 625, and 267 mA h g’!, respectively.
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Figure 2.10. a) Rate capability of the carbonized samples over cycling at current density of 0.1, 0.2, 0.5,
0.7, 1, and 2 A g, and b) cycling performance (current density of 0.5 A g”') of the carbonized samples
performed in lithium-metal half cells at room temperature within 0.01-3 V. CE: coulombic efficiency.
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The AC impedance was measured during cell assembly and after 500 cycles of 0.5 A g™! cycling
in order to determine why the LSW-ACS electrode had higher electrochemical stability than the
LSW-ACC electrode as well as the cause for the capacity increase of the activated electrodes after
cycling. The physical quantities resistance of the charge transfer kinetics through the
electrode/electrolyte interface and the SEI film on the activated electrodes may be measured
through EIS analysis and are two parameters that affect how well the electrodes operate in LIBs.
The Nyquist plots in Figure 2.11a (fresh state) exhibit a semicircle in the middle frequency region
that shows the charge transfer resistance (R¢t) in the electrolyte/electrode interface and a sloped
line in the low-frequency region (Warburg impedance). The resistance of the electrolyte (Rs) is
located before the first semicircle. The resistance of the SEI layer that forms during the first cycle
on the surface of the electrodes can be determined by looking at the Nyquist plots after cycling.
The numerical values of R, Rsei, and Ret (Table 2.4) were calculated by an equivalent circuit model
(Figure 2.11b, c) obtained from Boukamp software. Before cycling, the Rs, and R for both
activated electrodes are around 10 and 50 €, respectively. However, after 500 cycling, R is
decreased to 8.6 and 15 Q for LSW-ACS, and LSW-ACC, respectively. The decreased R for both
electrodes after cycling compared to that in the fresh condition reveals that the electrolyte can
easily access unexposed micro- and mesopore sites after a number of oxidation/reduction
reactions. Additionally, the lower R¢, and Rsei values of LSW-ACS electrode compared to LSW-
ACC demonstrate the better electrical conductivity and faster charge transfer kinetics during
cycling process in very condensate structure of LSW-ACS with the fewer heteroatoms content and

a higher degree of graphitization.
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Figure 2.11. a) Nyquist plot of LSW-ACS, and LSW-ACC at firesh state, and after 500 cycling at 0.5 A g”'.
Equivalent circuit used to fit the experimental impedance spectra for b) fresh state, and c) after cycling.

Table 2.4. The fitting values of R; and Rct, and Rsei for LSW-ACS and LSW-ACC at fresh state and after
500 charge and discharge cycles run at 0.5 A g

State Resistance (£2) LSW-ACS LSW-ACC
R 12.9 9
Fresh R 497 459
After 500 R 8.9 8.7
cycles R 8.6 15
Riei 4 6.9

To be noticed that a direct comparison between Figure 2.10a, and Figure 2.10b reveals what might
appear as a controversial behaviour when observing the ratio between the specific capacities of
LSW-ACC and LSW-ACS. Indeed, while in Figure 2.10a the electrochemical response of LSW-
ACC is better than LSW-ACS, the opposite appears to occur in Figure 2.10b. The explanation lies

in the low-rate activation performed in Figure 2.10a, where the initial test was performed at 0.1 A
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g’!, whereas in Figure 2.10b the test was immediately set at 0.5 A g''. As shown in Figure 2.12,
we conducted the same type of analyses on the samples to support this theory, starting at an initial

rate of 0.1 A g,
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Figure 2.12. Specific discharge capacity for both samples, LSW-ACC and LSW-ACS at 0.5 A g after an
initial cycling at 0.1 A g, performed in lithium-metal half cells at room temperature within 0.01-3 V.

The most significant recent publications that utilize biomass materials for anode preparation in
lithium half cell batteries are listed in Table 2.5. The findings demonstrate the huge potential
associated with the environmentally friendly reuse of waste materials in LIBs, showing how the
sustainable strategy for material and electrode preparation in this work constitutes an upgrade
compared to many articles reported to date. It should be highlighted that past studies frequently
overlooked the environmentally favorable option.

The remarkable outcomes obtained here could be attributed to the designed materials' robust
structural integrity, efficient porous architecture, and optimal heteroatom content (N, O, and S).
These characteristics do, in fact, enhance the electrode's electrochemical performance by offering

a suitable number of active sites.
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Table 2.5. Comparison of the preparation methods and the main electrochemical criteria of different

waste-based anode electrodes in Lithium half-cell batteries.

Sample

Preparation method

Initial discharge
capacity (mA h g™)
at low current
density

Current density (A g') &
corresponding reversible
capacity (mA h g'/Cycles)

Refs.

Tannery

Rice husk

Wheat
straw

Leather

Garlic peel

Corn stalk
core

Bamboo
shoot hulls

Hazelnut
shell

Rice husk

Tannin-
furanic
resins

Spruce
Hard
Carbon

Tea-seed
shells

Coffee
ground

Pyrolysis at 700 °C and CO,
activation

Pyrolysis at 700 °C and
steam activation

Multi-step heat treatment and
carbonization under Ar gas at
600 °C

KOH activation and
carbonization at 800 °C in
the inert N, atmosphere

Carbonation at 1000 °C
under Ar atmosphere

KOH activation and
carbonization at 850 °C in
the Ar atmosphere

Calcination at 550 °C under
N, atmosphere and KOH
activation

Heat treatment and
carbonization at 600 °C
under Ar atmosphere

Annealing under Ar/H2,
carbonization at 900 °C, laser
irradiation

Carbonization at 600 °C
under N, atmosphere and
hydrothermal NaOH
treatment

Heat treatment and
carbonization at 1000 °C
under Ar atmosphere

H;PO, activation and

pyrolysis at 1100 °C

calcination at 800 °C under
flow and KOH activation
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The outcomes obtained with lithium-metal half-cells were subsequently validated in a full-cell
configuration to give a scenario as complete as possible. Specifically, the full-cell employed high
mass LFP loading as cathode, LSW-ACS as anode, and LP30 as electrolyte. Figure 2.13a displays
the galvanostatic charge-discharge curves of the LSW-ACS/LFP full-cell during the 1%, 5% 20%,
and 50" cycles in the voltage range of 1.5 - 3.9 V at 0.1 C. At the first cycle, the charge and
discharge capacities are 169, and 159 mA h g!, respectively, providing a coulombic efficiency as
high as 94%. The average working potential of the cell is approximately 3.4 V. Interestingly, the
outcomes are consistent with data that was previously published using a full-cell system with a
low mass LFP loading and a graphite anode [191]. As shown in Figure 2.13b, after 50 cycles of
charge/discharge, the biowaste-based full-cell maintains 80% of its initial capacity with a
coulombic efficiency above 98%. The initial capacity and durability of the LSW-ACS/LFP full-
cell are compared to those of state-of-the-art full-cell LIBs using graphite in Table 2.6. The table
indicates that one of the promising choices for use as an anode material for lithium metal-free bio-

based batteries is the biochar produced from leather waste using the engineering method described

here.
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Figure 2.13. a) Galvanostatic charge-discharge profile, and b) cyclic performance of LSW-ACS/LFP full-
cell in the range of 1.5 - 3.9 V.at 0.1 C (1C= 170 mA /girp), and room temperature. LFP= 14.5 mg cm?,
LSW-ACS= 4 mg cm™. The specific capacity of the cell is reported according to LFP active mass.
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Table 2.6. Electrochemical comparison of different LFP cathodes using different carbon-based anodes in

LIBs full cells.
Full cell system Rate (C) Initial discharge Durability/ cycles Refs.
capacity (mA h g")
LFP / A-pBC! 0.1 159 77% at 0.1 C / 40™ [192]
LFP / graphite 0.5 127 65% at 0.5 C /40" [191]
LFP / graphite 0.5 ~ 90 ~89%at0.5C/12"  [193]
LFP / graphite 0.2 ~134 24%at 0.2 C/ 100" [194]
LFP / graphite 0.1 121 52%at2 C/1000" [195]
LFP/LSW-ACS 0.1 159 80% at0.1 C /50" This

work

2.1.4 Conclusion

The physical and electrochemical characteristics of carbon material (biochar) made from waste
chrome-free leather shavings were examined in this work for potential applications in LIBs. The
desire to address environmental sustainability and the circular economy served as the main
motivation. In this regard, a fully environmentally friendly and sustainable design process for bio-
based electrodes that can be evaluated in both half- and full-cell configurations was created. In
particular, two environmentally friendly activation methods were employed, based either on HO
or CO,. For both cases, the assembled lithium-metal half-cells have demonstrated good rate
capability and cycling performance, with the H>O-based cell providing the best long cycling result.
Furthermore, as a practical example, a full-cell based on high mass LFP loading cathode and a

H,O-activated anode was realized. The findings revealed a 160 mA h g'! initial discharge capacity
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with acceptable cycle stability at 0.1 C. The promising performance described in this work is
related to the activated biochars' hierarchical micro/mesopore structure, high specific surface area,
heteroatoms-doped (N, O, and S), interlayer spacing, and defects. We think that this effort is a
significant step in the right direction and brings us one step closer to having functional LIBs with
minimal environmental effect. Finally, it is important to note that these discoveries are not limited
to conventional LIBs and might be widely applicable to various electrochemical energy storage

technologies, such as Na-ion batteries, Lithium-metal free sulfur batteries, or fuel cells.

“This section is a slightly modified version a paper (10.1039/D1GC04772H, 2022, 24, 4119-4129)
published in Green chemistry Journal (RSC) and has been reproduced here with the permission
of the copyright holder”
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Section 2.2 Food waste biochar as an alternative to graphite: Extraordinary stable Full
LIBs with cattle bone anode

In the last decades, numerous scientific papers have been focusing on various types of biomasses
and biowastes for application in lithium-ion batteries (LIBs). Indeed, it is recognized that carbon
deriving from sustainable resources can be a promising alternative to current commercial materials
for energy storage devices, particularly for LIBs. However, most of the research in LIBs’ filed has
been considering bio-based material in half-cell configuration. Here, we tackle the sustainable full-
cell LIBs topic by addressing its most defining aspects, namely what kind of waste material should
be employed and the electrode design for realizing LIBs with high performance. The material of
choice, cattle bone, is categorized among the most abundant biowaste materials, thus the secondary
use of this kind of material could be beneficial for the economy and environment. In this study,
the factors affecting the full cell performance have been precisely identified and optimized to
maximize the electrochemical performance of the cell. According to this, full-cell LIBs based on
carbonized cattle bone anode and LiFePO4 cathode reveal extraordinary cycling life at even high
current rates. These promising results may fill up important knowledge gaps on the design of
practical sustainable batteries. In this respect, the amount of cattle bone waste produced each year
worldwide opens a paradigm for massive battery production, hence making the proposed scheme
suitable for realistic scenarios.
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2.2.1 Introduction

In the last decades, numerous research papers have been focusing on various types of biomasses
or biowastes for application in lithium-ion batteries (LIBs) [196]. It has been shown that carbon
derived from sustainable resources is a promising candidate as replacement of standard graphite
in energy storage sector [197]. However, most of the literature remains at the half-cell level,

particularly in LIBs [183].

The non-graphitizable structure of carbonized biowaste/biomass (biochar) formed by
amorphous/pseudo-graphitic nanodomains makes biochars an ideal ingredient for secondary
batteries, particularly LIBs [87]. Apart from their important electrochemical properties, carbonized
biobased materials are also low cost and available in great abundance, making this approach an

optimal sustainable solution [198].

Animal bone is among the most abundant biowaste materials. According to a recent report, the
global meat industry produces 130 billion kg of animal bone per annum with over 10% produced
in the European Union [199]. The animal bone’s composition is a valuable source for the
development of diverse materials for advanced applications. Specifically, bone is an organic-
inorganic composite that contains 22—-45% collagen and 50-74% hydroxyapatite by weight [200],
considered as a precursor for the preparation of high defect and low-cost porous carbon materials
[201]. In the current study, cattle bone (CB) waste has been thermally treated and used as the anode
electrode part for full-cell LIBs design.

One of the major challenges that full LIBs face is capacity decay during storage and charge-
discharge cycling. Side effects may include decreased coulombic efficiency, decreased cell usable
capacity, and increased cell impedance. Chemical degradation, which is known to be the primary
cause of lithium loss in well-made LIBs, is the term used to describe cell performance degradation
caused by side reactions. During charge and discharge, the solid-state diffusion of lithium atoms
in and out of host electrode particles causes diffusion induced stresses and volume changes in the
electrode particles. Depending on the operating conditions, these stresses may cause mechanical
fatigue and fracture of the electrode particles, isolation of the electrode particles from the
composite matrix, or SEI fracture [202]. The capacity balancing between the anode and cathode is

crucial to reduce chemical degradation of the electrodes, which increases the full cell’s
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performance. The different ratios may significantly vary the cell voltage and its delivered capacity
[203]. Thus, the balancing should be precisely performed to avoid the overcharge of the battery
and plating of the anode which causes safety issues and deteriorates the system’s cycle life. In this
study, the factors affecting the full-cell performance have been precisely identified and optimized
to maximize the electrochemical performance of the cell. Herein, we report an extraordinary cycle
life LIBs based on the biowaste anode and LiFePO4 (LFP) cathode. This battery technology is not
dependent on critical raw materials such as manganese, cobalt and nickel. Finally, with respect to
the electrochemical performance, the designed full-cell reveals specific capacities of 155, 140, 95,

and 65 mAh /gL during long cycling at 1, 2, 5, and 10C, respectively.

2.2.2 Experimental section

The details of the synthesizing process for the biochar production, and methods used for structural

and electrochemical characterization in this part can be found elsewhere [197,198].

The CB electrode was fabricated with environmentally-friendly process with the assistance of
carboxymethyl cellulose (CMC) and deionized water. The deionized water and CMC binder have
been used as replacements for toxic N-methyl-2- pyrrolidone (NMP) and biologically hazardous
polyvinylidene fluoride (PVdF), respectively. CB powder (70 wt%) was mixed with 20 wt% of
conductive carbon black agent, and 10 wt% of CMC. After grinding, the mixture was dispersed
into deionized water to make a homogenous slurry. Then, the obtained slurry was casted on the
copper current collector (10 um thickness) using doctor blade, then dried on the hot plate (3 h at
60 °C). Afterward, the electrodes disks were cut out with diameter of 12 mm. The punched
electrodes were further dried using a Buchi apparatus for 4 h at 80 °C. The active mass loading of

the electrodes was about 1-1.5 mg cm™.

The cathode electrode was fabricated by mixing the commercial LFP (NEI corporation), carbon
black (Super P) and PVdF with a weight ratio of 80:10:10 in NMP. Then, the cathode slurry was
coated on the aluminium current collector. The active mass loading of the LFP electrodes was

about 2 mg cm after drying.

The CV and galvanostatic charge and discharge analyses of Li/CB half-cell, and CB/LFP were
performed in the potential/voltage range of 0.01-3 V, 0.8-3.9 V; respectively.
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The 2032 coin cell, Celgard 2400 separator, and carbonate electrolyte (1M LiPFs in EC: DMC
(LP30)) were used for the electrochemical analyses. All the electrochemical analyses were done

at room temperature.

2.2.3 Results and discussion
2.2.3.1 Structural characterization of CB

Fourier transform infrared spectroscopy (FTIR) analysis was performed to explore the chemical
composition of the carbonized sample (Figure 2.14a). The broad peak at 3281 cm™! is related to
the stretching vibration of OH due to adsorbed moisture. The bands at 872, 1414, and 1456 cm ™!
are associated with the stretching vibrations of the carbonate group (CO32). The dominant band
at 1007 cm ! and the band at 961 cm™! are for the stretching vibration of the phosphate group
[204]. Furthermore, the peaks at 700 and 2014 cm ™! may be related to the N-C-N deformation and
stretching modes of the cyanamide species which arise through the combustion of the nitrogen-

containing compounds of the bone structure [205].

For clarity, the presence of heteroatoms was examined by X-ray photoelectron spectroscopy (XPS)
analysis (Figure 2.14b). The peaks of Cls, Ols, Ca2p, and P2p are clear in the CB sample. The
atomic percentage of Cls, Ols, Ca2p, and P2p for the carbonized sample is 37.82%, 39.17%,
13.28%, and 9.72%, respectively.
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Figure 2.14. a) FTIR spectrum, and b) survey scan of XPS spectrum of CB.
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X-ray diffraction (XRD) spectrum (Figure 2.15a) of the CB demonstrates the peaks which are
associated with the characteristic peaks of standard hydroxyapatite (reference card (ICDD- 01-
074-9761)) [206]. In the Raman spectra (Figure 2.15b), two prominent peaks at around 1350 cm™!
(D-band), and 1600 cm™ (G-band) correspond to disordered or turbostratic structure, and sp>-
hybridized carbon of CB, respectively [197]. The intensity ratio between D-band and G-band
(In/Ig) 1s used to quantify the disordered degree of sample. According to this equation, CB
indicates a value of 0.85. This number confirms the high defect density in the sample due to the

self-doped architectures of CB with O element and other elements such as Ca, and P.
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Figure 2.15. a) XRD pattern and b) Raman spectrum of CB.

To confirm and further evaluate the overall carbonized bone structure, scanning electron
microscope (SEM) images of CB sample were acquired (Figure 2.16). The sample shows a porous
structure consisting of a fibrous texture and highly interlinked longitudinal and transversal
microchannels. Additionally, CB demonstrates the presence of longitudinal microchannels

characteristic of the Haversian canals, that run throughout the bulk bone structure along its axis,

and of transversal pores [207].
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. Interlinked

Figure 2.16. Cross-sectional SEM images of CB at different magnifications, showing the interlinked
microchannels combined with fibrous-like structure and smaller pores of CB. Insets: Surface morphology
of the microchannels at higher magnification.

The BET analysis also revealed the presence of mesopores within CB in the range from 3 to 20

nm, which can be attributed to the empty spaces between collagen fibres and the hydroxyapatite

crystals [208]. The specific surface area of the sample is 136.4 m? g .

Figure 2.17 demonstrates the contact of electrolyte (LP30) with CB electrode. The electrode

shows a rapid wetting behaviour, leading to promote ion transportation.

6=14"° i

CB electrode

Figure 2.17. Contact Angle of the electrolyte on CB electrode
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2.2.3.2 Electrochemical Performance

This study belongs to a line of research focusing on full-cell LIBs based on biowaste anode
materials. Accordingly, electrochemical activity of CB firstly was investigated in lithium half-cell
configuration (Figure 2.18). Secondly, we have extended the potential use of the carbonized
biowaste in full LIBs, employing LFP cathode. Galvanostatic charge and discharge cycling
demonstrates the high initial discharge capacity of ~ 2300 mAh g™, with initial coulombic

efficiency (ICE) of 37% at 0.1 A g'! (Figure 1.28b).
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Figure 2.18. Electrochemical performance of the CB electrode in lithium half-cells. (a) Galvanostatic

charge/discharge profiles for the 2" cycle at different current densities. (b) Rate-performance, and (c)

cycling performance at 0.5 A g”'. All the analyses were performed in the potential range of 0.01-3 V at
room temperature. Electrolyte: LP30.

The low ICE originates from solid electrolyte interphase (SEI) film formation during the first
reduction process. Moreover, this anode exhibits good capacity in different current densities (900,
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720, 470, and 410 mAh g ' at 0.1, 0.2, 0.5, and 0.8 A g!) (Figure 2.18a). When rolling back in the
current density of 0.1 A g’!, the slight capacity drop is observed compared to initial cycling,
exhibiting the relatively good reversibility of the designed electrode. At the current density of 0.5
A g!, the cycling performance of the CB electrode during 600 charge and discharge cycling was
analysed. The Li/CB cell presents the average specific discharge capacity of 417 mAh g!, with
84% capacity retention upon cycling (Figure 2.18c). It is documented that presence of oxygen
group in the electrode leads to fast redox process [209]. Additionally, the high surface and porous
architecture of CB are the other main reasons behind the observed capacity and electrochemical

stability of Li/CB battery.

Figure 2.19 demonstrates the CV behaviour of the Li/CB half-cell at the various scan rates. The
typical broad peaks are clear which are similar to that of most disordered carbon in lithium battery
application [122]. During, lithiation process, a cathodic peak associated with the lithiation process
is observed at about 0.1 V [210]. Moreover, an anodic peak (at 0.2 V) also is related to de-lithiation
of the CB [210]. By increasing the scan rates, the electrode’s current is increasing, indicating the

potential of CB material for application at high current rates.
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Figure 2.19. CV curves of CB electrode at different scan rates ranging from 0.2 to 8 mV s™. The test was
performed in RT with LP30 electrolyte. Potential range: 0.01-3 V.
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After analysing the CB potential as the working electrode in half-cell configuration, the full-cell
setup was designed by combining CB electrode with LFP cathode. The full-cell assembly was
based on the direct contact electrochemical method (DC-EM) [211] of CB VS. Lithium metal to
prelithitae CB electrode. With this strategy, CB electrode was placed in direct contact with Lithium
metal chips in the cell containing LP30 electrolyte. The lithiation step forms an SEI layer on the
anode surface, preventing Li ion loss during the first discharge of the full cell. Moreover, in this
research, an attempt is made to optimize the mass ratio balancing between the anode and cathode.
The cells were assembled with the different anode to cathode mass ratio. The cathode loading was
the same in all cells (~2 mg), thus ratio balancing was adjusted by changing the anode mass loading
(from 0.7 mg to 2 mg). The best performance was obtained when the anode/cathode capacity ratio
was ~2 (according to the stable capacity of anode and cathode at 0.5 A g'!, and 0.5 C, respectively).
With high anode/cathode ratio (>2), the LFP cathode provided a capacity of 140 mAh g! and lower
stability that that of the cell with anode/cathode ratio ~2. Even the cell with low anode/cathode
ratio (<2) revealed lower capacity and stability in comparison with the cell with ratio >2. Here, the
results of the optimized cell have been provided and discussed. Figure 2.20 shows the CV profile
of the pre-lithiated CB/LFP full-cell at the scan rate of 0.1 mV s™! in the voltage range of 0.8-3.9
V. During positive voltage sweep (at ~ 3.5 V), Li-ions insert into biochar electrode, and Li-ion
extraction occurs within LFP cathode. During the negative sweep, the peak at ~ 3.3 V is related to
Li-ions intercalation (into LFP cathode), and Li-ions de-intercalation (from CB) [212]. During the
27 and 3™ cycling, the peaks (at ~ 2.8 V during charging and at ~ 2.5 V during discharging
process) could be due to the two-step of Li-ion insertion/ Li-ion extraction into/from the electrodes
[213]. The voltage difference of 0.2 V between the positive and negative peaks corresponds to

electronic polarization.
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Figure 2.20. The CV profile of pre-lithiated CB/LFP full-cell at the scan rate of 0.1 mV s in the voltage
range of 0.8-3.9 V. The analyses were performed at room temperature. Electrolyte: LP30.

Figure 2.21a, b demonstrates the long cycling tests of the full-cell by varying C-rates from 1 C to
10 C, then again to 1 C to find the cell’s stability. At a high applied current, the capacity would be
decreased due to the polarization overpotential increase. Figure 2.21a reveals the initial discharge
capacity (based on cathode active mass) around 160 mAh g'!, which is very close to the theoretical
capacity of LFP versus Li/Li". By increasing the C-rate to 2 C, a very low-capacity drop is

observed. Furthermore, when the C-rate changes from 2 C to 5 C, the capacity

fade is 25%. The slight change in capacity also is clear by shifting C-rate from 5 C to 10 C.
Moreover, the full-cell discloses a reversible capacity of 140 mAh g! (1C) after 1750 cycles along
with rate capability test. Besides, the cell presents an average CE of 99.62%. Figure 2.21c reports
the gravimetrical energy density of the CB/LFP cell at 0.5 C according to cathode mass, and overall
mass of cathode and anode. Considering the active mass of cathode, the output gravimetrical
energy density of the cell is 480 Wh Kg!. On the other side, the energy density of the cell still is
promising (295 Wh Kg!') when the weight of both electrodes is considered. The obtained energy
and reversibility of the CB/LFP full-cell at high operation current rates outperforms the results for
similar batteries published in literature so far. A comparison of the main electrochemical criteria
of LFP-based LIBs reported recently is shown in Table 2.7. The results obtained here are in line
with those reported by Xu et al [214]. They proposed that the low capacity loss in the cells balanced

with relatively higher capacity anode can be explained by two possible stress-related mechanisms:
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1) As anode loading increases, current density on the anode surface decreases, potentially reducing
electrode particle cracking during cycling. (i1) Increasing anode loading reduces anode utilization,
which reduces electrode particle expansion and contraction during lithiation and de-lithiation,

thereby reducing mechanical degradation.
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Figure 2.21. The electrochemical results of pre-lithiated CB/LFP full-cell in the voltage range of 0.8—3.9
V. (a) long-term cycling test at various C-rates (1C= 170 mA /grrp), (b) Galvanostatic charge-discharge
profile of the cell at different C-rates, and (c) gravimetrical energy density according to the mass of
cathode active material, and overall mass of cathode and anode (active material). The analyses were
performed at room temperature. Electrolyte: LP30. LFP= 2 mg (deiectroae=11 mm), CB= 1.3 mg
(delectrode:]2 mm)
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Table 2.7. Comparison of the main electrochemical criteria of LFP-based LIBs reported recently.

Anode Mass ICE%  Working Initial Specific capacity (mAh g Reference
ratio voltage (V)  discharge Ly
{anode: capacity ]
cathode) (mAh g1) at different rates
En-C 1:2 28 130 120 at 3C [213]
Graphene 1:4 89 3 163 160 at 1C [218]
Ti0; hollow 1:13 68 14 140 110at01 A g 80at02 A [217]
nanofibers gl 50at05 A gl and 30 at
1Agl
Binary Lis Tis - 1.5 123 75at0.08 Ag! [218]
012 -Lia Ti3 O7
ZnFex 04-C 1:1.3 21 120 80 at 9.6C [219]
51-Graphene - 832 3 157 130 at 1C [2207
Ge - a3 28 103 Q0 at0.5C [221]
Carbonized 1:135 80 3 167 165at0.5C, 153 at 1C, 142 at Thiz work
biowaste 2C, 95 at 5C, 63 at 10C

2.2.4 Conclusion

In summary, the cattle bone waste has been considered as the active anode material to couple with
LFP to design sustainable full LIBs. The inherent heteroatoms, high surface area, the interlinked
microchannels and hierarchical porous structure of carbonized cattle bone made it a promising
electrode for application in rechargeable batteries. In this study, the factors affecting the full-cell
performance have been precisely identified and optimized to maximize the electrochemical
performance of the cell. The engineered full-cell LIBs based on cattle bone biowaste anode and
LFP cathode revealed very stable capacity during long cycling, which could be related to stress
reduction on oversized anode electrode through Li intercalation/ de-intercalation. This study turns
the attention toward the practical utilization of the food waste in the lithium-ion technology. In

particular, the present research not only deals with the application biowaste in the energy sector
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but also presents an innovative and sustainable way for food waste management contributing to

the United Nation’s sustainable development goals.

77



Chapter 3. Biochar and beyond
conventional LIBs: Lithium-metal
free sulfur battery based on
brewer’s spent grain biochar anode

The realization of stable lithium-metal free (LiMF) sulfur battery with an amorphous carbon anode
and lithium sulfide (Li>S) cathode can surpass the low energy densities of conventional Lithium-
ion batteries (LIBs). Herein, we propose a full-cell which combines carbonized brewer’s spent
grain (CBSG) anode and Li>S-graphene composite cathode (Li>S@Gr). This design approach is
particularly attractive for applying cost-effective and safe anode materials based on waste biomass
in emerging battery technologies. The systematical investigation reveals the good compatibility of
the biomass electrode with ether-based electrolyte (as the most common electrolyte for lithium-
sulfur battery). The sample exhibits the stable capacity of 350 mAh g! at 0.1 A g'! along long
cycling at difference current densities. The novel CBSG/ Li2S@Gr full-cell displays the initial
charge and discharge capacity of 726 and 537 mAh g at 0.05C with a coulombic efficiency of
74%. Moreover, it discloses a reversible capacity of 330 mAh g! (0.1C) after 325 cycling at
increasing C-rates of 0.1, 0.2, 0.5, and 1C. Comparison with the literature, CBSG/ Li2S@Gr battery
system could be considered as a promising system for energy storage technologies.
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3.1 Introduction

The emergence of electric vehicles (EVs) requires high electrochemical energy storage devices
(EESDs) with low cost [222]. Domination of high-performance EVs in the global automotive
market reduces the application of fossil-fuel-based vehicles tackling the negative impact of CO»
emissions according to the European Protocol in the Transportation Sector. Nowadays, lithium-
ion batteries (LIBs) are almost exclusively power sources for EVs [1,222]. However, the
inadequate-range transport of EVs powered by current LIBs, with an energy density of around 250
Wh kg, is the main situational barrier preventing the purchase of EVs by consumers [223]. In this
situation, Lithium-sulfur batteries (LSBs) as LIBs’ family could be considered as one of the most
promising alternatives to current LIBs. The high theoretical gravimetrical energy density of 2600
Wh kg and low-cost LSBs could promise a sustainable battery value chain for many applications,
especially for the emerging markets such as drones and aviation. Additionally, due to its abundant
natural supply and high theoretical capacity of 1675 mAh g™ based on the following chemical

reaction, sulfur is regarded as an element that is good to the environment [224,225]:

S(s"f‘I(SLi+ + 16e” < 8LixS Equation 3.1

Nevertheless, a number of challenges have prevented the broad commercialization of LSBs [226].
In conventional LSBs, sulfur and lithium metal act as cathode and anode electrodes, respectively
[227,228]. In the process of the redox process, lithium dendrites form and grow on the surface of
the metal, creating a short circuit that causes spontaneous combustion in the cell [229].
Additionally, the battery's capacity fades quickly and its coulombic efficiency is low due to the
unstable solid-electrolyte interface (SEI) layer caused by the direct reactivity of the lithium metal
with polysulfides (PSs) in the electrolyte [230]. The insulating properties of sulfur and Li2S/Li2So,
volume expansion, and low conductivity of sulfur on the cathode side also lead to an increase in
polarization during the electrochemical operations [231,232]. Another major hurdle to the practical
use of lithium metal-based sulfur battery arises from the high solubility of polysulfides (PSs) in
organic electrolytes, leading to irreversible loss of sulfur active material, and finally cell failure

[224,233].

Replacing sulfur with its lithiated counterpart (Lithium Sulfide) greatly improves the LSBs’

performance [234]. Lithium Sulfide (Li2S) is mechanically stable at maximum volume state and
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doesn’t exhibit volumetric expansion in the initial charge process [229,235]. In addition, LixS
possesses higher thermal stability compared to sulfur [236]. The insertion of Li>S into porous
conductive hosts utilizing a variety of synthetic techniques at high operational temperatures is
made possible by the melting stability of 938 °C [236,237]. More importantly, Li>S cathode can
be paired with various anode materials beyond lithium metal and make a safe Lithium-metal free
(LiMF) battery for practical application [238-240]. However, Li>S's electrical and ionic
conductivities are quite low, which causes the cell's cycle stability to be poor and causes a large
charge transfer resistance at the interface between the Li>S cathode and the electrolyte [234].
Additionally, the inevitable formation of PSs in the cathode prevents the full utilization of the
active material [241]. The PS degradation results in long-term capacity deterioration because it

disperses into the electrolyte and diffuses to the anode electrode [242].

Anode electrode is equally important to overcome the fundamental limitations of LSBs including
safety, and low practical energy density. Other than elemental lithium, anode materials such
graphite, silicon, tin, and metal oxides can be employed to avoid the safety concern with the
lithium-based sulfur battery [243—-247]. For instance, metal oxide nanoparticles release toxic ions,
with consequent damage of the living organisms [34,35]. On the other hand, graphite as one of the
most employed anode materials in LIBs, undergoes exfoliation in conventional ether-based
electrolytes, thus making it unsuitable for metallic lithium replacement [36,37] (ether-based
electrolytes are needed for sulfur-based batteries as sulfur is not stable in traditional carbonate-
based electrolytes [38],[39]). It is critical to identify an anode material that is compatible with
ether-based electrolytes that combines safety, environmental friendliness, cheap cost, and good

performance.

Carbons derived from pyrolysis of biomasses are promising alternatives to standard graphite
electrode for application in electrochemical energy storage devices (EESDs). Their non-
graphitizable structure with amorphous/pseudo-graphitic nanodomains [70], which is
advantageous for electrochemical processes in LIBs, is a specific advantage of these materials.
More interestingly, bio-based carbon’s precursors are mainly renewable, green, cheap and
abundant [87]. Following our previous studies [124,134,197,248,249], we demonstrated the great

potential of EESD technology's green re-use of waste (spent) materials. Herein, we suggest the use
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of carbon material derived from brewer’s spent grain (BSG), an abundant solid industrial waste,

to address the technical challenges related to anode electrodes in next-generation of LIBs.

Nowadays, around 85% of all solid waste produced in brewing industry is BSG more particularly
barley grain husks coming from wort production step. BSG is constituted of lignocellulose (i.e.
cellulose, lignin and arabinoxylans) rich in protein, lipid, fiber, vitamins and minerals [250].

According to the latest "BarthHass Report 2020", the world beer production in 2020 is estimated

in 1820 million hL [https://www.barthhaas.com/en/campaign/barthhaas-report-2021]. It was
reported that between 14 and 20 kg of BSG for each hL of produced beer are formed during the
brewing process [251]. Therefore, an average of 30.940 million tons of this biomass can be
produced each year. Due to the high content of nitrogen-containing nutrients in BSG, it has been
used as the feed of animals [251] and in agricultural products such as compost or fertilizers [252].
However, high content of moisture in the wet BSG leads to the microbial contamination especially
from filamentous fungi needing high-cost conservation processes. Therefore, energy generation
from BSG could be another possible and significant application [251]. As reported by Luna-Lama
et al. [44], the evaluation of potential scalability requires a deep analysis where the cost of residue
biomass, the availability of the feedstock, the simplicity of the procedure as well as the employed
solvents and reagents, should be carefully taken into account. In view of these considerations, the
methodology proposed in the present work could be considered potentially scalable to an industrial
level due to the low cost and readily available feedstock. Through the thermochemical
decomposition in an inert atmosphere (pyrolysis process), BSG converts to bio-oil and bio-gas and
produces solid residue rich in carbon, named biochar. In the present study, we observed that the
biomass-based electrodes might contribute to the design of stable long-term LIBs with the potential
to replace the state-of-the-art anodes by electrochemical analysis of our developed Li/biochar half-
cell in an ether-based electrolyte. On the other hand, this research discloses bio-based carbon as a
possible candidate for future battery technology anodes, due to its stability and compatibility in
emerging battery technology environment. The stable electrochemical behaviour of the studied
hard carbon derived from biomass resources could be attributed to different factors: (i) the wider
average interlayer spacing with respect to graphite, (ii) the presence of pyridinic N and quaternary
N atoms along with oxygen group, and (iii) cross-linked carbonaceous clusters. Indeed, the
increased interlayer spacing could lead to a greater Li-ions storage within the carbon structure. It

is documented that the functional groups increase the conductivity of the carbon material and
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introduce the extra free electrons next to the carbon atoms that can accelerate the redox reactions
[149,253,254]. Additionally, cross-linked structures cause biochar’s extraordinary stability in an

ether electrolyte environment [255].
The main objectives of this study are:

e Application of the by-product through BSG pyrolysis as anode material in emerging battery
technologies

e Systematic physical and electrochemical investigations of CBSG anode to reveal its
compatibility with the electrolyte condition of sulfur batteries

e Combining the CBSG anode with Li2S@Gr cathode to fabricate LiMF battery to overcome

the major challenges posed by LSBs such as safety concerns and short cycling life

3.2 Experimental section

3.2.1 Materials synthesis

3.2.1.1 Synthesis of CBSG

CBSG was obtained by employing a laboratory-scale prototype plant (Carbolite custom model
EVT 12/450B), as reported in the previous chapter. The pyrolysis of BSG (< 2 mm in size) was
carried out by heating up the sample till 700°C at 5°C/min under a 100 mL/min nitrogen flow. The
temperature was maintained constant at 700°C for 30 minutes. Afterward, the CBSG powder was

centrifuged in a 1.0 M HCI solution, then grinded and sieved down to ~90 um.

3.2.2 Materials characterization

Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al K source was used to
perform X-ray photoelectron spectroscopy (XPS) analysis on the chemical structure and
heteroatom binding states of the CBSG sample (15 kV, 20 mA). The UNICUBE organic elemental
analyser (from Elemental) was used to measure the total carbon, nitrogen, hydrogen, and sulfur
(CHNS) contents of the CBSG active material, and the oxygen content was estimated from the
difference. The ash content was determined following the ASTM-D1102 protocol. The surface
functionality of CBSG was investigated by Fourier Transform Infrared Spectroscopy (FTIR) using
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Perkin Elmer Spectrum One spectrometer with a wavenumber range of 400-4000 cm™ at room
temperature with a resolution of 4 cm™. The carbon sample and KBr were completely combined
to create the pellets. Malvern PANalytical Empyrean X-ray diffractometer (XRD) with 1.8 kW
CuK sealed ceramic tube and Renishaw in Via Micro Raman with 532 nm laser source were used
to analyze the sample's crystallinity, mineral content, and degree of order/disorder. Using field-
emission scanning electron microscopy (FESEM-JEOL JSM-7500FA), the surface morphology

and energy dispersive spectroscopy (EDS) of the electrodes and CBSG powder were examined.

3.2.3 Electrode and electrolyte preparation
3.2.3.1 CBSG Electrode preparation

The CBSG electrodes were prepared by mixing 70wt% of the active material (CBSG), 15wt% of
conductive carbon black agent (Imerys), and 15wt% of carboxymethylcellulose (CMC, Dalian
Chem) working as binder. The mixture was mechanically stirred to create a slurry after being
evenly ground. Using the Doctor-Blade technique, the film electrode was successively cast on
copper foil with a 10 um thickness before being dried on a hot plate for three hours at 60 °C. The
electrodes were dried, then punched into 15 mm-diameter disks and dried for an additional 4 hours
at 80°C using a Buchi device. The prepared electrodes were then kept in a glove box filled with

argon (MBraun). About 0.7 to 0.9 mg cm™ of active mass were loaded.

3.2.3.2 Electrolyte preparation

1 mol kg! (m) lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma-Aldrich) and 0.5 m
lithium nitrate (LiNOs3, Sigma-Aldrich) were combined in a solution with 1,3-dioxolane (DOL,
Sigma-Aldrich) and 1,2-dimethoxyethane (DME, Sigma-Aldrich) in a weight ratio of 1:1 as the
electrolyte (from here on named DOLDME-LITFSI-LiNO3). The DOL and DME solvents were
dried on molecular sieves for ten days prior to the preparation of the electrolyte. An MBraun argon-

filled glovebox was used to stir the prepared electrolytic solution for 24 hours.

3.2.4 Electrochemical characterization

83



The electrochemical characterization was performed by employing 2032 coin cells. The amount
of electrolyte was normalized to =15 pLelectrolyte/MEactive material for both half-cell and full-cell
measurements. For the electrochemical testing, a microporous polymeric membrane (Celgard
2400) was employed as a separator. In addition, lithium chips (15.6 mm, MTI Corporation) were
employed as the counter electrode and reference electrode for the electrochemical studies of the
Li/CBSG and Li/Li2S@Gr half-cells. The cells were assembled in an argon-filled MBraun
glovebox with H>O and O» levels lower than 0.1 ppm. The Li/CBSG half-cells were analysed with
constant current (CC) protocol in the potential range of 0.01 - 3 V at the current densities of 0.1,
0.2,0.5,0.7,1,and 2 A g'!. Based on the weight of the active material in the CBSG electrode, the
current density was determined. The cyclic voltammetry (CV) measurement of the lithium-metal
half-cell was carried out at the scan rate of 0.1 mV s! in the 0.01 - 3 V potential range for CBSG.
Electrochemical Impedance Spectroscopy (EIS) technique was used for Li/CBSG half-cells in the
frequency range from 10 kHz to 100 mHz with a 10 mV alternating current. In order to assemble
the full-cells, a direct contact electrochemical method (DC-EM) [256] was used to prelithiate the
CBSG electrode by keeping it in direct contact with a metallic Li chip in presence of the electrolyte
for 8 h (see Figure 3.1). Subsequently, the lithiated CBSG electrode was rinsed with DME solvent
and dried in an inert environment. Afterward, the lithiated CBSG/ Li;S@Gr full-cell was
assembled according to the mass ratio of 1:1.35, corresponding to the active material weights of
LixS@Gr: CBSG. For the mass balancing, the starting capacity of each electrode at low current
density/rate in half-cell design was taken into account. The galvanostatic cycling test of CBSG/
Li;2S@Gr full-cell was carried out at the current rates of 0.05C (58 mA g™), 0.1C (116 mA g™!),
0.5C (583 mA g'), and 1C (1166 mA g'!) in the voltage range 0.8 - 2.6 V. The specific gravimetric
capacity of CBSG/ LixS@Gr full-cell were calculated based on the Li>S mass. The CV analysis of
the CBSG/ LioS@Gr full cell was performed between 0.8 V and 3 V at the scan speed of 0.1 mV
s. The whole electrochemical characterization was obtained at room temperature by employing a

BCS-805 multichannel battery unit by BioLogic.
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Ether-based electrolyte

Figure 3.1. Direct contact electrochemical method (DC-EM) for CBSG prelithiation.

3.3 Results and Discussion
3.3.1 Materials characterization

The elemental analysis of the CBSG anode was performed to determine the weight percentage of
C,N, H, S, and O in the sample, with the values reported in Table 3.1. The C, N, H, and O amounts
resulted to be 73.6 wt%, 4.7 wt%, 1.9 wt% and 12.9 wt%, respectively. In contrast, the S content
is minimal at values below 1 wt%. The presence of N and O within the sample is known to
contribute to the expansion of the interlayer spacing of the graphitic carbon domains, thus
providing extra active sites for accommodating Li-ions [257]. Furthermore, the hybridization of N
lone pair electrons with the m electrons of C increases the electronegativity of the electrode forming
favourable binding sites for Li storage [87]. Last but not least, it has been established that Li-ions
can bond close to H atoms in CBSG electrodes [51].

Table 3.1. Elemental analysis of CBSG.

Sample[%] C N H S O  Ash

CBSG 73.6 4.7 1.9 0.1 12.9 6.8

The functional and doped groups of CBSG were qualitatively analysed by FTIR (see Figure 3.2)
and XPS (Figure 3.3). In the spectra of FTIR, there is a very weak band at almost 3600 cm™! which
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is related to the vibration of hydroxyl groups [258]. The band at around 1542 cm! is associated
with the stretching vibration of aromatic C=C and C=0 and also stretching of C=0 groups of
conjugated ketones and quinones [153]. The existences of oxygen and nitrogen-containing
functionalized groups and doped heteroatoms in the biochar surface and skeleton could be
demonstrated by a series of intense, broad and overlapped bands in the range of 1400-900 cm™'. In
particular, the bands at this region are assigning to the C—O bonds of phenol, alcohol, ether
bridging, aromatic rings, and the presence of N—C, N-COO groups. In addition, the bands at 2850
and 2920 cm™' are related to the C—H of alkenes, while the band at 800 cm™! is due to aromatic C—
H out of plane vibrations [41]. Figure 3.3a-c presents X-ray photoemission high-resolution spectra
on oxygen, and nitrogen together with the results of the best-fit procedure. According to the
analysis of the O 1s region, O is associated with carbon in both organic and metal-oxide forms.
The presence of N atoms in several coordination modes, including pyridinic N, amino N, pyrrolic
N, and graphitic N, is further demonstrated by the XPS spectrum of N 1 s. In addition to C, N, H,
and O, XPS also reveals the presence of residues of Mo, Cl, Si, In, AL, Pb, and Ca, among other
elements (they are grouped as Ash in Table 3.1).

C-0O bonds of phenol, alcohel and ether

N-C and N-COO
>

F-———

C-H alkenes

o

T
C-H

Aromatic C=C and C=0 aromatics
C=0 of conjugated

ketones and quinones
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Figure 3.2. FTIR spectrum of CBSG.
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Figure 3.3. XPS spectra of CBSG material relative to: (a) C Is, (b) O Is, and (c) N Is spectra.

To ascertain the degree of order/disorder and defects of the carbon layers of CBSG, XRD and
Raman studies were performed. The (002) and (100) planes, respectively, are represented by a
strong peak at about 2°=23° and a weak peak at about 2°=44° in the XRD pattern of Figure 3.4a
[254]. The broad form and low intensity of the peaks indicate the CBSG's amorphous quality [257].
The Raman spectrum of Figure 3.4b shows the presence of two prominent peaks at around 1350
cm™ (D-band) and 1600 cm™ (G-band) corresponding to disordered or turbostratic structure and
sp-hybridized carbon of CBSG, respectively [259]. The sample's level of disorder is determined
by the Ip/I; intensity ratio between the D- and G-bands [101]. In particular, Ip/Ig value of 0.82 is
found for the CBSG sample. According to this value, the biochar exhibits graphitic properties as
well as a disordered configuration, which is consistent with the XRD examination. Generally
speaking [197], the degree of graphitization decreases with the increase of defects concentration
(which is proportional to the ratio Ip/lg). In this regard, the presence of N, O, and S atoms leads to
numerous carbon structure defects and thus increases the number of active sites for Li storage.
Although both defects and a high degree of ordered graphitic carbon might affect the performance
of the electrochemical cell, a trade-off needs to be determined when it comes to the overall
electrochemical evaluation of a material. High graphitic order is linked to enhanced cell stability,
especially at high C-rates, and high disorder specifically is related to higher initial capacities
[197,260].
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Figure 3.4. (a) XRD pattern, and (b) Raman spectrum CBSG sample.
The N adsorption-desorption (Figure 3.5) reveals a low specific surface area equal to 2.4 m? g’!
and a pore volume density of 0.036 cm?® g'! for the CBSG sample, resulting in the appearance of
an isotherm curve that is typical of non-porous materials [261]. In good agreement with N>
adsorption-desorption analysis, the FESEM image of Figure 3.6a exhibits a low porosity,
indicating that using the pyrolysis process alone to create porous structures is insufficient.
Although it is generally known that increasing the surface area of carbon-based anodes can
increase their capacity [87], recent studies have also reported about the benefits of non-porous
carbonaceous materials as electrodes for LIBs [190,262,263]. Because fewer solid electrolyte
interphase (SEI) layers form in non-porous structures, less electrolyte is actually consumed, which
increases the stability and initial coulombic efficiency of biochar anodes [190,262,264]. The
element mapping of CBSG powder also shows the distribution and presence of O, S, N in the

biochar Figure 3.6b.
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Figure 3.5. BET analysis of CBSG.

Figure 3.6. a) FESEM and, b) element mapping of CBSG.

3.3.2 Electrochemical characterization

Li/CBSG half-cell
The design of a novel biochar-based anode for use in LiMF sulfur batteries is the major objective

of the current work. So, in an ether-based electrolyte, a preliminary examination of the
electrochemical performance of the CBSG electrode in a lithium half-cell configuration was
conducted. For this investigation, in particular, DOLDME-LITFSI-LiNO3, the most common
electrolyte in sulfur-based batteries, has been used. The CV behaviour of the CBSG electrode is
shown in Figure 3.7. The cathodic reduction curve during the first cycle exhibits a peak at 1.7 V
that is related to the LiNO3; decomposition [265]. The peak at around 0.55 V during the initial
reduction is associated with SEI formation on the CBSG electrode surface because of the

electrolyte degradation [149,265]. The aforementioned peaks (at 1.7 V and 0.55 V) disappear in
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the subsequent cycles, confirming the stability of the formed SEI layer. Finally, the presence of
two peaks at around 0 V (cathodic peak) and 0.2 V (anodic peak) correspond to the lithiation and
the de-lithiation of CBSG electrode, respectively [266]. It should be noticed that the significant
overlap between the third and tenth cycles reveals the suggested electrode's low electrochemical

polarization and strong reversibility when used with the preferred electrolyte.
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Figure 3.7. Cyclic voltammetry curves of CBSG in half cell configuration at the scan rate of 0.1 mV s™.
The tests were performed in the potential range of 0.01- 3V at room temperature using a DOLDME-
LITFSI-LiNO:s as electrolyte.

Rate capability and long-term cyclic stability at a specific current density were investigated to
further electrochemically evaluate the CBSG electrode in the ether-based electrolyte. The rate
capability test (Figure 3.8a and b) was carried out by increasing the current density from 0.1 to 2
A g and then back down to 0.1 A g, to examine the capacity recovery following analyses of
high current densities. The charge-discharge profiles of the CBSG electrode at increasing current
densities are shown in Figure 3.8a. Moreover, Figure 3.8b depicts the specific discharge capacity
vs. cycle number. The Li/CBSG half-cell achieved a specific discharge capacity of 348, 271, 219,
212, 195, 152 mAh g'at 0.1, 0.2, 0.5, 0.7, 1, and 2 A g!, respectively, indicating a coulombic
efficiency approaching 99%. As anticipated, raising the current density lowers the specific
capacity, perhaps as a result of an increase in polarization. The capacity and cycling life of the

CBSG electrode are steady once the current density is reset to 0.1 A g!' (348 mAh g! over 315
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cycling). EIS and ex-situ SEM investigations were performed to better understand which processes

contribute to the stability of the Li/CBSG half-cell (Figure 3.9 and Figure 3.10).
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Figure 3.8. (a) Galvanostatic charge-discharge profile relative to the 2" cycle analysed at each current
density and (b) Rate capability performance (discharge specific capacity upon cycling number and
related coulombic efficiency) of CBSG at a current densities of 0.1, 0.2, 0.5, 0.7, 1, and 2 A g”'. The tests
were performed in the potential range of 0.01- 3V at room temperature using a DOLDME-LITFSI-LiNO;
as electrolyte.

Figure 3.9 shows the Nyquist plot of Li/CBSG half-cell, in both its fresh state and after the rate
capability test. After cycling, the cell's overall internal resistance falls from 53.1 Q in the fresh
state to 20 Q, indicating an improvement in the kinetics of the cell. In fact, this reduction may
indicate that lithium ions are moving favourably within the CBSG electrode through the electrolyte
and the SEI coating [117]. Here, Rs is electrolyte resistance, Ret corresponds to charge transfer

resistance, Rsgr stands for solid electrolyte interphase resistance, CPE1 relates to surface film
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capacitance, CPE, and CPE2 associate with double layer capacitance, and Wy is warburg

impedance related to the lithium-ion diffusion within the electrode.
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Figure 3.9. (a) Nyquist plot of Li/CBSG half-cell. In inset, the resistance values obtained through the
modelled equivalent circuits reported in (b) for the fresh state and in (c) after the rate capability test.
Electrolyte: DOLDME-LITFSI-LiNO:.

Figure 3.10 depicts the results of an ex-situ SEM study of the CBSG (top and cross-sectional
views), which was done to look for any structural changes that might have occurred as a result of
the Li insertion and extraction after extensive cycling. The morphological investigation indicates
negligible volume changes and pulverization of the CBSG electrode after cycling, thus confirming

the robustness and compatibility of the suggested anode material in the ether-based electrolyte.
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Figure 3.10. (a) and (b) top and (c) and (d) cross-sectional views of Ex-situ SEM of CBSG in pristine
state and after cycling (350 cycles at different current densities). Electrolyte: DOLDME-LITFSI-LiNO:.

The long cycling test of the Li/CBSG half-cell was also analysed at 0.5 A g' (1.3 C-rate if
compared to graphite), as shown in Figure 3.11. Here, the CBSG electrode reveals a stable specific
capacity around 205 mAh g™ over 400 cycles, with a coulombic efficiency equal to ~99%. Table
3.2 compares the performance achieved by our designed electrode vs. graphite when conventional
ether-based electrolyte is considered. In contrast to graphite, which can only cycle for a few tens
of cycles, CBSG exhibits superior electrochemical behaviour and is particularly capable of

extensive cycling (>400 cycles).
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Figure 3.11. Cycling response of Li/CBSG half-cell at the current density of 0.5 A g in the potential
range of 0.01- 3V at room temperature. Electrolyte: DOLDME-LITFSI-LiNO:3.
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Table 3.2. Electrochemical performance of CBSG vs. graphite in Lithium half-cell configuration with
ether-based electrolyte for application in sulfur-based batteries.

Half-
cell
system
Li/

CBSG

Li/

Graphite

Li/

Graphite

Li/
Graphite
Li/
Graphite
Li/
Graphite
Li/

Graphite

Solvent

DOL:DME

DOL:DME

DOL:DME

DOL:DME

DOL:DME

DOL:DME

DOL:DME

Salt

1 m LiTFSI
+0.5m
LiNOs3
1 M LiTFSI
+ 1 wt%
LiNO3
1 M LiTFSI
+ 1 wt%
LiNOs3

1 M LiTFSI

5 M LiTFSI

6 M LiTFSI

3 M LiTFSI

Initial and second discharge

capacity (mAh g1)

671 -347at0.1 Ag!

506 -333at0.1C

400 (0.1 C) - 270 (0.2 C)

450-~100at0.1C

400 - 370 (0.1 C)

360 -~ 360

~400 -~ 220 (0.1 C)

Reversible discharge

capacity (mAh g1)

205 after 400 cycles at

05A¢g!

~ 320 after 60 cycles at

0.1C

~ 250 after 40 cycles at

02C

Significant capacity drop
after 2 cycles
~ 370 after 5 cycles at
0.1C

~ 360 after 7 cycles

220 after 40 cycles at 0.1

C

Ref.

This

work

[267]

[268]

[269]

[269]

[270]

[243]

To compare the electrochemical performance of our designed biochar electrode with graphite, we

also analyzed behaviour of commercial graphite in the electrolyte condition of sulfur batteries.

Figure 3.12 shows the galvanostatic charge/discharge profiles of commercial graphite (from NEI

corporation) at different current densities in the ether-based electrolyte. Graphite shows the huge

capacity drop after the initial cycles. After cell disassembly, we found that graphite was completely
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separated from copper current collector (Figure 3.12, inset). Exfoliation of graphite because of

intercalation of solvent molecules and lithium salts in graphene planes is the main reason of this
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Figure 3.12. Galvanostatic charge/discharge profiles of Li//graphite cell at various current densities
during different cycles. Electrolyte: ether-based electrolyte (DOLDME-LITFSI-LiNO3). Potential
window: 0.01-3.0 V vs. Li/Li". Operational temperature: room temperature.

CBSG/ Li:S@Gr full-cell
In order to explore the eligibility of the biochar electrode as metallic-lithium substitute in a full-

cell configuration, the CBSG electrode was employed as negative electrode in a LiMF sulfur
battery. LioS@Graphene composite (Li2S@Gr) was also synthesized to work as the cathode side.
In the Appendices section, the synthesis procedure, the structural properties, and electrochemical
behaviour of this sample are provided. The CBSG electrode was prelithiated before the full-cell
assembly using the method described in the Experimental Section (see Figure 3.1). The formation
of SEI on the electrode surface as a result of the prelithiation process increases the cell's initial
coulombic efficiency, reversibility, and cyclic stability [271]. Figure 3.13a and b report the rate
capability performance of the CBSG/ LixS@Gr cell showing the specific discharge capacity vs.
cycle number and the voltage profiles, respectively. The test was carried out by increasing the
current from 0.05C to 1C (= 1166 mA g!) through 0.1 and 0.5C over 400 cycles. The first charge
profile in Figure 3.13b shows a hump as a result of the low initial activation potential at 2.4 V
needed to fully extract the Li ions from LixS during the first charging cycle. The differential

capacity-voltage profile and CV test (Figure 3.13c) were analyzed to verify this phenomenon.
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Here, a strong peak that appeared during the oxidation of LioS@Gr supports the theory that the
nano-sized Li>S was activated at 2.4 V. The inset of Figure 3.13c shows the CV profile of CBSG/
Li;S@Gr full-cell during oxidation and reduction processes. During the anodic scan, two peaks
appeared at ~2.0 V (identified as Peak 1) and at 2.5 V (Peak 2), associated with the Li>S oxidation
to elemental sulfur, through low and the high-order PSs [267]. Two peaks may be seen when the
scan is reversed, at approximately 2.25 V (Peak 3) and 1.8 V (Peak 4). The first one is related to
cyclo-Sg reduction to high-order lithium PSs, while the second one is related to the production of
the discharge products Li>S and Li>S; as a result of further PSs reduction [268,272]. The charge-
discharge profiles of Figure 3.13b reveal an initial charge and discharge capacity of 726 and 537
mAh g at 0.05C, respectively, resulting in an initial coulombic efficiency of 74%. Furthermore,
by increasing the current rate, and consequently the cell polarization [225], the CBSG/ Li>S@Gr
shows a capacity of 412, 350, and 300 mAh g at 0.1, 0.5 and 1C, respectively. Interestingly, the
cell demonstrated a steady profile for 300 consecutive cycles and delivered 73% of its 0.1C
capacity at 1C with a coulombic efficiency that was almost 100% (Figure 3.13a). The cell
recovered a discharge capacity of about 355 mAh g!' once the current was reduced to 0.1C,

demonstrating the improved reversibility and cycle stability of the CBSG/Li>S@Gr system.
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Figure 3.13. (a) Long rate cycling (discharge specific capacity upon cycle number and related coulombic
efficiency) of CBSG/ Li;S@Gr full-cell. The specific capacity of the cell is reported considering the Li>S
mass. (b) Corresponding charge-discharge profiles. (c) Differential capacity profile of the CBSG/
LixS@Gr full-cell obtained from the first charge cycle at 0.05C during the rate capability test; in inset,
CV test carried out at a 0.1 mV s scan rate. All the tests are performed in the voltage range of 0.8- 2.6 V
at room temperature. Electrolyte: DOLDME-LITFSI-LiNO:3.

The CBSG/ LixS@Gr full-cell underwent a galvanostatic charge-discharge test at 1C, and the
results are shown in table in Figure 3.14. The full-cell reveals a relatively stable behaviour upon
cycling, with an initial discharge capacity of 280 mAh g™! which slowly decreases down to 210
mAh g after 350 cycles. The formation of a stable SEI layer on the CBSG surface could be

responsible for the reduction of the PS shuttle effect thus leading to the observed performance
[273].
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Figure 3.14. Cycling performance of the CBSG/ Li;S@Gr full-cell at 1C. The tests is performed in the
voltage range of 0.8 - 2.6 V, at room temperature, and after an initial activation at low C-rate (C/10). The
specific capacity of the cell is calculated considering the Li>S mass. Electrolyte: DOLDME-LITFSI-
LiNO:s.

Finally, in Table 3.3 the main electrochemical results of the CBSG/ Li2S@Gr full-cell are
compared with the data obtained for LiMF batteries exploiting Li2S as cathodic active material.
Based on the data, we can draw the conclusion that the strategy proposed in this study offers a
novel and promising method to design sustainable and cost-effective electrodes for the next-

generation of LIBs.
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Table 3.3. Electrochemical performance of LIMF sulfur batteries (full-cell) based on lithium sulfide

Cathode

Li,S@Gr

LiS@MCMB

Thermally exfoliated
graphene-Li>S

Li>S@C composite

Li>S@porous carbon

Li,S@graphene
nanocapsule

Li>S@MXene/graphene
Li;S-rGO
Li;S@Carbon aerogel
Li;S@Carbon aerogel
LisS

Mo-Li,S-graphene

Anode

CBSG

Si-O-C material

Si thin film

Graphite—solid
electrolyte
composite

Graphite

Graphite

Fe;04/CNs
MnO,-rGO
TiO2
Graphene
Si-C

Si-C

cathode.

Average working
voltage (V)
~1.7at0.1C

~14at0.2C

~1.6atl1C

~2at0.01C

~19at0.1C

~1.8at0.1C

~1.7at0.2C

~1.7at 0.2C

~23at0.1C

~22at0.1C

~2.2

100

Capacity (mAh g @
cycle number
~340 @ 400 at 0.1C
(after cycling at various
C-rates), and ~210 @
350 at 1C
~280 @ 50 at 0.2C

~450 @ 30 at 1C

~650 @ 10 at 0.01C
~268 @ 30at0.1C
~173 @ 100 at 0.5C

~440 @ 200 at 0.1C

~430 @ 50 at 0.2C
~470 @ 150 at 0.2C

370 @ 200 at 0.1C

200 @ 200 at 0.1C
very low @ 200 at 1C

463 @ 200 at 1C

Ref.

This
work

[274]

[275]

[276]

[267]

[238]

[245]
[244]
[277]
[277]
[278]

[278]



3.4 Conclusion

Here, a new pathway is presented to achieve highly efficient, environment friendly and safe
lithium-metal free (LiMF) sulfur batteries, with the primary goal of avoiding the negative impact
of metallic lithium for application in LSBs. In this study, an eco-friendly and low-cost material
based on brewer’s spent grain (BSG) is used as anodic active material for application in sulfur full-
cell configuration. In a typical ether-based electrolyte, the naturally N- and O-doped biochar
displayed a steady electrochemical behaviour. The biochar material demonstrated improved
electrochemical performance due to the large average interlayer spacing, the presence of
pyridinic/quaternary N atoms coupled with oxygen-containing groups, and the cross-linked
carbonaceous clusters. Additionally, a straightforward recrystallization technique was used to
create a LixS-few layer graphene-based composite material for the positive electrode. This
composite material was activated during an initial cycle at a low C-rate without the need of a high
voltage. LIMF cells were then assembled by coupling the prelithiated CBSG and the LioS@Gr
composite, used as anode and cathode, respectively. The developed LiMF cell had a coulombic
efficiency of 74% with initial charge and discharge capacities of 726 and 537 mAh g!. During the
electrochemical measurements, the proposed system showed outstanding cycle stability upon Li
insertion/de-insertion. This work offers the first-reported approach for designing sulfur batteries
based on a biochar anode. However, further optimization is still needed to develop fast-charging
LiMF based on sulfur chemistry, making it suitable for more mass-critical fields of application

such as aviation, drone, and EVs.

“This chapter is a slightly modified version a paper (https://doi.org/10.1002/eem2.12567)
published in Energy & Environmental Materials and has been reproduced here with
the permission of the copyright holder”

s In this chapter, Li:S@Graphene composite (Li>S@Gr) was used as the cathode side to
combine with biowaste-based anode electrode to make a Lithium-metal free sulfur battery.
In the Appendices section, the synthesis procedure, the structural properties, and
electrochemical behaviour of this sample are provided.
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Chapter 4. The electrochemical
behavior of biochar and activated
biochar derived from spent
common ivy in the lithium-metal
free sulfur batteries

Lithium-sulfur batteries have emerged as sustainable replacements for current lithium-ion batteries
(LIBs). The commercial viability of this battery technology is still in doubt due to the use of a
highly reactive lithium-metal anode and complex electrochemistry of the sulfur cathode. Herein,
we propose a sulfur-based battery (particularly, lithium-metal free sulfur batteries) that is free of a
metallic lithium anode, and other critical raw materials. In order to assess the importance of the
type of anode as an alternative to metallic lithium, two biomass-based anode electrodes (biochar
and activated biochar) derived from spent common ivy were compared from structural and
electrochemical points of view. The use of biomass-derived materials is promising in the new
battery system because of their numerous advantages, such as strong physical and chemical
adsorptions, abundant sources, low cost, and environmentally benign. Both biochar and activated
biochar exhibited good electrochemical compatibility in the electrolyte condition of sulfur
batteries. Surprisingly, ivy biochar (i.e., the sample with no post-treatment) revealed better
performance in comparison with the activated biochar, reaching the stable capacity of 400 mA h
glat0.1 A g’!, and long lifespan (>400 cycles at 0.5 A g!). Our results demonstrated that surficial
oxygen functional groups positively affect the capacity and cycling performance of the electrodes
which led to increase the d-spacing graphitic layer, strong interaction with solid electrolyte
interphase layer, and better ion transportation. Finally, biochar with high content of functional
groups such as nitrogen and oxygen, was coupled with sulfur cathode to fabricate lithium-metal
free sulfur batteries.

Lithium-metal free sulfur battery o 1200

1000
+— |vy Biochar (IB)

8004 Activated Ivy Biochar (SAl)

600 4

Specific discharge capacity/ mAh

400-; 0.5A g"
B7%
200 4 "-'f
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4.1 Introduction

Significant use of fossil fuels (petroleum, coal, natural gas, etc.) and the fast increase in the world’s
population led to global warming and numerous negative environmental impacts, which inspired
many researchers to call for more efficient, sustainable, and secure ways to store energy.
Developing renewable energy storage systems has been considered a key tool to avoid the negative
impacts of conventional energy resources [279]. However, some renewable energy sources, such
as solar and wind, are erratic and unstable, making them difficult to use in our daily life as soon as
feasible [280]. Nowadays, rechargeable batteries attracted a great attention for large-scale
electrical energy storage applications [22]. Lithium-ion batteries (LIBs) have gained significant
consideration throughout the past three decades among the various types of rechargeable batteries
for a wide range of applications, including portable devices and electric vehicles [281]. They are
also appropriate for usage in the aerospace and aviation sectors [282]. However, for these battery
technologies, there is a critical need to enhance the electrochemical performance of the active
materials, which are in charge of the storage mechanism, in terms of their cost and environmental
impact, as well as their capacity, energy density, and cycling stability. One of the most used anode
materials in LIBs is graphite which has poor theoretical capacity (372 mA h g™ vs. Li/Li"), and
cannot fulfil the need of future battery [211]. The other technical barrier of graphite is its poor
compatibility with the ether-based electrolyte (most common electrolyte for sulfur-based batteries)

[234].

A promising alternative to current anode electrodes is carbon obtained from biomass resources
such as peanut shells, rice husks, green and brown algae, etc [41,97,283-286]. This carbon is
known as biochar and it is mainly the solid residue from the pyrolysis procedure [287]. Biochar
can be derived from spent biomass or industrial waste. It possesses non-graphitic/non-
graphitizable structure with some heteroatoms, and disordered configuration of cross-linked
carbon sheets [127]. The interesting characteristic features of biochar are their adjustable surface
area, pore structure, and excellent electronic conductivity [87]. It is worth noting that, according
to the life cycle assessment, the use of waste materials as input material for biochar production,
would result in significant environmental benefits in line with the context of a circular economy

[288]. Additionally, biowaste is still under-utilized and frequently burned outdoors, which disrupts
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carbon neutrality and pollutes the environment by producing CO», volatile organic compounds,

and oxides. Therefore, reusing biowaste for energy purposes is one sustainable approach.

One promising, novel biomass (waste) stream in this regard would be the common ivy, Hedera
helix L.. Currently it is used for the preparation of herbal cough-syrups, as coverage in green walls,
due to its large content of extractable pharmaceutically active compounds (hederacoside C and a-
hederin) [289]. Moreover, it is also applied in vertical greenery systems in urban environments,
where it has positive effects on urban air quality and reduces the urban heat island effect[290].
These vertical greenery systems require regular trimming, which would generate a substantial
biomass residue streams which has proven to be an ideal feedstock for high-quality biochar

production [291].

Based on our previous research [292], the high potential of biochar for application in next-
generation batteries (i.e., Lithium-metal free sulfur (LiIMFS) technology) has been revealed. In that
study, brewer’s spent grain (BSG) has been employed as the anodic active material after the
pyrolysis procedure to couple with the Li>S cathode. The inherently N, O-doped biochar displayed
the stable capacity around 350 mA h g after 315 cycling in the ether-based electrolyte.
Additionally, it has been proved that engineering biochar through either steam or CO, activation
enhances the electrochemical performance of the bi-based electrode in conventional LIBs [197].
The higher surface area, and more hierarchical distribution of micro/mesoporous of the activated
sample in comparison with those of the unmodified biochar, are the main reasons behind the better
electrochemical performance of the activated sample. Indeed, activation can provide plenty of sites

for charge-transfer reactions and shorten the diffusion length of lithium ions.

LiMFS as the next-generation LIBs, which is not dependent on critical raw materials (i.e.,
manganese, cobalt and nickel) should be considered one of the most promising alternatives to
current LIBs [229]. This battery technology avoids the use of metallic lithium, providing a safer
and longer life system in comparison with lithium-based sulfur batteries. Additionally, sulfur with
high gravimetrical energy density[293] is naturally abundant, making a very promising concept
for sustainable battery value chains for many applications, especially for emerging markets such

as drones and aviation.

Although many studies are done, especially for the application of biochar in conventional batteries,

today, there is a need to investigate the electrochemical behaviour of biochar-based anode
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materials in the next-generation battery environment. The main objective of this research is to
comprehend the electrochemical behavior of (activated) biochar as an anode material to allow the
further development of next-generation battery technology. More specifically, we aim to
understand how the biochar/ activated biochar properties affect the electrochemical performance
of the next-generation LIBs. Herein, we show that the presence of the surficial oxygen functional
groups positively affects the capacity and cycling performance of the electrodes. The biochar and
activated biochar show different performances in the ether-based electrolyte, owing to their unique
properties such as the amount of heteroatoms contents, degree of graphitization order, distance
space between graphitic layers, etc. For instance, the initial discharge capacity of IB is around
1200 mA h g'! with 87% capacity retention along 450 cycling at 0.5 A g”!. While SAI reveals the
initial capacity of 1000 mA h g'! with 80% capacity retention at the same condition. The better
performance of biochar with more O-containing species than that of activated biochar could be
associated with the strong interaction between the ether or carbonyl groups and the solid electrolyte

interphase (SEI) formed on the electrode.

4.2 Experimental section
4.2.1 Synthesis of biochar and activated biochar based on spent common ivy

The freshly harvested common ivy trimmings were dried at 105 °C and subsequently shredded in
a Retsch SM100 (Retsch, Haan, Germany) cutting mill to 10x10 mm. Pyrolysis experiments were
conducted in a modified rotary kiln reactor, type RSRC 120-1000/11 Nabertherm (Lilienthal,
Germany) at 700 °C. The reactor consisted of a screw feeder (biomass input rate 350-400 g/h) that
fed an indirectly heated tilted rotary kiln. The kiln's rotational speed and inclination were adjusted
to have a particle mean residence time of approx. 15 minutes, particle residence times for this

reactor were modeled before [294]. Pyrolysis exhaust gases were incinerated in an afterburner.

The produced biochars where ball milled in a Retsch S1 plantery ball mill (Retsch, Haan,
Germany) before activation to increase the contact surface between the steam and biochar. After
this the biochar was placed into a home-built stainless steel (AISI 310) rotating screw reactor
[294]. The reactor was heated to 800 °C under nitrogen atmosphere (70 ml/min), at 20 °C/min
until 700 °C/min when a holding time of 30 min was applied, hereafter heating continued at 10

°C/min to minimize temperature overshoot upon reaching the activation temperature of 800 °C.
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Physical activation with steam was done at 800 °C for 60 min, steam was added continuously until

the steam-biochar ratio was 1:1 wt%. After this samples were cooled under N2-atmosphere.

4.2.2 Material Characterization

The CHNS elemental analysis was carried out using a Thermo Electron Flash EA1112 elemental
analyzer (ThermoFisher Scientific, Waltham, USA) to quantify the main heteroatoms’ content in
the samples. The oxygen content was then calculated by difference ash obtained by ASTM-D7582
D2866-94 protocol [295]. Surface functionality was investigated using Attenuated Total
Reflection (ATR) ((MIRacle ATR, PIKE Technologies) coupled to a Fourier Transform Infrared
Spectroscopy (FTIR) (Vertex 70v FT-IR, Bruker). An X-ray diffractometer (XRD, Malvern
PANalytical Empyrean) outfitted with a 1.8 kW CuK sealed ceramic tube and a Renishaw in-Via
Micro Raman system with a 532 nm laser source were used to determine the crystallinity, mineral

content, and degree of order/disorder in the biochar and activated biochar.

The morphology of non-activated and activated biochar was examined using a JEOL JSM-6490LA

SEM Analytical (low-vacuum) scanning electron microscope (SEM).

The biochar’s and activated carbon’s textural characteristics were determined by measuring the
N2-physisorption isotherms at 77 K with a Tristar II 3020 surface area analyzer (Micromeritics,
Norcross, USA). Prior to the measurement, the sample was dries under nitrogen flow at 150 °C for

16 h. The specific surface area (Sget) was calculated using the Brunauer-Emmett-Teller theory.

4.2.3 Electrode Preparation, Cell assembly, and Electrochemical measurements

The IB and SAI electrodes were prepared according to the protocol reported in the chapter 2 [197].
The active mass loading of the anode electrodes was in the range of 2-3 mg cm™ (thickness is
around 50 microns). In a full cell configuration, the sulfur electrode was coupled with the IB
electrode (best sample from the electrochemical point of view). The sulfur electrode was prepared
by straightforward method mixing 60 wt% sulfur powder (Sigma Aldrich), 30 wt% carbon super
C65 (Imerys), and 10 wt% binder (polyvinylidene difluoride (PVdF) from Solvay). N-methyl-2-
pyrrolidone (NMP, Sigma Aldrich) was applied as a solvent for slurry preparation. Then, the slurry
was ball milled for 15 min at a speed of 1000 rpm, and then casted by Doctor-Blade onto
Aluminum foil and dried 3h at 60°C. The electrode foils were punched into 10 mm diameter disks,

resulting in active mass loading (sulfur) around 1 mg cm™.
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The conventional ether-based electrolyte (i.e., 1 mol kg™! lithium bis(trifluoromethane)sulfonimide
salt (LiTFSI) with the addition of 1% of lithium nitrate (LiNO3) dissolved in a mixture 1:1 w/w of
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME)) was used in this study. The electrolyte
will be named DOLDME-LiTFSI-LiNOs. The amount of electrolyte was =10 pLelectrolyte/MEactive

material fOr all electrochemical analyses.

To investigate the performance of the IB anode the LiIMFS battery, IB (d=12.6 mm, and ~2 mg)
was prelithiated to provide a source of lithium for the system. The prelithiation was done with a
current density of 0.1 A g'! (based on the IB active mass) in the same ether-based electrolyte. The
detailed information on the prelithiation is reported elsewhere [197]. The IB electrode was rinsed
with DME solvent in an argon-filled glove box after cell disassembly and dried for 30 min.
Afterward, the sulfur cathode with a mass of 0.9 mg (d=10 mm) was selected to couple with IB

anode.

For the half-cell analyses, lithium chips (15.6 mm, MTI Corporation) were used as reference and
counter electrodes. The cells were assembled in an argon-filled MBraun glovebox with H>O and
O2 levels lower than 0.1 ppm. The Li/IB, and Li/SATI half-cells were analyzed with constant current
(CC) protocol in the potential range of 0.01-3 V. The Li/Sulfur cell was also assembled and
galvanostatic charge and discharge carried out at 0.1C (C= 1675 mA g') in the potential range of
1.6- 2.8 V. Finally, the LIMFS cell using IB as anode was electrochemically analyzed in the voltage
range of 0.8-2.8 V. The cyclic voltammetry (CV) measurement of the IB and SAI in the half-cell
configuration was carried out at different scan rates of 0.1 mV s’ in the potential range of 0.01-3
V. Electrochemical Impedance Spectroscopy (EIS) technique was used at OCP for the half-cells
in the frequency range from 10 kHz to 100 mHz with a 10 mV alternating current. All the
electrochemical characterization was done at room temperature by employing a BCS-805

multichannel battery unit by BioLogic.

The electrolyte contact angle with the IB, and SAI electrodes was measured using the Data physics

OCAH 200 contact angle goniometer.

4.3 Results and Discussion

4.3.1 Structural characterization
The CHNS elemental analysis of the biochar and activated biochar is reported in Table 4.1. CHNS

elemental analysis of IB, and SAI samples.. The type of biomass, the pyrolysis and activation
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settings, and each pre- and post-treatment step affect the levels of each element and ash in the
samples. As reported in literature [146], the activation processes with steam entail oxidation
reactions through the diffusion of steam through the porous network, resulting in porosity increase.
Herein, SAI (activated biochar) shows less content of nitrogen and oxygen compared to IB
(biochar). This is because of the activation process which leads to remove of heteroatoms and
increase the carbon content. The steam activation has altered the functional groups on the biochar,
particularly contents of oxygen and nitrogen. After the activation process, a large decrease in the
H/C, O/C, and N/C ratios has been made. The greater O/C and N/C ratios propose higher doped
and surface polar functional groups, which improve the hydrophilicity of the biochar, while the
higher H/C ratio predicts more aromatization in the structure of biochar. According to our previous
work[197], we observed that a high content of oxygen and nitrogen can reduce the stability of the
electrode in the electrolyte condition of conventional LIBs, hence negatively affecting its

electrochemical response.

Table 4.1. CHNS elemental analysis of IB, and SAI samples.

Sample  C[%] N[%] H[%] S[%] O[%] Ash[%] H/C 0/C  N/C
B 76.46 1.94 1.77 - 11.72 8.11 0023 015  0.025
SAI 79.40 0.94 0.88 1.75 4.70 1141 0011 007 0011

The functional groups on the samples were also analyzed by FTIR (Figure 4.1a). The IR profiles
of the activated biochar and the original biochar are very similar. The peaks at around 2925 and
2855 cm ! are associated with CH, asymmetric and symmetric stretching [296]. The bands
between 1950 cm™ and 2180 cm! are related to carboxyl and carbonyl groups [197]. The band at
around 1740 cm™' is indicative of the C=0 stretching vibration (lignin and hemicellulose) [297]. A
band at 1630 cm™' which is more intense in the IB sample is due to the NH> deformation in primary
amides [298]. The bands between 1100 cm™ and 1300 cm™! are associated with residual signal of
C-0O-C holocellulose, syringyl, and C-O stretch in lignin and xylan [299,300]. Some bands also

!, corresponding to aromatic C-H out of plane bending vibration

are clear below 1000 cm”
[152,301].
Figure 4.1b exhibits the XRD of the IB and SAI samples which is similar to patterns observed in

most disordered carbon materials [158]. There are two distinct broad diffraction peaks at 26~24°
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and 20~44° that are related to the (002) and (100) reflection planes, respectively [159]. Based on
Bragg’s law (A=2doo2 sinf) [161], the interlayer distance of graphitic layers (doo2) is calculated for
the samples. The average graphitic interlayer spacing of IB yields a value of 0.374 nm, which is
3.3 % larger relative to the equilibrium spacing of SAI (0.362 nm). In addition to the (002) and
(100) reflections, there are other peaks in the XRD patterns that can be related to some inorganic
phases, including crystalline SiO> (quartz (ICSD 83849) and Trydimite (ICSD 176), typical
contaminations found in quartz reactors.

In addition to XRD, IB and SAI samples were analyzed by Raman spectroscopy with a 532 nm
laser excitation source to see changes in carbon microstructure during the activation process. The
IB and SAI profiles demonstrate two different peaks at ~1340 cm™ and ~1584 cm™ (Figure 4.1c¢).
The peak at 1335 cm™! refers to D band, associated with the disorder and defect of the samples
[302]. The later peak is related to G band, showing the stretching vibration of sp? carbon plane
[303]. The surface defects or amorphous degree of the biochar has been increased by activation
that may arise from the formation of aromatic methyl structure [304]. Moreover, the intensity ratio
of the D band to the G band (Ip/Ig) increases from 0.88 to 1.01 after activation, indicating that the
IB contains more C=0 or C=C groups [305].

The monographs of the biochar and activated biochar were analyzed by SEM. Figure 4.1d shows
that both samples have a heterogeneous, rough, and uneven surface. Figure 4.1e illustrates the
nitrogen physisorption profile of the IB and SAI samples, which was carried out to recognize the
surface area and porosity. The isotherms are composite in nature, exhibiting a combination of type
I and type IV isotherms (IUPAC classification) with an evident type of H4 hysteresis loop. This
suggests that a micro and mesoporous structure coexist. Following the initial region of reversible
micropore filling, multilayer physisorption and capillary condensation occur. This is the typical
profile of a micro/mesoporous activated carbon with a slit-like pore structure [306]. As
summarized in Table 4.2. Results of nitrogen physisorption analysis., both samples reveal high
surface areas. According to the BET surface analysis, the specific surface areas (SSA) of IB and
SAI are equal to 284.8 and 627.6 m? g !, respectively. Although activated biochar has higher
surface area compared to the biochar, this analysis also demonstrated that only pyrolysis at 700 °C
is high enough to achieve porous structure with relatively high surface area. The high surface area
and distribution of micro- and mesopores provide many active sites for charge-transfer reactions

and for cutting the diffusion time for Li ions.
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Figure 4.1. @) FTIR spectra, b) XRD patterns, ¢) Raman spectra, and d) SEM images of IB, and SAI e)
Nitrogen adsorption-desorption isotherms of IB, and SAL

Table 4.2. Results of nitrogen physisorption analysis.

SBET Stangmuir

Sample (g™ (m’ g
IB 284.8 459.1
SAI 627.6 1002.1

4.3.2 Electrochemical characterization
In this part, the electrochemical performance of the biochar and the activated biochar will be

discussed through electrochemical techniques such as CV, galvanostatic charge/discharge, EIS,
and GITT. Figure 4.2a, and b demonstrate the CV curves of the IB and SAI electrodes in half cell
configuration versus metallic lithium at a scan rate of 0.1 mV s™'. During the first reduction, two
peaks appeared in the IB electrode (at ~2.25, and 1.8 V) which are related to the irreversible

reaction of the ether-based electrolyte with the surface functional groups of IB, confirming the
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existence of more heteroatoms such as oxygen, and nitrogen[170] in IB compared to those with
SAI electrode. Additionally, the other irreversible peak at 1.5 V is associated with LiNO3
decomposition [265]. Both electrodes exhibit identical characteristics and a broad reduction peak
at around 0.7 V, indicating the formation of an SEI film on the electrode surface [307]. This peak
has not disappeared in the subsequent cycles (particularly for SAI electrode), which is attributed
to the incomplete stabilization of the SEI layer during first reduction. Additionally, two redox
peaks can be seen at about 0.01 V (cathodic peak) and ~0.2 V (anodic peak), which represent the
lithiation and de-lithiation of the electrodes, respectively [308]. Furthermore, a broad oxidation
peak at around 1.1 V is clear in the IB sample which could be related to the capacity current on
the surface/edge sites of the biochar. Interestingly, both electrodes (especially, IB) demonstrate
almost overlapped curves from the 3™ to the 10 cycle, meaning a good reversibility of the redox

processes.

Galvanostatic charge-discharge of the samples are provided in Figure 4.2c, and d. The non-
activated biochar and activated biochar show an initial discharge capacity of 1185 mA h g, and
1004 mA h g!, at 0.1 A g, respectively. Additionally, the IB electrode achieves an initial
coulombic efficiency (ICE) of 40%, whilst the ICE is 31% for the SAIL. The lower ICE of the SAI
electrode compared to that of IB could be caused by the higher SSA of activated biochar, which
would promote an excessive amount of electrolyte decomposition in the high potential zone.
Furthermore, low ICE is a typical characteristic of turbostratic porous carbon structures [42].
Despite the fact that both electrodes exhibit low ICE, the third’s cycle efficiency raised to about
98%, and 94% for IB, and SAI, respectively. After the first few cycles, the coulombic efficiencies

increased dramatically to the range of 99%, illustrating the good stability of the electrodes.
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Figure 4.2. a) and b) CV curves of the IB and SAI electrodes at a scan rate of 0.1 mV s™. (c, and d)
Galvanostatic charge-discharge profiles of IB, and SAI electrodes, performed in lithium-metal half cells
at room temperature within 0.01-3 V.

Figure 4.3 reveals the discharge capacity contributions of the two specifics potential ranges
(slanted and plateau). Figure 4.3a shows the similar behaviour for both electrodes with more
contribution of slanted capacity (above 0.1 V) compared to plateau capacity (below 0.1 V).
According to recent studies, the high-potential slanted region could be related to lithium-ion
adsorption at the defects and functional groups, while the low potential plateau region is associated
with lithium-ion intercalation into the graphitic layers of the carbon-based electrodes [309,310].
Lithium-ion adsorption on defects and edge sites of the carbon surface is the dominant storing
mechanism in both cases. Herein, the IB sample presents more contribution of plateau capacity
than that of SAI electrode which could be related to the more graphitization order in IB (as

discussed in Raman spectroscopy section). Figure 4.3b, and ¢ demonstrate that both slanted and
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Ratio between plateau capacity and

slanted capacity

plateau capacities decrease by increasing the current densities due to the polarization increase.
Interestingly, at higher current densities (i.e., 2, 4 and 5 A g!), both IB, and SAI electrodes exhibit
similar behaviour. From these results, we find out that diffusion of the lithium-ions in defects, and
edge sites of (activated) biochar is more than that of the intercalation into the graphitic layer.
Additionally, under fast charge and discharge, there is not sufficient time to intercalate lithium-
ions into graphitic layer of the electrodes. That is why, SAI electrode shows less capacity drop by

increasing current densities compared to IB electrode (Figure 4.3a).
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Figure 4.3. a) The capacity contribution for two different potential ranges of IB and SAI electrodes,
corresponding to the 3" discharge. b) Slanted capacity, and c) plateau capacity of the electrodes at
various current densities.
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Figure 4.4a exhibits the rate performance of IB and SAI electrodes over cycling at various current
densities. At 0.1,0.2,0.5,0.7,1,2,4and 5 A g'l, the specific discharge capacity of IB is around
390 (0.1), 325 (0.2), 260 (0.5), 235 (0.7), 188 (1), 112 (2), 50 (4), and 34 mA h g (5). On the
other hand, the activated biochar presents the specific discharge capacity values around 272 (0.1),
224 (0.2), 181 (0.5), 175 (0.7), 145 (1), 97 (2), 44 (4), and 32 mA h g"! (5). At all current densities,
the non-activated electrode offers higher reversible capacities. This could be related to the presence
of more heteroatoms in the IB structure and the larger d-spacing graphite layer of IB (0.374 nm
for IB in comparison with 0.362 nm for SAI) which provide more active sites for lithium
adsorption and diffusion. Additionally, when current density recovered to 0.1 A g after cycling
at different current densities, IB electrode showed no capacity drop (compared to 10™ cycle at 0.1
A g!) in comparison with 4% capacity reduction in the case of SAI. However, at higher current
densities of 1 A g}, the delivered capacities of IB and SAI are very close. This negligible capacity

difference reflects to insufficient intercalation of Li ions into graphitic layer of the electrodes under
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fast reduction. In other words, at higher current densities, lithium ions adsorption on the defect and
edge sites of the carbon surface is the more dominant storage mechanism than that of observed at
lower rates.

Figure 4.4b demonstrates the cycling performance of the electrodes in the electrolyte condition of
typical sulfur batteries at 0.5 A g! (equivalent to ~1.4 C vs. graphite). It is commonly known that
(activated) biochar-based electrode expands in volume when lithium ions become embedded in it
during redox reactions. Also, the structure will be somewhat subsided when the lithium ions are
released from the substance [311]. Compared to bulk material, this structural collapse of the porous
material happens more readily. Herein, the material's microstructure gradually becomes stable, and
in the 10" cycle (at 0.5 A g™!), the specific discharge capacity of IB and SAI was held constant at
268, and 173 mA h g'!, respectively. The cells with non-activated and activated biochars exhibit
the average specific discharge capacity of 260.8, and 147.1 mA h g' during 450 cycling,
respectively. Additionally, the capacity fade is 13, and 20% for Li/IB, and Li/SAI cells. To better
understand the electrochemical behavior of the IB and SAI in the ether-based electrolyte, the EIS
analysis was carried out every 100 cycles (at 0.5 A g!) to find out the changes of resistance of SEI
film (Rsgr). The impedance spectra of the cells are depicted by the Nyquist plots (Figure 4.5a, b),
which include two semicircles and a long-inclined line (Warburg impedance) at high and low
frequencies, respectively. The numerical values of the Rsgi were calculated according to the
equivalent circuits reported in our previous work [292]. Although both electrodes demonstrate
very low Rsg variation upon cycling (Figure 4.5¢), IB shows more stable film formation which
could be related to the strong interaction between the surface oxygen functional groups of IB and
the SEI layer. Additionally, in comparison with SAI, IB has lower charge transfer resistance at the
electrode-electrolyte interface (second semi-circle in every 100 cycles). Furthermore, the overall
impedance (size of the semi-circles) of IB also is smaller than that of SAI. Next, the swelling
effect of the electrolyte was investigated by contact angle determinations for both electrodes
(Figure 4.6). The IB shows a rapid wetting behavior (O = 15°)) toward the electrolyte, whereas the
SAl displays a slower wetting response (© = 26°). These findings reveal that the oxygen functional
groups are beneficial to lithium-ions insertion/de-insertion into/from biomass-based electrode
during discharging and charging, therefore the cell prepared with IB electrode with more oxygen

functional groups shows higher capacity with excellent stability.
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Figure 4.4. a) Rate capability of the IB and SAI over cycling at various current densities, and b) cycling
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Figure 4.6. Contact angle images for IB and SAI electrodes in the presence of DOLDME-LiTFSI-LiNO;
electrolyte.

The proposed mechanism for the electrochemical behavior (especially at lower current densities)
of the activated and non-activated biochars in DOLDME-LiTFSI-LiNOs electrolyte is shown in
Figure 4.7. Since the surface of IB biochar is enriched with functional groups such as oxygen, the
hydrophilicity of this electrode is high, leading to better lithium-ion transportation compared to
that of SAL It is interesting to note that the active carbon sites at the nanopores or edges can be
changed into the ether or carbonyl groups. When compared to carbon defects, these interfacial
oxygen groups show less chemical activity toward electrolyte, which prevents the electrolyte
decomposition during redox reactions. While the IB electrode demonstrates a steady performance
because of the strong interaction between the ether or carbonyl groups and the SEI layer, the
generated SEI film on the surface of SAI can be degraded during recharging as a result of the
exfoliation of the graphite layer. As a result, great cycling performance is finally expected for the
IB electrode. Additionally, the oxygen groups offer more sites for the lithium-ions’ storage,
leading to increase in the d-spacing graphitic layer and improving the capacity of the electrode.
Furthermore, compared to materials made entirely (or mostly) of carbon, oxygen groups exhibit a
stronger wetting behavior toward the ether electrolyte, improving the lithium-ion diffusion

coefficient and ensuring excellent rate performance.
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Figure 4.7. The proposed mechanism for IB and SAI electrodes in the electrolyte condition of sulfur
batteries.

After the electrochemical analyses of biomass-based electrodes in half-cell configuration, IB was
therefore chosen for apply in new LiMFS technology. This battery design is especially appealing
for using a low-cost, high-performance, environmentally friendly, and safe anode material as an
alternative to traditional graphite and metallic lithium. Before cell assembly, the IB electrode was
pre-lithiated according to the procedure discussed in the experimental section. The pre-lithiation
step makes the anode possible to act as a lithium reservoir in this novel energy system.
Additionally, the capacity balancing between the anode and cathode is crucial to enhance the
performance of the LIMFS cell. The different ratios may significantly vary the lithium-ion sulfur
cell voltage and its delivered capacity. The balancing should be precisely performed to avoid the
overcharge of the battery and lithium plating of the anode which causes safety issues and
deteriorates the system’s cycle life [203]. In our battery assembly, a slight excess of the anode
capacity (i.e., anode capacity to cathode capacity is around 1.1, the typical ratio in LIBs, according
to the stable capacity of the electrodes at low current density) has been considered. The lithiated
IB//Sulfur cell assembled in the charged state, operated upon discharge by de-intercalation/
desorption of lithium ions at the IB anode and converting lithium polysulfides at the sulfur cathode
(Figure 4.8a). Thus, LIMFS cell benefits from multiple-electron reactions (like lithium-sulfur
batteries (Figure 4.8c)), low-cost and safer electrodes, unlike lithium-containing batteries which

apply critical raw materials and can cause safety issues. The IB//Sulfur cell shows the initial
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discharge and charge capacity of 459, and 440 mA h g'!, resulting ICE of 96%. The high ICE of
the cell is attributed to the as-formed SEI on the surface of the IB electrode through pre-lithiation
which prevents consuming more lithium for this action. This cell reflects a combination of the
anode and cathode profiles in half-cell configuration vs. Li/Li" (Figure 4.2c, and Figure 4.8c¢).
Thus, the cell appears to have two slanted plateaus during discharge, occurring between 2 and 1.2
V, and one voltage plateau during charging, occurring between 1.15 and 2.2 V. The cell’s average
working potential is around 1.5 V and exhibits a stable capacity of approximately 335 mA h g!
(based on sulfur active mass) with a coulombic efficiency of 99% during 100 cycling charge and
discharge at 0.1C (Figure 4.8b). On the basis of the cell voltage and the delivered initial capacity,
the LixC//Sulfur system delivers energy density of ~ 600 Wh Kg™! (based on sulfur mass loading).
Although the innovative cell based on biochar anode could be a very promising energy storage
system, there are still some technical barriers and scientific challenges that need to be overcome
to maximize the cell efficiency. One of the main challenges is related to the anode prelithiation
before coupling with sulfur. Because in LIMFS battery, the anode behaves as the lithium reservoir,
the complete lithiation of the anode significantly affects the overall performance of the battery.
Additionally, optimizing the anode/cathode mass balancing can further improve the capacity and
lifetime of the system. Apart from these, sulfur as the most promising candidate for next-
generation energy storage systems is still full of thorns due to the inherent sluggish redox kinetics
and severe polysulfides shuttle. Thus, a feasible approach should be studied and considered to

guide the practical design of advanced sulfur cathodes for application in LiIMFS technology.
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Figure 4.8. a) Galvanostatic charge and discharge profile, and b) cycling performance of LiMFS cell
based on IB anode at 0.1C (1C=1675 mA g”). The specific capacity of the cell is reported considering the

sulfur mass. The test is performed in the voltage range of 0.8- 2.8 V at room temperature. Electrolyte:
DOLDME-LiTFSI-LiNO;. ¢) Galvanostatic charge and discharge profile (50" cycle) of Lithium-sulfur cell
in the same electrolyte of LIMFS cell in the potential range of 1.6- 2.8 V.

4.4 Conclusion

The morphogical, structural, and electrochemical characteristics of carbons derived from pyrolysis
(biochar) and activation (activated biochar) processes were compared for potential applications in
lithium-metal free sulfur batteries, LIMFS. The environmentally friendly activation methods (i.e.,
steam activation) was employed to improve the surface area, and pore size of ivy biochar (IB). For
both cases, the assembled lithium half-cells have demonstrated good compatibility in the
electrolyte condition of sulfur batteries, with the non-activated biochar cell providing the best long
cycling and highest capacity results. Differences in morphology, surface chemistry, surface area,
and porosity result in different electrochemical behavior. For instance, IB with lower specific
surface area demonstrated higher initial coulombic efficiency (ICE) compared to that of steam
activated ivy biochar (SAI). Additionally, in comparison with SAIL IB electrode with higher
functional group contents such as oxygen, exhibited a steadier capacity because of the strong
interaction between the ether or carbonyl groups and the SEI layer, preventing the exfoliation of

the IB’s graphite layer.

It should be pointed out that the most significant contribution to the synthesis process of IB and

SAl is the electricity and gas consumption during pyrolysis and steam activation. The synthesis of
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SAI consumes additional electricity and gas resulting in a more energy-intensive synthesis route.
Therefore, from an environmental standpoint, IB with no post-treatment process has lower
potential impacts and appears to be the most promising sample for further investigation. Finally,
the IB electrode was chosen for application in LiMFS cells as an innovative and green battery
technology. The LixC//Sulfur system delivered a specific energy density of ~ 600 Wh Kg™.
Although this battery could be very promising energy storage system, there are still some technical
barriers and challenges that need to be overcome to enhance the cell performance such as progress
in the pre-lithiation strategy, very careful cell capacity balancing, and the practical design of

advanced sulfur cathodes.
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Chapter 5 . Conclusions and
further works

”  FUTURE
PLANS

The development of biomass-derived carbons with significant effects on the reduction of carbon
footprint for use in current and next-generation batteries was the subject of the research in this
thesis. Waste biomass is regarded as a readily available and inexpensive source of carbon for
making carbon or self-doped heteroatom carbon compounds. It has been understood that the
sources of the biomass used, and their engineering have a significant impact on the performance
of the electrodes in lithium-ion batteries (LIBs). The stability, high aromaticity, customizable
surface characteristics, and environmental benefits of biochar make them suitable and high
potential candidates for a variety of electrochemical energy storage systems, especially as the
anode in LIBs. As a next-generation high performance electrode, biochar generated from various
resources has been investigated in this study as a potential alternative for graphite, the well-known

anode in LIBs since its commercialization. Graphite does not meet the requirement for high-energy
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and high-power LIBs because of its limited storage capacity versus Li/Li" and its incompatibility

in the next-generation sulfur battery environment.

In this project, we have tackled the sustainable batteries problem by breaking it down into its main
parts, namely what kind of biomass/waste materials to exploit and their treatment to make them
suitable to run as the battery anode. Additionally, the circular economy and scalability have been

taken into account.

Herein, we showed that the identification of a successful strategy for the use of waste biomass in
the energy storage field would open a new paradigm for massive green-battery production, hence

making the proposed scheme suitable for realistic scenarios.

Even though there have been several studies, particularly in traditional LIBs, more research is still
needed to fully comprehend how biochars behave in the next-generation and post-LIBs. Due to
the complicated nature of biochars, the limitations of deep characterization techniques, and the
lack of in-depth knowledge about the properties of biochars and their performance in LIBs, these
materials are still far from the lithium battery market. The works listed below are recommended
to comprehend the research needs and obstacles that must be overcome in order to maximize the

use of biochar materials in electrochemical energy storage and their applications in the future:

e Life cycle assessment (LCA) study of biochar derived from different resources for
electrochemical energy storage: Because of biochar’s potential for application in energy,
and its coproducts (bio-oil and bio-gas), it has drawn a lot of attention as one of the most
promising energy resources. Additionally, the bio-based energy can positively affect the
global warming, sustainable agriculture, pollutant removal, etc. Nevertheless, to confirm
all advantages of biochar, the comprehensive LCA analysis on environmental and energy
loads of the production cycle of each feedstock is necessary.

e Deeply understanding of the relationship between the structural properties of biochar, type
of feedstock, and performance: Although many studies are done, especially in application
biochars in conventional batteries, today, there is a need to fully comprehend the
electrochemical behaviour of biochar as anode material to allow the further development
of next-generation battery technology. More attention should be paid to understand the
relationship between structural properties of feedstocks and biochars. Moreover, it would

be even more beneficial to use spent biomass as feedstock. Hence, the effect of combination
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of different parameters (e.g. porosity, heteroatoms, surface area, graphitization order, and
graphene interlayer distance) on the biochar electrochemical performance should be
considered.

A combination of experimentation and modeling in the time (e.g. Potentiostatic
Intermittent Titration Technique (PITT) and Galvanostatic Intermittent Titration
Technique (GITT), and frequency (EIS): These techniques help to quantify the kinetics of
charge transfer (e.g. lithium (de)insertion rate constant at electrode/electrolyte interface)
and transport phenomena in the electrode materials (e.g. solid state lithium diffusion
coefficient).

Potential use of biochar in Sodium-ion batteries: Nowadays, one hot topic in
electrochemistry is the development of alternative to Lithium-based battery technology.
The main reason is Lithium supply. Sodium-ion batteries as alternative to LIBs, can solve
this issue. Furthermore, Sodium is the seventh most abundant element in the earth’s crust.
On the other hand, Graphite as the most common anode electrode in LIBs, is not
thermodynamically favorable for sodium insertion. The hard carbon derived from fossil
fuels is the generally use in Sodium-ion batteries. The use of non-renewable resources can
negatively affect the environmental balance and battery cost. Therefore, bio-based carbon
derived from different resources could be a good option for application in sodium battery
technology in terms of cost and environmental points of view.

Reduction of the well-known polysulfide shuttle effect in Lithium-sulfur batteries by
compositing self-doped heteroatoms carbon derived from biomass/waste with elemental
sulfur: Biochar with their specific morphology, appropriate pore size, and existence of
polar groups can work as the host material to embed sulfur, leading to decrease the
dissolution of polysulfides, and improve the electrochemical properties.

Potential use of biochar in other electrochemical energy storage devices such as
supercapacitors, and fuel cells: A promising candidate for a sustainable carbon material
may be biochar, that has a lot of surface functional groups and can be easily tuned for
porosity. Because of its easily tunable surface chemistry and porosity, research conducted
recently have shown that materials based on biochar offer a great deal of potential for use

in energy storage and conversion.
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Appendices

Liz2S@Gr synthesis, structural and electrochemical performance in Lithium half-cell
configuration

The LixS@Graphene composite (Li2S@Gr) was used as the cathode side to combine with a
biowaste-based anode electrode to create a lithium-metal free sulfur battery in the third chapter of
this thesis, which is titled: Biochar and beyond conventional LIBs: Lithium-metal free sulfur
battery based on brewer’s spent grain biochar anode. The synthesis process, the sample's structural

characteristics, and its electrochemical behaviour are described here:

Synthesis, and structural and electrochemical characteristic of Li>S@Gr

A solvent evaporation approach was used to synthesize a lithium sulfide-graphene active material
in an inert atmosphere. Lithium sulfide from Sigma Aldrich and graphene, the latter produced via
liquid-phase exfoliation of graphite, were combined in a flask with anhydrous ethanol as the
solvent and dried under molecular sieves for several days in an argon-filled glove box (MBraun).
The solution was successively sonicated in a sonic bath for 1.5 hours. After that, the solvent was
removed by heating it to 60 °C under a 400 mbar vacuum. All the process was carried out without
exposing the sample to the air. To prepare the cathode, the powder was collected and placed in a

glove box.

LizS@Gr active material powder was investigated by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) using a JEOL JSM-6490LA SEM Analytical (low-vacuum)
operating at an acceleration voltage of 5kV with a W filament thermionic source. Scanning
transmission electron microscopy (STEM) images and energy dispersion spectroscopy (EDS)
maps were acquired with a JEM 1400 Plus (JEOL) provided with a thermionic source (LaB¢) and
applying an acceleration voltage of 120 kV. PANalytical Empyrean X-ray diffractometer (XRD)
equipped with a 1.8 kW CuKa sealed ceramic tube also applied to structural analysis of the
material.

The lithium sulfide-graphene cathode's structure and morphology were examined using XRD
analysis and electron microscopy (STEM and SEM). Figure A 1a displays the diffraction pattern

of the LixS@Gr active material which reveals the presence of the characteristic peaks ascribed to
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the cubic LixS phase (ICDD: 98-006-0432, cyano bars). Additionally, the graphite-specific
diffraction peaks can be seen (ICDD: 98-007-6767, red bars). The small residual peaks can be
related to the presence of dilithium sulfate monohydrate (ICDD: 98-020-1530), probably due to
the imperfect sealing of the kapton tape employed to prevent the contact with air. The SEM image
of the composite electrode is reported in Figure A 1b and the related elemental maps of sulfur and
carbon are reported in the insets. Lithium sulfide particles that seem to have been uniformly
deposited on the carbonaceous surface are seen to be covering graphene flakes of various sizes in
the SEM image. As suggested by the elemental EDS maps of sulfur (in inset, cyano shades), no
evidence of sulfide aggregation is visible and the detected element shows a homogeneous overall
distribution on the carbonaceous surface (in inset, red colour).
Figure A Ic presents the STEM image of the lithium sulfide-carbon composite and the
corresponding EDS map. The EDS map supports the STEM photo's finding that there are tiny
lithium sulfide particles anchored to the surface of the graphene sheets. The diameter of the Li>S
particles, which are dispersed at random throughout the carbon-based substrate, is in the range of
10 to 30 nm.
The LizS particles dimension also is calculated according to Scherrer equation through XRD
pattern (Figure A 1a):

L=KJ/B. CosO Equation 5.1

L= crystallite size

K= Shape factor, for Li>S is 0.94 because of cubic symmetry of Li>S crystal

B=line broadening at half the maximum intensity (FWHM), after subtracting the instrumental line broadening, in
radians.

0 = the Bragg angle

The Li2S particles dimension is in the range 10 - 30 nm in diameter with an average crystalline
size of 23 nm. This result is in line with STEM analysis.

Nano sized of LizS particles is necessary to overcome the initial activation barrier which is the
main issue of LizS electrode by routine synthesis method. The conversion of LizS to sulfur as Sg
involves a large overpotential due to the polysulphides phase nucleation, thus requiring the cell
activation at 3.5 V. However, in this work, by synthesizing non size of Li>S particle, the activation

of Li2S takes place at 2.4 V at initial charge process.
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Figure A 1. (a) X-ray diffraction pattern of the Li-S@Gr active material and reference pattern of cubic
lithium sulfide (ICDD: 98-006-0432, cyano bars), graphite (ICDD: 98-007-6767, red bars) and dilithium
sulfate monohydrate (ICDD: 98-020-1530, green bars), (b) SEM image of the Li;S@Gr electrode and the
relative EDS maps of sulfur and carbon, (c) STEM image of the composite material (left side) and the
related EDS map (ved shades for carbon and cyan shades for sulfur).

In a mortar, the lithium sulfide-graphene active material (Li2S@Gr), Super P carbon (from Imerys)
as a conductive agent, and polyvinylidene difluoride PVdF (from Solvay) as a binder were mixed
in an 80:10:10 weight ratio to form the Li2S@Gr electrodes. N-methylpyrrolidone (NMP, from
Sigma Aldrich) was applied as solvent for slurry preparation. The slurry was casted by Doctor-
Blade onto a carbon cloth current collector (AvCarb) and dried overnight at 40°C. The electrodes
had an active material loading of about 0.6 mg cm™.

Lithtum-metal half-cells using Li2S@Gr as the working electrode were put through testing to

assess how well the cathode active material performed electrochemically. Figure A 2a
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demonstrates the CV measurements carried out on the Li2S@Gr electrode in the 1.8 V — 2.6 V
voltage range at the scan rate of 0.1 mV s™'. The CV profiles exhibit the distinctive form attributed
to the multistage interactions between lithium and elemental sulfur. It is interesting that the initial
activation barrier was overcome without the requirement for overpotential. This is associated with
the small Li,S particles size and the presence of highly conductive carbonaceous material within
the composite.

The first anodic peak at about 2.35 V in the first cycle appears in the following cycles at the same
voltage while the second anodic peak initially at 2.5 V shifts to a lower value (2.4 V vs. Li"/Li) in
the following cycles. This latter effect could be related to overpotential reduction subsequent to
the initial Li,S activation. The oxidation of Li,S to elemental sulfur (Sg) could be the cause of the
overall anodic curve. These reactions involve the conversion of Li>S into low-order polysulfide
moieties LizSx (2 <x < 6) and successively to long-chain species Li>Sx (6 <x < 8). In the cathodic
scan two reduction peaks appear at 2.4 V and at about 2.0 V, indicating the reversibility of the
reaction from Sg to LizS through the formation of PSs species. Figure A 2b and c report the
galvanostatic cycling test carried out at 1C (1166 mA g!) exhibiting the specific capacity vs. cycle
number and the relative voltage profiles, respectively.

Figure A 2b shows an initial capacity of 805 mAh g™! (with respect to Li>S mass). This value was
achieved by cycling the cell at C/10 for the first cycle in order to activate the oxidation reaction
and thus avoiding the application of a high voltage cut-off (overpotential) to overcome the energy
barrier for the Li»S oxidation. The cell specific capacity is 580 mAh g™! at 1C and gradually drops
over the period of cycling to 340 mAh g! after 350 cycles.

Figure A 2c presents the voltage profile relative to the 1C galvanostatic cycling test. The curve for
the first cycle at C/10 in particular exhibits a slight charge overpotential, as seen by the red circle
and highlighted in the inset. The following cycles at 1C depict the characteristic voltage profiles
of the lithium-sulfur chemistry reactions. In fact, a plateau in the charge curves at about 2.35 V is
attributed to the oxidation of Li2S to elemental sulfur. At roughly 2.35 V and 2.0 V, respectively,

two main redox plateaus are visible upon discharge, signifying the transformation of S8 into its
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discharge product (i.e., Li2S; and Li>S). Additionally, a gradual increase in voltage hysteresis over

the life of the test indicates a slight capacity loss during cycling.
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Figure A 2. (a) Cyclic voltammetry tests of Li2S@Gr electrode, performed in 2032-coin cell using
DOLDME-LITFSI-LiNO; as electrolyte in 1.8 V — 2.6 V potential range with a scan rate of 0.1 mV s™. (b)
Galvanostatic cycling profiles and (c) voltage profiles of the Li2S@Gr electrode performed in 2032-coin
cells with DOLDME-LITFSI-LiNO; electrolyte carried out at 1C = 1166 mA g after running the first cycle
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