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ABSTRACT

Lithium-sulfur batteries have drawn a lot of attentions due to the high theoretical discharge
capacity (1675 mAh/g), natural abundance of sulfur and environmental friendliness. However,
elemental sulfur is basically an insulator, resulting in extremely low electrical conductivity. In
addition, the highly soluble polysulfides formed during charge and discharge tend to pass
through the separator to the lithium anode and form lithium polysulfide, resulting in
electrochemical irreversibility and thus poor cyclability. Hierarchical porous carbons were
proposed to improve the cyclability by exploring the porous structure to sequester the sulfur.
Ice-templating has been shown to successfully synthesize hierarchical porous carbons but
their electrical conductivity had not been optimized. In this work, hierarchical porous carbons
with improved electrical conductivity were developed by carbonizing the porous carbons at
different temperatures and using catalytic graphitization method and their performance as
electrodes was evaluated.
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CHAPTER 1
Introduction

1.1 Background of Lithium-based Batteries as a Solution of Energy Challenges

Due to global warming and scarcity of fossil fuels, electric vehicles have been explored as
one of the principal solutions to reduce emission and pollution. In electric vehicles,
rechargeable batteries with high energy density are required for energy storage to make
electric vehicles practical. After decades of exhaustive study, one of the most promising
candidates is rechargeable lithium-sulfur batteries.

1.2 Advantages of Lithium-sulfur Batteries

The elementary configuration of rechargeable lithium-sulfur batteries is based on lithium as
the anode and sulfur as the cathode [1, 2]. Using the elemental sulfur as the cathode gives rise
to numerous advantages such high theoretical capacity, high theoretical power density,
natural abundance, low cost and environmental friendliness [3]. As a result, rechargeable
lithium-sulfur batteries are a promising supply power source for electric vehicles.
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1.3 Challenges of Lithium-sulfur Batteries

During reversible discharge-charge cycles, the highly soluble polysulfide species formed as
intermediates pass through the separator from the sulfur cathode to the lithium anode to form
lithium polysulfide, causing electrochemical irreversibility, poor cyclability, high current
leakage and low charge/discharge efficiency [4, 5]. Furthermore, the conductivity of the
elemental sulfur is extremely low (

S/cm at 25

, i.e., sulfur is basically an

insulator) [6]. To improve on these problems, the sulfur cathode is usually mixed with highly
conductive and porous materials [7-9].

Hierarchical porous carbons have been attracting considerable attention in the field of
rechargeable lithium-sulfur batteries due to their high conductivity and high surface areas
[10-13]. Conductive hierarchical porous carbons integrated with the sulfur cathode were
proposed to increase the electronic conductivity of element sulfur in the lithium-sulfur battery
[14]. Moreover, because of the porous network, hierarchical porous carbons are capable of
sequestering the lithium polysulfide substantially, avoiding lithium polysulfide dissolution
and intrinsic polysulfide shuttle reactions during the reversible oxidization-reduction reaction
cycling [15].
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Hierarchical porous carbons consists of three length scales: macropores (> 50 nm),
mesopores(2-50 nm) and micropores (< 2 nm) [16-24]. The macropores are capable of mass
transport; the interconnected mesopores and micropores provide high surface areas and pore
volume [25-28]. Several approaches for the synthesis of hierarchical porous carbons have
been already demonstrated [29-35], Estevez et al. demonstrated another approach, dual icetemplating, to prepare hierarchical porous carbons with high surface area and pore volumes
(up to 2096 m2g-1 and 11.4 cm3g-1, respectively) [36]. However, the conductivity of the
hierarchical porous carbon was not optimized.

1.4 Aim of This Thesis

In this work, carbons synthesized at different carbonization temperatures and catalytic
graphitization methods have been demonstrated to increase the conductivity of the
hierarchical porous carbon. The hierarchical porous carbons are characterized in terms of
surface area, pore size, pore volume and conductivity and their electrochemical cell
performance was evaluated in carbon-sulfur batteries.
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1.5 Thesis Outline

In this thesis, I will begin by describing synthesis of hierarchical porous carbons in chapter 2.
Hierarchical porous carbons carbonized at different carbonization temperatures will be
discussed in chapter 3. A discussion of catalytic graphitization of hierarchical porous carbons
is provided in chapter 4. The results I reach about the lithium-sulfur battery using hierarchical
porous carbons-sulfur composite as cathode are given in chapter 5. Lastly, conclusions and
future work are included in chapter 6.
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CHAPTER 2
Synthesis of Hierarchical Porous Carbons

2.1 Introduction

Considerable efforts have been devoted to produce hierarchical porous carbons [25, 37-43].
As explained previously in chapter 1, hierarchical porous carbons are composed of
macropores (> 50 nm), which facilitate mass transport; mesopores (2-50 nm) and micropores
(< 2 nm) which provide high surface area and pore volume [44-46]. Due to desirable
accessibility and network structure, hierarchical porous carbons are utilized in many
advanced applications, which include fuel cells [47, 48], electrodes for batteries [49],
supercapacitors [50-52], and sorbents for CO2 capture [53].

Synthesis of hierarchical porous carbons by numerous methods has been already
demonstrated [54, 55]. Generally, hierarchical porous carbons, with macroporosity and
mesoporosity, have been fabricated by dual templating, which utilizes two hard templates [56,
57] or mixes a hard and soft template [58, 59]. In addition, nano-casting from monolithic
silica have been successfully developed to produce hierarchical porous carbons [38, 60].
Moreover, ice templating has been reported to generate three-dimensional interconnected
5

porous network using carbon nanotubes [61]. The technique of sol-gel is also well known for
preparing hierarchical porous carbons using carbon aerogels [62, 63] or carbon cryogels [64,
65].

A critical task for developing hierarchical porous carbons is to achieve high surface area and
high porous volumes and three types of porosity: macropores, mesopores and micropores.
Soft templates such as surfactants and block-copolymers are non-renewable and costly [55].
Furthermore, to fabricate porous inorganic materials via the sol-gel method including solvent
exchange and supercritical drying is time consuming [54]. Moreover, due to aggregation of
the nanoparticles, tuning the size of mesopores can be problematic [66].

2.2 Synthesis of Hierarchical Porous Carbons

The ultimate objective for preparation of hierarchical porous carbons is to fabricate an
interconnected and accessible network structure, composed of macropores whose pore wall
consists of small mesopores and micropores. This concept of interconnected structure is
illustrated in Figure 2.1. Our objective was to prepare this accessible network, not only via an
inexpensive, simple and tunable method but also utilizing non-toxic and renewable
chemicals.
6

Figure 2.1: Concept of the open, accessible and interconnected
network structure of hierarchical porous carbons. The wall of
macropores consists of mesopores and micropores. The size of
macropores is 1-10
; the size of mesopores and micropores
is less than 100 nm. Reproduced with permission from Estevez
et al. (2013) [36].

For preparing hierarchical porous carbons for this study, we have focused on two length
scales only: macropores and mesopores, since our main goal was to optimize the electrical
conductivity.
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2.3 Synthesis of Hierarchical Porous Carbons- Macroporosity and Mesoporosity

2.3.1 Processing for Macroporosity

Due to its flexibility, ice templating has been utilized to prepare the carbons with macropores
[35, 67-71]. In the process of ice templating, a suspension or solution induces upon freezing
rapid ice formation. The ice crystals expel the colloidal particles from the interface of ice and
entrap colloidal particles into the directed spaces between the ice crystals, which become the
sacrificial template [72]. (Figure 2.2a) After the sublimation of the frozen material, the
templated structure is formed. (Figure 2.2b)

Figure 2.2: a) The colloidal particles are expelled by the ice crystals.
b) The surface of the templated structure after freeze-drying.
Reproduced by permission by Deville et al. (2006) [35].
8

2.3.2 Processing for Mesoporosity

Generally there are two approaches to prepare mesopores: hard templating and soft
templating. In soft templating, self-assembly through using soft matter such as amphiphilic
surfactants and biomacromolecules as templates help build mesopores (Figure 2.3) [73, 74].

Figure 2.3: Scheme for the preparation of ordered mesoporous polymer
resins and carbon frameworks. Reproduced with permission from Meng et
al. (2006) [74].

On the other hand, in hard templating, removable sacrificial templates have been utilized in
the synthesis (Figure 2.4). For example, silica template has been utilized widely to prepare
9

mesopores [75, 76]. There are several advantages to synthesize mesopores by silica template.
First of all, silica is easier to remove via etching by sodium hydroxide and hydrofluoric acid.
In addition, the size and the extent of mesopores can be controlled easily using various sizes
of silica.

Figure 2.4: Schematic showing the synthesis of the mesopores via
removable silica template. 1) Gelation of resorcinol and
formaldehyde (RF) in the presence of cetyltrimethylammonium
bromide (CTAB) 2) The carbonization of composite at 850
3)
HF etching of silica templates. Reproduced with permission from
Han et al. (1999) [66].

Our approach combines ice templating and colloidal silica as a hard template with a
suspension of the carbon precursor (Figure 2.5). The suspension was composed of glucose as
the carbon precursor and colloidal silica, which was used to form the mesopores. The
silica-glucose composite was immersed into liquid nitrogen to solidify the aqueous
10

suspension. The glucose and colloidal silica were expelled from the growing ice crystals
(Figure 2.5a). The solid ice-silica-glucose composite was placed into a freeze dryer to remove
the ice by sublimation (Figure 2.5b). Following freeze-drying, the solid silica-glucose
composite was carbonized in a furnace at 1000

for 3 hours under an argon environment to

yield a silica-carbon composite. To remove the silica template, the silica-carbon composite
was etched by sodium hydroxide (Figure 2.5c).

Figure 2.5: Schematic showing the steps for synthesizing hierarchical
porous carbons. The three steps shown clockwise from top left: a) Ice
templating- the growing ice expels glucose and colloidal silica particles
from the interface of ice b) Freeze drying leads to- solid silica-glucose
composite with macropores c) Carbonization and silica etching resulting
in- macroporous and mesoporous carbon. Reproduced with permission
from Estevez et al. (2013) [36].
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Chapter 3
Hierarchical Porous Carbons Carbonized at Different Carbonization Temperatures

3.1 Introduction

There are several parameters influencing the properties of the hierarchical porous carbon and
carbonization temperature is one of the critical parameters. Carbonization is a process by
which residues as enhancing content of the element carbon are made from organic materials
via thermochemical decomposition in an inert atmosphere [77]. In order to enhance the
electrical conductivity and surface area, the degree of carbonization temperature has attracted
much attention as a critical parameter. With increasing carbonization temperature, the degree
of carbonization and the content of sp2-type graphitized structure both become higher,
resulting in improvements of the electrical conductivity and electrochemical performance of
the materials [78]. However, the dimensional shrinkage and weight loss are also higher [79].
Therefore, in this work, efforts have been made to optimize the carbonization temperature of
the hierarchical porous carbon to maintain high electrical conductivity and high surface area
simultaneously.
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3.2 Synthesis Methodology

In this study, samples were synthesized by the following procedure. 6 g of glucose was added
to 40 g of a 15 wt% 4 nm colloidal silica suspension in a 50 mL centrifuge tube and mixed by
vortex mixer and then mixed by ultrasonic baths for 30 minutes. Then, the silica-glucose
suspension with an uncapped 50 mL centrifuge tube was dipped into liquid nitrogen. Once
the surface of the silica-glucose composite became frozen in the middle, the centrifuge tube
was dipped into the liquid nitrogen bath completely. The frozen silica-glucose composite was
placed into freeze dryer until all water was dried out. Next, the solid silica-glucose composite
was carbonized at 600
rate of 3

, 700

800

900

1000

1100

and 1200

at a ramp

for 3 hours under an argon environment, forming a silica-carbon composite.

The silica-carbon composite was etched by 3 M sodium hydroxide at 80

for 24 hours

under stirring. The etched carbon was washed by deionized water until reaching a neutral pH.
The washed carbon was dried at 80

in the oven for at least 12 hours. For convenience, the

samples were referred to as KCU x-y carbon, where x indicated the average colloidal silica
size (nm); y indicated the weight ratio of silica to glucose.
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3.3 Characterization Tools and Techniques

Reflection Raman Microscopy: Raman characterization was conducted using a Renishaw
InVia Confocal Raman microscope. Raman shifts of the excitation frequency were measured
at excitation wavelengths of 488 nm. Powdered samples were used.

Nitrogen Gas Porosimetry: Nitrogen gas porosimetry was done on a Micromeritics ASAP
2020 analyzer, equipped with two independent vacuum systems. The calculation of surface
area was done using the Brumauer-Emmett-Teller (BET) method; the pore diameter is
calculated using the Barrett-Joyner-Halanda (BJH) method. Samples were used in powder
form, placed into sample tubes.

Electrical Conductivity Measurements:

Electrical conductivity measurements were

accomplished via a four-point probe setup. Samples in powder form were placed into an
insulating cylinder. Compared to the traditional conductivity measurement, our approach has
an additional third piston with spring for applying pressure 8000 psi to avoid empty space of
the material measured.
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3.4 Results and Discussion

The electrical conductivity measured by a four point probe set-up with an additional
compressive pressure of 8000 psi, shows a strong dependency on carbonization temperature.
The electrical conductivity of KCU 4-1-1 carbonized at different carbonization temperatures
are shown in Figure 3.1. KCU 4-1-1 reached the maximum electrical conductivity of 9.6
S/cm at 1400

In addition, the electrical conductivity of KCU 4-1-1 increased with

increasing of the carbonization temperature as shown in Figure 3.1.

Conductivity
10

9.2
7.5

8

Conductivity (S/cm)

9.6
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0.7
0.01
0
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800

1000

1200

1400

0

Carbonization Temperature ( C)

Figure 3.1: Electrical conductivity of KCU 4-1-1
carbonized at different carbonization temperatures
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Nitrogen gas porosimetry was used to determine the influence of carbonization temperature
on the surface area of KCU 4-1-1, pore volume of KCU 4-1-1 and pore diameter of KCU
4-1-1. The surface area of KCU 4-1-1, carbonized at the different carbonization temperatures,
was calculated using the Brumauer-Emmett-Teller (BET) method. Figure 3.2 shows the BET
surface area of KCU 4-1-1 at the different carbonization temperatures. As shown in Figure
3.2, the BET surface area of KCU 4-1-1 was 741 m2/g at 1400
KCU 4-1-1 samples were above 1000 m2/g at 600

, 800

, while the BET surfaces of

, 1000

and 1200

. Figure

3.2 also shows the BET surface area decreases with an increasing carbonization temperature.
This relation is because the high carbonization temperature leads to loss of mesoporous
structure on KCU 4-1-1 [80]. Thus, the surface area of KCU 4-1-1 decreases with increasing
of the carbonization temperature.

Calculations of pore volume were based on the Barrett-Joyner-Halanda (BJH) method. The
result of Barrett-Joyner-Halanda (BJH) adsorption cumulative pore volume of KCU 4-1-1 at
different carbonization temperatures are provided in Figure 3.3. As shown in Figure 3.3, the
BJH adsorption cumulative pore volume of KCU 4-1-1 did not change significantly on
pyrolyzing at temperatures ranging from 600

to 1400
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Figure 3.2: Brumauer-Emmett-Teller (BET)
surface area of KCU 4-1-1 carbonized at different
temperatures
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Figure 3.3: Barrett-Joyner-Halanda (BJH) adsorption
cumulative pore volume of KCU 4-1-1 carbonized at
different carbonization temperatures
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Pore diameters were also determined by using the Barrett-Joyner-Halanda (BJH) method.
Figure 3.4 shows the pore diameter distributions of KCU 4-1-1 at different carbonization
temperatures. As shown in Figure 3.4, the pore diameter of KCU 4-1-1 was around 6 nm with
narrow distribution when 600

was used as the carbonization temperature, while the pore

diameter of KCU 4-1-1 was around 10 nm with broader distribution at 1400

. It was shown

that the pore diameter of KCU 4-1-1 increased with an increasing carbonization temperature.
As described previously, loss of mesoporous structure happened at the high carbonization
temperature, resulting in bigger porosities. Thus, the pore diameter increases as increasing
carbonization temperature.

Carbonized at 600C

0.20

Carbonized at 800C
Carbonized at 1000C
Carbonized at 1200C
Carbonized at 1400C

-10

dV/ d D (cm / g/ 10 m)

0.15

3

0.10

0.05

0.00

0
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Figure 3.4: Pore diameter distributions of KCU
4-1-1 carbonized
temperatures

at
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different

carbonization

200

The degree of graphitization of KCU 4-1-1 samples was measured by Raman spectroscopy at
excitation wavelengths of 488 nm. In the Raman spectra, D band indicates graphite-like
disorder structures at Raman shift around 1350 cm-1; G band represents the Raman E2g
vibration mode of graphite layers with sp2 carbon network at Raman shift 1580-1600 cm-1
[81-83]. As shown in Figure 3.5, D band and G band were apparently located at around 1350
cm-1 and 1580-1600 cm-1 at different carbonization temperatures, respectively. In addition,
the degree of graphitization is generally determined by the intensity ratio of D band and G
band (I (D)/I (G)) [84].

G band

D band

1200C
1100C

Intensity(arb.units)

1000C
900C

800C
700C

600C
1200

1400

1600

1800

2000

-1

Raman Shift(cm )

Figure 3.5: Raman spectra of KCU 4-1-1 carbonized at
different temperatures
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Figure 3.6: Dispersion of the intensity ratio of D band and G
band (I (D)/I (G)) for KCU 4-1-1 at different carbonization
temperatures

A lower intensity ratio of D band and G band indicates that the degree of graphitization was
higher, resulting in higher electrical conductivity. As shown in Figure 3.6, the minimum
intensity ratio of D band and G band was at 1200

of the carbonization temperature.

Furthermore, the intensity ratio of D band and G band decreased with an increasing
carbonization temperature. Thus, the degree of graphitization was increased with an
increasing carbonization temperature and the maximum degree of graphitization and the
electrical conductivity of KCU 4-1-1 carbonized at 1200
spectroscopy. KCU 4-1-1 carbonized at 1400

was confirmed by Raman

was not measured by Raman since there was

too much impurity in the sample.
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3.5 Conclusion

In summary, carbonization at different temperatures has been demonstrated to increase the
electrical conductivity of KCU 4-1-1. KCU 4-1-1 carbonized at 1400

was shown to have

the highest conductivity. However, the high carbonization temperature leads to loss of
mesoporous structure on KCU 4-1-1 at 1400

, resulting in lower BET surface area (741

m2/g) and bigger pore diameter (around 10 nm).

KCU 4-1-1 carbonized at 1200

was shown to be a better candidate as the promising

cathode in the rechargeable lithium-sulfur battery system. The method results in a material
with high electrical conductivity, high surface area and high degree of the graphitization,
confirmed by the results of electrical conductivity measurement, BET surface area, BJH pore
diameter and Raman spectroscopy. Therefore, KCU 4-1-1 carbonized at 1200
to be a promising cathode in the lithium-sulfur battery system.
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was shown

Chapter 4
Catalytic Graphitization of Hierarchical Porous Carbons

4.1 Introduction

Graphitization is a solid-state transformation of unstable carbon into graphite via thermal
activation [85]. The conductivity of porous carbons are well-known to depend on the degree
of graphitization [84]. Therefore, in order to increase the conductivity of porous carbons,
several efforts had been made to increase the degree of graphitization. The graphitization
temperature and use of catalysts are two critical parameters in the graphitization and several
conditions had been tested [86].

The conventional approaches to prepare porous carbon require high temperature treatment
(

) [87]. However, these conventional methods to synthesize porous carbon with

well-developed graphitic order demands high energy consumptions resulting in some
disadvantages such as cost and lower surface area [88]. On the other hand, catalytic
graphitization can be used to synthesize porous carbon at comparatively lower carbonized
temperature (

) by adding specific transition metals such as Fe, Co and Ni as

catalyst [89-92]. Therefore, catalytic graphitization is low-cost due to its lower energy
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consumption. Furthermore, this method facilitates graphitizable and non-graphitizable
carbons to transform into crystalline materials at moderate carbonized temperature [93, 94].

4.2 Synthesis Methodology

Synthesis A
Typically, 0.05 g of NiCl2 was added to 0.14 g of KCU 4-1-1 and 2.45 g of deionized water in
a 50 mL centrifuge tube and mixed by vortex mixer. The homogenous suspension was
transferred into the Petri dishes and stirred at room temperature for 24 hours. The KCU 4-1-1
carbon-NiCl2 suspension was placed into the vacuum oven and heated at 80

for 24 hours.

After being dried, the powered KCU 4-1-1 carbon-NiCl2 composite was carbonized at
1200

at a ramp rate of 3

for 3 hours under an argon environment. The KCU 4-1-1

carbon-Ni composite was etched by 1 M hydrochloric acid at 85

for 24 hours under

stirring. The etched carbon was washed by deionized water until reaching a neutral pH. The
washed carbon was dried at 80

in the vacuum oven for at least 12 hours.

Synthesis B
Typically, 1 g of NiCl2 was added to 6 g of sucrose and 20 g of a 30 wt% 12 nm colloidal
silica suspension in a 50 mL centrifuge tube and mixed by vortex mixer and then mixed by
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ultrasonic baths for 30 minutes. The silica-sucrose-NiCl2 suspension with an uncapped 50 mL
centrifuge tube was dipped into liquid nitrogen. Once the surface of the silica-sucrose-NiCl2
composite became frozen in the middle, the centrifuge tube was then dipped into the liquid
nitrogen bath completely. The frozen silica-sucrose-NiCl2 composite was placed into a freeze
dryer until drying all water out. Next the solid silica-sucrose-NiCl2 composite was
graphitized at 1300

at a ramp rate of 3

for 3 hours under an argon environment,

resulting in a silica-Ni-carbon composite. The silica-Ni-carbon composite was etched by 3 M
sodium hydroxide at 80

for 24 hours under stirring. The etched silica-Ni-carbon was

washed by deionized water until a neutral pH. The washed silica-Ni-carbon was dried at 80
ºC in the oven for at least 12 hours. The silica-Ni-carbon composite was etched by 1 M
hydrochloric acid at 85

for 24 hours under stirring. The etched silica-carbon was washed

by deionized water until attending a neutral pH. The washed silica-carbon was dried at 80ºC
in the oven for at least 12 hours.

These two methods were used to compare the effect of the distribution of catalyst on the
degree of graphitization. As described previously, transition metals such as Fe, Co, Ni were
used as a catalyst to do the graphitization. Ni was utilized as catalyst in this work, since Ni
was determined to be a better candidate in terms of preserving structural order [95]. Two
methods were used in this chapter and their major differences are shown in Table 4.1.
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Table 4.1 List of samples synthesized
Sample
name

Synthesis

Weight of
NiCl2

Graphitization
temperature

Etched by

Sample A1
Sample A2
Sample A3
Sample B1
Sample B2

Synthesis A
Synthesis A
Synthesis A
Synthesis B
Synthesis B

1g
0.05 g
0.05 g
1g
0.05 g

1300
1300
1200
1300
1300

HCl
HCl
HCl
NaOH- HCl- NaOH
NaOH- HCl- NaOH

Sample B3

Synthesis B

0.05 g

1000

NaOH- HCl- NaOH

4.3 Characterization Tools and Techniques

X-ray Diffraction (XRD): XRD characterization was accomplished via a Scintag Theta-Theta
X-ray Diffractometer. Samples were used in powder form.

Electrical Conductivity Measurements: Electrical conductivity measurements were performed
via a four point probe setup. Samples were used in powder form, placed into an insulating
cylinder. Compared to the traditional conductivity measurement, our setup has an additional
third piston with spring for applying pressure 8000 psi to avoid empty space of the material
measured.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS):
SEM and EDS characterization were accomplished via a LEO 1550 FESEM (Keck SEM).
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Samples were used in powder form on carbon coated aluminum stubs.

Transmission Electron Microscopy (TEM): TEM characterization was accomplished via a
FEI T12 Spirit TEM/STEM. The FEI T12 Spirit TEM/STEM is a 120 kV field emission
transmission electron microscope, equipped with an LaB6 filament, single and double tilt
holder, an SIS Megaview III CCD camera, and a STEM dark field and bright field detector.
Samples were used in powder form on a carbon coated copper TEM grid.

Nitrogen Gas Porosimetry: Nitrogen gas porosimetry was performed on a Micromeritics
ASAP 2020 analyzer, equipped with two independent vacuum systems. The surface area is
calculated using the Brumauer-Emmett-Teller (BET) method; the pore diameter is estimated
by the Barrett-Joyner-Halanda (BJH) method. Samples were used in powder form, placed
into sample tubes.

Reflection Raman Microscopy: Raman characterization was accomplished via a Renishaw
InVia Confocal Raman microscope. Raman shift was measured at excitation wavelengths of
488 nm. Samples were used in powder form.
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4.4 Results and Discussion

X-ray Diffraction (XRD) was utilized to determine the structure of the samples. Figure 4.1
shows XRD patterns of Sample A1, Sample A2 and Sample A3 before etching by
hydrochloric acid. As shown in Figure 4.1, the (002) reflection of graphite was at 26 2

for

Sample A1, Sample A2 and Sample A3 before etching. Normally the (002) reflection of
graphite peak graphite is at 26

2 . This deviation is due to the Ts-effect that the

turbostratic Ts-component was formed [92]. In addition, the (111) and (200) reflection of
Nickel with a face-centered cubic structure was seen before etching by hydrochloric acid at
44.46 and 51.78 , respectively [84].

Sample A1 before etching
Sample A2 before etching
Sample A3 before etching
Ni(111)

Intensity (a. u.)

Ni(200)
Graphite(002)

20

30

40

50

2degree

Figure 4.1: XRD patterns of Sample A1, Sample A2 and
Sample A3 before etching by hydrochloric acid.
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Figure 4.2 shows XRD patterns of Sample A1, Sample A2. As shown in Figure 4.2, the (111)
and (200) reflection of Nickel with a face-centered cubic structure was decreased
significantly after etching by hydrochloric acid. This result indicates the Nickel particles were
removed successfully by hydrochloric acid.

Sample A1

Intensity (a. u.)

Sample A2

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

2degree

Figure 4.2: XRD patterns of Sample A1 and Sample A2.

Figure 4.3 shows XRD patterns of Sample B1, Sample B2 and Sample B3. As shown in
Figure 4.3, the (002) reflection of graphite was confirmed at 26 2

for B1 and B2, while

the (002) reflection of graphite was not seen in B3. In addition, the reflection of unknown
contaminants was seen from 15 2

to 25 2
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in B1, B2 and B3 (Figure 4.3).

Sample B1 (etched by NaOH-HCl-NaOH)
Sample B2 (etched by NaOH-HCl-NaOH)
Sample B3 (etched by NaOH-HCl-NaOH)

Intensity (a.u.)

Graphite(002)

Graphite(002)

5

10

15

20

25

30

35

40

45

50

55

60

65

2degree

Figure 4.3: XRD patterns of Sample B1, Sample B2
and Sample B3

A four-point probe set up was used to determine electrical conductivity at a compressive
pressure of 8000 psi on Samples A1-A3 and Sample B1. Figure 4.4 shows the electrical
conductivity of A1-A3 and B1. As shown in Figure 4.4, A1 showed the maximum electrical
conductivity of 13 S/cm. For A1-A3, the electrical conductivity increased with an increasing
of the graphitization temperature and the weight of NiCl2. Moreover, the electrical
conductivity of A1-A3 were higher, compared to B1. However, the electrical conductivity
could not be measured for B2 and B3 since samples B2 and B3 were composed of
considerable unknown contaminants confirmed by XRD as described previously. Samples B2
and B3 were too hard to compress at the pressure of 8000 psi.
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12

11.0

11
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9

8
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7
Sample A1

Sample A2

Sample A3

Sample B1

Samples

Figure 4.4: Electrical conductivity of Sample A1,
Sample A2, Sample A3 and Sample B1.

Scanning Electron Microscopy (SEM) was utilized to determine the size of macroporous
structure. Figure 4.5 shows the fishbone-like structure of Sample A1 before etching by
hydrochloric acid (Figure 4.5a) and Sample A1 (Figure 4.5b, 4.5c and 4.5d). As shown in
Figure 4.5, the macroporous fishbone-like structure of Sample A1 was not collapsed after
removing the Ni particles (Figure 4.5b, 4.5c and 4.5d).
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Figure 4.5: SEM images of Sample A1 a) fishbone-like structure before
etching by HCl and b) fishbone-like structure after etching by HCl c) the
macroporous structure of Sample A1 d) the macroporous walls of
Sample A1.

Energy Dispersive X-Ray Spectroscopy (EDS) was used for elemental analysis of Sample A1
before etching by hydrochloric acid and Sample A1 (Figure 4.6a and 4.6b, respectively) and
Sample B1 (Figure 4.6c). As shown in Figure 4.6, the ratio of the nickel to carbon decreased
significantly after etching by hydrochloric acid. Thus, the nickel particles were predominately
removed after etching by hydrochloric acid.
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Figure 4.6: EDS date of a) Sample A1 before etching by HCl b)
Sample A1 c) Sample B1.

Nitrogen gas porosimetry was utilized to measure the effect of catalytic graphitization on the
surface area, pore volume, and pore diameter of the graphitized samples. The surface area of
the catalytic graphitized samples was calculated by the Brumauer-Emmett-Teller (BET)
method. Figure 4.7 shows the BET surface area of the samples after catalytic graphitization.
As shown in Figure 4.7, Sample A3 was determined to have the maximum BET surface area
of 992 m2/g. The BET surface area of Samples A1-A3 carbon decreased with increasing
graphitization temperature and the weight of NiCl2. In addition, the BET surface area of
Samples B1-B3 was lower than Samples A1-A3.
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Sample A3

Sample A2

Sample A1

Sample B1

Sample B2

Sample B3

Samples

Figure 4.7: BET surface area of Samples A1-A3 and
Samples B1-B3

Pore volume was determined by the Barrett-Joyner-Halanda (BJH) method. Figure 4.8 shows
the Barrett-Joyner-Halanda (BJH) adsorption cumulative pore volume of Samples A1-A3 and
Samples B1-B3. As shown in Figure 4.8, the Barrett-Joyner-Halanda (BJH) adsorption
cumulative pore volume of Samples A1-A3 was decreased with an increase of the
graphitization temperature and the weight of NiCl2. In addition, the Barrett-Joyner-Halanda
(BJH) adsorption cumulative pore volume of Samples B1-B3 was lower than Samples
A1-A3.
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Figure 4.8: Barrett-Joyner-Halanda (BJH) adsorption
cumulative pore volume of Samples A1-A3 and Samples
B1-B3.

The high graphitization temperature results in collapsed structure and loss of mesoporous
structure causing lower BET surface area and BJH adsorption cumulative pore volume. In
addition, the higher amounts of NiCl2 resulted in more Ni particles after graphitization. The
porosity was decreased by the Ni particles, leading to the lower BET surface area and BJH
pore volume. Thus, the surface area and pore volume of Samples A1-A3 decreases with an
increase of the graphitization temperature and the weight of NiCl2. Samples B1-B3 were
composed of considerable unknown contaminated confirmed by XRD as described, resulting
in the lower BET surface area and the lower BJU pore volume. The pore diameter was
calculated by the Barrett-Joyner-Halanda (BJH) method. Figure 4.9 shows the pore diameter
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distributions of Samples A1-A3 and Samples B1-B3. As shown in Figure 4.9, the pore
diameter of Samples A1-A3 was around 7 nm; the pore diameter of Samples B1-B3 was
around 12 nm.

Sample A3

0.035

Sample A2
Sample A1

0.030

3 -1

Pore Volume (cm g )

Sample B1
Sample B2

0.025

Sample B3

0.020
0.015
0.010
0.005
0.000
0

50

100

150

200

250

300

350

400

-10

Pore Diameter (10 m)

Figure 4.9: Pore diameter distributions of Samples
A1-A3 and Samples B1-B3.

Transmission Electron Microscopy (TEM) was used to determine the nanostructure of
Samples A1-A3 and Sample B1 in Figure 4.10. As shown in Figure 4.10, Samples A1-A3
and Sample B1 were composed of characteristic carbon nanostructures [96], graphitic carbon
forms such as nanocapsules and nanoribbons after etching by hydrochloric acid.
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Figure 4.10: TEM images of a) Sample A3 (Scale bar 1 ) b) Sample A3 (Scale bar
500 n ) c) Sample A2 (Scale bar 200 nm) d) Sample A1 (Scale bar 500 nm) e)
Sample B1 (Scale bar 200 nm) f) Sample B1 (Scale bar 200 nm)

Samples A1-A3 and Samples B1-B3 were characterized by Raman spectroscopy to measure
the degree of graphitization. As described previously, the graphite-like disorder structure (D
band) was at around 1350 cm-1 and the Raman E2g vibration mode of graphite layers with sp2
carbon network (G band) was at 1580-1600 cm-1. Figure 4.11 shows dispersion of the
intensity ratio of D band and G band (I (D)/I (G)) for Samples A1-A3 and Samples B1-B3.
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The lower intensity ratio of D band and G band indicates the higher degree of the
graphitization, resulting in the higher electrical conductivity.
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0.6
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0.4
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Sample A2

Sample A1

Sample B2

Sample B1

Samples

Figure 4.11: Dispersion of the intensity ratio of D band
and G band (I (D)/I (G)) for Samples A1-A3 and Samples
B1-B3

As shown in Figure 4.11, the maximum degree of the graphitization was seen for Sample B1.
Furthermore, the intensity ratio of D band and G band decreased with an increase of the
graphitization temperature and the weight of NiCl2 in Figure 4.11 for Samples A1-A3 or
Samples B1-B3.

37

4.5 Conclusion

Overall, catalytic graphitization has been demonstrated to increase the electrical conductivity
of our hierarchical porous carbon. This was confirmed by the results of XRD, electrical
conductivity measurement, TEM and Raman spectroscopy. Sample A1 was shown to have the
highest conductivity (13 S/cm) while Samples B1-B3 were too hard to compress and measure.
This is because Samples B1-B3 were composed of unknown contaminants, confirmed by
XRD. However, Sample B1 was shown to have the highest degree of the graphitization (I
(D)/I (G) = 0.5). The electrical conductivity or the degree of graphitization increases with
increasing the graphitization temperature, confirmed by the electrical conductivity
measurements and Raman spectroscopy.
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Chapter 5
Hierarchical Porous Carbons-Sulfur Composite as Cathode in the Lithium-Sulfur
Battery System

5.1 Introduction

Traditionally, lithium-ion batteries are composed of lithium transition-metal oxides or
phosphates as the cathode and carbon as the anode [97]. During the intercalation reaction, the
theoretical charge storage capability is approximately 300 mAh/g, although the greatest
capacities realized are 180 mAh/g [98]. However, the mechanism of the lithium-sulfur battery
system is quite different from the lithium-ion battery system. The elemental sulfur works as
the cathode and the lithium works as the anode in the lithium-sulfur battery system. The
redox couple can be expressed by the reaction:

and the theoretical

capacity is around 1675 mAh/g compared to the lithium-ion battery system [99]. Furthermore,
due to high capacity, the lithium-sulfur battery system can reach higher energy density around
2500Wh/kg or 2800 Wh/L [100, 101].

Hierarchical porous carbons have been explored as the electrodes for lithium-sulfur batteries
[102]. The challenges of lithium-sulfur batteries and potential solutions were discussed in the
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previous chapters. In order to enable a charge-discharge reaction, the sulfur cathode must be
integrated with the hierarchical porous carbons because of the low conductivity of elemental
sulfur (chapter 1). A mixture of high surface area and highly conductive hierarchical porous
carbon, CMK-3, with elemental sulfur have been developed by Nazar et al [97, 102, 103] and
a similar approach was followed in this chapter.

5.2 Synthesis Methodology

By exploring similar synthesis as Nazar et al., the hierarchical porous carbons via the
catalytic graphitization in chapter 4 were mixed with elemental sulfur (Figure 5.1). The
graphitized hierarchical porous carbon/sulfur composites were prepared using the melt
diffusion method. First, the carbon and elemental sulfur were ground and mixed together in a
mortar and pestle. The carbon-sulfur mixture was then heated at 159

for 18 hours in a

sealed stainless steel vessel. During this step, sulfur melted and diffused into the mesopores.
To make electrodes, a slurry of the already prepared carbon-sulfur composites was made
using 8 wt% polyvinylidene fluoride as the binder and 12 wt% carbon black as the conducive
additive. The slurry was then cast on aluminum foil and dried overnight at 70

. The dried

carbon-sulfur composite electrode was then stamped into 5/8 inch diameter discs. Coin cells
were made with lithium metal as the anode and carbon-sulfur discs as the cathode. The
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electrolyte is composed of 1 M LiTFSi salt dissolved in DOL/DME (1:1 by volume) solvent
with 1 wt% LiNO3 additive. Celgard porous polypropylene membranes were used as the
separators.

Figure 5.1: Schematic showing the synthesis for the mixture of
graphitized hierarchical porous carbon and elemental sulfur as the
cathode in the lithium-sulfur battery system. Image created by and
courtesy of Ritu Sahore

5.3 Results and Discussion

The cycling performance was used to determine the discharge capacity and the cycling
stability of the cell. To measure cycling performance, all cells were measured at 1 C rate. The
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definition of 1 C rate is that the whole battery is discharged by the discharge current to its
maximum discharge capacity (1675 mAh/g) in 1 hour in the lithium-sulfur battery system [99,
102]. The discharge cut-off voltage was 1.7 V and charge cut-off voltage was 2.8 V. In
addition, all cells ran for 1000 charge/discharge cycles.

Figure 5.2 shows cycling performance of non-graphitized KCU 4-1-1 heated at 1000

of

the carbonization temperature - sulfur composite.
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Non-graphitized KCU 4-1-1 carbon@ 1000C
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Figure 5.2: Cycling performance of non-graphitized
KCU 4-1-1 (heated at 1000

- sulfur composite

Coin cells 1&2 were made using the carbon-sulfur composite based on non-graphitized KCU
4-1-1 at 1000

. As shown in Figure 5.2, an initial discharge capacity was measured to be
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around 600 mAh/g, followed by a decrease of the discharge capacity to around 500 mAh/g
after 30 cycles. In addition, the cycle life was observed over 800 cycles.

Figure 5.3 shows the cycling performance of Sample A1-sulfur composite. The cathode of
coin cell 1, the coin cell 2 and the coin cell 3 were all fabricated using Sample A1-sulfur
composite. As shown in Figure 5.3, an initial discharge capacity of around 700 mAh/g was
determined, followed by a decrease to the discharge capacity of around 600 mAh/g after 10
cycles. Furthermore, the good cycling stability of Sample A1-sulfur composite was observed
with the continuous above 1000 life cycle.
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Figure 5.3: Cycling performance of Sample
A1-Sulfur composite.
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In Figure 5.4, the cycling performance of Sample A2-sulfur composite was measured. The
cathode of the coin cell 1, the coin cell 2 and the coin cell 3 were based on Sample A2-sulfur
composite. Figure 5.4 shows an initial discharge capacity of around 700 mAh/g, followed by
a decrease to the discharge capacity of 600 mAh/g after 10 cycles roughly. Moreover, the life
cycle was determined over 1000 cycles and was observed good cycling stability of Sample
A2-sulfur composite.
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Figure 5.4: Cycling performance of Sample A2-Sulfur
composite.
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The cycling performance of Sample A3-sulfur composite was shown in Figure 5.5. The
carbon-sulfur cathode was based on Sample A3-sulfur composite. As shown in Figure 5.5, an
initial discharge capacity was 700 mAh/g roughly, followed by a decrease of the discharge
capacity to around 600 mAh/g after 15 cycles. In addition, the life cycle of Sample A3-sulfur
composite was determined above 1000 cycles and was shown good cycling stability.
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Figure 5.5: Cycling performance of Sample
A3-Sulfur composite.

The cycling performance of the coin cell 1, the coin cell 2 and the coin cell 3, made by
Sample B1-sulfur composite, are shown in Figure 5.6. A starting discharge capacity of around
650 mAh/g was measured as shown in Figure 5.6. Furthermore, the life cycle of Sample
B1-sulfur composite was over 800 cycles.
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Figure 5.6: Cycling performance of Sample
B1-Sulfur composite

Figure 5.7 shows the cycling performance of Sample B3-sulfur composite. As shown in
Figure 5.7, an initial discharge capacity of around 700 mAh/g was measured. Furthermore,
the worse cycling stability for all samples was observed for Sample B3-sulfur composite with
only 400 life cycles.
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Figure 5.7: Cycling performance of Sample
B3-Sulfur composite.

5.4 Conclusion

Overall, Samples A1-A3 were shown to have better cycling performance. Samples A1-A3
were shown to have high discharge capacity (around 700 mAh/g). In addition, the life cycling
of Samples A1-A3 were above 1000 cycles, while non-graphited carbon was observed to
have only 800 cycles.
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Chapter 6
Conclusions

In summary, the electrical conductivity of the hierarchical porous carbon was optimized by
carbonization at different temperatures. KCU 4-1-1 carbonized at 1200

was shown to

have high electrical conductivity (9.2 S/cm) and high surface area (1035 m2/g)
simultaneously. This was confirmed by electrical conductivity measurement, nitrogen gas
porosimetry and Raman spectroscopy. In addition, we report two novel approaches via the
catalytic graphitization to synthesize hierarchical porous carbon with high electrical
conductivity (13 S/cm) and high degree of graphitization (I (D)/I (G) = 0.5), confirmed by
XRD, electrical conductivity measurement, TEM and Raman spectroscopy. Moreover, the
cathode in the lithium-sulfur battery system prepared by using the catalytic graphitized
carbon-sulfur composite shows high discharge capacity (around 700 mAh/g) and good
cycling stability (above 1000 cycles).

In this work, we have developed the method of carbonization at different temperatures and
catalytic graphitization to increase the conductivity of the hierarchical porous carbon. In
addition, by using these two methods, the structure of the hierarchical porous carbon was
preserved. Due to its high conductivity and high surface area, the catalytic graphitized
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carbon-sulfur composite showed high discharge capacity with relatively good life cycle as the
cathode in the lithium-sulfur battery system. In future research, smaller micropores would
lead to higher surface areas that are able to load of the elemental sulfur into the catalytic
graphitized carbon more effectively. Furthermore, it will be of significance to develop higher
conductive catalytic graphitized carbon-sulfur composite materials as the cathode to achieve
a better electrochemical performance.
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