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Porous carbons are an attractive material for electrochemical energy storage technologies due to 

their light weight, low cost, good electrical conductivity, and easily obtainable porosity. Lithium-

sulfur (Li-S) batteries in particular are an attractive technology due to the light weight and low 

cost of sulfur, and a high theoretical specific capacity (1672 mA h g-1) and specific energy (2567 

W h kg-1) compared to current lithium-ion batteries. Porous carbons help to disperse the insulating 

sulfur at a nanoscale generating close electrical contact and making it electrochemically active. 

Moreover, the pores can act as small reservoirs for the soluble reaction intermediates preventing 

their egress from the electrode, a phenomenon responsible for capacity decay over cycling. 

However, dependence of the overall Li-S battery performance on carbon’s porosity characteristics 

(surface area, pore volume, electrical conductivity) is still not completely understood.  

In this dissertation, by utilizing the highly tunable Hierarchical Porous Carbons (HPCs) developed 

in our group as a model system, that dependence was studied in a systematic way. Carbons with 

widely ranging porosity were synthesized and trends correlating porosity with sulfur utilization 

and cyclic performance were found. These correlations can be used not only as a useful guide for 

preparing novel porous materials for this application but also hint on what other factors besides 

porosity, for example electrical conductivity, may be limiting the performance and hence need 

more attention. To further study the effect of electrical conductivity of carbons, catalytically 



 
 

graphitized hierarchical porous carbons were synthesized and tested in lithium/sulfur batteries and 

a remarkable improvement in long term cycle life was observed.  

Additionally, a novel method to synthesize a series of nitrogen doped mesoporous carbons with 

very high and tunable nitrogen contents (up to 21 at. %) is presented. These carbons showed 

promising performance as supercapacitor electrodes and can be potentially used for other 

application as well such as metal-free oxygen reduction reaction (ORR) catalysts and as lithium-

ion battery anodes. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Electrochemical Energy Storage Systems 

With the growing environmental concerns due to rising carbon dioxide levels in the atmosphere 

and our shift towards renewable energy sources such as solar and wind, efforts to develop more 

efficient and commercializable electrochemical energy storage systems (batteries, fuel cells and 

supercapacitors) have increased. These systems can replace the fuel based automotive vehicles 

which are one of the primary sources of CO2 emission, and can be used for storing solar and wind 

energies at households or large scale plants, since both the sunlight and wind are intermittently 

available throughout the day [1-3].  

Batteries convert the chemical energy of spontaneous redox reactions into electrical energy. It is 

performed by physically separating their individual oxidation and reduction reactions so that the 

electrons flow through an outer circuit connecting the two electrodes, and within the cell, the 

circuit is completed via ionic current in the electrolyte that contacts both the electrodes. The 

electrodes are separated by a porous polymeric separator soaked in the electrolyte to prevent their 

shorting and allowing free flow of the ions via the electrolyte. The amount of energy per gram a 

battery can store is dependent on the cell voltage and the specific capacity of the electrodes, which 

in turn depends on the chemistry involved [3]. During discharge, the electrode where oxidation 

reaction happens is called the anode and where reduction happens is called the cathode. 

Supercapacitors on the other hand store charge by adsorbing electrolyte ions on to two oppositely 

charged high surface area electrodes due to electrostatic interactions upon application of an 
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external voltage and therefore do not involve any electron transfers at the electrolyte/electrode 

interface [4]. Figure 1.1 shows the schematic of a battery and an electrochemical double layer 

supercapacitor.  

 

Figure 1.1: Schematics of (a) a battery during discharge, and b) a supercapacitor in discharged 

state (left) followed by charged state (right). Reproduced with permission from Winter et al. (2004) 

[4]. 

Because of the different mechanism of charge storage in these systems, there are several 

advantages and disadvantages of each of these. While batteries have high charge storage capacity 

(or specific capacity, usually reported in mA h g-1) because of the chemical reactions at atomic 

scale, the same reason is usually the reason for low electrode kinetics and therefore low power 

performance. Besides, the intercalation/de-intercalation of ions into the electrodes or formation of 

new phases during charge/discharge reactions lead to volume changes or overall degradation of 

the original electrode causing capacity decay over cycling. On the other hand, supercapacitors have 

lower charge storage capacity as they involve a surface phenomenon and no redox reactions occur. 

But for the same reason, these have excellent cycle life and could be cycled reversibly over tens 

a) b) 
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of thousands cycles with a non-significant capacity decay. Batteries also have a higher energy 

density because of their higher operating voltage (2-4 V) compared to supercapacitors which are 

limited by the breakdown voltage of the electrolyte (~1V for aqueous electrolytes) [4]. These 

comparisons can be seen clearly in a Ragone plot (Figure 1.2) that plots energy density vs. power 

density. Hence, a system with both high energy density and power density and long cycle life is 

desirable especially to make electric vehicles practical. 

 

Figure 1.2: Specific power versus specific energy (known as Ragone plot) for various 

electrochemical energy storage systems, reproduced with permission from Simon et al. (2008) [5]. 

1.2 Lithium-Sulfur Batteries 

For a sustainable development, other than a high energy density and power density, the materials 

involved in such systems must be non-polluting, non-toxic, abundantly present and cheap. 
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Lithium-sulfur batteries is one of the promising next-generation battery systems that has about five 

time higher theoretical energy density and specific capacity compared to the conventional lithium-

ion batteries. Moreover, sulfur is cheap, abundant and environmentally benign. It utilizes the 

reaction between lithium and sulfur to form lithium sulfide (Li2S) where each sulfur atom takes 

two lithium atoms (Figure 1.3) [6]. However, there are many challenges associated with the system 

that currently prevents its commercialization. Mainly, low sulfur utilization during electrochemical 

reactions as sulfur is an insulator (electrical conductivity of 5 x 10-30 S cm-1 at 25 °C) leading to 

less than the theoretical capacity [7]. This low capacity gets even lower over cycling as more and 

more S is lost during charge/discharge in many ways. First, by leaching out of the electrode in the 

form of electrolyte-soluble reaction intermediates called polysulfides. Second, by accumulation 

and aggregation of inactive lithium sulfide which is insulating as well. 

 

Figure 1.3: Schematic of a) a lithium-sulfur battery consisting of a lithium metal anode, organic 

electrolyte and a composite sulfur cathode, illustrating charge (red)/discharge (black). b) 
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Electrolyte soluble and insoluble intermediates formation during charge/discharge process. 

Reproduced with permission from Manthiram et al. (2012) [6]. 

So a material is desired that is both electrically conductive, and could be nanostructured so that 

sulfur dispersion could be achieved at a nanoscale generating a close electrical contact. 

Additionally, it could be structured in a way that could avoid the polysulfide leaching by containing 

them physically and inhibiting their outward diffusion while still allowing in-and-out transfer of 

Li+ ions. 

1.3 Porous Carbons as Sulfur Hosts 

Porous carbons have a number of applications in electrochemical energy storage systems due to 

their electrical conductivity, porosity, inertness, light weight and low cost. Porosity leads to more 

accessibility of the ions to the active sites within the electrode, and electrical conductivity provides 

fast electron transfer to and from the electrode, both essential for fast rate electrochemical reactions 

within the electrode. Traditionally, porous carbons have been employed as catalyst supports in fuel 

cells or as electrode materials in supercapacitors [8]. In addition to porosity, their chemical nature 

could also be altered via doping with heteroatoms such as nitrogen, boron, oxygen which makes 

them more versatile and has widened their applications [9].  

Recently, a large amount of the research is focused on developing novel carbons with optimized 

characteristics for their application as supports for sulfur in lithium-sulfur batteries to address the 

issues discussed earlier [10]. Carbon is an ideal candidate for this application because other than 

its properties such as light weight and low cost which are desirable for any battery material, it is 

most importantly electrically conductive. Moreover, it can be made porous and various types of 

designs and architectures could be easily obtained. Figure 1.4 shows a few examples of the variety 
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of ways in which carbons could be structured [11-14]. Overall they could be characterized via four 

of the following properties. The nature of porosity (its amount, size of pores, etc.), the degree of 

graphitization (which could vary between complete sp2 to amorphous type C bonding), the 

dimensionality of each carbon particle (could be from 0-D to 3-D) and finally it’s design (for 

example hollow, core-shell etc.). 

 

Figure 1.4: Different types of carbons tested as hosts for sulfur in lithium-sulfur batteries. a) 

Hollow spheres with mesoporous shells, reproduced with permission from Jayaprakash et al. 

(2011) [11], b) carbon nanotubes, reproduced with permission from Guo et al. (2011) [12], c) 

graphene oxide, reproduced with permission from Li et al. (2012) [13], and d) mesoporous carbon 

with 3-dimensionally interconnected mesopores, reproduced with permission from Li et al. (2011) 

[14]. 

The physiochemical properties of porous carbons such as specific surface area, pore volume, 

degree of graphitization/crystallinity, and chemical composition can have great impact on the 

device performance. However, despite the large number of carbons and parameters tested there is 

a) b) 

c) d) 
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a limited understanding of the relative importance of each of these design parameters on the final 

battery performance, i.e. on sulfur utilization and the efficacy of each in holding back the 

polysulfides. Therefore, a carbon that could have strict control of its textural and chemical 

properties should allow better determination of the desired characteristics for its optimized 

performance. This dissertation correlates these carbon textural properties with electrochemical 

performance, particularly in lithium-sulfur batteries, by designing and synthesizing porous carbons 

with a wide range of controllable and well-defined porosity.  

Additionally, the same carbon system was modified structurally and chemically, and its 

performance was evaluated in lithium-sulfur batteries and supercapacitors, respectively, as 

described in the rest of the dissertation. 

 

1.4 Hierarchical Porous Carbons 

The carbon system adopted for this study, referred to as Hierarchical Porous Carbons (HPCs), have 

been reported previously [15]. The carbons are synthesized via a dual templation process as shown 

schematically in Figure 1.5. It starts with a suspension of silica NPs in water and dissolved sucrose, 

where silica is the source of mesopores (2-50 nm) and sucrose is the carbon precursor. This 

suspension in then plunged into liquid nitrogen when nucleation and growth of ice crystals along 

with phase separation of the solids gives rise to a 2-phase structure. This frozen mixture is then 

immediately transferred into a freeze dryer to sublime off the ice which gives rise to a macroporous 

structure with pores replicating the ice template. Pyrolysis followed by etching away of the silica 

lead to a mesoporous carbon. An additional activation step could further enhance the porosity by 

introducing micro (<2 nm) and small mesopores (2-5 nm). 
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Figure 1.5: Schematic of the synthesis of hierarchical porous carbons (HPCs) via dual templation 

method, reproduced with permission from Estevez and Dua et al. (2013) [15]. 

As could be seen from the synthesis procedure, there are a number of ways the porosity can be 

varied in this system that allowed its systematic investigation on lithium-sulfur battery 

performance. For example, the pore size is very uniform and easily tunable that helped us to look 

at the effect of pore size; the surface area and pore volume could be controlled by adjusting the 

amount of additional smaller pores that could be introduced, or by reducing the amount of density 

pores, which helped us to judge their effects as well on battery performance. 

 

1.5 Thesis Outline 

As one of the primary issues with lithium-sulfur batteries is their low sulfur utilization at fast 

charge/discharge rates. The first chapter demonstrates the importance of hierarchical porosity for 

high-rate performance in lithium-sulfur batteries. When the performance of HPCs was contrasted 
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against a microporous carbon, a huge difference in specific capacity was demonstrated. The 

chapter also discusses how the initial sulfur confinement inside porous carbon electrode becomes 

non-significant towards capacity retention over cycling (up to 100 cycles) when the lithium anode 

is protected by a solid electrolyte interface (SEI) layer that forms with the addition of LiNO3 

electrolyte additive.  

A high sulfur loading in the electrode with its uncompromised utilization is required to compete 

with the current lithium-ion batteries in terms of both gravimetric and volumetric energy densities.  

The second chapter focuses on finding the dependence of pore size, surface are and pore volume 

of HPCs loaded with 80 wt. % S on sulfur utilization. HPCs with widely ranging porosity 

characteristics were synthesized and tested as supports. Furthermore, the chapter goes on to discuss 

the long-term cyclic stability (up to 500 cycles) of these carbons and how it correlates with 

coulombic efficiency fade and initial capacity obtained.  

Electrical conductivity of carbons is another important parameter besides porosity towards their 

electrochemical performance. Catalytic graphitization, a well-known technique to graphitize 

carbons, was employed here to introduce graphitic character into the HPCs. The third chapter 

discusses the synthesis, characterization, and lithium-sulfur battery performances of catalytically 

graphitized HPCs. A significant improvement in long term cycle life (up to 1000 cycles) was 

observed compared to non-graphitized carbon. 

The fourth chapter discusses a novel method for synthesis of nitrogen doped mesoporous carbons 

with very high and easily tunable nitrogen doping contents. The carbons were characterized via 

nitrogen sorption, Raman spectroscopy and XPS and four-point electrical conductivity 

measurements. When tested as electrodes for electrochemical double layer supercapacitors, the 

pseudocapacitive effect from nitrogen doping was clearly visible. However, instead of a constant 



10 
 

increase in specific capacitance with doping level, an optimum doping level was observed which 

depended on the carbonization temperature used during their synthesis. This was believed to be 

due to a continuous decrease in electrical conductivity with higher doping.  
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CHAPTER 2 

HIGH-RATE LITHIUM SULFUR BATTERIES ENABLED BY HIERARCHICAL POROUS 

CARBONS SYNTHESIZED VIA ICE TEMPLATION  
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2.1. Introduction 

Several issues with the present cathode materials involved in the current rechargeable lithium-ion 

battery technology have led to a vast new research area in search of new rechargeable battery 

systems which incorporate inexpensive, light weight active materials and most importantly have 

much higher theoretical specific capacities and energy densities [1]. Lithium-sulfur is one such 

system that has a theoretical specific capacity of 1672 mA h g-1 and theoretical specific energy of 

2567 W h kg-1, which are almost an order of magnitude higher than the current lithium-ion 

batteries, due to the light weight of sulfur and a high charge storage of 2e- per S atom [2, 3]. Sulfur 

is also non-toxic, highly abundant and cheap. Yet, there are many problems associated with this 

system, primarily, lower than theoretical specific capacities and poor cycle life. Both of these 

problems have been linked with the insulating nature of sulfur and with the high solubility of the 

electrochemical reaction intermediates called “polysulfides” in the electrolyte. The former makes 

sulfur that is not very close to the carbon surface (more than a few tens of nanometers) essentially 

electrochemically inactive and the later causes the loss of active material as the polysulfides 

dissolve and diffuse towards the lithium metal anode and react with the Li to irreversibly form 

insoluble and electrically insulating Li2S2 or Li2S [4-8]. 

Among the various candidate materials, porous carbons have received great attention since they 

provide a high surface area, electrically-conductive framework on which insulating sulfur can be 

made electrochemically active when properly dispersed [9-17]. Besides, the sorption effect of 

polysulfides on the carbon surface is known to impede their diffusion into the electrolyte [9]. But 

the kind of porosity in these carbons is very crucial in their overall battery performance including 

specific capacity values, cycle life, and rate capability.  Mesopores (2-50 nm) have been shown to 

be the most effective in getting close to theoretical specific capacities at high rates due to fast 
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transport of Li+ ions in and out of the electrode. For example, a bimodal mesoporous (3.1 nm and 

6 nm) carbon support in the form of 300 nm diameter spherical particles was shown to give high 

specific capacity of up to 1200 mA h g-1 at a high C-rate of 1 C [18]. Micropores (<2 nm), on the 

other hand, due to their smaller size are the most effective in trapping polysulfides [19-23]. 

Completely microporous carbons have been shown to have excellent long cycle life even in the 

reportedly polysulfide-incompatible carbonate-based electrolytes [24]. But limiting the size of the 

pores leads to poor Li+ ion kinetics and the specific capacities drop significantly at high C-rates. 

Hence, to achieve higher specific capacities at fast charge/discharge rates, a framework which is 

open, but still has large surface area seems the most desirable. In fact, nanocarbons like CNTs and 

stacked graphene, which generally have low surface area, showed greatly improved performance 

with cycling at rates up to 10 C upon incorporating mesopores or micro-/meso- hierarchical 

porosity [25]. 

Here, we report the high C-rate performance of a series of hierarchical porous carbons (HPCs) 

with extremely large surface areas up to 2340 m2 g-1 and pore volumes up to 3.8 cm3 g-1, which is 

among the highest for similar systems reported previously for this application [22, 23, 26-29]. The 

carbons are prepared via a two-step process of hard templation followed by physical activation for 

different time durations. The detailed synthesis of similar carbons was reported earlier by our 

group [30]. Since the highly open nature of the carbon framework facilitates the Li+ ion diffusion 

in and out of the electrode, it also makes the out diffusion of the polysulfides easier. To prevent 

active material loss via diffusion and its reaction with lithium anode, LiNO3 salt was used as an 

electrolyte additive, which has been shown to make a stable and Li+ ion conducting solid-

electrolyte interface (SEI) on the lithium metal surface inhibiting the shuttle mechanism that limits 

the cycle life [31-36]. We systematically show that in the presence of LiNO3 additive, cyclic 
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stability while improved is rather independent of the size of the pores where the sulfur is initially 

confined in, indicating effective suppression of capacity loss due to polysulfide shuttle or the 

presence of other capacity loss mechanisms to cause a gradual decay in capacity over cycling.. 

Lastly, the performance of the HPCs is compared and contrasted with cathodes prepared using a 

commercially available microporous carbon. We show that the HPCs consistently outperform the 

commercially available carbon signifying that the intricate network of hierarchical porosity is 

critical for good performance. 

When tested as supports for sulfur at a ~50 wt. % S loading using ether based DOL/DME 

electrolyte with LiNO3 additive, these HPCs showed excellent high rate performance with 

exceptionally high capacities of up to 647 mA h g-1 and 503 mA h g-1 (per gram of sulfur) at 2C, 

and 5C rates respectively after 200 cycles, with ~99% coulombic efficiencies. In contrast, a 

commercial microporous carbon gave a much lower initial capacity of 345 mA h g-1 @1 C under 

similar sulfur loading indicating much slower Li+ transport kinetics in the cathode. Moreover, @1 

C similar capacity retention values of 80-85% from the 10th to 100th cycle were observed for all 

the carbons despite their different textural characteristics confirming our result that cyclic stability 

is independent of the size of pores sulfur is initially confined in. 

2.2. Experimental Section 

2.2.1. Preparation of Mesoporous and Activated Mesoporous Carbons 

HPCs were synthesized using a slight modification of our previously reported procedure [30]. The 

nomenclature of HPCs is in the following format: A-x-y, where A is the size of the colloidal silica 

template used (as provided by the supplier), x is the weight ratio of colloidal silica to sucrose, and 

y is the time of CO2 activation.  To synthesize 4-1-0 carbon, 6g sucrose was dissolved in 40 g of a 

15 wt. % colloidal silica suspension in so as to achieve 1:1 weight ratio of sucrose to silica content. 
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The solution was frozen by plunging the container in liquid nitrogen and then immediately 

transferred to a freeze dryer to sublime away the ice. The sublimation time was approximately 48 

hours to ensure complete removal of the ice. The melting point of the freeze dried composite 

remains above room temperature under the vacuum conditions of 0.014 mBar inside the freeze 

drier jar, which prevents its melting during dying. After that, the sucrose-silica composite was 

carbonized in an inert atmosphere of argon gas while heating with a ramp rate of 180°C h-1 

to1000°C for 3 hours. To remove the silica, the carbonized material was etched using a stirred 3M 

NaOH solution at 80°C for 24 h. Finally, the sample was washed with deionized water until a 

neutral pH solution is obtained and then kept in a vacuum oven at 80°C for at least 24 h for drying. 

CO2 activation of the carbon was carried out in a tube furnace at 950°C by flowing CO2 gas  over 

the carbon at 50cm3 min-1 for  various times from 0-2 hours. The sample was never exposed to air 

during the activation cycle. 4-0.5-0 carbon was synthesized using the same procedure as above, 

except the silica to sucrose weight ratio was changed to 0.5. 

2.2.2. Preparation of Carbon-Sulfur Composites  

Carbon-sulfur composites were prepared via melt infusion. Typically, carbon and sulfur powders 

were taken in a 1:1 weight ratio and mixed well in a mortar and pestle to ensure uniform dispersion 

on the micron scale of sulfur particles in the carbon. The mixture was then transferred to a stainless 

steel Parr reactor and placed in an oven heated at 160°C for 18 h to obtain the C-S composites. 

2.2.3. Structural characterization 

Nitrogen adsorption and desorption isotherms were obtained at 77K using a Micromeritics 

ASAP2020 instrument. Specific surface areas and pore volumes were calculated using the 

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) models, respectively, applied 

on the adsorption branches of the adsorption-desorption isotherms. TG/DTA analysis was 
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performed using EXSTAR TG/DTA6200, where the samples were heated at a rate of 10°C/min 

from room temperature to 500°. XRD traces were obtained using a Scintag Theta-Theta X-Ray 

Diffractometer with Cu Kα radiation.  

2.2.4. Electrochemical Testing 

The cathode was prepared by making a slurry of the carbon-sulfur composite, SuperP carbon black, 

and polyvinyledene fluoride (PVDF) binder in a weight ratio of 80:12:8, using N-methyl-2-

pyrrolidone as the solvent. The slurry was then cast onto an aluminum foil using a doctor blade to 

make ~20 micron thick films followed by drying at 70°C in an oven for 15 hours. Typical sulfur 

loading per electrode was 0.35-0.50 mg cm-2. Hence, a tap-density of ~ 0.18-0.25 g cm-3 was 

obtained for a typical electrode. Lithium metal (Alfa Aesar) was used as the anode. A microporous 

polypropylene Celgard membrane was used as the separator. 1M Lithium Bis 

(Trifluoromethanesulfonyl) Imide (LiTFSi) (Sigma Aldrich) and 1wt% lithium nitrate (LiNO3) 

dissolved in a mixture of 1, 3-Dioxolane (DOL) and Dimethoxyethane (DME) (1:1 by volume) 

was used as the electrolyte. CR2032 type coin cells were assembled in a glove box under inert 

argon atmosphere. Galvanostatic charge and discharge tests were carried out using a MACCOR 

battery tester in the voltage range of 1.7-2.8V (vs Li+/Li). All specific capacities were calculated 

per gram of sulfur unless otherwise mentioned (so the mass of carbon, PVDF and Al is not 

included.) C-rates are used to describe charge/discharge rates, where, 1C= complete 

discharge/charge in 1h (for sulfur, the theoretical value is 1672 mA h g-1 for complete conversion 

of S to Li2S). 

 

2.3. Results and Discussion 

2.3.1. Morphology of HPCs 
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HPCs with very high surface areas and pore volumes of up to 2340 m2 g-1 and 3.8 cm3 g-1 were 

synthesized via physical activation of mesoporous carbons using CO2 gas for different times. The 

mesoporous carbons were prepared via ice templating a suspension of colloidal silica (hard 

template) with sucrose (carbon precursor) in liquid nitrogen at 77K, followed by freeze drying, 

carbonization at 1000°C, and etching to remove the silica. The above process is key to obtaining 

mesopores with very tight size control. These pores correspond well with the colloidal silica size 

as ice templation locks the structure in place and prevents the aggregation of silica particles, giving 

rise to high surface area and pore volume. Hence, the carbon framework before activation is 

already very open due to these interconnected mesopores. Figure 2.1 a, b shows a foam-like 

morphology as seen under TEM. It is noteworthy to mention here that the inexpensive precursors 

and uncomplicated synthesis steps make the synthesis easily scalable. 

Table 2.1 lists the textural characteristics of all the carbons that were synthesized and measured 

using nitrogen adsorption at 77K. To remind, we use the following format for naming HPCs: A-

x-y, where A is the size of the colloidal silica template used (as provided by the supplier), x is the 

weight ratio of colloidal silica to sucrose, and y is the time of CO2 activation. Zero hours of 

activation represents a non-activated, completely mesoporous carbon. As can be seen from the 

Table, longer activation times lead to higher surface areas and pore volumes. This is attributed to 

introduction of micropores and small mesopores along with broadening of the existing mesopores. 

Micropore volume (obtained by the t-Plot analysis method), increased from 0.06 cm3/g for 

unactivated carbon to 0.20 cm3 g-1 after 2h of activation. A breakdown of cumulative pore volume 

into three different mesopore sets as they evolve upon activation is also listed in the table. The 

small amount of microporosity even in the unactivated carbon was present probably due to the 

evaporation of volatiles formed during carbonization of sucrose.  
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Table 2.1: Porosity characteristics of all HPCs obtained via nitrogen adsorption at 77K. A 

breakdown of total pore volume into different mesopore regimes is listed. Increased surface area 

and pore volume is observed with longer activation times. See text for explanation of symbols and 

labeling scheme. 

Carbon SBET 

(m2 g-1) 

Total 

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

V2-4nm 

(cm3 g-1) 

V4-10nm 

(cm3 g-1) 

V>10nm 

(cm3 g-1) 

4-1-0 1110 2.12 0.06 0.24 1.12 0.70 
4-1-1 1473 2..77 0.12 0.31 1.50 0.96 

4-1-2 2339 3.81 0.20 0.56 2.07 1.17 

 

The nature of overall porosity of the HPCs and its evolution upon activation can be seen more 

clearly from the adsorption/desorption isotherms and BJH adsorption pore size distribution plots 

(Figure 2.1 c, d). The original mesoporous carbon shows two distinct capillary condensation steps 

in the isotherm, the first starting at p/p0 ≈ 0.6 and the second at p/p0 ≈ 0.8, corresponding to two 

different sets of mesopores. The former occurs due to uniform mesopores of average size of 7 nm 

corresponding to the sharp peak in the pore-size distribution plot. These pores correlate well with 

the size of colloidal silica template used. The second condensation step is due to mesopores of size 

from 10-30 nm and corresponds to the broad shoulder to the right in the pore-size distribution plot. 

These larger pores come from slight aggregation of colloidal silica, which occurs when there is 

not enough sucrose to wrap around all the particles, which happens to be the case for this particular 

silica to sucrose weight ratio of 1:1. This broad shoulder as well as the second condensation in the 

isotherm were absent when the ratio was decreased to 0.7 (Figure 2.2) indicating tight control of 

this region of mesopores. There is a small shoulder to the left of the peak as well in the mesopore 

range of 2-4 nm. This may be explained by the incomplete filling of inter-particle spaces by sucrose 

during ice templation, which show up as pores after carbonization and etching. Upon activation, 

both the isotherms and pore-size distribution plots indicate that all pores become larger and the 
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distribution of pore diameters broaden somewhat  consistent with the increase in surface area and 

pore volume due to the introduction of new micropores, small mesopores and broadening of the 

existing mesopores. TEM images of the activated carbons also confirm that the original 

mesoporous framework does not collapse upon activation (Figure 2.3). Care must be taken to not 

activate for longer periods, as it eventually leads to collapse of the mesoporous network causing 

lowering of both surface area and pore volume. 

 

 

Figure 2.1: (a, b) TEM images of 4-1-0 carbon showing foam-like morphology with interconnected 

disordered mesopores; (c) Adsorption-desorption isotherms, and (d) BJH pore-size distribution 

plots of activated carbons, obtained via nitrogen sorption measurement at 77K. 
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Figure 2.2: (a) Pore-size distribution plot, and (b) adsorption-desorption isotherm of 4-0.7 carbon 

obtained via nitrogen sorption measurement at 77K. 

 

Figure 2.3: TEM images of carbon 4-1-1 (a, b) and 4-1-2 (c, d) at different magnifications 

To measure the degree of graphitization of HPCs, XRD and Raman Spectroscopy testing were 

performed (Figure 2.4), both of which show that the carbons are partially graphitic. 

 

(c) 

(a) 

(d) 

(b) 

a) b) 
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Figure 2.4: (a) XRD plots of carbons, and (b) Raman spectrum of carbon 4-1-2 (ID/IG = 1.0 ).  

2.3.2. Characterization of HPCs-S Composites 

To test the performance of HPCs as supports, composites with sulfur from various carbons were 

synthesized. Sulfur was introduced into the pores of these carbons via the melt-infusion method, 

where carbon and sulfur powders were heated together at 160°C so as to liquefy the sulfur in and 

allow it to infuse into the pores via capillary forces. The vapor pressure of sulfur at this temperature 

is 0.3 torr, so infiltration may include transport through the vapor phase as well.   The sulfur content 

in the C-S composites made from 4-1-0, 4-1-1, 4-1-2 carbons was determined using 

thermogravimetric analysis (TGA) to be 50.0 wt. %, 47.5 wt. %, and 47.4 wt. %, respectively.  

To confirm that melt infusion successfully infused the sulfur into the pores, TGDTA, XRD, and 

SEM-EDX were used (Figure 2.5).  Pore size distribution analysis of carbon-sulfur composites 

was also performed to further confirm this (Figure 2.6). As can be seen from Figure 2.5 a, a shift 

in the TG curves to higher temperatures was seen for activated carbons. This shift can be seen 

more clearly in the DTG curves (Figure 2.5 b) where the peak corresponding to highest rate of 

sublimation of sulfur, shifts and broadens towards higher temperatures with longer activation 
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times. This effect can be attributed to the presence of sulfur in the micro- and small mesopores and 

the stronger confinement of sulfur in these smaller pores [23]. To confirm that indeed the sulfur is 

confined more strongly in micropores, a sulfur composite was made with an almost completely 

microporous carbon (commercially available from MTI Corp.) having a micropore volume of 0.46 

cm3 g-1 and total pore volume of 0.51 cm3 g-1. Nitrogen adsorption/desorption isotherms as well as 

pore-size distribution plots can be seen in Figure 2.7. Since, based on the density of liquid sulfur 

at melt-infusion temperature (1.76 g cm-3), a minimum pore volume of 0.55 cm3 g-1 is required to 

accommodate all sulfur at 49.2 wt.% S loading, most of the sulfur should get accommodated in 

the micropores of this carbon. Expectedly, the TG/DTA results of this carbon’s composite showed 

the most delayed sulfur sublimation and the DTG peak appeared after 400°C, which is more than 

100°C higher than the other carbons. Therefore, from the DTG plots it was inferred that sulfur’s 

location varies in all three carbons (as can be visualized from the Schematic in Figure 2.5 e), filling 

up the micropores first due to their smallest size, followed by small and then large mesopores.  

In the 4-1-0 carbon, the pore volume from micropores is negligible, hence most of the sulfur is 

expected to be uniformly dispersed in the mesopores. Whereas in 4-1-2 carbon, the pore volume 

below 2nm is 0.20 cm3 g-1, which is 39% of the theoretical pore volume of 0.51 cm3 g-1 required 

to fill up with liquid sulfur @47.5wt% S loading, which implies that the micropores contain 39% 

of the total S. Hence, the sulfur is in a much more dispersed state in the 4-1-2-S composite with an 

expectedly much thinner sulfur coating on the mesopore walls as compared to the unactivated 

carbon 4-1-0-S composite.  

The good dispersion of the sulfur in the porous network was further confirmed by X-ray 

diffraction.  No crystalline peaks of sulfur were observed for all three HPC-S composites, 

indicating that sulfur was well dispersed in the meso/micropores (Figure 2.5 c). Due to the small 
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particle size of sulfur in the dispersed state, only an amorphous signal in the XRD is observed [9]. 

SEM-EDX elemental mapping on a composite particle also confirmed the uniform distribution of 

sulfur in the carbon (Figure 2.5 d). 

 

Figure 2.5: Characterization of HPC-S composites: (a, b) TG and DTG profiles of sulfur 

composites made with 4-1, 4-1-1, 4-1-2, and commercial activated carbon. (c) XRD plots of pure 

sulfur, HPC 4-1 before and after sulfur infiltration at 159°C. (d) SEM-EDX elemental mapping of 
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S and C on a HPC-S nanocomposite particle. (e) A schematic of porosity evolution upon activation 

and sulfur dispersion in those carbons.  

 

Figure 2.6: (a, b) Comparison nitrogen adsorption isotherms and pore size distributions of carbons, 

(a, b) 4-1-2 and (c, d) 4-0.5-3, before and after sulfur infusion, respectively. 
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Figure 2.7: (a) Pore-size distribution plot, and (b) adsorption-desorption isotherm of commercial 

activated carbon obtained via nitrogen sorption measurement at 77K. 

 

2.3.3. Electrochemical Performance 

To test the performance of HPCs as sulfur supports and to understand how morphology affects the 

battery performance, coin cells were assembled using electrodes made out of C-S composites of 

the all three carbons and galvanostatically cycled with lithium metal as the anode in a voltage 

range of 1.7-2.8V. DOL/DME electrolyte with 1 wt. % LiNO3 was used as the electrolyte. Coin 

cells were cycled at different C-rates ranging from 0.1C up to 5C. Figure 2.8 a shows the cyclic 

performance of the composites from 4-1-0, 4-1-1 and 4-1-2 at a 1C rate. Typically battery capacity 

increases with longer activation process times. The initial capacity increased from 1101 mA h g-1 

for the unactivated carbon to 1198 mA h g-1 and 1287 mA h g-1 for carbons activated for 1h and 

2h respectively. After 100 cycles, the capacities were 555 mA h g-1, 682 mA h g-1 and 747 mA h 

g-1, respectively. 

Since the composite from 4-1-2 carbon showed the highest capacity, all further high C-rate tests 

were performed on this carbon. Figure 2.8 b shows the galvanostatic charge-discharge profiles 

obtained in the 10thcycle at various C-rates. At 0.1C, a capacity of 954mA h g-1 was obtained which 

only dropped to 864mA h g-1, 789mA h g-1, and 601mA h g-1 @ 1 C, 2 C and 5 C rates, respectively. 

Moreover, well defined plateaus with relatively small electrode polarization were observed going 

from 0.1 C to 5 C. The second discharge plateau was still above 2V at 2 C and decreased to only 

1.95V at 5 C. These results indicate excellent overall kinetics due to fast lithium ion transfer in 

and out of the electrode. With long-term cycling at 2C and 5C, capacities of 647 mA h g-1 and 503 
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mA h g-1 were still obtained after 200 cycles while maintaining ~99% coulombic efficiencies 

(Figure 2.8 c).  

 

Figure 2.8: Electrochemical performance of HPCs-S nanocomposites: (a) Capacity (left) and 

Coulombic efficiency (right) for cathodes based on 4-1-0, 4-1-1 and 4-1-2 carbons cycled at 1C 
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rate. (b) First cycle galvanostatic charge-discharge profiles of 4-1-2-S nanocomposites at different 

C-rates from 0.1C to 5C. (c) Cyclic performance of 4-1-2-S nanocomposite at 2C and 5C rates. (d) 

A comparison of initial discharge capacities obtained from nanocomposites from HPCs and a 

commercial microporous activated carbon. (e) Cyclic performance at 2C and 5C rates, and (f) First 

cycle galvanostatic charge-discharge profiles at different C-rates from 0.1C to 5C, of commercial 

activated carbon-S nanocomposite. 

To confirm that a hierarchical porous network is essential to high specific capacities at fast 

charge/discharge rates, a commercially available microporous carbon was tested as a control 

sample. This carbon has a surface area of 1856 m2 g-1 and pore volume of 0.51 cm3 g-1 arising 

almost entirely from micropores. The electrical conductivity was similar to that of HPCs (Table 

2.2) allowing performance comparisons to be made only in terms of morphology/texture for the 

different materials. When tested at similar sulfur loading of 49.2% S, the microporous only  carbon 

showed a much lower initial capacity of 547 mA h g-1 at 1C indicating much slower Li+ transfer 

kinetics (Figure 2.8 d) (Cycling performance data @1C available in Figure 2.9). At 2C and 5C, 

much lower initial capacities of 427 mA h g-1 and 215 mA h g-1 were obtained. The corresponding 

values after 200 cycles were 316 mA h g-1 and 229 mA h g-1 respectively (Figure 2.8 e). In addition 

the electrode polarization was much more pronounced (Figure 2.8 f).  

Table 2.2: Electrical conductivity of various carbons measured @8000 psi compression using four 

point probe measurement setup. 

Carbon Electrical Conductivity (S cm-1) 

4-1-0 6.9 

4-1-1 7.8 

4-1-2 4.0 

Commercial activated carbon 3.6 
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A fast capacity drop over the first 10 cycles was observed for all HPCs, which could be explained 

by the reaction of polysulfides that form during discharge with the LiNO3 salt present in the 

electrolyte to form a solid electrolyte interface (SEI) layer on the lithium metal surface [36]. This 

layer supposedly protects the polysulfides that form later during cycling from reacting at the 

lithium anode, which also explains a much smaller capacity drop over the next 90 cycles. 

Interestingly, capacity retention values over 10th to100th cycle were virtually the same (79%, 80% 

and 82% for composites from 4-1-0, 4-1-1 and 4-1-2, respectively). Longer activated carbons are 

expected to have a much higher fraction of sulfur in the micropores and small mesopores, which 

have been shown to be better sequester for polysulfides. However, all three carbons show the same 

capacity fade regardless of where the S resides. This strongly suggests that the presence of a stable 

SEI on the lithium anode, which is effective in preventing polysulfide shuttle, masks any effect of 

carbon porosity on capacity fade due to the shuttling.  Approximately 99% coulombic efficiencies 

were obtained for all the carbons again indicative of suppressed polysulfide shuttling.  

 

Figure 2.9: Cyclic performance of commercial activated carbon @1C rate. 
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To better understand these results, we compared two HPC-S composites, where the sulfur was 

present exclusively in either mesopores or micropores. For this study, we chose mesoporous 

carbon 4-0.5-0 as the starting carbon, since it was possible to achieve higher micropore volume in 

this carbon upon activation due to the thicker mesopore walls. A micropore volume of 0.29 cm3 g-

1 was obtained in 4-0.5-3. Based on the micropore volume and density of liquid sulfur a theoretical 

sulfur loading of 33 wt. % is possible. Therefore, a sulfur loading of 30 wt. % was chosen to ensure 

that all the sulfur was present in the micropores of the activated carbon 4-0.5-3.  Figure 2.10 a 

shows schematically the difference in sulfur confinement in the two carbons. TGDTA confirms 

that the sulfur is indeed located in the micropores (Figure 2.11). Similar capacity fade from both 

composites was observed when cycled at 1C rate with a capacity retention of ~80% from 10th-

100th cycle (Figure 2.10 b). These results reconfirm our conclusion that in the presence of LiNO3 

additive, the capacity fade is independent of size of the pore where sulfur is confined in. A much 

higher capacity, however, was obtained from 4-0.5-3 carbon-sulfur composite due to its 

significantly higher surface area and pore volume (Table 2.3). This result is in agreement with 

previous studies that used LiNO3 additive [37, 38]. The capacity fade in all the composites could 

be explained by the detrimental effects associated with the formation of insoluble Li2S2 and Li2S 

upon discharge as was demonstrated in several recent reports where cycling between S and the 

soluble Li2S4 phase by avoiding the formation of Li2S, led to highly stable capacities [39, 40]. 

Table 2.3: Porosity characteristics of 4-0.5-0 and 4-0.5-3 carbons. 

Carbon SBET (m
2 g-1) Vtotal (cm3 g-1) Vmicro (cm3 g-1) 

4-0.5-0 800 1.15 0.06 
4-0.5-3 1922 2.28 0.29 
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Figure 2.10: (a) Schematic representation of distribution of sulfur in 30 wt. % S composites made 

with carbons 4-0.5-0 (left) and 4-0.5-3 (right) (b) Cyclic performance of the composites at 1C rate 

(c) A bar graph comparing the capacity retention calculated from 10th-100th cycles for 30 wt. % S 

composites from 4-0.5-0 and 4-0.5-3 carbons. 
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Figure 2.11: DTG plots of 30 wt%S composites made with 4-0.5-0 and 4-0.5-3 carbons. Shift in 

the DTG peak significantly to the right indicates the presence of sulfur in the micropores. 

 

2.4. Conclusions 

A series of hierarchical porous carbons (HPCs) with exceptionally high surface areas and pore 

volumes, synthesized via a two-step process of hard templation followed by physical activation, 

were demonstrated to be excellent supports for sulfur for Li-S batteries. Physical activation of 

mesoporous carbons led to greatly increased surface areas and pore volumes due to the 

introduction of micro- and small mesopores while expanding the existing mesopores. The large 

surface areas caused sulfur to disperse well and the higher pore volume led to faster access to the 

dispersed sulfur by Li+ ions, both favorable for better performance. Specific capacities at the 100th 

cycle @1C increased from 555mA h g-1 to 683 and 747mA h g-1 after 1 h and 2 h of activation, 

respectively. Remarkably high capacities of 647 mA h g-1 and 503 mA h g-1 were still obtained 

after 200 cycles at high C-rates of 2 C and 5 C with relatively small electrode polarization, 

indicative of fast Li+ ion kinetics. For comparison, a completely microporous carbon with high 

surface area under similar testing conditions delivered much lower capacity of 345 mA h g-1 at 

100th cycle at 1C. Moreover, a porosity-independent capacity fade is also systematically 

demonstrated in the presence of lithium nitrate electrolyte additive indicating effective elimination 

of capacity loss due to polysulfide shuttle. Facile and high throughput synthesis, tightly controlled 

and highly tunable porosity along with high power performance makes these HPCs a very 

promising platform for sulfur in lithium/sulfur batteries and good model system for other 

systematic studies. 

 



34 
 

References 

 [1] B. Scrosati, J. Garche, J. Power Sources, 195 (2010) 2419-2430. 

[2] P.G. Bruce, S.A. Freunberger, L.J. Hardwick, J.M. Tarascon, Nat. Mater., 11 (2012) 19-29. 

[3] B. Scrosati, J. Hassoun, Y.-K. Sun, Energy Environ. Sci., 4 (2011) 3287-3295. 

[4] R.D. Rauh, F.S. Shuker, J.M. Marston, S.B. Brummer, J. Inorg. Nucl. Chem., 39 (1977) 

1761-1766. 

[5] S.S. Zhang, J. Power Sources, 231 (2013) 153-162. 

[6] Y.V. Mikhaylik, J.R. Akridge, J. Electrochem Soc, 151 (2004) A1969. 

[7] A. Manthiram, Y.Z. Fu, Y.S. Su, Acc. Chem. Res., 46 (2013) 1125-1134. 

[8] M.K. Song, E.J. Cairns, Y.G. Zhang, Nanoscale, 5 (2013) 2186-2204. 

[9] X.L. Ji, K.T. Lee, L.F. Nazar, Nat. Mater., 8 (2009) 500-506. 

[10] G. He, X.L. Ji, L. Nazar, Energy Environ. Sci., 4 (2011) 2878-2883. 

[11] N. Jayaprakash, J. Shen, S.S. Moganty, A. Corona, L.A. Archer, Angew. Chem. Int. Ed., 50 

(2011) 5904-5908. 

[12] L.W. Ji, M.M. Rao, S. Aloni, L. Wang, E.J. Cairns, Y.G. Zhang, Energy Environ. Sci., 4 

(2011) 5053-5059. 

[13] J.L. Wang, J. Yang, J.Y. Xie, N.X. Xu, Y. Li, Electrochem. Commun., 4 (2002) 499-502. 

[14] X.L. Li, Y.L. Cao, W. Qi, L.V. Saraf, J. Xiao, Z.M. Nie, J. Mietek, J.G. Zhang, B. 

Schwenzer, J. Liu, J. Mater. Chem., 21 (2011) 16603-16610. 



35 
 

[15] B. Ding, C.Z. Yuan, L.F. Shen, G.Y. Xu, P. Nie, X.G. Zhang, Chem. Eur. J., 19 (2013) 

1013-1019. 

[16] Y.S. Su, A. Manthiram, Nat. Commun., 3 (2012). 

[17] R. Elazari, G. Salitra, A. Garsuch, A. Panchenko, D. Aurbach, Adv. Mater., 23 (2011) 5641-

5644. 

[18] J. Schuster, G. He, B. Mandlmeier, T. Yim, K.T. Lee, T. Bein, L.F. Nazar, Angew. Chem. 

Int. Ed., 51 (2012) 3591-3595. 

[19] C. Lai, X.P. Gao, B. Zhang, T.Y. Yan, Z. Zhou, J. Phys. Chem. C, 113 (2009) 4712-4716. 

[20] H.B. Wu, S.Y. Wei, L. Zhang, R. Xu, H.H. Hng, X.W. Lou, Chem. Eur. J, 19 (2013) 10804-

10808. 

[21] B. Zhang, X. Qin, G.R. Li, X.P. Gao, Energy Environ. Sci., 3 (2010) 1531-1537. 

[22] D.W. Wang, G.M. Zhou, F. Li, K.H. Wu, G.Q. Lu, H.M. Cheng, I.R. Gentle, Phys. Chem. 

Chem. Phys., 14 (2012) 8703-8710. 

[23] C.D. Liang, N.J. Dudney, J.Y. Howe, Chem. Mater., 21 (2009) 4724-4730. 

[24] Z. Li, L. Yuan, Z. Yi, Y. Sun, Y. Liu, Y. Jiang, Y. Shen, Y. Xin, Z. Zhang, Y. Huang, Adv. 

Energy Mater., 4 (2014) n/a-n/a. 

[25] M.Q. Zhao, Q. Zhang, J.Q. Huang, G.L. Tian, J.Q. Nie, H.J. Peng, F. Wei, Nat. Commun., 5 

(2014) 3410. 

[26] G.Y. Xu, B. Ding, L.F. Shen, P. Nie, J.P. Han, X.G. Zhang, J. Mater. Chem. A, 1 (2013) 

4490-4496. 



36 
 

[27] S.C. Wei, H. Zhang, Y.Q. Huang, W.K. Wang, Y.Z. Xia, Z.B. Yu, Energy Environ. Sci., 4 

(2011) 736-740. 

[28] L.H. Yu, N. Brun, K. Sakaushi, J. Eckert, M.M. Titirici, Carbon, 61 (2013) 245-253. 

[29] S.R. Zhao, C.M. Li, W.K. Wang, H. Zhang, M.Y. Gao, X. Xiong, A.B. Wang, K.G. Yuan, 

Y.Q. Huang, F. Wang, J. Mater. Chem. A, 1 (2013) 3334-3339. 

[30] L. Estevez, R. Dua, N. Bhandari, A. Ramanujapuram, P. Wang, E.P. Giannelis, Energy 

Environ. Sci., 6 (2013) 1785-1790. 

[31] Y.V. Mikhaylik, in, Google Patents, 2008. 

[32] D. Aurbach, E. Pollak, R. Elazari, G. Salitra, C.S. Kelley, J. Affinito, J. Electrochem. Soc., 

156 (2009) A694. 

[33] G. Zheng, Y. Yang, J.J. Cha, S.S. Hong, Y. Cui, Nano Lett., 11 (2011) 4462-4467. 

[34] S.S. Zhang, Electrochim. Acta, 70 (2012) 344-348. 

[35] S.S. Zhang, J.A. Read, J Power Sources, 200 (2012) 77-82. 

[36] X. Liang, Z. Wen, Y. Liu, M. Wu, J. Jin, H. Zhang, X. Wu, J. Power Sources, 196 (2011) 

9839-9843. 

[37] H. Sohn, M.L. Gordin, T. Xu, S. Chen, D. Lv, J. Song, A. Manivannan, D. Wang, ACS 

Appl. Mater. Interfaces, 6 (2014) 7596-7606. 

[38] S.S. Zhang, Electrochem. Commun., 31 (2013) 10-12. 

[39] Y. Yang, G. Zheng, Y. Cui, Energy Environ. Sci., 6 (2013) 1552-1558. 

[40] Y.-S. Su, Y. Fu, B. Guo, S. Dai, A. Manthiram, Chem. Eur. J., 19 (2013) 8621-8626. 



37 
 

CHAPTER 3 

DESIGN PARAMETERS FOR OPTIMUM PERFORMANCE OF POROUS CARBONS 

IN LITHIUM-SLFUR BATTERIES  

 

3.1 Introduction 

Lithium-sulfur (Li-S) batteries are an attractive technology due to the light weight and low cost of 

sulfur, and a high theoretical specific capacity (1672 mA h g-1) and specific energy (2567 W h kg-

1) compared to current lithium-ion batteries. Despite these advantages, there remain many 

challenges preventing more widespread adoption of Li-S batteries. The primary obstacle is low 

sulfur utilization leading to less than theoretical capacity. This low capacity becomes even lower 

during cycling as more sulfur is lost during charge/discharge via different pathways. Firstly, by 

leaching out of the electrode in the form of electrolyte-soluble reaction intermediates known as 

polysulfides. Secondly, by accumulation and aggregation of inactive, electrically insulating 

lithium-sulfide. 

 Carbon is a good candidate to serve as the host material for the insulating sulfur in the lithium-

sulfur battery cathode because due to its light weight, low cost, and electrical conductivity. In 

addition, carbon can be made porous so that sulfur dispersion can be achieved at a nanoscale 

generating a close electrical contact, and the carbon structure can be designed so as to avoid 

polysulfide leaching by physically containing polysulfides and inhibiting their outward diffusion 

while still allowing in-out transfer of Li+ ions. After one of the earliest reports on the use of 

mesoporous carbon for lithium-sulfur batteries by Ji et al 1, porous carbon has received a great deal 

of attention and a large number of carbons have been developed with systems approaching 
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theoretical specific capacity (1672 mA h g-1) at fast charge/discharge rates (1C or above). A more 

stable cyclic performance of the cells has been achieved by improving the structure, porosity, 

and/or electrical conductivity of the carbon host. These carbon hosts can be broadly categorized 

using a set of parameters from each of the following three categories: 1) 0-,1-,2-, or 3-dimensional, 

2) varying degree of graphitization from a complete graphitic-crystalline carbon frameworks to a 

largely amorphous type structure, 3) porosity of various size, uniformity and size distribution 

[refs], and, 4) design/architecture (e.g. uniform, hollow, and core shell). Some of the earliest 

examples (in increasing order of their dimensionality) include carbon spheres with bimodal 

porosity 2, hollow spheres with mesoporous shells 3, microporous carbon spheres 4, hollow carbon 

nanofibers 5, porous carbon nanofibers 6 or nanofiber cloths 7, disordered carbon nanotubes 8 or 

multi-walled carbon nanotubes 9, functionalized graphene sheets 10, expanded graphite 11, graphene 

oxide 12 and mesoporous or meso-micro hierarchical porous carbons 13-16. Despite the large number 

of design parameters considered and carbons tested a complete understanding of the relative 

importance of each of these design parameters on the final electrochemical performance of the 

corresponding C-S composites (i.e. on sulfur utilization and capacity retention) has yet to emerge. 

A few number of studies have correlated pore size, pore volume, pore size distribution, and surface 

area with the Li-S battery performance1, 15, 17-22. However, most of these studies employed different 

types of commercial carbons with varied precursors and synthesis conditions leaving many other 

variables such as degree of graphitization or surface chemistry untested. Moreover, most of these 

studies were done at relatively low sulfur loading (50 wt. % or less), which is not desirable for 

commercial applications as the extra carbon decreases capacity and adds weight to the battery.  

In this work, we adopted Hierarchical Porous Carbons (HPCs) 23 as a model carbon system, to 

study the effect of porosity systematically, while eliminating complications from having different 
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starting precursors or synthesis procedures. These HPCs are prepared via a two-step process. First, 

primarily mesoporous carbons are prepared by ice templating a suspension of colloidal silica and 

sucrose followed by carbonization and etching. Second, these mesoporous carbons are activated 

using CO2 gas to introduce micropores and small mesopores. The various synthesis knobs that 

allowed tuning the porosity were colloidal silica size, weight ratio of silica to sucrose and duration 

of the activation step. In this work we studied specifically the effect of mesopore size, surface area, 

and pore volume on the electrochemical performance of C-S composites prepared at two different 

sulfur loadings, 50 wt. % (C:S=1:1) and 80 wt. % (C:S=1:4). The major pore size (corresponding 

to the peak in pore size distribution plots of HPCs) varied from 5 nm to 32 nm in the presence or 

absence of micropores (~1 nm) and smaller mesopores (2-5 nm) in varied volume fractions, while 

the surface area varied from 511 m2 g-1 – 2763 m2 g-1 and pore volume from 0.6 cm3 g-1 – 5.0 cm3 

g-1.  In addition, we employed cryogenic transmission electron microscopy (cryo-TEM), to directly 

image the distribution of sulfur in HPCs without sulfur sublimation artifacts 24. To the author’s 

knowledge, this is first time that this has been applied to sulfur battery electrode materials.  

After testing more than 25 different HPCs, statistically significant correlations between porosity 

and electrochemical performance were obtained. We found that, at low sulfur loading (C:S=1:1), 

the capacity increases with surface area of the carbon before it reaches a plateau, which is 

correlated with a corresponding decrease in their electrical conductivity. In addition, mesopore 

size between 7 and 19 nm does not affect the sulfur utilization. At a high sulfur loading (C:S=1:4), 

pore volume is a more important parameter than surface area. A steady increase in sulfur utilization 

with pore volume of HPCs was observed, whereas with surface area a plateauing effect similar to 

50 wt. % sulfur was observed after a certain limit. We also looked at long term cycling performance 

(500 cycles) of the higher loaded HPCs and found that all composites fail after 200-300 cycles. 
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This was hypothesized to be correlated to a combined effect of accumulation of more inactive 

Li2S, and consumption of LiNO3 electrolyte additive, over cycling. Moreover, direct imaging of 

the carbon-sulfur composites Cryo-TEM showed that the current indirect methods and techniques 

of characterizing the sulfur distribution in porous carbons such as XRD or theoretical sulfur 

loading calculations may not always be reliable. 

 

3.2 Experimental Section 

 

3.2.1 Synthesis of Hierarchical Porous Carbons. The hierarchical porous carbons (HPCs) were 

synthesized via ice templation of a mixture of colloidal silica nanoparticles dispersed in an aqueous 

solution of sucrose.  The colloidal silica acts as a removable template and sucrose as the carbon 

source, as reported by previously by our group 23.  Typically, 6 g of sucrose was dissolved in 40 g 

of 15 wt. % silica solution to obtain a 1:1 weight ratio of silica to sucrose. The solution was ice 

templated by plunging in liquid nitrogen and then dried in a freeze drier to remove the ice. The 

resulting silica-sucrose composite was carbonized at 1000°C for 3 h by heating under argon at 3°C 

min-1.  The silica was then etched out of the carbonized composite by stirring in a solution of 3M 

NaOH heated at 80°C for 24h followed by filtration and washing with DI water until a neutral pH 

was obtained. An additional step of physical activation was also employed in some of the carbons, 

where the carbons were heated under CO2 gas at 950°C for a certain time depending on the extent 

of activation desired. For convenience and easy reference the various carbons are referred to as x-

y-z, where x is the size of colloidal silica nanoparticles in nm, y is the silica to sucrose weight ratio 

and z is the time of physical activation in hours. 
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3.2.2 Preparation of HPC-S Composites. Carbon-sulfur composites were prepared via the melt- 

infusion process. Carbon and sulfur powders, taken in a weight ratio of 1:1 or 1:4, were first mixed 

in a mortar and pestle to disperse the sulfur well. The mixture was then sealed in a stainless steel 

pressure reactor and heated at 160°C for 18 h. Sulfur melts and has the least viscosity around this 

temperature, which allows it to be drawn into the pores of carbon via capillary forces. In the paper, 

x-y-z -50S denotes an x-y-z carbon with 50 wt. % sulfur loading. The theoretical sulfur loading, 

wherever mentioned in the paper, was calculated based on the density of sulfur at its melting point 

(1.82 g cm-3) and the specific pore volume of carbon assuming that all pores are accessible. 

3.2.3 Materials Characterization. Pore size distribution, specific surface area and pore volume 

of HPCs were obtained via Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 

analysis of the nitrogen adsorption isotherm obtained at 77K in a Micromeritics ASAP2020 

instrument.  

Sulfur loading in the HPC/S composites was obtained using the Thermogravimetric Analysis 

(TGA) performed using an EXSTAR TG/DTA6200 instrument. The samples were heated under 

nitrogen from room temperature to 500°C at a rate of 10°C min-1.  

X-ray diffraction was obtained using a Scintag Theta-Theta-X-Ray Diffractometer with Cu Kα 

radiation. 

Electrical conductivity was measured in a lab-made 4-point probe setup. The carbon powders 

were pressed in a Teflon mold with a known sized cylindrical hole, at a fixed pressure of 8000 psi 

applied via metallic pistons placed at both ends. The potential was measured across the sample, 

upon passing a known current, by using two metallic probes that enter the cavity via two holes 

drilled through the mold and separated by fixed distance (l).  
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3.2.4 Cryo-TEM. Samples were prepared for cryo-TEM imaging by dispersing C-S composite 

particles in ethanol, and pipetting 3 μL of the ethanol/composite solution onto a 3 mm copper TEM 

grid with a carbon support film. TEM grids were loaded into a Gatan model 626 liquid nitrogen 

cryo-holder for study in the TEM. The holder kept the sample at a temperature of -173oC, 

suppressing sulfur sublimation. Samples were imaged in an FEI Tecnai F-20 microscope operated 

in scanning TEM (STEM) mode at 200 kV. An Oxford Instruments X-Max EDX detector was 

used for elemental mapping.  

3.2.5 Electrochemical Testing. Electrodes were fabricated by first making a slurry of HPC/S, 

carbon black (SuperP) and polyvinyledene fluoride (PVDF) binder, taken in a weight ratio of 

80:12:8, and using (N-methyl-2-pyrrolidone) NMP as the solvent. The slurry was then coated on 

to a flattened aluminum foil to make a 200 μm thick coating. After drying at 60°C for 18 h, the 

active material loading was ~0.5 mg cm-2 and ~1.2 mg cm-2 for the electrodes made from x-y-z-

50S and x-y-z-80S composites, respectively.  

2032-type coin cells were made using lithium metal as the anode (Alfa Aesar) and a porous 

polypropylene membrane as the separator (Celgard). 1M Lithium Bis (Trifluoromethanesulfonyl) 

Imide (LiTFSi) (Sigma Aldrich), 1wt% lithium nitrate (LiNO3) dissolved in a mixture of 1, 3-

Dioxolane and Dimethoxyethane (1:1 by volume) was used as the electrolyte. An excess amount 

of electrolyte was added during the cell fabrication leading to some of it coming out while crimping 

the cell and therefore the exact amount of electrolyte per cell cannot be estimated.  

Galvanostatic charge/discharge cycling was performed in a MACCOR battery tester between a 

voltage range of 1.7-2.8V. All cycling tests were done at 1C rate unless otherwise mentioned, 

leading to current densities of ~0.8 mA cm-2 and ~4.8 mA cm-2 for the 50 wt. % and 80 wt. % 

composites respectively. All specific capacities were calculated per gram of sulfur. 
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3.3 Results and Discussion 

3.3.1 Hierarchical Porous Carbons and C-S Composites. A number of carbons were 

synthesized with a wide range of porosity by simply tuning the synthesis parameters. These 

variables included colloidal silica template size (nm), silica to sucrose weight ratio and duration 

of physical activation (hours). Note that these parameters are referred to in the samples as x-y-z, 

respectively. Their porosity including surface area, pore volume, average pore size, and electrical 

conductivity are listed Table 3.1. The carbons are broadly grouped into four categories in terms of 

their porosity, which is also to a certain extent indicative of the type of porosity present. The first 

group lists carbons with relatively low surface area (~ 500 - 1000 m2 g-1) and pore volume (0.6 - 

2.1 cm3 g-1). These carbons which are mostly mesoporous were obtained by keeping the template 

content low and without applying the physical activation. The second includes carbons with high 

surface area (~ 1800 - 2800 m2 g-1) and medium pore volume (2.2 - 2.8 cm3 g-1). Carbons in this 

category were obtained by physically activating group I carbons with low template content (silica 

to sucrose weight ratio of 0.3 - 0.7). These are mainly composed of micropores and small 

mesopores (<4 nm) along with the 6 nm sized mesopores from the silica template. The third 

includes carbons with medium surface area (~1200 - 1400 m2 g-1) but high pore volume (2.7 - 5 

cm3 g-1). These were obtained by using high template content (silica to sucrose weight ratio of 1 - 

2) but mostly without physical activation. Hence, these carbons are mostly mesoporous. Group IV 

contains carbons with high surface area (1900 - 2300 m2 g-1) and high pore volume (3.5 - 4.8 cm3 

g-1). These carbons were obtained by physically activating group III carbons, and therefore contain 

micropores and small mesopores along with the mesopores from the template. This wide range of 
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carbons with pores of different size and distribution allowed us to exhaustively and systematically 

study the impact of porosity on battery performance. 

To better visualize the porosity, pore size distribution of some selected carbons are presented in 

Figure 3.1. In Figure 3.1 a and b, the effect of physical activation for different time durations on 

carbons from category I and III, respectively, can be seen. Figure 3.1 c contrasts the pore size 

distribution of category II and III carbons, where the former exhibits high surface area but 

relatively low pore volume and the latter is just the opposite, i.e. medium surface area and high 

pore volume. For example, carbon 4-0.3-4 contains more of the smaller micro and small 

mesopores, whereas carbon 2,140-2-0.5 has pores towards large mesopores size and one other 

broad peak in the macropore (>50 nm) regime. Note that small pores provide high surface area and 

large pores provide high pore volume. Carbons 4-1-0, 12-2-0 and 20-2-0 were selected for this 

study given their similar surface areas and sharp pore size distributions (Figure 3.1 d), with the 

only difference being the mesopores size. 

Table 3.1: Porosity and sulfur loading characteristics of HPCs and HPC-S composites.  

Type Carbona SBET 

(m2 g-1) 

VTotal 

(cm3 g-

1) 

Avg. 

Pore 

Size 

(nm) 

Electrical 

Conductivit

y 

(S cm-1) 

Theoretica

l S loading 

(wt. %) 

Actual S 

loading 

(wt. %) 

I 

4-0.3-0 511 0.6 5 9.9 53% 82%, 

49% 

4-0.5-0 800 1.2 6 7.9 68% 83%, 

50% 

12-1-0 838 1.6 12 2.9 74% 83% 

4-0.7-0 945 1.6 6 7.8 74% 51% 

 20-1-0 964 2.1 18 3.4 79% 82% 

II 

4-1-0 1110 2.1 7 6.5 79% 81%, 

50% 

       

4-0.7-1 1421 2.2 7 7.5 80% 49% 

4-0.3-3 1538 1.3 5 4.4 70% 49% 

4-0.3-4 1988 1.7 5 - 76% 47% 
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4-0.5-3 1922 2.3 5 3.6 81% 83%, 

51% 

4-0.5-4 2336 2.5 5 3.5 83% 82%, 

52% 

4-0.7-2 1851 2.6 7 5.0 83% 49% 

4-0.7-3 2338 2.8 6 3.8 84% 49% 

4-0.7-4 2763 2.8 5 - 84% 50% 

        

III 

12-2-0 1236 2.7 13 1.5 83% 82% 

4-1-1 1473 2.8 7 7.8 84% 81%, 

47% 

20-2-0 1279 3.3 19 1.6 86% 81% 

4,20-2-0* 1245 3.7 32 2.5 87% 83% 

4-2-0 1263 3.7 21 2.1 87% 84% 

20,140-2-

0.5* 

1290 5.0 21, 

84 

2.9 90% 81% 

        

IV 

20-1-2 2004 3.5 18 3.1 86% 84% 

4-1-2 2339 3.8 7 4.0 87% 80%, 

47% 

4,20-2-1* 2219 3.9 25 2.6 88% 81% 

12-2-1.5 1604 4.1 12 1.8 88% 80% 

4-2-0.5 2297 4.5 18 - 89% 80% 

20-2-1.5 2270 4.6 16 1.7 89% 80% 

4,20-2-0.5* 1909 4.8 30 2.0 90% 81% 

        

Control 0-0-12       

        
a Notation: x-y-z ; x = silica NP size (nm), y = silica/sucrose wt. ratio, z = time of activation (h).  

* Silica NPs of two difference sizes were used for these carbons. 

 

 



46 
 

 

 

Figure 3.1: Pore size distributions of a few selected HPCs. (a, b) Pore size distributions after 

physical activation for HPCs with different initial mesopore size. (c) Comparison of pore size 

distribution of two HPCs from category II and category III. (d) Pore size distribution of unactivated 

HPCs with three different mesopore sizes.  

 

Electrical conductivity is a key variable towards good battery performance and porosity is well 

known to affect adversely conductivity.   Figure 3.2 shows that the electrical conductivity of the 

4-y-z series varies with surface area as expected. It decreases steadily with surface area and pore 
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volume. The electrical conductivity trends will be correlated with the corresponding battery 

performance in the next section 3.2. 

 

 

Figure 3.2: Electrical conductivity of 4-y-z series measured with a 4-point probe electrical 

conductivity measurement setup, plotted against surface area (a) and pore volume (b).  

 

To investigate the effect of sulfur loading on electrochemical performance, carbon-sulfur 

composites were made at two different sulfur loadings, ~50 wt. % sulfur (C:S=1:1) and ~80 wt. % 

sulfur (C:S=1:4). The theoretical and actual sulfur loading (obtained from TGA) after melt infusion 

is listed in Table 3.1. At ~50 wt. % sulfur, the theoretical sulfur loading, which is calculated based 

on the pore volume and density of molten sulfur, is higher than the actual loading for all HPCs. 

However at ~ 80 wt. %. sulfur, for HPCs with pore volume below 2.2 cm3 g-1, the pores cannot 

accommodate all the sulfur. The excess sulfur then supposedly crystallizes outside the porous 

framework on the particle surface and could be observed in the XRD patterns. Figure 3.3 a shows 

XRD spectra of carbons representative of each HPC category. The crystalline sulfur peak intensity 

is highest for the group I carbons and almost absent in group IV. 
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Figure 3.3: (a) Representative XRD plots of 80 wt. %S composites prepared from HPCs for groups 

I, II, III, and IV. (b) XRD plots of two 80 wt. % S composites selected for the cryo-TEM study 

(20-2-0-80S and 20-2-1.5-80S). 

 

The theoretical calculations and XRD analysis can only provide a rough estimate of the level of S 

dispersion inside the carbon pores. Cryo-TEM imaging and EDX mapping suggests that despite 

the absence of characteristic crystalline peaks in XRD spectra of both samples (Figure 3.3 b), the 

one with lower pore volume carbon (20-2-0-80S, 3.3 cm3 g-1), which is much higher than the 

theoretical 2.2 cm3 g-1 still shows sulfur present outside the carbon pores. (Figure 3.4). Any 

external sulfur was, however, absent in the other composite given its even higher pore volume (4.6 

cm3 g-1). Cryo-TEM is particularly useful because sulfur sublimes within a few minutes under the 

high vacuum conditions of traditional TEM imaging techniques.  24. Taken all together our studies 

demonstrate that  current methods of characterizing the location of sulfur i.e. XRD or by comparing 

the theoretical vs. actual S loading are not completely reliable and that the melt infusion technique 

is not always effective for utilizing the pore filling capability of the porous carbon network.  
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Figure 3.4: (a, c) STEM images of S composites prepared from two HPCs (20-2-1.5-80S and 20-

2-0-80S, respectively), (b, d) EDX mappings of carbon and sulfur separately (grey images) along 

with an overlapped EDX map (carbon in red and sulfur in green). Image courtesy of Barnaby 

Levin. 

3.3.2 Correlation between porosity and battery performance. Galvanostatic cycling at 1C rate 

was performed to test the electrochemical performance of the HPC-S composites. The specific 

discharge capacity obtained at the end of 100th cycle was used for plotting trends in all the plots 
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below. First, the effect of mesopore size on specific capacity was examined by comparing the 50 

wt. % S composites prepared from HPCs with three different mesopore sizes. They all exhibited 

similar surface areas but the pore size varied from 7nm to 13 nm to 19 nm, as shown earlier in 

Figure 1 d. No significant difference was observed in the capacities, which means there is not 

much difference in terms of Li+ ion kinetics in this pore size range (Figure 3.5 a). All three showed 

roughly 600 mA h g-1 after 100 cycles. Next, the effect of surface area over a wide range of ~500-

2800 m2 g-1 was studied, again at the low S loading of 1:1. Instead of an expected steady upward 

trend, plateauing was observed towards the high surface area (Figure 3.5 b). This trend could be 

correlated to the electrical conductivity shown in Figure 3.2a, a decrease in electrical conductivity 

for higher surface area systems likely counteracted the advantage of high surface area.  

Similar trend was observed for systems with 80 wt. % S (Figure 3.5 d, e and f). The specific 

capacity didn’t scale with surface area after the value of ~ 1200 m2 g-1. In contrast, the capacity 

correlated with pore volume showing an almost linear increase. The carbons with the lowest 

surface area (S.A.) and pore volume (P.V.) (Type I) gave the lowest capacities as expected. The 

composites from carbons with both high S.A. and P. V. (Type IV) were among the ones that 

resulted in the highest capacities. Interestingly, the composites from the carbons with moderate 

surface area but high pore volume (Type III) also provided among the highest capacities. 

Conversely, a high surface area but moderate pore volume (Type II) led to moderate capacities.  
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Figure 3.5: Scatter plots correlating specific capacity obtained at the end of 100th discharge with 

pore size (a) and surface area (b) of carbons loaded with sulfur at 50 wt. %, and with surface area 

(c) and pore volume (d) of 80 wt. % S loaded carbons, when cycled at 1C. 

 

 Next, the short and long-term cyclic performance at 80 wt. % S loading was assessed and 
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100 % capacity retention (Figure 3.6). However, all of them failed after 200-300 cycles (Figure 
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cycling which could make the overall electrode insulating, and could eventually shut down further 

electron transfer within the electrode leading to the observed sudden capacity fade.   
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Figure 3.6: Capacity retention of 80 % S composites from 20th – 100th cycle. 

The second factor could be the consumption of LiNO3 electrolyte additive over cycling. It is known 

that LiNO3 gets continuously consumed as more fresh lithium surface is exposed due to lithium 

redeposition and dendrite formation. Eventually as all the LiNO3 gets consumed, the lithium anode 

is no longer protected and could lead to its vigorous reaction with the dissolved polysulfides 

leading to the observed fast capacity decay. The ineffectiveness of LiNO3 over cycling is evident 

from the coulombic efficiency fade observed in most of the composites going as low as 60 % 

(Figure 3.8). It is to be noted that the composite from category II (Figure 3.7 b) fades the slowest 

and is very stable for up to 600 cycles. We believe this is because of the low sulfur areal density 

in this electrode, about half of the rest of electrodes. Hence, lesser amount of polysulfides were 

generated for the same amount of LiNO3 used which probably delayed its consumption. 
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Figure 3.7: Long term cycling performance of 80 wt. % S composites divided into the four 

categories. 
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Figure 3.8: Coulombic efficiency plots versus cycles (divided by category) for 80 wt. % S 

composites plotted over up to 1000 cycles. 
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3.4 Conclusions 

In conclusion, we have used a series of carbons (HPCs) with highly tunable porosity in terms of 

pore size, surface area and pore volume to elucidate the importance of these different porosity 

characteristics on the electrochemical performance of the corresponding C/S composites. Given 

the wide range of pore volumes available (0.6-5.0 cm3 g-1), sulfur utilization and long-term cyclic 

performance of the composites was studied at both low (50 wt. % S) and high (80 wt. % S) S 

loadings. Indeed the conductivity is the limiting factor in achieving close to theoretical capacities 

for carbons with very high surface area and pore volume. Additionally, at high S loading, a high 

pore volume is more effective than high surface area for better sulfur utilization. However, all cells 

showed a sudden fall in capacity after 200-300 cycles. This behavior was linked to the 

accumulation of larger quantities of inactive Li2S owing to more completion of the discharge 

reaction and depletion of LiNO3 electrolyte additive over cycling. The emerging understanding 

could help guide a better design and development of new carbon hosts towards achieving closer to 

theoretical capacities in Li-S batteries, especially for achieving a higher S loading and more 

importantly its uncompromised utilization. 
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CHAPTER 4 

CATALYTICALLY GRAPHITIZED TEMPLATED MESOPOROUS CARBONS FOR 

LONG CYCLE LIFE OF LITHIUM-SULFUR BATTERIES  

Ritu Sahore1, Su-Hou Pai1, Tiffany V. Williams1, Francis J. DiSalvo2, Emmanuel P. Giannelis1 

 

4.1 Introduction 

Both porosity and electrical conductivity of porous carbons are advantageous for their applications 

in battery electrodes and electrical double layer capacitors (EDLCs). Porosity helps with enhanced 

ionic conductance while good electronic conductivity helps with fast electron transfer to the active 

sites, especially at high power densities. Therefore, nanostructured graphitic carbons are desired 

as good crystallinity leads to high electrical conductivity. The majority of the high surface area 

porous carbons prepared via templation or activation routes are largely amorphous or partially 

graphitic with a lot of defects inherent with the porosity and including edges and vacancies. [1, 2]. 

Heat treatment at high temperatures (>2000 °C) is a classic way to improve the crystallinity or 

degree of graphitization of these carbons. However, porosity and electrical conductivity are not 

completely independent. It is well known that porosity decreases with temperature due to the 

elimination of defects and formation of better stacked graphene layers [3, 4]. Use of easily 

graphitizable precursors such as coal, petroleum pitch, and acetonitrile has been shown as an 

effective way to prepare mesoporous graphitic carbons with a high degree of graphitization via 

templation with mesoporous or colloidal silica [5-7]. Catalytic graphitization is another technique 

known to graphitize both graphitizable and non-graphitizable carbons by heat treatment in the 

presence of certain metals or metal salts at relatively low temperatures (700-900 °C). The process 
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works by dissolution of amorphous carbon domains into the metal to form carbide followed by re-

precipitation as graphite around the metal catalyst particles [8-10]. This approach has been used in 

many different ways to synthesize graphitic nanostructures carbons. One way involves a single-

pot synthesis methods, where either both carbon source and metal catalysts are mixed together or 

organometallic complexes/salts alone are heat-treated followed by etching away of the metal. This 

process usually results in hollow nanospheres or nanocapsules with well-developed graphitic shells 

[11-15]. The metal here acts as both the catalyst for graphitization as well as the template. 

However, the surface area of the resulting carbons is generally limited to < 300 m2 g-1, due to large 

particle size and high shell thickness. The surface area obtained in this method was improved by 

addition of nano-sized templates or chemical-activating agents so that after pyrolysis a two-phase 

mixture of largely amorphous carbon interspersed with hollow graphitic structures was obtained 

[16-18]. Surface area as high as 1522 m2 g-1 could be obtained as reported by Chen et al. [19]. 

Another method employed for catalytic graphitization involves two steps: (1) synthesis of porous 

carbon, and (2) impregnation of the porous carbon with a metal salt, followed by heat treatment 

[20]. Carbons with similar structural characteristics as the former are obtained from this method. 

However, graphitization efficiency of the catalyst is better in the former method due to much better 

dispersion of the salt with the carbon precursor. Electrodes for EDLCs and lithium-ion battery 

anodes made from these type of graphitized mesoporous carbons have shown superior 

performance than their amorphous counterparts due to improved electrical conductivity and porous 

structure [19, 21-24]. 

Lithium-sulfur batteries are an active area of research because of their many attractive features 

mainly low material costs and much higher theoretical specific capacity and energy density 

compared to the conventional lithium-ion batteries. However, they still suffer from various issues 
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such as poor power and cyclic performance [25]. One of the reasons for that is low electrical 

conductivity of sulfur and its final lithiation products. Porous carbons have been identified as a 

suitable host to disperse sulfur [26]. However, low electrical conductivity due to amorphous or 

partially graphitic structure of the majority of the porous carbons employed for this application 

limits the active material utilization at fast charge/discharge rates. Various sp2-hybridized carbons 

like carbon nanotubes (CNTs) and graphene have been employed but they lack generally porosity 

and high surface area because of their tendency to pack together, which limits ionic transport. In 

that direction, various sp2-porous carbons hybrids such as porous carbon/MWCNTs, 

graphene/CNTs@porous carbon, etc. have been synthesized and reported as superior sulfur hosts 

at high rates compared to their amorphous just-porous counterparts [27-32]. However, catalytically 

graphitized mesoporous carbons have not yet been reported as sulfur hosts. 

In this work, we report the synthesis and lithium-sulfur battery performance of catalytically 

graphitized mesoporous carbons. These carbons combine two of the key properties required for 

application as sulfur hosts: (a) a high surface area and pore volume (b) a carbon framework with 

enhanced electrical conductivity due to the presence of graphitic domains. The synthesis is a two-

step process, where carbonization and graphitization steps are separated. Mesoporous carbons are 

prepared via colloidal silica as the hard template and sucrose as the carbon precursor. Catalytic 

graphitization via nickel chloride as the metal salt produces graphitic domains dispersed within the 

amorphous carbon. Carbons with varying graphitic contents were synthesized by varying the 

carbon to metal salt weight ratios. When tested as supports for sulfur in lithium-sulfur batteries 

and cycled over 1000 cycles, the graphitized carbon-sulfur composites cycle for much longer and 

the capacity decays gradually whereas the ungraphitized carbons show a sudden fall in capacity 

and eventually complete failure. 
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4.2 Experimental Section 

4.2.1 Preparation of catalytically graphitized mesoporous carbons  

The method employed to prepare mesoporous carbons via dual ice-colloidal silica templation has 

been reported previously [33]. The porous carbon obtained was impregnated with an aqueous 

solution of nickel (II) chloride taken in a desired salt to carbon weight ratio (0.2, 0.5 or 1.0). The 

homogenous suspension was vortexed for a few minutes and then transferred in an oven at 80 °C 

to dry off the water. After being dried, the powdered carbon-NiCl2 composite was heat treated at 

1300 °C at a ramp rate of 3C min-1 for 3 hours under argon atmosphere. The resulting graphitized 

carbon-nickel composite was etched with 3M hydrochloric acid at 85 °C to remove the metal 

followed by washing with deionized water until a neutral pH was obtained. The resulting carbons 

were denoted as C-x (where x = metal salt to porous carbon weight ratio). 

4.2.2 Material Characterization 

Wide angle X-ray diffraction patterns were obtained using a Scintag Theta-Theta X-Ray 

Diffractometer equipped with Cu Kα source. Nitrogen adsorption porosimetry was performed on 

a Micromeritics ASAP 2020 Analyzer. The Brunauer-Emmett-Teller (BET) model was used to 

calculate the specific surface area while the Barrett-Joyner-Halenda (BJH) model was applied on 

the adsorption branch of isotherms to obtain pore size distributions and total pore volume. Raman 

characterization was conducted on a Reinshaw InVia Confocal Raman Microscope. Transmission 

electron microscopy (TEM) images were obtained using a FEI T12 Spirit TEM/STEM system. 

Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDS) were 

performed on a LEO 1550 FESEM (Keck SEM). Electrical conductivity was measured with a lab-

made four-point probe setup in which carbon powder were compressed at a known pressure in a 
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Teflon mold, and voltage was measured across the sample as the current was flown through the 

circuit. 

4.2.3 Electrochemical Testing 

All catalytically graphitized carbons were tested as supports for sulfur in lithium-sulfur batteries. 

To prepare carbon-sulfur composites, carbon and sulfur powders taken in 1:1 weight ratio were 

mixed together in a mortar and pestle so as to disperse sulfur well. The mixture was then sealed in 

a stainless steel vessel and heated at 160 °C for 18 hours. Sulfur melts and has the lowest viscosity 

around this temperature, which causes it to be drawn into the pores of the carbon via capillary 

action.  

To prepare electrodes, a slurry was prepared with the C-S composite, SuperP carbon black and 

polyvinyledene fluoride (PVDF) binder taken in 80:12:8 weight ratio and with N-methyl-2-

pyrrilidone (NMP) as the solvent. The slurry was then coated onto an aluminum foil flattened on 

to a glass plate, by using a micrometer controlled film applicator adjusted to make 200 micron 

thick films. After drying at 60 C for 18 h, electrodes were obtained with active material loading of 

~ 0.6 mg cm-2.  

2032-type coin cells were made with lithium metal as the anode and C-S electrode as the cathode. 

A microporous polypropylene Celgard membrane was used as the separator. 1M Lithium Bis 

(Trifluoromethanesulfonyl) Imide (LiTFSi), 1wt% lithium nitrate (LiNO3) dissolved in a mixture 

of 1, 3-Dioxolane and Dimethoxyethane (1:1 by volume) was used as the electrolyte. Galvanostatic 

charge-discharge cycling was performed with a MACCOR battery tester by cycling the cells 

between 1.7-2.8 V at 1 C-rate or current density of ~ 1 mA cm-2. All specific capacities were 

calculated per gram of sulfur. 
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4.3 Results and Discussion 

4.3.1 Porosity and Structure Characterization 

Figure 1 shows TEM micrographs of the mesoporous carbon before and after catalytic 

graphitization with NiCl2 at 1300 °C and after its etching with 3M hydrochloric acid. Figure 4.1a 

shows disordered mesoporosity of fairly uniform pore size in the non-graphitized carbon. The 

graphitized carbons show characteristic graphitic carbon nanostructures in the form of hollow 

capsules or flakes. These structures form by dissolution of amorphous carbon into the nickel 

particles followed by precipitation of graphitic carbon around them. Similar nanostructures have 

been reported previously with various types of carbons and catalysts. Etching away of the metal 

generates the cavity in the hollow nanostructures. Some dark nickel nanoparticles could still be 

seen in the TEM micrographs that were unable to be removed even after repeated etching with the 

acid. These particles are probably coated with defect-free graphene layers making them 

inaccessible to the electrolyte [34]. 

 

 

Figure 4.1: TEM images of non-graphitized (a) and graphitized (b) mesoporous carbons. 

(a) (b) 
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The texture and structure evolution of the carbons from ungraphitized mesoporous carbon to 

graphitized carbons obtained with increasing amount of catalyst was characterized by X-ray 

diffraction and nitrogen physisorption analysis. Table 1 lists the porosity characteristics of all 

carbons. Notably both surface area and pore volume decrease as the catalyst to carbon ratio during 

synthesis was raised from 0.2 to 1.0, reducing from 1084 m2 g-1 to 842 m2 g-1 and from 2.1 cm3 g-

1 to 1.8 cm3 g-1, respectively. This trend is due to conversion of a larger fraction of amorphous and 

porous carbon into non-porous graphitic carbon in the presence of more catalyst and is consistent 

with x-ray diffraction analysis [20]. 

Table 4.1: Porosity characterization of catalytically graphitized carbons. 

Sample Surface Area (m2 g-1) Pore Volume (cm3 g-1) 

Non-graphitized 1084 2.1 

C-0.2 980 2.0 

C-0.5 893 1.9 

C-1.0 842 1.8 

 

The XRD patterns of all graphitized carbons clearly show a sharp diffraction peak at around 26° 

2θ corresponding to the (0 0 2) reflection of graphite, along with two broad peaks corresponding 

to amorphous carbon (Figure 4.2a). The increasing intensity of graphitic signal relative to the 

amorphous signal indicates larger quantities of graphitic carbon nanostructures dispersed within 

the amorphous carbon with increasing catalyst to carbon ratio. A small peak at around 44.5° was 

also observed in all graphitized carbons that corresponds to (1 1 1) reflection of Ni indicating the 

presence of some unetched Ni as was also seen in the TEM images above. 
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The evolution of porosity and pore-size distribution are shown in Figure 4.2 b, c. No overall change 

in porosity or collapse of mesoporous structure was observed. All graphitized carbons exhibit 

similar type IV shaped nitrogen adsorption/desorption isotherms as the original non-graphitized 

carbon. Only a small downward shift in the isotherms was observed for more graphitized carbons 

indicating lower amount of porosity available. Similar trend was observed in the BJH pore size 

distributions. Overall pore size distribution and peak position do not change but their intensity 

decreases again corresponding to decreases porosity, confirming that more amorphous carbon was 

consumed by the larger amount of catalyst to give rise to more graphitic carbon.  
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Figure 4.2: (a) XRD patterns, (b) Nitrogen adsorption-desorption isotherms, and (c) pore-size 

distributions of non-graphitized and graphitized carbons prepared with varying catalyst to carbon 

ratios (C-0.2, C-0.5, and C-1.0). 

4.3.2 Lithium-Sulfur Battery Performance 

Electrochemical performance of all graphitized carbons as hosts for sulfur in lithium-sulfur 

batteries was tested and compared with that of the non-graphitized carbon. 50 wt. % C-S 

composites were prepared by mixing and heating the carbon, sulfur powders together. TGA 

confirms the actual sulfur loading to be 50.8 %, 51.3 %, 51.1 % and 51.2 % for composites with 

C-0.2, C-0.5, C-1.0 and non-graphitized carbon, respectively. Galvanostatic charge-discharge 

cycling was done at 1 C-rate or specific current of 1.672 A g-1 between 1.7-2.8 V vs. Li+/Li. Initial 

capacity of all graphitized carbons is similar likely due to a very small difference in their surface 

area and pore volumes.  Although the graphitic content varies significantly between them, no 

significant difference in specific capacity indicates that electrode conductivity is not the rate 

limiting factor at this charge-discharge rate and sulfur loading (Figure 4.3). However, the long 

term cycling improved remarkably for the sulfur composites prepared with graphitized carbons. 

When cycled for 1000 cycles, non-graphitized carbon-sulfur composite showed dramatic capacity 

fade after about 400 cycles, whereas composites from all three graphitized showed much stable 

cycling for more than 800 cycles, carbons irrespective of their graphitic content. This effect was 

observed repeatedly, however the origin of this stable cycling needs further investigation. 
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Figure 4.3 Cyclic performance of C-S composites (~50 wt. % S) prepared from non-graphitized 

and catalytically graphitized mesoporous carbons, cycled at 1C rate. 

 

4.4 Conclusions 

In summary, we have synthesized graphitized mesoporous carbon by applying catalytic 

graphitization to mesoporous carbons prepared via ice/hard templation. Their structure is 

composed of hollow graphitic nanostructures dispersed within the largely amorphous mesoporous 

carbon matrix. By simply adjusting the catalyst to carbon ratio, carbons with different graphitic 

contents were synthesized. Due to their high surface area, pore volume and improved electrical 

conductivity, these carbons were investigated as supports for sulfur in lithium-sulfur batteries. 

Interestingly, a remarkable improvement in cycle life was observed for composites prepared from 

all the graphitized carbons, independent of their graphitic content, compared to the non-graphitized 

carbon. We believe this study highlights the importance of electrical conductivity towards cyclic 
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performance in lithium-sulfur batteries and the need for understanding the notorious capacity 

decay from a different perspective. 
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CHAPTER 5 

MESOPOROUS CARBONS WITH TUNABLE NITROGEN DOPING FOR 

SUPERCAPACITOR ELECTRODES VIA IODINE PRETREATMENT  

Ritu Sahore1, Mian Pan1, Turki Baroud1, Stephane Corgie, Francis J. DiSalvo2, Emmanuel P. 

Giannelis1 

 

5.1 Introduction 

Carbon has applications in a wide range of technology due to its many attractive properties such 

as easily obtainable and tunable porosity, good electrical conductivity, inertness,  light weight and 

low cost. Some of these areas include energy storage, carbon capture, adsorption and separation 

[1-7]. The properties mentioned above are particularly useful, when the carbon is used as an 

electrode material for supercapacitors and batteries. Porosity and electrical conductivity lead to 

fast electronic and ionic transport during charge/discharge reactions while also increasing the 

number of electrochemical reaction sites. Doping the carbon framework with heteroatoms like 

oxygen or nitrogen can further enhance the properties of carbons such as imparting polarity, 

electron-donor capability, and wettability to an otherwise hydrophobic carbon framework devoid 

of any active sites [8]. The new materials open up many new applications including metal-free 

catalysts in fuel cells, pseudocapacitors (in addition to the usual electrical double layer 

supercapacitors), and as lithium-ion battery anodes, all owing to the increased interactions between 

the carbon surface and guest species [9-12].  

Mesoporous carbons are generally synthesized by via hard or soft template methods, where the 

template removal either by etching or by volatilization during pyrolysis generates the porosity that 
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is a replicate of the template [13]. Ordered mesoporous silica (SBA-15, MCM-41), colloidal silica, 

and clays are some of the commonly used hard templates here. Another method to synthesize 

porous carbons is by chemical activation where a partially-carbonized carbon precursor is mixed 

with an activating agent, generally KOH, followed by carbonization and etching with an acid [14]. 

This mainly generates microporosity with some amount of mesoporosity. However, the resulting 

pore size distribution is non-uniform. Hard or soft templation is superior in this aspect as it leads 

to a well-defined pore size distribution. Moreover, mesopores are obtained which have a lower 

diffusion barrier than micropores, which is desirable in many applications [15]. 

Commonly used methods of introducing nitrogen into the carbon framework are: post treatment 

of carbons with ammonia or other nitrogen sources [16, 17] or use of nitrogen containing molecules 

such as melamine, polyaniline, acetonitrile, dicyandiamide, polypyrrole, and ionic liquids as 

primary or secondary (as additive) carbon precursors [11, 12, 18-22]. Biologically obtained 

nitrogen containing precursors such as seaweed, prawn shells could also be pyrolized to synthesize 

N-doped carbons [23, 24]. In post treatment methods, nitrogen is not embedded uniformly into the 

carbon network and is mainly present on the surface. Moreover, the N containing functional groups 

are also unstable. With nitrogen containing molecules as the primary precursors, although the 

nitrogen distribution in the carbon framework is uniform, the control over final nitrogen doping 

content is lost. Since the type and amount of nitrogen doping effects the final application, synthesis 

of nitrogen-doped carbons with controllable nitrogen doping is needed. Therefore, the use of hard 

template with a nitrogen-containing molecule as the additive/secondary carbon precursor can 

provide carbons with large surface area with control over both pore size distribution and nitrogen 

doping levels. However, a few reports of such porous carbons are available and their synthesis is 

still challenging [12, 22, 25, 26]. The doping contents in majority of the reported N doped porous 
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carbons are not very high as well (<10 %), especially as the carbonization temperature required is 

relatively high (>800 °C), which is needed for higher electrical conductivities [27, 28]. 

In this work, we report synthesis of mesoporous N-doped carbons with tunable (~ 5-22 at.%) and 

high nitrogen doping with large surface areas, synthesized via a hard templating approach inspired 

by our group’s previous report on the synthesis of hierarchical porous carbons [29] via ice-

templation method. The synthesis involves iodine pretreatment and cyanamide as the nitrogen 

donor and secondary carbon precursor. Cyanamide a low molecular weight precursor (42.0 g mol-

1) with very high nitrogen content (40 at. % or 66.7 wt. %) is mainly used to prepare carbon nitride 

by heating it to 550 °C during which a polymerization reaction happens [30]. However, heating it 

further to higher temperatures leads to its decomposition [28]. To retain and stabilize the 

cyanamide in the framework along with sucrose, iodine pretreatment along with air stabilization 

were employed, which led to a significant increase in the nitrogen content (by ~30-50 %). It is well 

known that the stabilization environment can greatly affect the yield and structure of the resulting 

carbon from organic precursors. Air stabilization is a commonly used pretreatment procedure done 

in air at a relatively low temperature (200 °C) to a variety of organic precursors to thermally 

stabilize their structure by a phenomenon known as oxidative stabilization that makes it infusible 

[31]. Iodine pretreatment is an another stabilization procedure performed under iodine vapors 

known to improve the carbon yield of organic precursors that typically give very low yields, if 

pyrolyzed directly, like pitch-model compounds [32]. The procedure involves also colloidal silica 

as the hard template for mesopores and sucrose is the primary carbon precursor. Parameters that 

were controlled during synthesis include the sucrose to cyanamide weight ratio, carbonization 

temperature, and presence/absence of the iodine/air stabilization treatment steps. From XPS 

analysis, nitrogen doping is present in the form of mainly pyridinic (N-5) and pyrollic/pyridone 
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(N-5) groups, both shown to be active in pseudocapacitive reactions [ref]. When tested as 

supercapacitors, these carbons demonstrated good performance with specific capacitance of up to 

209 F g-1 at 2 mV s-1. However, a decrease in electrical conductivity counteracts the increase in 

nitrogen doping for obtaining a higher capacitance. 

 

5.2 Experimental Section 

5.2.1 Materials 

Colloidal silica (4 nm), sucrose, sodium hydroxide was purchased from Alfa Aesar. Cyanamide 

(50 wt. % in water) was purchased from Sigma Aldrich. All chemicals were used as received 

without further purification.  

5.2.2 Synthesis of nitrogen doped carbons 

The nitrogen-doped carbons were synthesized via a modified ice-templation synthesis route 

reported earlier for the synthesis of mesoporous carbons [29]. In a typical synthesis, carbon 

precursors i.e. sucrose and cyanamide (N source) were dissolved in the colloidal silica suspension 

in water (15 wt. %) so that the final weight ratios were either 1:1:1 or 1:1:0.3 (Silica : Sucrose : 

Cyanamide). The suspension was then plunged into liquid nitrogen to allow its complete 

solidification during which phase separation of solids and ice crystals takes place. After this step, 

it was immediately transferred to a freeze dryer to sublime off the ice over 1-2 days. A pre-

treatment before carbonization involved two steps. First, the freeze-dried material was heated 

together with solid iodine (taken in excess) at 90 °C for 24 h in a closed tinted glass bottle placed 

in an oven where the iodine vaporizes and reacts with the sucrose-cyanamide-silica mixture. 

Second, this brown-colored treated material was transferred into a crucible and placed inside an 
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oven at 200 °C for 4h for the air-stabilization. The material turns black at this point. It is then 

carbonized under argon at either 800 °C or 1000 °C for 3 h at a heating rate of 3 °C min-1. The 

silica was removed by etching with a 3 M NaOH solution stirred at 80 °C overnight. The 

mesoporous carbons were obtained by finally rinsing with deionized water via filtration until a 

neutral pH was obtained followed by drying. 

5.2.3 Characterization 

Structure was imaged using transmission electron microscopy (TEM) conducted on FEI T12 Spirit 

TEM STEM microscope. Wide-angle X-ray diffraction (XRD) patters were recorded using a 

Scintag Theta-Theta X-Ray Diffractometer with Cu Kα source. Nitrogen adsorption/desorption 

isotherms were obtained at 77K using Micromeritics ASAP 2020 analyzer. The Brunauer-Emmett-

Teller (BET) model was used to calculate the specific surface area. Barrett-Joyner-Halenda (BJH) 

model was applied on the adsorption branch of isotherms to obtain pore size distributions and total 

pore volume. Atomic compositions and bonding information of C, N and O were obtained by X-

ray photoelectron spectroscopy (XPS) using a Surface Science Instruments SSX-100 operating 

pressure of ~ 1 x 10-8 Torr. 

5.2.4 Electrochemical Testing 

All nitrogen doped carbons were tested as electrochemical supercapacitors. To prepare the 

electrodes, a thick slurry was prepared with carbon, carbon black (SuperP) and polyvinyledene 

fluoride (PVDF) taken in 80:10:10 weight ratio, respectively, using NMP as the solvent. The slurry 

was then pressed on to nickel foam and dried. The electrode was soaked overnight in 6 M KOH 

before testing. A three-electrode set up was used for the electrochemical testing. Typically, 

Ag/AgCl was used as the reference electrode, platinum wire as the counter electrode and carbon 
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coated nickel foam as the working electrode with 6 M KOH as the electrolyte. Cyclic voltammetry 

and constant-current charge/discharge testing was done using MACCOR battery tester with 

cycling done within -1 to -0.1 V.   

 

5.3 Results and Discussion 

5.3.1 Synthesis and structural analysis of N doped carbons 

The synthetic approach used in this work is an adaptation with several modifications of our 

previous work that reported synthesis of hierarchical porous carbons using ice templation (Figure 

5.1). First suspensions of colloidal silica, sucrose and cyanamide in water were prepared. Sucrose 

and cyanamide both being soluble in the water become uniformly distributed around the silica 

nanoparticles at the molecular level. The suspensions were then immersed into liquid nitrogen, 

where nucleation and growth of ice crystals separate the solids and lock in the structure. The 

sucrose, silica and cyanamide form the walls around ice crystals. The mixture is then transferred 

to a freeze dryer where ice sublimes without melting the structure, preventing any rearrangement 

or aggregation of the silica nanoparticles, a key to obtaining sharp mesopore size distributions. 

Cyanamide has a high nitrogen but is not a good carbon precursor as its low temperature 

polymerization product i.e. carbon nitride decomposes at high carbonization temperatures (beyond 

600 °C) [28], which is why it was added along with sucrose as the primary carbon source, which 

is an excellent carbon precursor. The various nitrogen containing gaseous species that form during 

high temperature decomposition such as ammonia, cyano fragments can lead to doping of nitrogen 

with carbon with good nitrogen content [26]. Iodine pretreatment has been shown to be effective 

in thermally stabilizing the polymeric precursors during carbonization if they are capable of 
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cyclization, ring fusion or chain cross-linking initially during carbonization [33]. Therefore, prior 

to carbonization of the freeze dried composite, a two-step stabilization was performed i.e. iodine 

vapor treatment followed by oxidation in air, so as to thermally stabilize the cyanamide along with 

sucrose for obtaining even higher N doping than ever reported with cyanamide. Subsequent 

etching of silica gives rise to mesoporous carbons resembling the original distribution of silica 

nanoparticles in the composite. TEM imaging (Figure 5.2) confirms the formation of mesoporous 

structure with disorderly interconnected spherical mesopores. 

 

Figure 5.1: Schematic illustration of the synthesis procedure. 

A series of nitrogen doped carbons with varying nitrogen contents were synthesized using the 

above method by adjusting the weight ratios of sucrose and cyanamide in the initial suspensions 

with silica, temperature, and by using the iodine and air stabilization pretreatments. The two 

different ratios prepared were 1:1:0.3 and 1:1:1 (silica: sucrose: cyanamide). For both ratios, the 
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carbons were prepared by heating to 800 °C and 1000 °C with/without the pretreatment. The 

samples notation can be read as: cyanamide/sucrose wt. ratio – carbonization temperature – I2/air 

(if applicable). Table 5.1 lists the textural parameters and other information on their degree of 

graphitization. Surface area and pore volume of up to 1418 m2 g-1 and 1.78 cm3 g-1 were obtained.  

Table 5.1: Physiochemical properties of nitrogen doped carbons. 

 Sample SBET 

(m2 

g-1) 

Vmeso 

(cm3 

g-1) 

Vmicro 

(cm3 

g-1) 

ID/IG Electrical 

Conductivity 

(S cm-1) 

N 

at.

% 

C 

at. 

% 

O 

at. 

% 

Capacitance  

(F g-1) 

I 0.3-1000 117

3 

1.78 0.02 1.0 2.1 5.0 83.0 9.2 180 

II 0.3-1000-I2/air 141

8 

1.55 0.07 1.1 0.5 7.5 78.8 11.1 209 

III 1.0-1000 857 1.1 0.05 1.2 0.3 8.9 74.8 11.2 179 

IV 1.0-1000-I2/air 868 1.1 0.02 1.2 0.6 11.7 77.3 7.6 158 

I 0.3-800 808 1.23 0.03 0.9 0.6 x 10-1 11.3 73.1 13.0 200 

II 0.3-800-I2/air 910 1.34 0.05 1.4 0.1 x 10-1 14.4 67.9 14.2 203 

III 1.0-800 876 1.34 0.03 1.4 0.2 x 10-1 17.2 67.1 12.3 177 

IV 1.0-800-I2/air 698 0.71 0.06 1.7 0.5 x 10-2 22.5 58.8 12.6 157 

 

To visualize the nature of porosity and how it changes with the synthesis conditions, nitrogen 

adsorption-desorption isotherms and BJH pore size distributions are presented in Figure 5.2. 

Similar type IV isotherms with a clear capillary condensation step at ≈ P/Po =0.5-0.6 indicate the 

presence of mesoporous network in all carbons (Figure 5.2 a and c). However, the volume of 

nitrogen adsorbed decreases as the cyanamide/sucrose ratio increases and I2/air pretreatment is 

applied, indicating a less developed mesoporosity. Since the amount of sucrose per gram of silica 

is same in all the carbons, it shows that cyanamide to sucrose weight ratio plays a crucial role in 

determining how effectively the resulting carbon replicates the colloidal silica network as 
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cyanamide likely destroys the pore structure to some extent. Pore size distribution plots (Figure 

5.2 b and d), also reveal a sharper distribution of pore size centered at ~5-6 nm in agreement with 

the original silica nanoparticle size, for the 0.3 ratio carbons than the 1.0 ratio carbons, especially 

after iodine treatment. This means that iodine and air pretreatments do not affect the pore structure 

to a significant extent. It is worth mentioning that enough amount of sucrose per gram of silica 

(1:1 in this study) must be used to retain the porosity. A lower ratio could lead to collapse of 

mesoporous structure especially if cyanamide to sucrose ratio is high. 
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Figure 5.2: Nitrogen adsorption-desorption isotherms (a, c) and BJH adsorption pore-size 

distributions (b, d) of nitrogen doped carbons synthesized by carbonization at 1000 °C and 800 °C, 

respectively. 

 

5.3.2 Chemical composition of N doped carbons 

X-ray photoelectron spectroscopy was used to measure the atomic compositions of all carbons. 

Wide scan analysis confirms the presence of nitrogen along with significant amounts of oxygen 

(Figure 3a and 3b). The exact atomic compositions calculated from these scans are listed in Table 

1. The nitrogen contents were overall higher for the carbons pyrolyzed at 800 °C than the ones at 

1000 °C as nitrogen groups become unstable at higher temperatures. Oxygen content was also 

higher in the former i.e. between 7.6 % – 11.2 % versus 12.3 % - 14.2 % in the later. However, the 

oxygen content is independent of the pretreatment. A significant increase in nitrogen content was 

obtained as the cyanamide to sucrose ratio increased from 0.3 to 1.0. At each ratio, a further 

increase was obtained after applying the iodine and air stabilization treatments. It increased from 

5 at. % to 7.5 at. % for 0.3-1000 sample and from 8.9 at. % to 11.7 at. % for 1.0-1000 sample. For 

the 800 °C series, the nitrogen content increased from 11.3 at. % to 14.4 at. % and from 17.2 at. % 

to 22.5 at. %, for the 0.3-800 and 1.0-800 samples, respectively. Iodine pretreatment improves the 

thermal stability of the precursors by forming a more cross-linked and cyclized structure due to 

dehydrogenation or dehydration reactions, preventing their volatilization during carbonization at 

elevated temperatures [34, 35]. For example, the carbon yield of poly(vinyl alcohol) (PVA) fibers 

increased from ~3-10% to ~40-50% after the iodine pretreatment step [33]. In our case, since 

cyanamide and its polymerization product carbon nitride both decompose above 600 °C, iodine 

pretreatment could get the precursor mixture thermally stabilized by probably polymerizing 



85 
 

cyanamide along with sucrose, which explain the higher retention of nitrogen after carbonization 

in all samples.  

The nature of nitrogen and oxygen dopants was further studied in detail from high-resolution 

spectra of the individual nitrogen and oxygen 1s peaks observed in XPS analysis (Figure 5.3 c and 

3d). The nitrogen N 1s peak could be deconvoluted into three nitrogen peaks centered at 398.4 eV, 

400.4 eV and 403.6 eV corresponding to pyridinic-N (N-6), pyrrolic/pyridone-N (N-5) and 

pyridine-N-oxide (N-X), respectively. N-5 and N-6 types are clearly the dominant nitrogen types 

in all carbons, however, their relative intensities vary from sample to sample (Table 5.2). Both of 

these together accounts for roughly 88 % of all nitrogen. In general, the pretreatment increases the 

amount of N-6 relative to N-5. It increased most prominently for the 1.0-800 and 1.0-1000 samples, 

from 0.6 to 1.5 and 0.4 to 0.7, respectively. It is well known that only N-6 and N-5 are 

electrochemically active in alkaline electrolyte and, hence, responsible for the pseudocapacitive 

effect [36]. Similarly, oxygen O 1s peak was deconvoluted into three peaks centered at 531.6 eV, 

533.0 eV and 535.8 eV for the 800 °C series, and, into 530.8 eV, 532.6 and 536.0 eV for the 1000 

°C series of samples. Unlike nitrogen, the predominant oxygen functional groups are different for 

carbons obtained at 800 °C and 1000 °C. For oxygen, the binding energies of 530.7 ± 0.1, 531.4 ± 

0.1 eV, 532.4 ± 0.1 eV, 533.7 ± 0.1 eV and 535 ± 0.1 eV are assigned to quinone type groups (O-

1), C=O (O-II), C-O ether like (O-III), C-OH (O-IV), and adsorbed water (O-IV), respectively 

[37]. Hence, the dominant groups are C=O, C-OH, and quinone, C-O ether type at 800 °C and 

1000 °C, respectively, with varying relative intensities.  Among the various oxygen groups, only 

phenolic hydroxyl and carboxyl C=O are electrochemically active towards redox reactions in 

alkaline medium [38]. In summary, the types of both nitrogen and oxygen groups present in these 

carbons are favorable towards good supercapacitor performance for carbons prepared at 800 C. 
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However, for carbons prepared at 1000 C, only the nitrogen groups present are favorable for 

pseudocapacitive reactions. 

 

Table 5.2: Characterization of the different types of nitrogen and oxygen dopants. 

Sample N-6 

% 

 

% %  

N-5 

% 

N-6/N-5 O-1 

% 

O-2 

% 

O-3 

% 

O-4 

% 

O-5 

% 

0.3-1000 23.5 63.8 0.4 15.9 - 75.1 - 9.0 

0.3-1000-I2/air 24.7 54.4 0.5 16.2 - 75.8 - 8.0 

1.0-1000 23.2 62.1 0.4 20.8 - 68.1 - 11.2 

1.0-1000-I2/air 35.5 52.4 0.7 14.8 - 68.3 - 17.0 

0.3-800 18.8 62.9 0.3 - 41.8 - 50.3 8.0 

0.3-800-I2/air 25.1 61.6 0.4 - 23.7 - 73.7 2.6 

1.0-800 33.3 55.8 0.6 - 35.2 - 49.7 15.1 

1.0-800-I2/air 54.9 37.0 1.5 - 39.8 - 42.7 17.5 
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Figure 5.3: XPS spectra of nitrogen doped mesoporous carbons: (a, b) Survey spectra of 800 °C 

and 1000 °C carbon series, respectively.(c, d)  High-resolution N1s and O1s spectra, respectively, 

for 800 °C and 1000 °C carbon series. N-5: pyrrolic/pyridine-N, and N-6: pyridinic nitrogen. 
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All obtained carbons were evaluated as supercapacitor electrode materials in a three-electrode cell. 

The tests were performed using 6M KOH solution as the electrolyte at a scan rate of 2 mV s-1 and 

within a voltage window of -1.0 V to -0.1 V measured against Ag/AgCl reference electrode. The 

cyclic voltammetry curves of all carbons show rectangular type loops with clearly visible 

broadened redox peaks towards lower potentials indicating the presence of both electrochemical 

double layer capacitance (EDLC) and pseudocapacitive effect due to a variety of redox reactions 

of nitrogen and oxygen atoms in the carbon lattice with the electrolyte ions (Figure 5.4 a and b) 

[39]. The exact specific capacitance values are listed in Table 1. A large increase in specific 

capacitance compared to undoped mesopore carbons was observed in all the nitrogen doped 

carbons, reaching up to 209 F g-1 for 0.3-1000-I2/air sample from 130 F g-1 for the undoped carbon. 

Within each temperature series, an increase followed by decrease in capacitance was observed 

when plotted against nitrogen atomic contents (Figure 5.4 c). We believe this is due to a steep fall 

in electrical conductivity that counteracts the increased pseudocapacitance as the doping increases. 

Figure 5.4 d shows the relationship between nitrogen content and electrical conductivity measured 

using 4-point probe electrical conductivity measurement set up. 
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Figure 5.4:  Electrochemical performance of undoped and nitrogen-doped mesoporous carbons 

using a three-electrode cell: (a, b) cyclic voltammograms at 2 mV s-1 for 1000 °C and 800 °C 

carbon series, respectively. (c) Specific capacitance obtained from cyclic voltammetry plotted 

against N at. %. (d) Electrical conductivities of nitrogen doped carbons as a function of nitrogen 

at. %. 
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5.4 Conclusions 

In summary, we have demonstrated a novel method to synthesize nitrogen doped mesoporous 

carbons with uniform porosity, high surface area and pore volume, high nitrogen doping (up to 

22.5 at. %) accompanied by controllable doping levels, via ice templation and using cyanamide as 

the nitrogen source, sucrose as the carbon precursor and colloidal silica as the hard template. A 

pre-carbonization step involving heat treatment with iodine vapors at 90 °C followed by air-

stabilization at 200 °C was remarkably increases the nitrogen contents after carbonization. Low 

temperature iodine treatment and air stabilization together helped to thermally stabilize cyanamide 

in the precursor mixture and therefore reduced its volatilization during high carbonization 

temperatures. XPS analysis confirmed the presence of nitrogen mainly in the form of pyridinic and 

pyrrole/pyridone-N nitrogen regardless of the carbonization temperature. Different types of 

oxygen dopants were observed at carbonization temperatures of 800 °C and 1000 °C. Due to their 

high surface area, large number of electrochemically active nitrogen and oxygen group, when 

tested as electrodes in a supercapacitor, these doped carbons exhibited good performance with 

specific capacitance of up to 209 F g-1. We believe this iodine pretreatment procedure is versatile 

and could be applied many other precursors that could act as source of dopants but are not 

thermally stable. 
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CHAPTER 6 

SUMMARY AND FUTURE WORK 

In summary, correlations between textural, structural and chemical characteristics of porous 

carbons and their electrochemical performance as sulfur hosts in lithium-sulfur batteries or as 

supercapacitor electrodes were established by synthesizing porous carbons with controlled 

aforementioned characteristics. Specifically, for lithium sulfur batteries, the importance of 

hierarchical porosity in porous carbons was demonstrated for fast charge/discharge performance. 

In addition, a high pore volume and electrical conductivity were shown to be of relatively high 

importance compared to surface area especially at high sulfur loadings in order to obtain higher 

sulfur utilization. Moreover, these studies also shed light on the role of LiNO3 electrolyte additive 

on providing good cyclic stability over short term  (100 cycles) irrespective of the carbon porosity, 

and how it fails in protecting the lithium anode over longer cycling (> 200 cycles) especially at 

high sulfur loading. Finally, the importance of higher electrical conductivity was demonstrated for 

a long-term stable cycling (up to 1000 cycles) by synthesizing catalytically graphitized porous 

carbons and testing their performance compared to an ungraphitized carbon. For supercapacitors, 

the effect of nitrogen doping content in mesoporous carbons on specific capacitance was 

established. A lowered electrical conductivity with higher doping was demonstrated to be a 

counteracting factor towards the increased pseudocapacitance from nitrogen groups, leading to an 

intermediate doping for optimal performance. 

The correlations presented in this dissertation should act as a good guideline for designing future 

porous carbons for not only lithium-sulfur batteries or supercapacitors but also for other 

applications where similar challenges occur.  
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Few suggestions for future directions in which this work could be taken to solve some on the open 

problems in lithium-sulfur batteries are discussed below.  

i) Extending the specific capacity vs. pore volume plot presented in Chapter 2 by 

synthesizing more HPCs but with higher than 5 cm3 g-1 pore volume, to see if a steady 

increase in capacity occurs. 

ii) Taking the design guidelines presented here, a high pore volume and medium surface 

area carbon synthesized from a graphitic carbon precursor such as pitch, should lead to 

an improved sulfur utilization at high sulfur loading. Since the synthesis method 

presented here requires water soluble carbon precursor, some other method will need 

to be adopted for synthesis of such carbon. 

iii) The work on catalytically graphitized carbons could be extended by activating these 

carbons and see if the long term cycling is sustained while an increased specific 

capacity is obtained due to the activation. Further understanding needs to be developed 

regarding the reason for improved cycle life in these carbons, i.e. is it just the 

conductivity, or, the presence of these specific hollow graphitic structures within the 

carbon. Additionally, their performance should be assessed at higher sulfur loadings. 

iv) Extending the work on synthesis of nitrogen doped carbons to other precursors for 

different dopants.  


