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Sustainable Manufacturing of Graphitic Carbon from
Bio-Waste Using Flash Heating for Anode Material of
Lithium-lon Batteries with Optimal Performance

Jasreet Kaur, Amandeep Singh Pannu,* Muhammad J. A. Shiddiky, Xiaodong Wang,

Paul Frasca, and Jose Alarco*

To address the fundamental challenge of resource sustainability and to
effectively deal with issues pertaining to supply chain resilience, cost
efficiency, environmental impact, and the ability to meet specific local needs;
there is an urgent need for high-grade battery anode materials produced
locally from readily available raw materials. In this work, synthesis of
high-quality graphitic carbon (GH) derived from human hair is demonstrated
using an in-house engineered reactor based on Joule’s Flash heating method.
The GH is characterized using various techniques to examine its chemical
composition, particle morphology, crystallinity, and demonstrate its usability
as an anode material for lithium-ion batteries. Fabricated coin cell with active
material exhibits a gravimetric capacity of 320 mAh g~ at a current density of
30 mA g~' (equivalent to a C rate of ~0.1C) over the 100 cycles. The in situ
and ex situ studies using XRD, Raman, XPS, and UPS techniques conclude
that during the initial charge cycle for GH, lithium ions diffused into the
electrode during the resting period are effectively removed. This not only
improves the lithium inventory to start with but also mitigates subsequent
solvent degradation during solid electrolyte interphase (SEI) formation. Thus,
these improvements ultimately enhance the capacity of the anode to 500mAh
g~ at a current density of 20 mA g~'. The study offers the potential to initiate
a new realm of research by redirecting the focus to a material once considered

on its fossil fuels, viz. coal and petroleum,
which are polluting and green-house
gas generating as well. For a continu-
ous supply of sustainable and renew-
able energy and storing this energy in an
environment-friendly manner: improv-
ing the efficiency of battery devices, for
example, lithium-ion batteries is a must.
Both natural and synthetic graphite have
traditionally been used on the negative
terminal as the intercalation anode ma-
terial for lithium-ion batteries because
of its many advantages over other anode
materials.[!! The lithium ions are inter-
calated between the graphene layers that
are conjoined sp? hybridized hexagonal
rings of carbon atoms.?) These graphene
layers making up the graphite structure
have z-electron clouds above and below
their plane for insertion of incoming Li*
ions, thus providing a maximum theoret-
ical gravimetric capacity of 372 mAhg!,
and volumetric capacity of 719mAh mL™!
with the formation of the LiC, phasel’!

as mere waste.

1. Introduction

In the current scenario where there is an ever-rising demand for
more energy production, the world is witnessing severe pressure

at a low insertion potential of 0.1 V (vs
Li/ Li*).*) By far graphite is the most
stable material resulting in high cycling
durability because of low hysteresisl®! accompanying lithium-ion
insertion and removal, indicative of reversible lithiation without
much capacity loss and volume change.®/ The performance also
results from the fact that graphite is a good electrical conductor!”]
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and thus the transport of electrons from the anode towards the
outer circuit is facile, resulting in high power output. Graphite
anodes provide robustness in terms of stable passivating SEI
layer formation, involving minimum side reactions!®! and vol-
ume changes. This in turn leads to high safety of the battery
devices.”!

The worldwide dependence on electronic devices powered by
technological advances and the recent rise in demand for full
electric (FEV) and hybrid electric vehicles (HEV) puts further
pressure on natural resources, such as petroleum coke and coal
tar, which are used to process into synthetic graphitel’®! for use
in lithium-ion battery anodes. The graphite manufacture and pu-
rification processes use a variety of harsh chemicals, such as Hy-
drofluoric acid (HF), which are extremely deteriorating to the
environment.['!] Shifting to alternative sources of carbon and
treatment methods, to address sustainability and thus reduce our
carbon footprints is imperative. Carbons have been classified as
hard and soft with soft carbons defined as the ones easily trans-
forming into graphitic structure at high treatment temperatures
while hard carbons do not graphitize.[?l Abundant work has been
carried out in this field where precursors such as biowastes and
industrial wastes have been used to synthesize carbonaceous ma-
terials for use as negative electrodes for lithium-ion batteries. For
example, alginate-derived, oxygen-doped hierarchically porous
carbons with partially graphitic nanolayers displaying high-rate
capabilities were synthesized.['?! Biochar produced from metal-
free leather shaving waste after pyrolysis demonstrates a high
discharge capacity.['*! Hazelnut shell treated hydrothermally fol-
lowed by thermal treatment and laser irradiation in liquid has
been utilized to generate carbon with beneficial electrochemi-
cal properties." Some more biowastes from food and agricul-
ture industry that have been employed to yield carbon materi-
als include banana fibers,[> wheat stalk,!*! rice husk,'”] corn
leaves, 8] etc. The polymeric carbon framework is already avail-
able in these raw precursors. Different treatment methods anneal
this carbon network into a porous micro or nano crystalline struc-
ture with varied degree of graphitization.'”] One eco-friendly
carbon-rich source that is abundant and readily available every-
where is human hair.[') This raw material presents as an incred-
ibly clean source because human hair is made up of fibers of ker-
atin protein!?® that are long chains of amino acids constituted
mainly of carbon with some nitrogen and sulfur and very few
trace elements. Upon processing, one of the purest forms of car-
bonaceous material is obtained as nitrogen and sulfur elements
escape in their gaseous oxide forms. Applications of hair-derived
carbon dots have already been demonstrated in organic and inor-
ganic Light Emitting diodes(?!??) solar cells?*! and sensing.[?*]

A plethora of heat treatment methods for anode material
preparation have been used in the research literature, from sim-
ple tube furnacel®] heating at various temperatures and gaseous
environments to using CVD, 2l microwave-assisted synthesis,[?’]
high-pressure solvothermal reactions,?®! or utilizing the aid of
different metallic catalysts.?”) Another processing alternative is
the Joule’s Flash Heating method, which has been found to be
very effective both in terms of time considerations and energy
consumption.3%

We demonstrate synthesis of high-quality (GH) derived from
human hair using an in-house engineered reactor based on the
Joule’s Flash heating method; characterize it using various tech-
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niques to examine its chemical composition, particle morphol-
ogy, crystallinity, and composition; and demonstrate it applica-
tion as anode material for lithium-ion batteries. The uniqueness
of this method is that while biowaste-based carbonaceous mate-
rials are mostly non-graphitic (soft or hard carbons) and suffer
from drawbacks such as high irreversible first cycle capacity loss,
slanting voltage profiles, and higher voltage hysteresis during cy-
cling; our human hair biowaste precursor converts into GH struc-
ture. This said, manufacture of GH otherwise depends mainly
on fossil fuel precursors unlike the biowaste precursor employed
here.

2. Experimental Methods and Procedures

2.1. Material Synthesis

The raw material of mixed human hair (HH) was collected from
the hair-dressing industry, particularly from Sustainable Salons.
The material was washed with isopropyl alcohol (IPA) and rinsed
with water and dried at 70 °C. The dried hair was chopped and
ground to yield a fine powder. This powder was compressed to
form small pellets suitable for loading between the carbon elec-
trode and the porous copper electrode within a quartz tube of
15 mm diameter where the flash reaction would occur. Figure 1
shows the small pilot demonstration devices.

In the flash reactor,3! the flash was generated with the help
of an aluminium electrolytic capacitor bank, with each capaci-
tor of 400 V, 18 mF. The compressed pellet reduced the sample
resistance to the flash. The capacitors were charged with a light-
emitting diode (LED) power supply in parallel and later put into
series using a series-parallel switch. A bleed resistance (variable
resistor) was used across the capacitors to discharge them com-
pletely after the reaction. A kill safety switch was implemented
to switch off the reaction at any time and discharge the capacitor
across the bleed resistance. A 20mH, 20 A inductor was used to
protect the relay as well as the whole assembly from high current
during switch on/off operation. Further, to protect the inductor
from the surge of voltage during the switching operation, a diode
(1200V, 560A) was placed in parallel with the inductor. The capac-
itor was discharged across the samples at 400 V with a discharge
time of 150 ms. The number of pulses was optimized to achieve
>70% graphitization for the given sample. The as prepared sam-
ple of graphite from human hair was labeled GH. The XRD ma-
terial analysis indicates 96 percent graphitization of sample.

2.2. Material Characterization

As already mentioned, the raw precursor is a sample of pow-
dered human hair (HH). Wavelength Dispersive-XRF analysis
was performed on the precursor in a Bruker S8 Tiger Series II
Wavelength Dispersive X-ray Fluorescence (WD-XRF) Spectrom-
eter before and after flash heat treatment to determine chemical
compositions of the precursor as well as of the processed anode
material. To find out the amount of carbon, nitrogen, hydrogen,
and sulfur in the raw material, a Thermoscientific FlashSmart
CHNS/O analyzer was employed. For this analysis, the raw sam-
ple was combusted to 1000 °°C upon the addition of vanadium
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Figure 1. Hair powder production at small pilot demonstration scale: a) photo of the hair grinding device; b) schematic of the flash reactor for generating
high temperature for short intervals of time; c) Hair powder and graphitic carbon.

pentoxide. Similarly, the amount of carbon, nitrogen, and sul-
fur in the processed bulk anode material after precursor treat-
ment was also found using a Leco 23 084 CNS analyzer. The oxy-
gen and hydrogen content were determined with the FlashSmart
CHNS/O

To help understand the pattern and impact of the high-
temperature treatment on the precursor, a thermogravimet-
ric analysis was performed on a Netzsch Jupiter 449F3 high-
temperature Simultaneous Thermal Analyzer. To have an insight
into how the heat capacity of the active material (GH) changes
with temperature, the change in heat flow as a function of tem-
perature was measured using differential scanning calorimetry.
Measurements were also conducted to determine the pore size
and surface area of the material. Before adsorption, the sample
material was degassed under vacuum on a Micromeritics Smart
Vac Prep Sample Degas System. As the sample was very stable, it
was degassed at 300 ° C and a vacuum pressure of the order of 150
milli torr for 24 h. After cooling down the sample, it was trans-
ferred to Micromeritics Tristar IT 3020 Surface Area and Porosity
Analyzer for surface area and porosity measurement using nitro-
gen gas at 77K for adsorption and desorption.

To measure the degree of crystallinity of the sample and phase
identification after treatment, powder X-ray diffraction patterns
were acquired on a Rigaku Smart Lab X Ray Diffractometer using
copper Ka radiation and a CBO-a mirror!*?) in Bragg-Brentano
geometry. To investigate the surface morphology of synthesized
materials, scanning electron micrographs were recorded on a
JEOL7001F SEM. An EDS detector was used with this instrument
to create EDS maps. To investigate nanostructures of the materi-
als and particle size distributions, high-resolution transmission
electron microscopy (HRTEM) images of samples were obtained
with a JEOL 2100 TEM, operated at an accelerating voltage of 200
KV. To collect chemical information such as functional groups
and bonds present in the synthesized material, FTIR spectra were
obtained using a Nicolet iS50 FT-IR instrument with in-built dia-
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mond attenuated total reflectance (ATR) and further Germanium
ATR. The spectra were also measured using the DRIFTS mode
to verify the possibility of even the slightest different functional
groups on the surface if present.

To quantify elements and their chemical state on the surface
of materials, X-ray Photoelectron Spectroscopy (XPS) was per-
formed on an Axis Supra (Kratos) instrument with aluminum Al
Ka (hv =1486.7 eV) radiation. The powdered sample was fixed on
a glass slide with the help of carbon tape and plasma was cleaned
before mounting. The sample was grounded with carbon tape to
prevent charging during the experiment. To investigate the elec-
tronic work function and ionization potential of the fabricated
electrodes, Ultraviolet photoelectron spectroscopy (UPS) studies
were performed on the Axis Supra (Kratos). To further investi-
gate the chemical structure, phase, and crystallinity of the sur-
face of the material, Raman spectra of the powdered sample was
collected on a Renishaw Qontor microscope equipped with a long
working distance 50X objective lens and a 532 nm Ar+ laser light
source.

2.3. Electrochemical Characterization

The slurry for anode coating was prepared in the ratio 0of 90:5:5 for
active material: conductive carbon (super P): binder (Polyvinyli-
dene fluoride PVDF). Fifty milligrams of PVDF was uniformly
mixed with 2 g of N-methyl-2- pyrrolidone (NMP) solvent us-
ing a whirl mixer. Nine hundred milligrams of active material
and 50 mg of Super P were added, after grinding them together
using a mortar and pestle to the uniform binder/solvent mix-
ture and were mixed further for 30 min. The anode slurry was
coated on copper foil with a wet thickness of 120 micrometers
using the Doctor Blade method. The coated foil was dried in a
vacuum oven at 120 °C overnight and punched into discs of 2
cm?. CR2032 coin cells were assembled for half-cell testing in
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an Argon-filled glove box with O, and moisture content below
0.1 ppm. Lithium foil discs were used as negative electrode with
Celgard membrane of thickness 25 micrometers as separators,
GH-coated copper foils as positive working electrodes (or as cath-
odes when Li foils act as anodes) and 1 M LiPF, dissolved in ethy-
lene carbonate, dimethyl carbonate and diethyl carbonate solu-
tion (1.0 M LiPF, in EC/DMC/DEC = 1:1:1, v/v/v) as electrolyte.
The thickness attributed to spacer discs was 1 millimeter. The
Galvanostatic charge and discharge (GCD) cycle test and rate test
were performed in a voltage window range of 0.01 and 1.5 volts
on a Neware BT'S4000 potentiostat. Cyclic Voltammetry (CV) runs
on electrodes were carried out using a BioLogic, VMP-300 system
between 0 and 1.5 V at a scan rate of 0.5 mV per second.

The slurry prepared by the above method was also coated onto
a copper mesh current collector and used as working electrode in
an EL-CELL ECC-Opto-Std test cell with lithium foil as counter
electrode for in situ XRD measurement for the initial two lithia-
tion and de-lithiation cycles. The electrolyte was filled in the test
cell using negative pressure and the cell was operated in a two-
electrode combination system. A beryllium window was used in
the test cell to perform XRD measurement in reflection mode.
The in situ XRD measurement was conducted in the Rigaku
SmartLab X-ray Diffractometer, using a variable divergence slit
of 5 mm X-ray footprint on the Be window and fixed knife edge
above the Be window to block air-scattering background. The in
situ XRD patterns were collected every 13 min and half-cell gal-
vanostatic charge—-discharge was carried out at C rate of 0.05C
using a Gamry Instruments single channel potentiostat. Ex situ
experiments were also performed using Raman and XPS studies.
UPS studies for calculation of work function on these electrodes
were further undertaken as part of ex situ studies. Electrode discs
at various stages of cycling from the EL-CELL test cell, namely,
pristine (freshly casted and dried), at rest (state of conditioning),
discharged state, and charged state, and one disc that was ini-
tially charged were retrieved and studied. For obtaining the ex
situ Raman spectrum, the electrodes were taken out of the EL
test cell inside an argon filled glove box, washed with dimethyl
carbonate solvent, and dried before mounting in the dried test
cell again to maintain an air-free environment for Raman stud-
ies. The discs were also mounted on a stub inside the glove box
and transported to the Kratos instrument with the aid of an air-
free sample transfer holder. A side-end entry stub bar was used
to affix the mounted stub for XPS studies.

3. Results and Discussion

Results from a combination of techniques are shown and dis-
cussed below, providing a thorough characterization of the mi-
crostructure and properties of the materials.

3.1. Material Characterization
3.1.1. Chemical Composition

The WD XRF helps to determine the inorganic composition of
elements present in the human hair (HH) raw precursor pow-
der, as well as in the (GH) resulting from the flash treatment.
Similarly, the amount of hydrogen, sulfur, and other 2nd period
elements such as C, N, and O in bulk samples were also deter-
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mined using an elemental analyzer. Table 1 gives the percentage
composition of each element.

A thermogravimetric analysis experiment was performed on
the HH sample which was heated up to 1500 °C in an argon at-
mosphere. The initial loss in mass is due to the removal of mois-
ture and any adsorbed oxygen on the surface of the sample when
heated up to 200 °C. The onset of carbonization occurs at 260 °C
and peaks at 313 °C when there is a maximum reduction in mass
at a rate of 4.55 percent per minute as shown by the differen-
tial thermal analysis curve in Figure 2a. The differential scanning
calorimetry curve in Figure 2b suggests that the transformation
of BMHH to GH is an exothermic reaction. A large amount of
heat flow takes place between 900 and 1300 °C. A look at the DTG
curve suggests almost no change in mass between these temper-
atures. This heat change is therefore associated with latent heat
for the phase change of the carbonized material, implying graphi-
tization in action at this temperature.

FTIR spectra could not be obtained on a diamond and then
on the germanium crystal using the ATR mode on Nicolet iS50
FT-IR because of the high absorbance of the carbon material. To
obtain a quality spectrum, DRIFTS mode was employed and pow-
dered samples were used. GH was transparent to any peaks sug-
gesting no functionalities or oxygen present in the sample. For
more details refer to Supporting Information.

3.1.2. Pore Structure

According to the IUPAC recommendation, the physisorption
isotherm in Figure 2c is a composite Type II-IV P-V graph at
a constant temperature, where the adsorption loop is type II.
The average pore size varies between 2 to 16 nm, thus the nano
porous material is actually mesoporous which displays a type IV
curve.3l Adsorption occurs in three steps here. Monolayer ad-
sorption is followed by multilayer adsorption on the mesopore
walls. It is visible that adsorption and desorption curves do not
coincide resulting in a hysteresis of the type H3 seen in this
graph.?* This arises due to the third and final step of capillary
or pore condensation where nitrogen gas condenses to a liquid-
like phase inside the pores. The hysteresis loop of this type (see
Figure 3c) suggests the presence of non-rigid aggregates of plate-
like particles that are non-uniform in size. The BET surface area
of material which includes the external surface as well as the in-
terconnected, open pore area is 13.2386 + 0.0384 m? g~!. From
the BJH adsorption pore distribution report that is the most suit-
able method for mesopore size analysis, it is found that the total
pore volume is 0.018 cm?® g~! and that there are no pores that are
simultaneously open at both ends. The pore size calculated by the
BJH method from the adsorption branch of the loop shows pores
ranging between 2.5 and 4 nm in diameter making up for most
of the pore volume as visible in Figure 2d. The total pore area is
13.107 m? g~!. The electrochemical properties arising from the
transfer of lithium ions in and out of material pores could be at-
tributed to the large BET surface area accompanied by high num-
ber of pores with small pore width making up most of the pore
volume.

3.1.3. Particle Morphology, Crystallinity, and Phase Composition

To investigate the particle morphology and crystallinity of the ma-
terials, scanning electron microscopy (SEM), transmission elec-
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Table 1. Quantitative elemental analysis before and after the treatment method of the precursor material and processed anode material determined

using WDXRF and CHNS/O analyzer.

Composition

Raw Precursor

Processed material

Inorganic composition C10.0452 Cu 0.006 Mg 0.050 Cl0.0127
(percentage) Ca0.218 Sr0.001 K0.015 Ca 0.072
Ti 0.002 Al 0.009 Mo 0.001 Ti 0.008
Zn 0.015 Cu 0.004
Organic composition C43.73 C 100
(percentage) N 13.32 N 0.066
S$3.48 00.26
H 6.69 S, H nil

tron microscopy (TEM), and high-resolution transmission elec-
tron microscopy (HRTEM) images of samples were obtained
with a JEOL 7001F SEM and a JEOL 2100 TEM, operated at ac-
celerating voltages of 20 and 200 KV, respectively.

The High-resolution TEM images confirm the presence of
highly crystalline material with layered structure. Analysis of
Figure 3a reveals stacking and folding of ribbon-like plates
demonstrating layered structure of graphite. Additionally, high-
resolution TEM (HRTEM) images in Figure 3b demonstrate the
crystalline nature of the sample with an average fringe distance
of 3.48 A A (refer to Figure S2, Supporting Information). The
particle size, topography, and surface morphology of the sample
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was investigated with SEM. The images were taken at an acceler-
ating voltage of 10 KV with a probe current set at 8. Figure 3c indi-
cates uniform particle size distribution within 5-10 um. The flake
structure from the graphitized sample is visible with interstacked
layers when a higher resolution scan was recorded, as shown
in Figure 3d. To analyze the chemical composition, EDS spec-
troscopy mapping was performed on this particle (Figure 3e). The
EDS spectrum (Figure 3f) indicates pure GH. However, some
of the particles (Figure 3g) show adsorbed surface oxygen apart
from GH in the EDS mapping (Figure 3h,i).

To further investigate the structure of synthesized GH and
measure the disorder, Raman spectrum of the GH sample was
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Figure 2. a) mass loss of precursor as a function of temperature and corresponding DTG curve b) change in heat flow to precursor as a function of time
and same DTG curve c) Nitrogen adsorption—desorption isotherms d) BJH pore size distribution.
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Figure 3. a) The Transmission electron microscope (TEM) image of (GH). b) High-resolution HR-TEM of GH showing fringes of the sample. c) Scan-
ning electron microscope (SEM) image with in-beam secondary detector. d) SEM image at higher resolution. e) Area for mapping Energy dispersive
spectrometry (EDS) of sample in SEM. f) Mapping indicates only carbon presence. g) Electron map area for EDS h) Map data 1 showing the presence

of Carbon and i) map data 2 showing the presence of adsorbed oxygen.

recorded (Figure 4a). The peak at 1582cm™! corresponds to the
G band arising due to the E,, optical mode, confirming the pres-
ence of graphitic sp? structure.?>3¢ The occurrence of a peak at
1348 cm™ (D band) depicts synthetic graphite with defects. The
peak at 2715cm™! is the 2D band arising due to the overtone of
the D band. The intensity ratio (I/I;) for the D and G bands

Adv. Sustainable Syst. 2024, 8, 2300610 2300610 (6 of 14)

is used for understanding the defect quantity in graphitic mate-
rials as well as the stacking order.*”] The I,/I; ratio has been
calculated to be ~0.2 and thus, the low ratio signifies high degree
of sp? bonded ordered structure or graphitisation in the sample.
Further, the XRD pattern of the GH sample (Figure 4b) fits well
with the reference pattern (ICDD PDF 04-007-8496°%)) for the
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Figure 4. a) Raman spectrum of GH. b) Rietveld refinement of the XRD pattern of GH powder, R,,, = 8.314%. ) Ultraviolet photoelectron spectroscopy
(UPS) of GH. d) XPS survey spectra of GH powder. ) High-resolution C1s XPS spectra of GH and f) O1s spectra of GH.

graphite-2H crystal structure. The refined lattice parameters are
a = 2.4582(1)A and ¢ = 6.7147(6)A, which corresponds to d,
=3.3574 A. The degree of graphitization*! calculated from this
value for this GH product s approximately 96.1%. Figure 4b has
a slight deviation between calculated XRD pattern and measured
data because of anisotropic peak broadening measured from the
sample (e.g., 101 peak is much broader than 100 peak), most
likely due to turbostratic disorder commonly seen in graphite
structure. It is reported in the literature that the introduction of
oxygen into the structure would make an extra graphitic peak to
appear at 10.3 ° 20 and a broad peak to appear ~23.5° 2.1l The
apparent absence of these two XRD features in Figure 4b sug-
gests the adsorbed nature of oxygen was only onto the surface of
graphite. The work function of GH can give potential insight into
the application of this material as an electrode material in Li-ion
batteries. To investigate the work function of GH, the UPS of the
sample was recorded (Figure 4c). The V cutoff of GH was mea-
sured to be 16.6 eV, resulting in 4.62 eV as the work function for
GH. To further calculate the amount of oxygen adsorbed on the
surface of the sample XPS studies were done. The XPS survey
spectrum of the sample (Figure 4d) shows carbon to be 98.07%
(C1s, 285 eV) while adsorbed oxygen is #1.93% (O1s, 532 eV). To
further investigate the nature of carbon bonds, high-resolution
carbon (Cls) scan was recorded. The high-resolution Cls spec-
trum of GH (Figure 4e) can be deconvoluted into three peaks:
the strongest peak at 284.57 eV is attributed to C=C double bond
(48.37%), the second peak at 285.27 eV is ascribed to C—C bond
(29.67%) and the third (weakest) peak at 289.20 eV corresponds
to C=0 bond (21.96%). The small amount of covalently bonded
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surface oxygen with carbon is also confirmed in a high-resolution
oxygen scan (O1s) with a single peak at 532.16 eV (Figure 4f).

3.2. Electrochemical Results

The assembled half cells with GH as anode and lithium foil as
reference electrode had a mass loading between 4.5 and 6.3 mil-
ligrams of total material on the copper current collector. These
were cycled at a current density of 50 mA g=! of active material
initially for 3 cycles of discharge and charge to ensure a steady for-
mation of the solid electrolyte interface (SEI) layer. The discharge
(lithiation of graphite) and charge (delithiation of graphite) steps
were run at constant current constant voltage (CCCV) mode. The
detailed lithiation of the GH anode involves discharge at a con-
stant current until the voltage drops to 0.01 V and then holds
the coin cell at that voltage until the current tapers to 5 percent
of the original current. Similarly, delithiation of GH anode was
made certain by charging the coin cell to 1.5 V while supplying a
constant current and then holding it at the constant voltage until
the current falls to 5 percent of the original value. The discharge
and charge capacities of this coin cell are related to the amount
of charge that can be stored and released, respectively via lithium
ions at the working electrode. The first cycle discharge and charge
values were 470 and 340 mAhg~!. However, it is worth mention-
ing that it took only 14 and 7 h respectively, for the first discharge
and first charge of the coin cell. The two consecutive cycles hap-
pened at C/9 discharge rate and C/7 charge rate. The subsequent
5 cycles were then run at current density approximately three

© 2024 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

85US0| SUOWULLIOD SISO B|qet|dde au) Aq pauieA0B 818 S3R1Le VO ‘B8N JO 3N J0j ARIqIT 8UIIUO AB]IA UO (SUORIPUOD-PUB-SLLBIALICY A8 |IMAfe.q 1 BUIIUO//SANY) SUOIPUOD PUe SWS L 8U3 885 " [7202/2T/02] U0 Arlgiauliuo AB|IM ‘AISRAIN IXUeUS AQ OTI00EZOZ TSPR/Z00T OT/I0p/L0Y" A8 |1MAre.q 1 BUIIUO//SARY W14 PAPeOUMOQ ‘9 ‘1202 ‘98Y7.99€T


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

www.advsustainsys.com

a s r— - b
apacity of discharge 2
i € 100 = 100 €
a0 ¢ Capacity of charge H a— $
=) 9 B e
= 30mA/g cycle 9 onwards E 90 |90 %
< 300 — 0 ¢
£ _.480] = capacity of discharge] . 340 " Capacity of discharge 2 30 80 >
- Dago" * capacity of charge 2 - = capacity of charge g £
£ < a0 < . 3 " -9
G 2004 € 40! £ 15 mA/g 3 704 0
g a0, 50mA/g > 336 . . [3) (&)
] 3300 FED " 60 . , - . 60
O 4004 F30! 2 0 20 40 60 80 100
{ Qo o - L]
O ag0ln . f 332 = Cycle Number
> 4 5 6 7 8 16
le ntmb . -
0 cylc e number . i cycle nurrllber d dlscharge
C 0 20 40 60 80 100 1.4 550 ——charge
2.0 -
+ H12 S500f 5080 g ey
- 1st Discharge, 1st Charge <
=15 —— 2nd Discharge, 2nd Charge 310 Ew‘
3 —— 5th Discharge, 5th Charge )
» ——10th Discharge, 10th Charge 2 0.8 % = chargo capacity
> 10 —— 25th Discharge, 25th Charge o - 2 400 o discahrge capacity
g 50th Discharge, 50th Charge = ]
s 75th Discharge,75th Charge S 061 .
= ——— 97th Discharge, 97th Charge o
S 12345678910
S 05 > 044 cycle number
0.0l 021
0 100 ca aZtl_')() mAh 300 400 0.0
i . - - - . -
e pacity (mAn/g) 100 200 300 400 500
::2 . = discharge capacity f capacity (mAh/g)
_— 1 [ ] ity
£ 350] ens charge ; ar 0.26V ——1stcycle
i - .,'"""' 3l 0.24v ——2nd cycle
-+ ] . - a——
Em wmarg Yy, Sees, ‘é 2l Sr:cyclle
> 60 mAlg L ., sty = ——4th cycle Oxidation
£ 200 . " ar = 17 Delithiation
8 1501 80 mAlg 120 mAlg ay S ol 024y
100 mA/ -
3 100 mAe 150 mA'g " w20 mAlg E 4l Reduction
50 200mAJg O Ll Lithiation
0 5 10 15 20 25 30 35 40 45  Sp 004V
0.0 0.2 04 06 038 1.0 1.2 14

cycle number

Voltage vs Li/ Li*

Figure 5. Electrochemical performance of GH: a) cycle performance b) coulombic efficiency and capacity retention c) GCD curves d) GCD curve if half-
cell is charged prior to first discharge. The inset displays numerical discharge and charge capacities for the first 10 cycles e) rata capability test (f) CV

curves.

times lower, that is, 15 mA g=! in order to tune to a C rate of

0.05C (or C/20) while the actual discharge and charge happened
at C/24 and C/22, respectively. Similarly, the next 90 cycles were
obtained at a current density of 30 mA g' that corresponds to a
C rate of 0.1C whereas the obtained C rates were C/12 and C/11
respectively for the discharge and the charge step. The cycle per-
formance is shown in Figure 5a. while the GCD curves from the
cycling are depicted in Figure 5c.

Typically, the pristine lithium-ion cell assembled in complete,
full-cell mode is present in a “graphite” discharged (delithiated)
state, and hence every single cycle involves a charge step fol-
lowed by discharge. Initially, the amount of lithium transferred
to the anode during the charge step is more than the amount of
lithium which is extracted from the anode during the discharge
step, as certain amount of lithium fixes itself as part of the SEI
film formation via irreversible reactions involving the electrolyte
and other side reactions occurring. Therefore, the Columbic Ef-
ficiency (CE) of the lithium-ion battery, which measures the ef-
ficiency of charge transfer via lithium shuttling, can be defined
as the ratio of total charge transfer involved during the discharge
step (delithiation of the anode) to the total charge transfer dur-
ing the charge step (lithiation of the anode) of the same cycle and
it will always be <1, though the percentage approaches close to
100 percent, a typical observation for lithium-ion batteries. As an
example, CEs of Li || NMC811 coin cells in two different elec-
trolytes are quoted to be 99.69% (cycled stably for >180 cycles)
and 99.76% (cycled for 50 cycles).*!]
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The situation is somewhat different when the cell is cycled af-
ter its assembly in half cell mode to test the anode performance.
Here the full-cell anode becomes the half-cell cathode while the
lithium foil acts as the anode, if we consider the voltage polarity
used at the respective electrodes. The cell is assembled in charged
state with an open circuit voltage equal to the difference in poten-
tial between both electrodes to produce electrical energy. In such
a cell, the initial discharge step involves lithiation of the work-
ing electrode (now cathode), followed by a charge step involving
delithiation. The SEI layer formation will occur on the working
electrode with the discharge of the half-cell and hence the capac-
ity of charge will be less than the capacity of discharge. Thus, the
CE of such a cell could be better defined as the ratio of capacity
of charge to the ratio of capacity of discharge of the same cycle.

The coulombic efficiency improves from 96 percent for the
2nd cycle to 99 percent nearing 100 cycles, displaying highly ef-
ficient charge transfer from lithium ions by the GH anode mate-
rial. (Figure 5b) The Capacity Retention which is the ratio of dis-
charge capacity of a given cycle to the initial discharge capacity
provides important information on the cycling stability and life
of the anode. The coin cell retains 88 percent of the capacity from
the 2nd cycle (1st cycle not accounted as it involves irreversible
SEI formation) after ~100 cycles. (Figure 5b) The observation is
consistent with very little capacity fading. Typical cyclic voltam-
metry curves (Figure 5f) were obtained at a scan rate of 0.05 mV
per second. In the first cycle, during the cathodic sweep, an ir-
reversible SEI formation peak is observed at 0.66 V. Reversible
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Anode material

Current rate (in terms of C Rate or Current Density)

Capacity in mAhg™!

Meso-carbon microbead (MCMB) carbon
graphite (Nippon Carbon Co. Ltd)[#?]

Natural vein graphite from Sri Lanka
(needle platy variety)[43]

Shot coke precursor treated at 2800 °C

Artificial graphite scraps graphitized at
3000 °Cl44]

Bituminous coal precursor treated at
2800 °Cl4]

Graphitic Carbon from human hair in this
study

C/12
C/2
C/5
C/2
30 mA g‘]
15 mA g‘1

c/10
C/5
C/2
15 mA g~ equivalent to C/24 Discharge and C/22 Charge
30 mA g~ equivalent to C/12 Discharge and C/11 Charge
50 mA g~! equivalent to C/9 Discharge and C/7 Charge
200 mA g~ equivalent to C/2 Discharge and 1C Charge

337 after 100 cycles
~70 after 5 cycles
378 after 50 cycles
315 after 5 cycles
396.4 first discharge and 313.7 first charge capacity
337after 3rd cycle

~320 after 10 cycles
~275 after 20 cycles
~235 after 30 cycles
335 after 8 cycles
320 after 100 cycles
340 after 3 cycles
166-100 in 5 cycles from 36th to 40th cycle

lithiation is observed at 0.15 and 0.04 V in all 4 cycles. During the
anodic sweep, similar reversible delithiation peaks, symmetric to
the ones below, are observed at 0.24 and 0.26 V. The rate capabil-
ity tests were performed on the GH electrode (Figure Se). A drop
in open circuit voltage from the one measured inside the glove
box after fresh assembly to that measured after an overnight rest
period was observed in almost every coin cell. This sighting led
to exploring the effect of an initial charge step before the original
discharge of the coin cell and a consistent, reproducible charge
capacity of 500 mAhg~! was obtained for >10 cycles at a current
density of 20mAg™, as depicted from GCD curves in Figure S3
(Supporting Information) which shows 1st, 5th, and 11th charge—
discharge curves. Figure 5d demonstrates the first charge and dis-
charge curve from the same graph. The inset in the same graph
displays numerical discharge and charge capacities for the first
10 cycles.

The Table 2 demonstrates capacities of few other graphitic an-
ode references at similar current rates. As mentioned earlier the
current density of 30 mA g~! was provided to tune a C rate of 0.1
C, while the actual discharge and charge rate remained C/12 and
C/11, respectively, over the 100 cycles. The highest current den-
sity of 200 mA g~! supplied during rate capability testing trans-
lated to a Crate of 0.5 C while discharging and 1 C while charging.

3.3. In Situ and Ex Situ Studies

The ex situ and in situ electrochemical studies present interesting
insights bolstering the observed electrochemical properties of the
material. It was observed that the discharge capacity of the GH
material is higher when the first step in cycling is a small charge
of the half-cell which is followed by a discharge, as opposed to
starting with an initial discharge. To investigate this further, ex
situ studies were carried out.

3.3.1. Ex Situ XPS Studies

Ex situ XPS studies were carried out on solvent washed electrode
discs at various stages of cell cycling after transferring them to
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the instrument using an air-free transfer holder. Sample discs
were sputter cleaned and depth profiled with the argon gas clus-
ter ion source. For comparison and correlation, the pristine elec-
trode survey spectrum (wide scan, Figure 6a) was also recorded.
The wide scan indicates the presence of active carbon material
(87.68%), fluorine (F1s, 4.83%) from PVDF binder, and adsorbed
oxygen (O1ls, 7.49%). The lithium starts to diffuse as soon as the
half-cell is assembled as indicated by the survey spectrum of the
electrode at rest (Figure 6b) showing the presence of lithium (Li
1s, 21.77%) (that is absent in the fresh material). Apart from oxy-
gen (Ols, 8.31%), carbon (Cl1s, 25.80%), and phosphorus (P 2p,
2.27%), there is a signal for silicon (Si 2p, 3.08%) which can be
attributed to impurity. Since initially diffused lithium is seen at
the rest state, the cell was charged to remove the diffused lithium
during the rest period. After charging, the survey spectrum of the
anode was recorded again. The wide scan (Figure 6¢) shows no
lithium presence. However, copper (Cu 2p, 1.86%), which is due
to a small, exposed part of the anode is seen in addition to oxy-
gen (O 1s, 10.13%), carbon (1s, 53.26%), fluorine (F 1s, 30.33%),
phosphorous (P 2p, 2.22%) and silicon impurity (Si 2p, 2.20%).

As expected during the discharging, the lithiation of the anode
will take place, hence the wide scan of the discharged electrode
(Figure 6d) shows a higher content of lithium (Li 1s, 29.68%)
relative to other scans, apart from other elements. It becomes
clear from the above investigation that during the rest state, the
lithium ions have physically diffused to the anode and, there-
fore, initially charging the coin cell puts all the lithium back
to start with and thus delivers higher capacity compared to the
coin cell which is discharged first. This observation was also ev-
ident from electrochemical charge—discharge galvanostatic stud-
ies while comparing GCD curves from Figure 5c,f.

3.3.2. Ex Situ Raman Studies

To further investigate the effect of first charging the half-cell
rather than discharging on the phase composition at the sur-
face of the anode, ex situ Raman was also performed. The same
electrodes used for ex situ XPS studies were mounted in the
test cell under a transparent glass slide to measure the Raman
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Figure 6. XPS survey spectrum of anode electrode using E-cell a) Pristine electrode, b) Electrode at rest in half cell configuration c) Electrode after one

charging cycle d) Electrode after 1 charging and discharging cycle.

spectrum. There is a marked difference between the Raman spec-
trum of the discharged electrode depending upon whether an ini-
tial charge step was performed or not. When the test cell (Figure
7f) was first subject to discharge (Figure 7c), small vibration
peaks in the Raman spectrum between 500 and 1000 cm~! were
visible which can be associated with SEI layer formation. The
strong peak at 1086 cm™! is associated with the SEI compound
Li,CO; on the graphite surface, formed due to solvent decom-
position and intercalation.[*! However minimal vibration peaks
(besides those of graphite) are observed if the discharging is per-
formed following the first charging of the test cell. (Figure 7e).
Also, the similarity between the Raman spectrum of pristine and
charged-first electrode with the electrode at rest (Figure 7a,b,d),
indicate the physical diffusion of the lithium ions at the rest
state without external voltage forces involved, which is also ev-
ident from XPS of the electrode at the rest state (refer to XPS
Figure 6b). Further, when first charging and then discharging is
done for the test cell, the Raman spectrum of the electrode is al-
most identical to the pristine state electrode indicating minimum
lithium compounds formed during the first lithiation process
of SEI formation and the prevention of solvent co-intercalation.
(Figure 7e)
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3.3.3. Ex Situ UPS Studies

Ex situ UPS studies shed further light on the surface changes
that occurred during various stages of cycling of the test cell elec-
trodes, through work function studies. These could be explained
by examining the two different scenarios by which the discharge
mechanism of the test half-cell proceeded, that is, i) rest mode to
discharge, or ii) charge mode to discharge. The work function of
the electrode that was charged prior to the first discharge and the
electrode at rest has been calculated. Before the discharge was
initiated, the work function of electrode charged first (4.42 eV)
was lower than the work function of electrode at rest (4.82 eV),
implying the Fermi level of the charged electrode was higher in
energy as compared to the Fermi level of the electrode at rest, to
begin with. As a result, the transfer of electrons from the Fermi
level of the lithium anode to the Fermi level of the electrode that
is charged first is made more facile as compared to the transfer
of electrons from the lithium anode to the electrode at rest.
After the discharge is complete, the work functions of both
these electrodes have been calculated again, namely, the dis-
charged electrode (final state of electrode discharged from rest)
and charge-discharge electrode (final state of electrode dis-
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Figure 7. a) Raman spectrum of the pristine electrode. Ex situ Raman of the anode electrode b) After charging c) After discharging d) At rest after half
cell formation without cycling e) Charge and discharge. f) EL-Cell used for in situ studies.

charged with a prior charge after the rest period. After discharge,
the Fermi level of both cathodes in essence have been raised, as
expected, but the one which was discharged after prior charging
has its Fermi Level raised higher as compared to the one which
was just discharged from the state of rest. The work functions
of the final states of both these electrodes are 3.12 and 3.92 eV,
respectively. The actual rise in Fermi levels in electron volts as-
sociated with both discharges is 1.3 eV [4.42 eV (beginning) —
3.12 eV (completion)] and 0.9 eV [4.82 eV (beginning) — 3.92 eV
(completion)] respectively. Thus, the driving force for the transfer
of electrons from the half-cell lithium anode to the electrode with
a prior charge is higher. Consequently, more lithium ions can in-
tercalate before the discharge cutoff of 0.01 V is reached, confirm-
ing an improvement in lithium- ion insertion capacity when the
electrode is charged first before discharging. Figure 8e,f shows a
schematic comparison of the relative Fermi levels alignments.
Another observation to take notice of is the work functions and
UPS spectra of the pristine electrode and the electrode at rest
overnight. Although there is no change in the value of the work
function observed, the difference in shape of the UPS curves is
conspicuous. In the literature, the change in curve shape with
the addition of an extra peak is attributed to the decrease in the
number o¢ 7 electrons with increase in ¢ electrons.[*’] The loose
ionic interactions between the positively charged lithium- ions
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from the electrolyte physically diffusing inside the GH electrode
and the negative = bonded electron cloud above and below the
graphene sheets of GH tend to reduce the number of 7 electrons,
causing breakage of 7 bonds and formation of ¢ bonds, during
the rest period.

Apparently, the positively charged Li ions were able to migrate
toward the lithium reference anode under the influence of an ap-
plied negative potential on it, when the initial charge was per-
formed, leaving behind the PF,~! ions. The XPS spectra of the
electrode at rest in Figure 6b confirms the presence of phos-
phorus and fluorine, which assisted in subsequent lithiation of
the GH electrode due to formation of an apparent n-type doped
electrode. The extra Li* retrieved from the diffused state were
able to add to the lithium inventory, free up lithiation sites, and
hence increase the capacity of the electrode. The first charge af-
ter the rest period has also led to the absence of an early-stage
lithium carbonate phase on the SEI, which was already at the nu-
cleation stage on the electrode at rest. This contrast is evident
by comparing the Raman spectrum of electrodes in Figure 7¢,f
and by observing the difference in the GCD curves of both half
cells (Figure 5¢f) at 0.6 V that is associated with the forma-
tion of Li,CO; on the SEI layer, due to the reaction between the
lithium ions with the disintegrating solvent molecules after they
co-intercalate with the simultaneous evolution of carbon dioxide.
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mode to discharge.

3.3.4. In Situ XRD Studies

In situ XRD patterns of GH graphite during charge and dis-
charge are shown in Figure 9. The most obvious feature is
the splits of graphite 002 and 004 peaks to LiC,, 002, 003
peaks and LiC,, 004, 005 peaks respectively (black arrows in
Figure 9). These features are very similar to those observed
from K* ion intercalation into graphite.[*®} The diffraction peak
shifts between graphite and LiC,, seems to be continuous, while
those between LiC;, and LiC, are closer to a phase change
jump.

Similar relationships between the 00! d-spacings of the Li* ion
intercalated Li C, phases and the “n” number can be verified, in
which the “n” number is defined to be the number of graphene
layers between two intercalated Li* ion layers:

_ ditdo(n=1) _ ditdy(n—1)
dOOn - On ’ dOO(n+l) = —n(ll .
d _ ditdy(n=1) _ ditdy(n=1) (1)
00(2n) — n » H00(2n+1) T I+l
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where “d;” stands for the Li* intercalated interlayer spacing, “d,”
stands for the empty interlayer spacing. It should be noted that
the stoichiometric number “x” in Li C; equals 1/n. This expla-
nation is successfully verified by modeling the above equations
in DIFFRAC.TOPAS v7 to fit the measured in situ XRD pat-
terns (Figure 10). The stoichiometric number “x” in Li C,; can
be directly refined from the measured peaks splits and plotted in

Figure 9b.

4, Conclusion

Highly stable (GH) material was manufactured from waste
strands of human hair with an in-house developed Joules Flash
instrument. The material was investigated as an anode material
in lithium-ion coin cells. In situ XRD analysis of the electrodes
demonstrates the contraction and expansion of the layered, crys-
talline structure of GH during lithium intercalation and removal.
Ex situ GH studies highlighted that the lithium-ion tends to dif-
fuse into the graphite electrode during the rest stage after cell
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assembly and an initial first charge rather than discharge gives
higher capacity as well as reduces unwanted lithium-ion reac-
tions with other components such as from the solvent. This in-
creases the life of the cell and at the same time its capacity. The
increase in capacity by a simple variation in the SEI formation
step is substantial, of ~#50% increase. These new insights will
prompt further investigation into this phenomenon. This study

Pattern Number

#15

Figure 10. Simultaneous fittings of all in situ data using above equations.
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will hopefully serve as a catalyst not only in the field of energy
storage but in material science, to generate useful materials from
what is generally considered to be waste. As shown above, such
materials are waiting for their true value to be discovered, becom-
ing next-generation raw materials. The investigators are further
improving the reactor design and developing new materials for
energy storage from waste.

50 55 60 6 70
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