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ABSTRACT 

 

Engineering the type and size of porosity in carbon catalyst supports used in membrane electrode 

assemblies of fuel cells has attracted great interest recently. The effort is motivated by the goal of 

improved electrocatalyst dispersion, long-term chemical stability, and facilitated fuel flow. To 

date, various carbon catalyst supports including carbon black, graphene, and carbon nanotubes 

have been studied, yet efforts are still being made to investigate novel catalyst supports for 

enhanced fuel cell performance. 

 

In this work, I conducted a systematic study using hierarchical porous carbons (HPCs) as fuel cell 

catalyst supports to understand the effect of porosity on fuel cell performance. HPCs combine into 

a single material platform three different kinds of porosity: macropores (> 50 nm), mesopores (2 

ï 50 nm), and micropores (< 2 nm). By modifying the ice-templating method developed previously 

in the Giannelis group, the size of mesopores with high fidelity could be controlled. HPCs featuring 

high surface area (> 1000 m2/g) and pore volume (~ 2.3 cm3/g), moderate electrical conductivity 

(~ 1 S/cm), with different mesopore size ranging from 4 nm to 20 nm were demonstrated. To 

further increase the electrical conductivity without altering the hierarchical porous structure, 

carbon additives such as graphene nanoplatelets (GN) and carbon nanotubes into HPCs were 

introduced. In addition, the effect of post thermal treatment was investigated. The resulting 

composite material (HPCs-GN) shows a surface area 2 times higher than that of Vulcan XC-72 

with comparable electrical conductivity. Finally, microscopy images demonstrate smaller average 

nanoparticle size of platinum (Pt) supported on HPCs even at high catalyst loading (40 wt%) 

compared with commercial Pt on Vulcan XC-72.
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CHAPTER 1 

INTRODUCTION  

 

Traditional fossil fuels such as coal, petroleum, and natural gas are all non-renewable resources, 

the mass consumption of which has resulted in the global energy crisis, undermining the world 

economy and ecology. The irreversible effects of utilizing fossil fuels have driven scientists to 

explore more environmentally-friendly energy resources. U.S. has recently arrived at a crossroads 

where renewable energy technologies such as wind, solar, and hydropower are economically 

competitive with conventional fossil fuels.[1] Due to the unpredictability and the intermittence of 

renewable energies, to ensure sustainable energy supply, scientists have researched several cost-

effective energy transformation technologies. Among them, systems for the storage and conversion 

of electrochemical energy, such as batteries, supercapacitors, and fuel cells have attracted great 

interest, since they are considered a sustainable and environmentally-friendly solution.[2] 

 

1.1 Introduction to Fuel Cells 

 

Fuel cells have emerged as attractive alternatives to conventional energy resources due to their 

potential of reducing environmental pollution and the greenhouse effect while maintaining high 

electrical energy conversion efficiency (up to 55 ï 65%).[3] From an environment-protection 

perspective, since transportation tops other sectors, including the electric power, agricultural, and 

residential industries in terms of carbon dioxide emission, the adoption of fuel cells can meet the 

energy demand for combustion engine powered vehicles, while significantly reducing carbon 
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dioxide emissions.[4] Another major advantage of fuel cell technology is its modular and 

distributed nature, which can be beneficial for a wide range of energy-related applications, 

including systems as small as portable devices and as large as transportation.[5,6] Because fuel cell 

technology does not require centralized grid systems for energy distribution, it can also solve the 

energy predicament encountered in remote regions or rural areas. 

A fuel cell is an electrochemical device that converts the energy of a chemical reaction into 

electrical energy. Figure 1.1 demonstrates the primary components of a typical fuel cell ï a cathode, 

an anode, and an ion conducting electrolyte. A fuel such as hydrocarbon or hydrogen gas is fed 

into the anode and an oxidant, usually oxygen or oxygen-containing air, is brought into the cathode 

compartment.[5] Due to the potential difference between the anode and the cathode, a chemical 

driving force is generated for the hydrogen and oxygen to react to produce water according to the 

following chemical reaction: 

H2 + ½ O2 Ÿ H2O 

The design principle of a fuel cell is to divide the aforementioned chemical reaction into two half-

cell reactions by introducing an electrolyte, which serves as a barrier that separates the fuel at the 

anode and the oxidant at the cathode. The half-cell reactions are presented below: 

Anode: H2  Ÿ 2H+ + 2e- 

Cathode: ½ O2 + 2H+ + 2e- Ÿ H2O 
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Figure 1.1: Schematic representation of a conventional fuel cell employing a proton conducting 

electrolyte. Protons are created via electro-oxidation of H2 at the anode and then migrate across 

the electrolyte membrane to participate in the electro-reduction of O2 at the cathode. Electrical 

energy is generated from the flow of electrons through the external circuit for charge balance.[5] 

Fuel cells are conventionally categorized based on their electrolyte material.[7] Because ion 

conduction is a thermally activated process, the magnitude of which varies from one material to 

another, the type of electrolyte will determine the fuel cellôs operation temperature. In general, the 

higher temperatures are preferred for enhanced performance, whereas lower temperature is desired 

for practical applications. State-of-the-art fuel cell technologies are listed in Table 1.1. Among 

them, polymer electrolyte membrane (or proton exchange membrane) fuel cells (PEMFCs) have 

the widest range of applications due to their relatively low operation temperature, high power 

density and energy conversion efficiency. However, the severe dependence on costly platinum 

catalysts used in PEMFCs still impedes large-scale production. Alkaline fuel cells (AFCs), on the 

other hand, are drawing interest because of their improved oxygen reduction kinetics, as well as 
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the ability to utilize catalysts that are either free of platinum-group-metals (PGM) or contain 

relatively small amounts of PGMs.[8,9]  

Table 1.1: Fuel cell types and selected features.[5] 

 

Progress regarding fuel cell research is not only made in increasing power density and energy 

conversion efficiency but also in various preparation techniques and materials for fabrication. 

Some of the mainstream preparation procedures include: (1) indirect decal method, (2) gas 

diffusion layer (GDL)-based method, and (3) membrane-based method.[10] The membrane-based 

method in which membrane electrode assembly (MEA) is manufactured is generally adopted to 



5 

 

fabricate AFCs. Developed based on the concept of a conventional fuel cell, a typical MEA (shown 

in Figure 1.2) usually consists of two electrodes, the anode and cathode, which are separated by a 

polymer electrolyte membrane, most commonly Nafion. The electrodes are composed of several 

layers, which have been designed to provide the best fuel flow and electrical conductivity, while 

maintaining the capability of water and thermal management.[11] To be more specific, a typical 

MEA comprises a macroporous layer, serving as the gas diffusion layer (GDL) made of carbon 

fibers coated with hydrophobic polytetrafluoroethylene (PTFE), a microporous layer (MPL) 

containing carbon nanoparticles, and the catalyst layer (CL) made of electrocatalyst nanoparticles 

deposited on a carbon support, which is in direct contact with the Nafion polyelectrolyte 

membrane.[12] The research of this thesis will center on engineering the carbon support of AFCs 

for better fuel cell performance. 

 

Figure 1.2: Configuration of a typical MEA. Each electrode comprises an MPS (macroporous 

substrate), which serves as the gas diffusion layer, an MPL made of carbon nanoparticles, and the 

CL made of catalyst nanoparticles supported on a carbon support. The two electrodes are separated 

by a polymer electrolyte membrane.[12] 
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1.1.1 Introduction to Fuel Cell Catalyst Supports 

 

One of the major problems that hinders the widespread commercialization of fuel cell technology 

is the utilization of expensive PGM as electrocatalysts inside MEA. To that end, a decrease or even 

elimination of PGM while maintaining the fuel cell performance becomes a critical issue for fuel 

cell research. There are two main research directions to accomplish this goal. One is through the 

adoption of non-noble catalysts, and the other is to improve the utilization of catalysts by 

enhancing their activity.[13,14] For the latter, it is usually achieved by introducing a catalyst support 

which serves as a substrate to support highly dispersed catalysts, leading to increased reactive 

surface area. The design principles for such supports derived from the above-mentioned concept 

are as follows: (1) high surface area for catalyst dispersion, (2) high porosity for facilitated fuel 

flow, (3) high electrical conductivity for charge transport, and (4) long-term chemical stability 

during fuel cell operation.[15] The most common supports that meet the above requirements are 

carbon based materials such as carbon black, carbon nanotubes/fibers, and graphene/graphene 

oxide. Noncarbon supporting materials including metal, nitride, carbide, mesoporous silicas, and 

metal oxides, are also developed owing to their high chemical/electrochemical and thermal 

stability during fuel cell operation.[16] However, in terms of electrical conductivity, surface area, 

and homogeneous dispersion of catalytic nanoparticles, most carbon supports still outperform their 

noncarbon counterparts.  
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1.1.2 Comparison between Different Carbon Catalyst Supports 

 

The geometry of the support significantly affects the fuel cell performance, since it influences not 

only the dispersion of the metal catalyst but also the flow of reactants. Figure 1.3 contains high-

resolution scanning electron microscopy (SEM) images of different carbon supports. Carbon black 

is the most widely used carbon support due to ease of fabrication and its reasonable electrical 

conductivity and surface area. Vulcan XC-72, among all carbon black, is the commercial standard 

utilized in fuel cell research. From Figure 1.3 (a), it can be clearly seen that Vulcan XC-72 features 

a spherical shape with a diameter less than 50 nm and forms aggregates easily. Vulcan XC-72 

contains a large percentage (47%) of micropores (pore size less than 2 nm in diameter) inside its 

graphitic structure.[17] Despite Vulcan XC-72 being widely used in commercial fuel cells, the 

micropores within are suggested to be detrimental for fuel cell performance because they are not 

easily accessible to electrolyte.[18] The other main deficit of Vulcan XC-72 for fuel cell application 

is its insufficient electrochemical stability. During fuel cell operation, Vulcan XC-72 is easily 

oxidized at higher potential. In addition, the resulting degradation of the support increases in the 

presence of platinum (Pt) nanoparticles. This leads to the detachment of Pt from the support and 

the agglomeration of the Pt nanoparticles, which also contributes to the degradation of the 

catalyst.[19] 
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Figure 1.3: SEM images of common carbon catalyst supports: (a) carbon black (Vulcan XC-72) 

(b) multi-walled carbon nanotubes (c) graphene nanoplatelets. 

In this context, new carbon allotropes as alternatives for catalyst supports have been widely studied 

for fuel cell application. Figure 1.3 (b) shows a typical structure of multi-walled carbon nanotubes 

(CNT). CNTs feature a unique tubular structure that provides high surface area, excellent electrical 

conductivity, and prolonged chemical stability, resulting in specific interactions between catalytic 

metals and the CNT supports. CNTs are free from deep cracks that contribute to low catalytic 

activity. The tubular structure also benefits mass transport when CNTs are incorporated into the 

catalyst layer of MEA. It is suggested that the structure of CNTs could ease the transportation of 

water and gas fuel, allowing the reactants to reach the catalyst surface easily.[19] Additionally, 

CNTs contain fewer impurities which are prone to poison metal catalysts when compared with 
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carbon black. However, due to their chemical inertness, CNTs without any surface modification 

lack binding sites, which are made of surface oxygen groups and are used to anchor catalyst 

nanoparticles, resulting in poor dispersion and agglomeration of the catalyst, especially at high 

loadings.[15] For real-world applications, the costly production of CNTs remains an issue. For 

example, CNTs are usually 200 times more expensive than graphene nanoplatelets.  

Figure 1.3 (c) shows the surface morphology of graphene nanoplatelets (GN). The use of graphene 

as a catalyst support has been explored by growing numbers of researchers because it has high 

chemical stability and electrocatalytic ability, and above all, allows high catalyst loading.[19] 

Graphene also exhibits enhanced corrosion resistance compared with Vulcan XC-72 in the 

presence of catalysts.[20] This is due to the unique surface morphology of graphene that prevents 

the loss of electrochemical reactive surface area (ECSA) of the loaded catalysts, making graphene 

a more durable catalyst support than Vulcan XC-72. Similar to CNTs though, their inertness 

requires chemical modifications of the graphene surface to facilitate catalyst nanoparticle 

dispersion. The other main issue concerning graphene as a catalyst support is the tendency of easily 

lumping into multilayers, which can cause lowering of the surface area, thereby, decreasing the 

electrocatalytic activity of the supported catalysts.[19] 

To conclude, although multiple carbon catalyst supports have been studied to date, there is still 

need for improvements in terms of optimizing the structure, chemical composition, surface 

functional groups, and porosity of carbon supports used inside the MEA of fuel cells. One strategy 

is the fabrication of composite carbon supports that take advantage of the individual material 

properties. For example, Park et al. pioneered a design approach of adding a spacing material in 

the catalyst layer which consists of Pt nanoparticles supported on 2-D and high surface area 

graphene sheets.[21] The spacing material used was Vulcan XC-72, which upon addition, could 
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enhance exfoliation of graphene sheets deposited with Pt nanoparticles and increase the distance 

between graphene sheets. The carbon black added catalyst layer could provide more Pt 

nanoparticles covered with the ionomer in the membranes, resulting in the enhancement of Pt 

utilization and thereby increasing the ECSA of the supported electrocatalysts. Additionally, with 

appropriate amount of Vulcan XC-72 incorporated into the catalyst layer, the oxygen transport 

within the pores in the cathode was improved due to the increasing gas-phase void volume. Kaplan 

et al. adopted a similar concept and synthesized Pt nanoparticles supported on carbon black-

reduced graphene oxide (CB-rGO).[22] The hybrid structure with moderate Vulcan XC-72 content 

prevented the restacking of graphene oxide layers, modified the array of graphene and provided 

more available catalytic sites for the reactions. The resulting composite material demonstrated 

enhanced fuel cell performance and higher catalytic activity than the support made of solely carbon 

black or reduced graphene oxide. The ratio of carbon black to reduced graphene oxide comprising 

the composite support was critical because higher amount of carbon black would block the Pt 

catalytic sites and lower the activity of the supported electrocatalysts.   

 

1.1.3 Support Structure and Pore Size Effect on Fuel Cell Performance 

 

It can be inferred from the previous sections that structural and morphological characteristics of 

the support significantly affect the electrochemical performance of the catalyst during fuel cell 

operation. Traditional carbon-based materials containing mainly micropores such as carbon 

nanotubes, graphene, and carbon black have attracted broad attention due to their versatile 

applications and have been extensively studied as fuel cell catalyst supports.  
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One example of the effect on fuel cell performance exerted by the different structure of supports 

was described by Uchida et al. It was proposed that the relatively low ECSA of the Pt supported 

on carbon black could be attributed to the large portion of Pt nanoparticles located in the interior 

of the hollow carbon black, while other carbon supports featuring more smooth surfaces could 

provide more accessible Pt nanoparticles that led to enhanced performance.[23] Another 

geometrical effect originated from different carbon supports is shown in Figure 1.4.  Figure 1.4 is 

a high-resolution SEM image of Pt supported on Vulcan XC-72. The Pt nanoparticles can be 

distinctively seen from the substrate carbon material. This Pt on Vulcan XC-72 configuration could 

pose another issue for optimal performance because particles supported on solid carbon black 

(Vulcan XC-72) are exposed to ionomer during fuel cell operation, leading to adsorption of 

ionomer on the Pt surface, reducing the catalytic activity in ORR by a factor of 2 - 4.[24] To address 

this problem, highly porous carbon supports, or high surface area carbons (HSC) are investigated 

as an alternative for Vulcan XC-72. Among current studies focusing on porous carbons, 

commercial porous carbon black, such as Ketjanblack, has been proved to be effective in terms of 

shielding internal catalyst particles from external ionomers by incorporating the catalyst particles 

into the mesopores (2 ï 50 nm). Since the hydrodynamic size of ionomers in fuel cells is usually 

between 2 ï 7 nm, by engineering appropriate sizes of mesopores within Ketjanblack to shield 

catalyst nanoparticles, the ionomers cannot have access to the catalyst particle surface and generate 

unfavorable side reactions to deteriorate the catalyst layer.[25] The mesoporous structure also 

protects catalyst particle coarsening by particle migration and coalescence. The recent discovery 

of the benefits from introducing mesopores to carbon supports opens a new avenue for catalyst 

support engineering. While the mesopore size of Ketjenblack cannot be precisely controlled with 

high fidelity, scientists are currently researching on tuning size of mesopores within carbon 
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catalyst supports for improved performance and prolonged fuel cell lifetime. This thesis will focus 

on controlling the porosity of carbon supports to improve fuel cell performance. 

 

Figure 1.4: SEM image of commercial 40 wt% Pt nanoparticles supported on Vulcan XC-72. 
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CHAPTER 2 

FABRICATION OF HIERARCHICAL POROUS CARBONS WITH DIFFERENT 

MESOPORE SIZE AS FUEL CELL CATALYST SUPPORTS 

 

2.1 Introduction to Mesoporous Carbons and Hierarchical Porous Carbons 

 

According to the International Union of Pure and Applied Chemistry (IUPAC), the following 

conventions are adopted to categorize different size of pores in a porous solid: micropores (pore 

diameter smaller than 2 nm), mesopores (pore diameter between 2 - 50 nm), and macropores (pore 

diameter larger than 50 nm).[1] 

With growing numbers of publications elaborating the benefits of incorporating mesopores into 

catalyst supports, research concerning mesoporous carbons, another family of carbon-based 

materials, is attracting attention for their potential as catalyst supports. Their controllable and 

superior properties distinguish mesoporous carbons from traditional carbon-based materials in 

synthetic pathways, specific surface area and porosity, and interfacial properties.[2]  

As discussed in Section 1.1.3, recent research regarding catalyst supports has focused on 

engineering appropriate size of mesopores within carbon supports for optimized fuel cell 

performance. Therefore, it is critical to construct a model system that features uniform and 

precisely controlled mesopore size, tunable surface functional groups, and simple synthetic 

approach. Hierarchical porous carbons (HPCs) appear as a suitable candidate due to controllable 

mesopore size and tunable material properties. HPCs possess a multimodal pore size distribution 

of micro-, meso-, and/or macropores, resulting in high specific surface area, short diffusion 
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distances, and high mass transfer rate.[3] Because of this combination, HPCs have been 

successfully incorporated into electrode materials for energy storage devices. In this chapter, the 

work on HPCs as model systems to understand how different size of mesopores will affect the 

carbon structure and material property is described.  

 

2.2 Synthetic Pathways of Hierarchical Porous Carbons 

 

HPCs have been synthesized via various methods, including templating methods, 

templating/activation combined methods, and template-free methods.[3] Since templating methods 

are most used to design and fabricate HPCs, the following sections will introduce some of the 

common templating methods. 

 

2.2.1 Hard-templating Methods 

 

Hard templating or nanocasting strategy is a well-studied method for direct synthesis of HPCs. 

Usually thermally stable inorganic solids, such as silica gel, silica nanoparticles, Na2CO3, and 

Ni(OH)2 were chosen as hard templates.[3] Solid spherical templates, including silica particles and 

Ni(OH)2, would generate spherical pores within the substrate after template removal, whereas 

porous templates, such as silica gel, would create porous carbons with a 3D interconnected 

nanonetwork.[4ï7] By varying preparation techniques, structural parameters, such as pore size, 

porosity, and pore volume, could be easily adjusted. Among different templating methods, the 

hard-templating methods provide the most accurate approach to fabricate HPCs with desired 
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nanopore size. For instance, Lei et al., synthesized mesoporous graphitized carbons with bimodal 

pore size distribution at 9.0 and 34.5 nm by selecting and mixing colloidal silica nanoparticles with 

10 and 36 nm in diameter.[8] It was proposed from the experimental results that silica particles 

were faithfully replicated without significant aggregation during the synthesis. Derived from this 

concept, large-sized silica nanoparticles are appropriate if macropores are desired. The high 

fidelity in macro/meso-porous size control of HPCs grants hard-templating methods an unique 

advantage over any other templating method. Nevertheless, one of the main deficits of hard-

templating methods is the utilization of stable inorganic solids that requires rigorous acid/base 

etching for template removal, which is relatively time-consuming and thus unsuitable for large-

scale production. 

 

2.2.2 Soft-templating Methods 

 

Soft-templating methods usually involve pre-synthesizing polymer templates such as phenolic 

resins and amphiphilic block copolymers, including surfactants, which can be completely 

decomposed during the carbonization step. The ease of fabrication is considered to be a major 

advantage when compared with other templating methods.[3] One of the typical soft-templating 

methods is based on using resorcinol-formaldehyde (RF) gels or similar molecular species for sol-

gel processing. It is suggested that micelles formed during the process serve as templates for the 

generation of pores. Although wet RF particles are highly porous, upon drying the pore structure 

collapses and the resulting material has a relatively low surface area.[9] The issue is resolved by 

introducing molecular species, such as surfactants or polyelectrolytes, which after gelation can 

stabilize the pores during drying and carbonization. The pore structure collapse is therefore 
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inhibited. Despite tunable pore size through soft-templating methods, the fine-tuning of mesopore 

size still remains difficult because of the aggregation of the nanoparticles in the polymerizing 

carbon precursor matrix.[10] Additionally, the sol-gel process suffers from the drawbacks 

associated with the long gelation time, solvent exchange, and supercritical drying.  

 

2.2.3 Ice-templating Methods 

 

The Giannelis group reported a novel synthetic pathway to fabricate HPCs via an ice-templating 

method which is a modified approach of the hard-templating technique. The HPCs synthesized via 

this method feature high surface areas, large pore volumes (up to 2096 m2/g and 11.4 cm3/g, 

respectively), and more importantly, tunable macro/meso/micro porosities.[11] Figure 2.1 shows a 

schematic representation of the ice-templating method. As seen from the figure, the colloidal silica 

nanoparticles and glucose molecules are expelled away by the growing ice crystals during the 

solidification of water as a result of plunging the mixture into the liquid nitrogen. The ice crystals 

are removed during sublimation in a freeze-dryer, generating macropores within the glucose-silica 

composite scaffold. The scaffold is then carbonized, resulting in a macroporous carbon-silica 

composite. The macropores are proved to remain intact during pyrolysis. A solution of sodium 

hydroxide (NaOH) is then used for etching to remove the silica nanoparticles from the composite, 

creating mesopores within the scaffold. Micropores are introduced by CO2 activation, which 

further enhances the surface area, porosity, and pore volume of the material. 



19 

 

 

Figure 2.1: Schematic showing the basic steps of ice-templating method to fabricate HPCs. The 

four steps are shown clockwise starting from the bottom left.[11] 

The macropore size and structure could be controlled by adjusting the dipping rate of the mixture 

into the liquid nitrogen, concentration of carbon precursor, and concentration and size of colloidal 

particles.[12,13] The distribution of the mesopores and the extent of mesoporosity could be simply 

tuned by selecting different size of silica nanoparticles or varying the silica to carbon precursor 

ratio. As for the microporosity, it could be controlled by changing the duration of CO2 activation 

and the CO2 gas flow rate. 

For convenience, HPCs fabricated via this method are denoted by HPC-x-y-z, where x represents 

the average colloidal silica nanoparticle size (nm), y represents the mass ratio of silica to glucose, 

and z represents the time (hours) for CO2 activation. 

The synthetic approach integrates ice-templating method, hard-templating method, and physical 

activation to fabricate HPCs featuring macro-, meso-, and microporosity in a simple material 
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platform. The technique provides precise control and tunability in terms of pore size and volume, 

especially for mesopores. The material properties of HPCs synthesized via this cost-effective ice-

templating method, such as interconnected porous structure, large surface area, and high pore 

volume, result in the excellent performance of HPCs as electrode materials for supercapacitors and 

provide new opportunities for other applications including fuel cells.[11,14ï16] 

 

2.3 Experimental Section 

2.3.1 Materials 

 

Colloidal silica LUDOX HS-30 (12 nm, 30 wt%) and sucrose were purchased from Sigma-Aldrich. 

Two different nanoparticle sizes of colloidal silica (4 nm, 15 wt%) and (20 nm, 40 wt%) were 

purchased from Alfa Aesar Chemicals. Sodium hydroxide pellets were purchased from Macron 

Fine Chemicals. All chemicals were used as received without further purification. 

 

2.3.2 Synthetic Procedure of HPCs with Different Mesopore Size 

 

HPCs with a different mesopore size were synthesized via the ice-templating approach previously 

reported by the Giannelis group.[11] Figure 2.2 is the schematic representation of the synthetic 

strategy adopted in this project of which the only difference when compared with Figure 2.1 is the 

carbon source utilized. First, HPCs with the mesopore size of 12 nm in diameter were synthesized. 

For HPC-12-1-0, 3g of sucrose (carbon source) was first added to a 50 mL centrifugation tube and 

dissolved in 20 mL deionized (DI) water. 10g colloidal silica suspension (12 nm, 30 wt%, Sigma-
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Aldrich) was then added to the solution, and DI water was added again till the final volume of the 

mixture reached 40 mL HPC-4-1-0 and HPC-20-1-0 were also prepared in the similar fashion 

while the amount of colloidal silica solution (4 nm, 15 wt%, Alfa Aesar) and (20 nm, 40 wt%, Alfa 

Aesar) used was adjusted according to their weight percent in water so that silica to sucrose ratio 

in the mixture was 1. The centrifugation tubes were transferred to an automated shaker and mixed 

at 300 rpm for at least 20 mins. After the mixing process was completed, the tubes containing the 

precursor mixture were dipped into liquid nitrogen until solidified. The phase separation of ice 

crystals and solids occurred during the solidification process. The solidified precursor mixtures 

were freeze dried to sublime off the ice crystals for at least 2 days. Prior to the carbonization step, 

the monoliths after freeze-drying were ground into fine powders by a mortar. This pretreatment 

step was introduced to ensure thorough etching when the carbonized product was treated with 

NaOH solution. For the carbonization step, the powdered-like sample after grinding was 

transferred to a crucible made of aluminum oxide and loaded into a controlled atmosphere furnace. 

The mixture was calcined at 1000 °C under a constant flow of nitrogen for 3 hours at a heating 

rate of 5 °C/min. The mixture after the carbonization step turned into a black powder. The mixture 

was etched by 3M NaOH solution to remove the silica nanoparticles. For complete etching, 4.5g 

of the mixture after carbonization was treated with 300 mL 3M NaOH solution at 80 °C for at least 

48 hours. The etching solution was then filtered and disposed. Copious amounts of DI water were 

used to wash off impurities till the pH value of the washings reached between 7 ï 8. The final 

HPCs product was obtained by drying the sample in an oven at 80 °C overnight to remove any 

remaining water. 
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Figure 2.2: Schematic representation of the ice-templating combined with hard-templating 

method to produce HPCs. 

 

2.3.3 Post Thermal Treatment for Improved Electrical Conductivity  

 

Post thermal treatment was introduced to increase the electrical conductivity of the HPCs without 

altering the porosity and the structure of the materials. HPC-12-1-0 synthesized as described in 

section 2.3.2 was transferred to a crucible and loaded into a controlled atmosphere furnace. The 

sample was calcined at 900 °C under a constant flow of nitrogen for 30 mins at a heating rate of 5 

°C/min. Samples after thermal treatment are referred to as HPCg-12-1-0. HPCg-4-1-0 and HPCg-

20-1-0 were also synthesized following the same procedure. 
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2.4 Characterization 

 

The surface morphology, microstructure, and chemical composition of samples were investigated 

by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) using 

Zeiss Gemini 500 Scanning Electron Microscope with operating voltages between 1-5 keV. 

Nitrogen adsorption isotherms were recorded on Micromeritics ASAP 2460 analyzer at 77 K. The 

Brunauer-Emmett-Teller (BET) model was used to calculate specific surface areas of the samples. 

The Barrett-Joyner-Halenda (BJH) model was applied to obtain pore size distributions and total 

pore volumes of samples from the adsorption branch of isotherms. Raman spectra were obtained 

with WITec Alpha300R Confocal Raman Microscope. Elemental analysis and electronic structure 

were analyzed from X-ray photoelectron spectroscopy (XPS) using ESCA 2SR XPS with 

operating pressures of 10-9 Torr. The samples in powder form were deposited on copper tape. 

Survey and high sensitivity spectra were collected at 200 eV pass energy, and high resolution at 

50 eV pass energy. Electrical conductivity measurements were performed in a lab-made four-point 

probe setup to evaluate the electrical conductivity of samples.[16] 

 

2.5 Results and Discussions 

2.5.1 Comparison of HPC-12-1-0 Before and After Thermal Treatment 

 

When compared with Vulcan XC-72 which has an electrical conductivity value of 32.71 S/cm 

measured by the four-point probe setup, the electrical conductivity of HPCs obtained from ice-

templating method usually has a relatively low value in the order of 1 S/cm. To further improve 

the electrical conductivity of HPCs without altering the hierarchical porous structure, an additional 
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thermal treatment step was introduced. While HPC-12-1-0 has an electrical conductivity of 2.1 

S/cm, the thermally treated HPCg-12-1-0 has an electrical conductivity value of 6.5 S/cm, even 

though according to the SEM images and AFM measurements shown in Figure 2.3 the surface 

morphology, mesoporosity, and roughness are similar after thermal treatment.  

 

 

Figure 2.3: (a) SEM images of HPC-12-1-0 and HPCg-12-1-0 (b) AFM measurements of HPC-

12-1-0 and HPCg-12-1-0. 

To conduct a more quantitative analysis, nitrogen sorption and mercury porosimetry were 

performed to evaluate the differential pore volume of mesopores and macropores. In Figure 2.4 (a) 

& (b), both dV/dD pore volumes are similar before and after thermal treatment in either nitrogen 
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adsorption pore size distribution (PSD) or mercury PSD diagrams. Raman spectroscopy (Figure 

2.4 (c)), clearly shows that the D-band/G-band ratio remains similar for the samples before and 

after thermal treatment. It appears that the structure of the samples remains intact after introducing 

the additional step of thermal treatment, and the increase of electrical conductivity is not due to 

any structural changes. 

 

 

Figure 2.4: (a) Pore size distribution, PSD, for HPC-12-1-0 and HPCg-12-1-0 obtained by 

mercury porosimetry (b) PSD of HPC-12-1-0 and HPCg-12-1-0 obtained by nitrogen adsorption 

(c) Raman spectra of HPC-12-1-0 and HPCg-12-1-0. 
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EDS and XPS measurements were used to obtain chemical composition. Figure 2.5 shows the XPS 

spectra of HPC-12-1-0 and HPCg-12-1-0, demonstrating the survey scan for elemental analysis 

and high-resolution scan for chemical characterization. As seen from the survey scans in Figure 

2.5 (a) & (c), HPCg-12-1-0 has lower oxygen content, when compared with HPC-12-1-0. From 

the high-resolution scans in Figure 2.5 (b) & (d), increased C-C/C=C ratio indicating more 

graphitic structure was observed in thermally treated HPCg-12-1-0. 
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Figure 2.5: XPS spectra of HPC-12-1-0 and HPCg-12-1-0. Vulcan XC-72 is also included for 

comparison. (a) Survey scan of HPC-12-1-0 (b) high-resolution scan of HPC-12-1-0 (c) survey 

scan of HPCg-12-1-0 (d) high-resolution scan of HPCg-12-1-0 (e) survey scan of Vulcan XC-72 

(f) high-resolution scan of Vulcan XC-72. 
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Since XPS focuses more on the surface composition, for complete evaluation, EDS analysis was 

performed to compare bulk composition (Figure 2.6). Consistent with XPS the EDS shows that 

HPCg-12-1-0 contains less oxygen than HPC-12-1-0. Thus the increase in electrical conductivity 

after thermal treatment is probably due to a decrease in oxygen content. The deoxygenation of 

HPCs via thermal treatment can enhance the electrical conductivity of the material without altering 

the porous structure. 

 

 

Figure 2.6: Energy Dispersive Spectra, EDS, and atomic percentage of HPC-12-1-0 and HPCg-

12-1-0. Vulcan XC-72 is included for comparison. (a) HPC-12-1-0 (b) HPCg-12-1-0 (c) Vulcan 

XC-72. 

 


