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ABSTRACT OF THE THESIS

The Development of Porous Graphite Material

for Lithium-lon Battery

by

Yook Teng Lam

Master of Science in Chemical Engineering
University of California, Los Angeles, 2021

Professor Yunfeng Lu, Chair

Rechargeable lithium-ion battery is the foremost candidate for next generation large scale
energy storage systems and hybrid electric vehicles. However, these applications require high
power batteries that can operate under high current conditions. While graphite is the primary
commercialized anode, it is believed that graphite hinders the high-rate performance of lithium-
ion battery. Graphite has poor rate performance, relatively low initial coulombic efficiency, and
potential safety issues due to its low de-/lithiation potential that can cause metallic lithium plating.
In order to enhance the rate performance and reduce the first cycle irreversible capacity, the

development of a porous graphite material was evaluated.
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1 Introduction

The emissions of greenhouse gases from the burning of fossil are the major causes of global
warming and climate change. Renewable energy sources such as solar, wind, and water energy
have been developed to combat the reliance on fossil fuels. However, these sources of energy are
not always readily available due to the dependence on natural occurrences. A suitable, alternative
candidate to act as a power source is a rechargeable battery such as lithium-ion battery (LIB).
Lithium-ion battery is considered the best for next generation large-scale energy storage systems
or electric vehicles (EVs) to overtake non-renewable energy sources.?®

Lithium-ion battery offers high energy density, high power density, long cycle life, and it
is inexpensive. While LIB is commonly used in portable electronics and transportation right now,
its application is continuing to grow. Current commercial lithium-ion battery is largely made from
a graphite anode and a diverse cathode family that includes LiCoO; (LCO), LiFePO4 (LFP),
LiMn,04 (LMO), LiNiO, (LNO), LiNi1-y-,CoyMn;02 (NMC), and LiNiz.y-2CoyAl,02 (NCA).%
Many different cathode materials have made their way to the market since the inception of LIB,
but graphite continues to be the dominant anode and dominates 98 % of the market share while
LisTisO12 (LTO) anode makes up the remaining 2 %.%2 This is attributed to graphite’s relatively
low cost, abundance, good conductivity, long cycle life, low de-/lithiation potential and high
energy density.* However, the current electrochemical performance of graphite falters in meeting
the increasing demand of advanced LIB for EVs and large-scale energy storage systems because
graphite prevents high-rate performance of commercial L1B. Graphite has a much lower theoretical
capacity of 372 mAh/g compared to alternative anodes such as silicon (4200 mAh/g), tin (993
mAh/g), and their alloys, hydrides, oxides, and phosphides.t”?%3! However, these higher capacity

candidates exhibit large volume expansion during lithium-ion insertion/extraction process which
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leads to capacity loss over cycling. One of the ways to improving the performance of these
materials is to use a buffer matrix such as carbon (e.g., graphite). The buffer matrix acts to mediate
the expansion and preserve essential contact for charge transmission. On the contrary, the volume
change is compensated to a limited degree therefore only offering moderate improvement in

cycling stability. This issue needs to be addressed before these materials can be implemented.
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Figure 1. (a) Ideal crystal structure of graphite showing ABABAB sequence. (b) Top view of
hexagonal graphite. (c) Top view of rhombohedral graphite.*



Graphite is the most successful anode material in LIB. It is constructed by a series of
parallel sp? hybridized graphene layers, and in each layer, the carbon atom is covalently bonded to
three other carbons forming a honeycomb lattice with a bond length of 0.142 nm. The fourth
hybridized electron is free to migrate in the layer and it interacts with another delocalized electron
in an adjacent layer by weak van der Waals forces. The distance between the layer planes is 0.335
nm. There are two forms of graphite which are distinguished by how the layers are stacked. Alpha
or hexagonal graphite is stacked in ABABAB sequence with hexagonal symmetry in Figure 1b.
Beta or rhombohedral graphite has ABCABCABC stacking order and the carbon atoms in every
third layer are superimposed in Figure 1c. Rhombohedral graphite is less stable thermodynamically
than hexagonal graphite and is rarely found in its pure form. Due to the layered structure, graphite
has flake-like morphology with two different surfaces distinguished as the basal plane and edge
plane in Figure 2. The edge plane is more reactive since it has greater surface area energy.
Furthermore, the layered structure accounts for the anisotropic characteristic and affects the
electronic, mechanical, and physiochemical properties of graphite. For example, the delocalized
electrons allow electrical conduction within the basal plane but conduction across the edge plane
is lower by three orders of magnitude. On the other hand, the weak van der Waals interactions of
the layers enable intercalation of ions in between the planes forming graphite intercalation
compounds (GICs). This leads to expansion of interlayer spacing and restacking of the graphene

layers.
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Figure 2. (a) Schematic illustration of the layered structure with basal plane and edge plane. (b)
SEM of graphite particle showing basal plane and edge plane.*

Intercalation of secondary species into the planes of the graphite host is possible, and this
is described by the staging phenomenon that was introduced by RUdorff and Hofmann in 1938 in
Figure 3.1 The compounds are characterized by the ‘n™" stage compound” referring to the number
of graphene layers between two intercalant layers. For example, a stage 4 compound has four
graphene planes between the intercalants. As the concentration of intercalants increases inside the
graphite, the number of empty layers decreases. The staging process is affected by the energy
needed to expand spacing between two graphene planes and the repulsion between intercalant
layers. However, the RUdorff and Hofmann model cannot explain the transition from one stage to
another assuming the graphene layers span the entire graphite crystal as mentioned by the
researchers themselves. Daumas and Herold proposed a modified version to the RUdorff and
Hofmann model. Stage ‘n’ compounds greater than stage 1 have flexible graphene layers and
deform around domains or islands of the intercalated species. The islands are small relative to the
size of the graphite crystal and stacked according to the RUdorff and Hofmann model, therefore
the ordering is maintained in a less rigid manner. In the transition of stages, for example from stage
3 to stage 2, the intercalants only need to diffuse within the same layer forming the next lower or
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higher stage via intercalation or deintercalation. While studies have been conducted to provide
evidence in support of the Daumas-Herold model, the staging mechanism remains to more

complex than initially proposed and still requires further elucidation.
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Figure 3. Schematic illustration of the intercalation mechanism into graphite host represented by
the Rudorff Hoffman and Daumas-Herold Model.*

Graphite has garnered commercial success as the active material for the negative electrode
because its layered structure allows for the insertion and extraction of lithium-ions within the
interlayers, and the formation of lithium-graphite intercalation compound. The intercalation
process is a reversible reaction during which lithium-carbon alloys (LixCy) are formed.

Cp + xLi*t + xe~ & Li,C,
In the charging process, lithium-ions are loaded into graphite in several stages via the Daumas-
Herold model in Figure 4. A highly crystalline graphite can form stage 1 lithium-graphite

intercalation compound with phase LiCe¢ which is the maximum possible lithium-ions that can be
5



inserted, and this accounts for its gravimetric capacity of 372 mAh/g. Since the discovery of this
reversible intercalation behavior of lithium-ions into graphite, lithium intercalated graphite
replaced lithium metal as anode in LIBs. Another reason for its success has to do with its advantage
of having the lowest average de-/lithiation potential (i.e. 0.2 V vs Li/Li*). This results in a voltage
hysteresis between the charge and discharge potential to be relatively small and a greater energy

efficiency. However, some intrinsic challenges remain with graphite anodes.
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Figure 4. Schematic illustration of the staging mechanism and intercalation of lithium-ions into
graphite host with the Daumas-Herold model.?

One of the major challenges is the limited rate capability of graphite especially for the
lithiation process. Some studies have shown that lithium-ion diffusion between the graphene
planes should be extremely fast in theory. KUhne et al. investigated the lithium-ion diffusion

process in bilayer graphene by performing time-dependent Hall voltage measurements and



determined a diffusion coefficient as high as 7 x 10 ° cm?/s.?? Persson et al. measured the diffusion
of lithium-ions in highly oriented pyrolytic graphite (HOPG), which revealed that lithium-ion
diffusivity in the direction parallel to the graphene plane is about 10 " to 10 ® cm?s and in the
perpendicular direction is about 10 “** cm?/s (Figure 5. Diffusion of stage 2 (blue squares) and
stage 1 (red circles) phases in the lithium-graphite system, which was obtained from kinetic Monte
Carlo simulations based on first principles calculations.?* The inset shows the path of lithium (blue
circles) on the graphite lattice that was used to calculate lithium migration barriers.®® However,
experimental observations of standard electrodes have shown that the lithiation process is limited
to a charge rate of 1C while the de-lithiation process can occur at a discharge rate as high as 10C.
Persson et al. also determined the diffusivity to be about 10 " cm?/s for stage 1 and stage 2 HOPG
with many vacancies but the value decreased to about 5 x 10 ° cm?/s for both stages upon full
lithiation.3® Other factors that affect rate capability of graphite include the particle size and
morphology, electrode design, phase transitions that occur, composition of the SEI, and the

ambient temperature.
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Figure 5. Diffusion of stage 2 (blue squares) and stage 1 (red circles) phases in the lithium-graphite
system, which was obtained from kinetic Monte Carlo simulations based on first principles
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calculations.?* The inset shows the path of lithium (blue circles) on the graphite lattice that was
used to calculate lithium migration barriers.*

Another drawback of graphite anodes in LIB is the first cycle irreversible capacity caused
by the electrolyte decomposition and the consumption of lithium-ions as the charge carrier. One
approach to reduce the first cycle irreversible capacity is to modify the graphite surface, such as
chemically altering the basal and edge planes to improve the electrochemical performance. For
example, Ein-Eli and Koch dispersed graphite in nitric acid or in a solution of (NH4)2S204 in
sulfuric acid, then treated it with hot LiOH solution.® In both experiments, the SEI layer formed
on the graphite surface reduced the extent of electrolyte decomposition which improved the initial
coulombic efficiency and the reversible capacity. Other surface alteration studies are categorized
by inorganic, organic polymer, and carbonaceous coatings. Incorporating metal composites or the
metal coating generally facilitates the SEI formation and results in higher reaction kinetics for the
de-/lithiation process due to increased charge transfer and less SEI resistance.>*23® The use of
metal fluorides and oxides coating may improve cycling stability, capacity retention, and/or higher
initial coulombic efficiency.®18 Carbon coating is the most cost-efficient and may improve initial
coulombic efficiency, but it can also significantly reduce the overall capacity in full cells.
Furthermore, carbonaceous coatings may negatively affect the irreversible electrolyte
decomposition should it cause an increased surface area of the active material.*® The choice for
carbon coatings should be selective, such as considering the particle morphology and composition.
Another approach is to infuse electrolyte additives that kinetically favor the formation of the SEI
layer so to enhance the initial coulombic efficiency. Fluoroethylene carbonate (FEC) improves the
cycling efficiency and vinylene carbonate (VC) has been reported to stabilize the

electrode/electrolyte interface by forming a polymeric film on the graphite surface before the
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decomposition of ethylene carbonate (EC). Studies have also shown that VC as an additive in
propylene carbonate (PC) solvent prevents (PC) co-intercalation and graphite exfoliation.® But VC
reduces the cycling efficiency at high temperatures.®® Vinyl ethylene carbonate (VEC) is more
stable than VC and when VEC reductively decomposed on the graphite surface, there was
improved performance and it prevented propylene carbonate (PC) co-intercalation into the
anode.® Other additives such as ethylene sulfite and propylene sulfite have also been reported to
suppress electrolyte decomposition, but their relatively low stability limits their utilization.>
Although ageing and resulting safety concerns are issues for all battery materials, they are
especially important for graphite. The low de-/lithiation potential of graphite is close to the plating
of metallic lithium, which may lead to potential plating of metallic lithium on the graphite surface.
The ageing processes differ between the negative and positive electrode and are very complicated,
requiring comprehensive analysis. The effects that the positive electrode have on the negative
electrode must be considered as well. One investigated case is the diffusion and deposition of
transition metal cations from the cathode to the anode. For example, Jahn-Teller distortions in
spinel structures LiMn204 and LiNiosMn1504 cause manganese dissolution and results in the
formation of soluble Mn?*.” This leads to capacity and power loss at the cathode and influences
the SEI composition at the anode.*” Another ageing process induced by the cathode is the
decomposition of the electrolyte at high potentials and temperatures at the cathode surface. The
decomposed electrolyte migrates to the anode leading to other side reactions or “cross-talking.” 3
Sahore et al. constructed a two-compartment lithium-ion cell with a solid-state lithium-ion
conductor as the separator to block the movement of species generated from one electrode to
another. The cell was held long term at high voltage. They proposed that the cross-talk species

were likely carbon-carbon double bonds and fluorinated carbons.® In respect to focusing only on



graphite, the ageing processes can be classified into three general categories: instability of the SEI
long-term, lithium plating, and the effects of electrochemically inactive components such as the
binder, conductive additives, and current collector. While the SEI layer is formed during the first
cycle, its morphology and composition continuously evolve over cycling. Temperature influences
the SEI layer through loss of lithium, electrolyte consumption, and an increase in resistance. These
changes also affect the overall safety of the battery. Another safety issue is the potential plating of
metallic lithium which can be caused by any increased overpotential for the lithiation process due

to low operational temperature or elevated currents in Figure 6.

2 Stripping
De-intercalation

‘\\
Intercalation

O

Chemical
Intercalation

< Decreasing temperature / increasing current rates |

Figure 6. Schematic illustration of lithium plating and stripping on graphite electrode in
competition with de-/intercalation of lithium ions into graphite depending on the applied current
and temperature.*4?

Waldmann et al. studied the effects of temperature in the range —20 to 70 C had on lithium-ion
cells and found that the rate of plating increases at lower temperatures due to slower lithium-ion

diffusion.*® LUders et al. demonstrated that the extent of lithium plating is affected by the applied
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current therefore limiting rapid charging of lithium-ion cell.?® However, the rate of lithium plating
decreases with cycling due to capacity fading over long-term cycling. The plated lithium metal
reacts with the electrolyte and forms a layer on top of the graphite anode at high charging potentials
at which the lithium metal is partially consumed. During the cycling process, some metallic lithium
is re-oxidized and returned to the cathode while electronically insulated lithium continues to react
with the electrolyte which leads to the formation of “dead” lithium species (Figure 7). In a study
done by Fleischhammer et al., the differences in safety behavior between un-aged and aged high-
power lithium-ion cells were investigated by accelerating rate calorimetry and simultaneous
thermal analysis. Cells that were aged by high rate and low temperature cycling exhibited lithium
plating on the anode while those aged under high current conditions did not show significant
differences.'? These studies show that temperature plays a large role for ensuring long-term stable

electrochemical performance.
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Figure 7. The lithium plating process on top of a graphite electrode at different SOC levels.*®
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Graphite intercalation compounds are formed by the insertion of chemical species or
intercalants between the layers of the graphite host. These are compounds of particular interest due
to their high degree of structural ordering relative to other intercalation compounds. Intercalation
allows for controlled variation of many physical properties such as electrical, thermal, and
magnetic properties of the host. The enhancement of electrical conductivity has largely attracted
the greatest attention. Improved electrical conductivity in intercalated graphite is due to a charge
transfer from the intercalate layer where carriers have low mobility to graphite layers where the
mobility is high. A large number of species can be intercalated into graphite and commonly
classified as donor or acceptor compounds. Whether a chemical species intercalates depends on
intercalant particle size and bonding distances as well as the associated chemical affinities and
geometric constraints. Many of these compounds are unstable in air with donor compounds
oxidizing easily and acceptor compounds being easily desorbed. Most intercalation compounds
require encapsulation for chemical stability, but some that are stable in air include graphite-FeCls
and graphite-SbCls. Wang et al. introduced FeClz-GIC as a promising anode material for LIB. It
delivered a discharge capacity of 665 mAh/g and a charge capacity of 506 mAh/g which is an
initial coulombic efficiency of 76 %.* FeCls-GIC also showed good rate capability having a
discharge capacity of 300 mAh/g at 5C which is 60 % capacity retention at a high charging rate.
Furthermore, the presence of FeCls inside the graphite host expands the interlayer distance
allowing rapid diffusion of lithium ions. In another study, Li et al. introduced Fe>O3z molecules on
the edge of FeClz-GIC compound to trap FeClz and LiCl inside the graphite and prevent the
outward diffusion of the chlorides. The material promised improved cycling stability with a

reversible capacity as high as 1041 mAh/g at a current density of 200 mA/g and 91 % capacity
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retention at high current density over 300 cycles.?* Graphite intercalation compounds open
possibilities for a high-capacity graphite material and provides a simple fabrication method for
graphite/graphene-based materials.

Porous carbon-based composites (PCC) have also gained attention due to their unique
properties that include large surface area, large pore volume, and unique pore size distribution.
However, carbon materials with a broad range of pore sizes result in poor conductivity, low mass
transportation, and low structural stability which hinders commercialization in catalytical and
electrochemical applications. Therefore, efforts have been placed towards making high quality
porous graphite material with adjustable pore size, narrow size distribution, large surface area and
high conductivity from increased graphitization.?® Furthermore, other active materials have been
incorporated into porous carbon to enhance properties. For example, the carbon matrix allows
facile electron transportation leading to high electronic conductivity and operation under high
current. The active material in the matrix can lead to improved performance due to a synergistic
environment. Porous structures facilitate electrolyte permeation which lead to greater electrode-
electrolyte interface and this in turn provides more active sites for electrochemical and
electrocatalytic reactions.?” The small particle size of active materials also provides shorter
diffusion paths for lithium ions during de-/intercalation process and result in higher rates of
transport throughout the material.?

This work focuses on the development of porous graphite and on improving the rate
performance as well as the initial coulombic efficiency of graphite. Pore structures in graphite
would improve its kinetics by allowing faster lithium-ion diffusion and increase the amount of
lithium-ion intercalation during the charging process, which in turn influences the cycling

performance.
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2 Materials and Methods

Graphite )
& Intercalation Reduction
——- ——-
FeCl, Heat Microwave
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Figure 8. Procedure for the synthesis of porous graphite

2.1 Synthesis of FeCls-GIC
FeCls (0.48 g, Alfa Aesar) and natural graphite (0.08 g, Sigma-Aldrich) was mixed
thoroughly under Argon atmosphere. The mixture was transferred to an ampoule and vacuumed
for 30 minutes. Then, the ampoule was sealed under vacuum and heated in air for 400°C for 24
hours with a heating rate of 5 °C/min. After cooling down, the powder was rinsed with ethanol to
remove excess FeCls and was dried at 60 °C. Finally, stage 1 FeCls-GIC was acquired.
2.2 Synthesis of Fe203-GIC
Stage 1 FeClz-GIC was transferred to a polypropylene container and underwent microwave
irradiation at 700 watts in a microwave for 30 seconds. Fe;O3-GIC was obtained.

2.3 Synthesis of Fe-GIC

15



Fe>O3-GIC was reduced under Nitrogen atmosphere at 1000 °C for one hour with a step

rate of 10 °C/min. After cooling down, Fe-GIC was obtained.
2.4 Synthesis of Porous Graphite

Fe-GIC was transferred to a solution of hydrochloric acid and distilled water (HCI/H20 =
1:10). The mixture was stirred and heated at 100 °C for one hour. Then, it was ultrasonicated for
ten minutes and filtered. The above steps were repeated twice. After drying the powder at 60 °C,
porous graphite was obtained.

2.5 Materials Characterization
2.5.1. X-ray Diffraction (XRD)

Powder x-ray diffraction (XRD) was characterized by using the Rigaku Miniflex Il
diffractometer with Cu Ka radiation. The samples were scanned from 5 to 80 degrees at a rate of
5 degrees per minute.

2.5.2. Thermogravimetric Analysis (TGA)

TGA was performed with Netzsch STA449 F3 Jupiter. The samples were heated under

Argon atmosphere up to 900 °C at a rate of 10 °C/min.
2.5.3. Scanning Electron Microscopy (SEM)

Morphology of the synthesized products was observed with SEM.

16



3 Results and Discussion

The synthesis method for FeCls-GIC is well developed. Li et. al, Zhang et. al, and Qi et. al
used stainless-steel autoclaves in their syntheses while varying their mass ratios, heating time, and
heating temperature.?*3748 After multiple attempts of replicating their procedures using the
stainless-steel vessel, stage-1 FeClz-GIC could not be synthesized. A stainless-steel autoclave
usually has a coating on the inside, and that coating could have worn out overtime with repeated
use. The coating acted as a barrier and without that, it was possible that the FeCls reacted with the
stainless-steel walls which would result in side-reactions. Stainless-steel primarily contains iron,
and when iron comes into contact with FeCls, FeCl; is formed.™® A glass ampoule was used as the
synthesis vessel instead for this reason.

The FeCls-GIC was transformed into Fe2Os-GIC by microwave irradiation. The irradiation
generated heat rapidly to quickly transform the FeCls while controlling the particle growth of the
Fe203.2* During the reduction reaction of Fe,O3-GIC, nitrogen gas was used to maintain an inert
atmosphere while the graphite acted as the reducing agent. According to several studies, iron oxide
can be potentially reduced by graphite when exposed to high temperatures and iron may be formed
as well.*>*° During this process, the heating rate was set to maximum of the furnace to avoid
aggregation of iron oxide particles as much as possible. The particle size of iron oxides affects the
reaction rate, and it was found that smaller particle size induces a higher reaction rate. In the final
step, the iron atoms and remaining iron oxide particles (if any) was removed by rinsing with

hydrochloric acid due to the acid’s ability to dissolve iron.
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3.1 Characterization: X-ray Diffraction
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Figure 9. (a) XRD pattern of synthesized FeCI3-GIC. (b) Reference pattern of stage 1 FeClz-GIC
(red) by Wang et.al.*®

The XRD pattern for Stage-1 FeCls-GIC is shown in Figure 9a. The strong peaks at around
8°,19°, 28°, 51°, and 57° are confirmed to be FeCls-GIC after comparison with several literature
papers, one of which is referenced in Figure 9b (Wang, et al., 2013). However, one key difference
is the intense graphite peak at 26° as marked by blue ticks in Figure 9a. This could be explained
by considering the intercalation mechanism and diffusion rate of FeCls. Intercalation starts at the
edge of the host graphite and the stage structure depends on the diffusion rate of FeCls into the
graphite. If diffusion of FeCls is slow, the compound would only contain stage-1 at the edge and
a large portion of unreacted graphite at the center of the flake. This is common in the reaction
between the vapor of FeCls and graphite.*® Therefore, using this synthesis method can result in
large amounts of unreacted graphite so it can be assumed that the graphite is not fully intercalated

with FeCls.

18



—— Porous Graphite
A o .

=
L Fe-GIC
dy e
()]
C
Q
C
- Fe20:-GIC

oy A N R e

| I A | FeCl:-GIC

10 20 30 40 50 60 70 80
20 (degrees)

Figure 10. XRD pattern of FeCls-GIC (black), Fe.O3-GIC (red), Fe-GIC (green), and porous
graphite (blue).

The peaks of stage-1 FeCls-GIC were absent after microwave as shown in Figure 10
although the peaks for Fe>O3 are difficult to decipher since the graphite peak is very strong. The
weak peaks can also be due to the small amount of FeCls intercalated as mentioned. Some Fe2O3
peaks are seen at 35.6°, 54°, 62.4°, and 77.7°. The XRD pattern of Fe-GIC is shown in Figure 10.
The iron peaks are present at 44.7° and 65° which most likely indicates that all Fe,Os was
successfully reduced to Fe. Lastly, after rinsing Fe-GIC to remove all intercalants, all peaks belong

to graphite with the exception to the peak at 15°.
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3.2 Characterization: SEM
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Figure 11. SEM of images of (a-b) Fe,O3-GIC after 20 s microwave. (c-d) Fe;O3-GIC after 30 s
microwave. (e-f) Fe-GIC after reduction. (g) porous graphite after acid rinsing.

The morphology and microstructure of the prepared samples were studied using the SEM.
Some lamellar structure of the graphite is maintained while most of it has been disoriented as
observed after 20 s of microwave as shown in Figure 11a and Figure 11b. Fe>Os particles are not
well confined since there are many spherical particles found on the surface edge of the graphite
and few remain inside the layers. Even more Fe2Oz3 particles are found on the surface after 30 s of
microwave in Figure 11c and Figure 11d, which indicates that Fe,Os amount depends on the
irradiation time. However, it is uncertain whether the irradiation affects the interlayer distance of
the graphite as it is difficult to distinguish based on the images. After the sample was reduced, it
can be observed that there are some pore structures inside the graphite layers as in Figure 11e and
Figure 11f. There seems to be many iron particles on the surface, with some within the pores and
spanning several layers. Acid washing removed the iron particles leaving behind only pores on the

graphite surface and inside the layers as shown in Figure 11g.
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3.3 TGA

Table 1. Estimated amount of FeCls and Fe.O3 by TGA.

Mass Ratio

: : 0 0
(graphite to FeCls) Heating Time (Hr) FeCls Amount (%) Fe>O3 Amount (%)

1:4 48 15.34 6.9
1:6 24 14.85 8.55
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Figure 12. Comparison of TGA curves between (a) 1-4 FeCl3/Fe203-GIC and (b) 1-6
FeCl3/Fe203-GIC.

FeClz was the facilitator in constructing the pores therefore it would be advantageous to
intercalate as much FeCls into the graphite layers as possible. Stage 1 FeClz-GIC allows for the
greatest intercalants since stage-1 GICs are continuous stage structures. Mass ratios of 1:4 and 1.6
(graphite to FeClz) were experimented with to acquire a stage 1 FeCls-GIC with the greatest
amount of FeCls. TGA was used to measure the mass composition of FeCls and Fe>Os in the stage-
1 FeCls-GIC samples shown in Figure 12 and summarized in

Table 1. Approximately 15 % of FeCls was intercalated into graphite and about 7 % of

Fe2O3 was attained using mass ratio of 1:4. Similarly, approximately 14.9 % of FeCls was
intercalated into graphite and 8.5 % of Fe>Os was transformed with a mass ratio of 1:6. Intercalant
content for both ratios vary minuscule therefore mass ratio of 1:6 was utilized for the synthesis

because the sample could be retrieved in half the time frame. A synthesis using mass ratio 1:8
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heated for 24 hours was attempted. Preliminary analysis of the 1:8 sample showed much weaker
stage 1 peaks, so this was not pursued.

However, the FeClz and Fe;O3 content in the graphite host was very small compared to a
study carried by Li et al., who were able to intercalate up to 63.8 % FeCls by weight and transform

22.1 % to Fe>0s. This may also be attributed to the FeCls not being inserted entirely into the layers.

3.4 Electrochemical Performance at High Current Rate
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Figure 13. Specific capacity vs. cycle numbers of (a) graphite and (b) porous graphite at rate 1C.

The electrochemical performance of graphite and the porous graphite was assessed at
various current rates, and the performance of both materials at current rate of 1 C is shown in
Figure 13. As observed in Figure 13a, the first cycle discharge of graphite was 352.5 mAh/g and
the second cycle discharge value dropped to 221.1 mAh/g, which was 62.7 % capacity retention.
In Figure 13b where the first cycle discharge of porous graphite was 392 mAh/g and the second
cycle discharge value dropped to 241.4 mAh/g, there was only 61.6 % capacity retention. Although
the capacity of synthesized porous graphite increased by 11.2 % relative to pristine graphite, there

was no outstanding improvement for the initial coulombic efficiency. This observation implies
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negligible improvement in overall electrochemical performance. Secondly, the capacity of porous
graphite and pristine graphite are fall in the same range during their life cycles, and it appeared to
depreciate after 160 cycles. However, the pristine graphite exhibited a steeper and more rapid
decline in performance after 160 cycles whereas the porous graphite depreciated steadily in activity

overtime.
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Figure 14. Rate performance of porous graphite.

The discharge curves of porous graphite at different discharge rates are shown in Figure
14. The cells were first charged from 0.2 C to 2 C, then remained at 0.5 C. There were no significant
enhancements in cycling performance as it can be observed at a charging rate of 2 C, the capacity
retention was nearly 0 %. The overall rate performance of porous graphite had no significant

changes and it performed poorly at high current rate.
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4 Conclusion

The objective of this project was to synthesize a graphite material that would have higher
specific capacity and better rate performance and coulombic efficiency. A porous graphite
structure would facilitate quicker de-/intercalation of lithium-ions into the graphene layers and
permit more lithium-ions to be stored inside the host.

The observations made so far from XRD, SEM, and TGA suggested that the proposed
synthesis method may have generated porous graphite as a product, but the final structure was not
high quality. The XRD patterns showed strong graphite peaks for FeCl3-GIC which suggested that
FeClz was not fully intercalated into the graphite host, and this affected the subsequent steps. Using
the mass ratio of 1:6 (graphite to FeCls), 14.85 % FeClz was intercalated into the graphite host,
and only 8.55 % Fe>Os was retained after transformation. Since a small amount of iron oxide was
available in the layers, very few porous structures were managed to be created inside the graphite.

There was no significant improvement in the overall electrochemical performance.
Although the specific capacity of the porous graphite appreciated by 11.2 % relative to the capacity
value of the pristine graphite, the coulombic efficiency for each material was measured to be 61 —
63 %. The coulombic efficiency of the porous graphite would be higher ideally. Furthermore, the
porous graphite demonstrated poor cycling performance. It exhibited poor capacity retention at 1
C and essentially 0 % capacity retention at 2 C.

The initial data collected suggests that the porous graphite developed in this project showed
no significant improvement in electrochemical performance relative to pristine graphite. However,
some modifications should be made to the synthesis procedure to better develop the porous
graphite product before drawing final conclusions. The synthesis step for FeCls-GIC would be

improved to intercalate more FeCls. Wang and Inagaki have shown that the diffusion rate of FeCls
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increases in the presence of molten salts.*® Furthermore, the final product would be characterized
with BET to determine whether there is an increase in surface area relative to the pristine graphite.

In future work, another probable approach to consider is intercalating multiple chloride
salts altogether or subsequently and then creating some porous structures while maintaining some
of the intercalants inside the graphite host. This would attempt to attain higher anode capacity and
improve the reaction kinetics of lithium-ion diffusion.

Beyond the scope of materials research, an area that still needs attention is recycling anode
material such as graphite. Graphite has high demands for various technologies in LIB, fuel cells,
and electronics which can lead to material shortage in the long term. Furthermore, anode materials
that are not properly disposed can cause pollution and pose hazardous conditions for the
environment and human health.>! Developing methods to purify and recycle spent graphite would

alleviate the shortage of graphite resources and contribute to the future of sustainable energy.
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