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Abstract

Biofuel cells demand three-dimensional, “high” surface area electrodes with “high”

electrical conductivity and structural integrity. The aim of this project is to design and

fabricate porous carbon structures as electrodes for enzyme and microbe

immobilisation in biofuel cells. These electrodes should have homogeneous pore size

distributions, “high” electrical conductivity, “good” mechanical strength and a

suitable surface for enzyme and microbe immobilisation.

Various routes have been introduced to produce porous carbon electrodes with

different ranges of pore sizes. In the case of microbial fuel cells where the pore sizes

need to be in the micrometric ranges, a foaming method was adopted. To develop

porous carbon electrodes with pore sizes in the nanometre ranges, a templating

method was used.  Highly ordered hierarchical mesoporous and macroporous carbon

structures were obtained using the templating method. Ultimately, a polymer blend

technique was developed to produce porous carbon electrodes in large-scales. Porous

carbons prepared by this method composed of pores in the micrometric ranges and

nanometre pores on the walls of the electrodes’ structures.

Various methods to improve mechanical strength and electrical conductivity of the

fabricated electrodes were examined. Successive impregnations of the samples in a

resin improved the strength and the conductivity of the samples. Moreover, to

increase the electrical conductivity of the electrodes, catalytic graphitisation was

tested and different graphitic components were produced. The graphitised carbons

exhibited electrical conductivities of up to fifty times larger than those obtained from

the non-graphitised samples. Electrochemical behaviour of the amorphous and the

graphitic carbon electrodes was investigated and it was found that the fabricated

electrodes were electrochemically active.
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Introduction

The aim of this project is to fabricate electrodes to be used in biological fuel cells for

hosting enzymes and microbes. Electrodes play an important role in the efficiency of

biofuel cells. For instance, high enzyme loading is vital for high output current

density of the biofuel cells [1, 2] and electrodes with large surface areas (> 1 m2 g-1)

lead to high enzyme loading and higher diffusion of reactants and products and

therefore higher efficiency. It is important that the pore sizes of the porous electrodes

match the sizes of enzymes and microbes. For instance, even though activated carbons

possess a large surface area (over 1000 m2 g-1 [3]), these are not suitable for hosting

enzymes or microbes as their micropores are inaccessible. On the other hand,

relatively large pore sizes of porous electrodes lead to quick leach out of adsorbed

enzymes or microbes [4]. Therefore, there is a need to produce porous carbons with

pores in the nanometric ranges for enzyme immobilisation and in the case of hosting

microbes, porous carbons with pores in the micrometric ranges are desirable.

Electrodes to be used in biofuel cells demand “high” electrical conductivity for

effective electron transport. Moreover, electrodes need to be inert toward reactants,

products and electrolyte. A suitable electrode surface chemistry for enzyme/microbe

immobilisation is also critical. Carbon has been reported as an attractive electrode

material for biofuel cells as it is abundant, renewable, cheap and can be chemically

modified by different means [5]. In this work, carbon was the material of choice for

electrodes, as porous carbon electrodes offer high surface area, relatively high

electrical conductivity (dependant on the form of carbon) and adjustable surface

properties for enzyme/microbe immobilisation.

It has been shown that the use of three-dimensional electrodes in biofuel cells has

resulted in an increase of power output compared to two-dimensional or flat

electrodes [6]. For instance, reticulated vitreous carbon (RVC) has been used in

microbial fuel cell as anode and cathode electrodes for its high surface area (51 and

114 m2 m-3, respectively), to increase the power output of the biofuel cell [7].
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Moreover, microbial fuel cells usually require large electrodes with mechanically

robust structures to withstand handling and fluid flow.

Producing mechanically stable carbon materials with “high” surface area and “high”

electrical conductivity is very difficult. This is because introducing porosity in a

material reduces its relative density and as a result decreases its mechanical strength

and electrical conductivity [8, 9]. Therefore, a balance between these properties has to

be achieved. Furthermore, various methods for producing mesoporous and

macroporous carbon materials have been reported in the literature but the porous

carbon materials produced with these methods are either not in monolithic forms (they

are in powder forms) or not mechanically stable. In this thesis these problems have

been tackled.

Chapter 1 of this thesis reviews the literature on the preparation methods and

properties of the porous carbon materials as electrodes for biofuel cells. Various types

of carbon precursors and their properties are summarised in this chapter and a suitable

precursor is selected, considering the required properties of the carbon material as an

electrode. Moreover, methods for fabrication of porous carbon electrodes are

reviewed in this chapter, and appropriate methods of producing mesoporous and

macroporous carbons are chosen. Methods for improving different properties

(mechanical, electrical and electrochemical) of porous carbon electrodes are also

discussed in this chapter.

Chapter 2 presents the synthesis method of the carbon precursor of choice,

polyfurfuryl alcohol, and the properties of the carbon derive from this precursor. This

resin is used as a carbon precursor in all the fabrication methods of porous carbon

electrodes in this project.

Chapter 3 presents a foaming method for fabrication of carbon foams with pores in

the micrometric ranges. This method is modified to improve the mechanical property

of the carbon foams. Different properties of the carbon foams produced by this

method and the modified methods are reported in this chapter. Catalytic graphitisation

for improvement of electrical conductivity of the carbon foams is tested and reported.
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Finally, the electrochemical behaviour of the amorphous and the graphitised carbon

foams is demonstrated in this chapter.

Chapter 4 summarises the templating routes for production of mesoporous and

macroporous carbon monoliths with homogenous pores in the nanometric ranges.

Two types of hard and soft templates are used and the properties of the carbon

obtained from these templates, as well as the production methods are compared. A

preliminary study of electrochemical behaviour of the carbon materials fabricated by

this method is presented in this chapter.

In Chapter 5, a method for producing porous carbon electrodes in large-scales is

developed.  In this method two types of polymers are blended; one is the carbon

precursor and the other is a thermally decomposed polymer. With this method it is

possible to prepare stable porous carbon electrodes in different shapes and sizes.  The

electrochemical behaviour of the porous carbon electrodes produced by this method is

examined and presented in this chapter.

A general discussion is presented in Chapter 6, and Chapter 7 presents conclusions

and future work.
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Chapter 1: Literature Survey

1.1 Introduction

The aim of this chapter is to review the knowledge to date on the preparation and use

of porous carbon materials as electrodes for biological fuel cells. Porous carbon

materials have received a great deal of interest due to their various applications. They

can be used for gas separation, water purification, catalyst support and electrodes for

electrochemical double layer capacitors and fuel cells [10-13]. In electrochemical

applications where inertness, low cost and “good” electrical conduction of the

electrodes are required, carbon is a material of choice as it offers corrosion resistance

(in mild conditions) and reasonable electronic conductivity at the same time [14]. In

particular, for biological fuel cell application, carbon could be a material of choice as

porous carbon electrodes offer high surface area, high electronic conduction for fast

electron transfer and tailorable surface properties for enzyme/microbe immobilisation.

Practically, porous carbon electrodes need to meet a range of requirements to be used

for enzyme and microbe immobilisation in biofuel cells: (a) suitable pore sizes

matching the sizes of enzymes and microbes; (b) mechanical strength to withstand

handling and machining; (c) high electrical conductivity for a fast electron transfer;

(d) suitable surface chemistry to facilitate the immobilisation of enzymes and to

ensure fast electron transfer. Producing a material with high surface area (> 1 m2 g-1)

and at the same time “high” mechanical strength or “high” conductivity is a challenge.

Creating porosity decreases the mechanical strength while increases the electrical

resistivity. Therefore, these properties need to be balanced.

Various types of carbon precursors can be used for fabrication of carbon electrodes.

These precursors are summarised in this chapter and a suitable precursor has been

selected according to the required properties of the carbon material as an electrode.

Furthermore, different methods of preparing porous carbon materials are reviewed in

the current chapter and suitable methods for producing macro- and mesoporous

carbon structures have been chosen. In this chapter methods for improving
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mechanical, electrical and electrochemical properties of porous carbon electrodes are

also discussed.

1.2 Why Using Carbon Structures?

An electrode material for biological fuel cell needs to show “high” electrical

conductivity, “high” surface area and “good” inertness, while facilitating electron

transfer. Metals can be good candidates but are relatively poor in terms of corrosion

resistance and also attaching an enzyme to a metal surface usually leads to enzyme

denaturation and loss of enzyme catalytic activity [15]. Another option could be

transition metals such as platinum and gold that are resistant to corrosion, however,

they are expensive and rare. Among the non-metallic materials, carbon is a suitable

electrode material. Carbon has a relatively high electrical conductivity (about 200 S

cm-1 at 25 °C [16]) and corrosion resistant in mild conditions (room temperature and

neutral PH). In theory, its surface chemistry is adjustable for enzyme or microbe

immobilisation. Furthermore, carbon can be prepared in various forms and different

levels of porosity. Examples of common porous carbons with industrial applications

are: activated carbons (in the forms of fibres, cloth or felt), carbon nanotubes and

reticulated vitreous carbon [17].

1.2.1 Physical Properties of Carbon

Physical properties of carbon depend on its atomic structure. Various types of atomic

structures are possible for carbon. This is due to the quite unique position of the

carbon in the periodic table. The carbon atom with an atomic number of six has four

outer electrons capable of multi-bonding as tetrahedral sp3-hybrid, trigonal planar sp2

and linear sp [18]. These different hybrid configurations form different allotropes of

carbon that can be classified into three major categories: (i) The sp2 structures which

include graphite, the graphitic materials and amorphous carbon; (ii) The sp3 structures

which include diamond and Lonsdaleite; (iii) The Fullerenes that combines both sp2

and sp3 bonds. Different allotropes of carbons possess different physical, mechanical

and chemical properties. Among all the carbon allotropes, graphite and diamond are

the two common crystalline forms.
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Electrical conductivity of carbon can be explained by movement of electrons in its

atomic structure. For example, in the structure of graphite, electrical resistivity is low

in the basal planes as the atoms are held together in two-dimensional hexagonal

networks by strong sp2-hybrid σ-bonds. Whereas, between the graphene layers the

bonding is delocalised π bonds and the spacing between the planes is relatively large

(see Fig. 1-1). Therefore, the movement of the electrons is more difficult in this

direction and the electrical resistivity is high. The electric conductivity values for

graphite are often cited as 3.3 S cm-1 in the c direction (normal to the basal plane) and

2000-4000 S cm-1 along the basal plane [19]. Graphite can be considered as a semi-

metal, in terms of electrical conductivity, and diamond as an insulator. Other carbon

materials have electrical conductivity between these two forms of carbon, e.g. 200 S

cm-1 for vitreous carbon.

Fig. 1-1: Crystal structure of graphite [20].

Mechanical strength of carbon materials depend on various factors such as the

crystallite orientation, porosity and structural defects.  In graphite, the strength in the

basal plane is higher than the interplanar strength. This is due to the strong bond

between atoms in the basal planes than the bonds between the planes. Fig. 1-2 shows

that graphite is the most stable allotrope of carbon at ambient conditions and diamond

is the most stable allotrope of carbon at high pressures [20]. In terms of hardness,

graphite is one of the softest materials and diamond is one of the hardest materials

known.

Basal plane

Edge plane

Graphene

layers

c

ab
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Fig. 1-2: Carbon phase diagram [21].

1.2.2 Surface Chemistry of Carbon

Surface chemistry of carbon electrodes plays an important role in the efficiency of

biofuel cells. Ideally, enzymes/microbes should be immobilised on the surface of the

electrode without denaturation and decay of the catalytic activity. Generally, the

surface chemistry of carbon materials is due to a range of oxygen functional groups.

For instance, the wettability [22] and adsorptive behaviour of a carbon [23, 24], as

well as its catalytic [25], and its electrical properties [26] are influenced by the nature

and extent of the surface oxygen groups. For example, creating acidic oxygen

functional groups (carboxyl, phenolic and lactonic) on the carbon surfaces hinders

alkane adsorption [27]. Kong et al. [28] have also shown that by exposing a single-

walled carbon nanotube (SWNT) to gaseous molecules such as NO2 or NH3 the

electrical conductivity of the SWNT increases or decreases dramatically. This is

because exposure to NH3 shifts the valence band of the nanotubes away from the

Fermi level, whereas exposure to NO2 results in the Fermi level shifting closer to the

valence band.

Fig. 1-3 summarises examples of oxygen functional groups that can be found on

carbon surfaces. The most common oxygen groups on carbon surfaces are carboxyl,

lactone, phenol and carbonyl groups.
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Fig. 1-3: Structures of oxygen functional groups on carbon surfaces [29].

The chemisorption of oxygen is greatly dependent on the crystalline nature of the

carbon. Under the same conditions, well-ordered carbons containing small

concentration of edge sites will chemisorb less oxygen than more amorphous carbons

such as activated carbons [30]. On the other hand, chemisorption of oxygen also

depends on the degree of porosity. Porosity increases surface area and hence the

reactivity of the material. For instance, activated carbons with high surface areas are

prompt to have a high density of oxygen functional groups than pore free or closed

pore glassy carbons [31]. Temperature also affects the chemisorption of oxygen. For

example, above 450 °C graphite oxidises with water, oxygen and many other oxidants

such as acids.

1.3 Preparation of Carbon Structures

In order to obtain a suitable porous structure, it is advantageous to directly prepare the

porous carbon electrode from the starting materials. Carbon materials always result

from the carbonisation of organic materials, i.e. carbon precursors. In carbonisation,

the organic material transforms to carbon by thermolysis under an oxygen-free

atmosphere to avoid oxidation. Various types of carbon precursors can be used to

prepare carbon materials. These precursors will lead to different carbon yields and

types (graphitisable and non-graphitisable) after carbonisation.
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Carbon yield is defined as the ratio of the weight of the carbon residue after

carbonisation to the weight of the starting material. Typical carbon yields of common

precursor materials are shown in Table 1-1. The carbon yields of the materials

mentioned in the table are not fixed and depend on experimental conditions, i.e.

heating rate, the composition of the atmosphere and the pressure [32, 33].

Table 1-1: Carbon yields of various precursor materials [32].

Precursor                              Carbon Yield (%)                      Type of Carbon*

Aromatic hydrocarbons

Coal-tar pitches                                            40-60 Coke

Petroleum fractions                                      50-60 Coke

Naphtalene, C10H8 Coke

Biphenyl, C12H10 Char

Polymers

Polyvinyl chloride, (CH2CHCl) n 42 Coke

Polyimide (Kapton), (C22H10O5N2) n 60 Coke

Polyvinylidene chloride, (CH2CCl2) n 25 Char

Polyfurfuryl alcohol, (C5O2H6) n 50-56 Char

Phenolic resins, (C15O2H20) n 50-55 Char

Polyacrylonitrile (PAN), (CH2CHCN) n 46-50 Char

Cellulose, (C12O10H18) n 20 Char
* Coke is a graphitisable and char is a non graphitisable carbon.

As it can be seen from Table 1-1, carbonisation of different types of precursors result

in either coke or char. Coke is a graphitisable carbon and char is a non-graphitisable

carbon. Graphitisable carbons are carbons that become graphitic on heating beyond

2000 °C, and non-graphitisable carbons cannot become graphitic even above 2000 °C.

The terms graphitisable and non-graphitisable carbons were first introduced by

Rosalind Elsie Franklin (1950, 1951). The different types of carbons are illustrated in

Fig. 1-4. It can be seen that graphitic carbons show a linear structure with alignment

of graphitic planes, while the structure of non-graphitic carbons show more disorders.
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Fig. 1-4: The Franklin models of carbon structure (a) graphitisable and (b) non-graphitisable carbons
[34].

Generally, carbon precursors can be classified in two main groups: derivatives from

hydrocarbons and from polymers. This classification will be used in this thesis for

further discussions.

1.3.1 Carbon from Aromatic Hydrocarbons

Aromatic hydrocarbons are interesting materials for the fabrication of carbon as they

contain a high amount of carbon atoms and they have a “graphite-like structure”, i.e.

they contain benzene rings and their small aromatic structure can reach the three-

dimensional order of graphite by heat treatment. The general carbonisation

mechanism of polyaromatic hydrocarbons involves rupturing the carbon-hydrogen

bonds and removal of hydrogen [35]. Some of the hydrocarbons go through a

mesophase stage during carbonisation process. This stage usually occurs at

temperatures above 400 °C, and during this stage large polyaromatic molecules are

formed. These molecules gradually increase in size and start to align themselves and

form pre-cokes or green cokes [36].  Two commonly used hydrocarbons as carbon

precursors are pitches and coals which are described in the two following sections.

1.3.1.1 Pitches

Pitches have high carbon yield and they tend to form graphitic carbon structures at

high temperatures (> 2300 °C). The obtainable carbon yield from pitch depends on the

composition of the precursor pitch and the conditions of pyrolysis. Restricting the

evolution of volatile molecules present in the pitch can increase its carbon yield. This

(a) (b)
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can be done by decreasing the heating rate, applying pressure or using chemical

additives, such as sulphur and iodine, prior to the thermal decomposition of the pitch.

For example, it was reported that the iodine addition to coal tar pitch increased its

carbon yield from 40 to 70% [37]. This was due to the acceleration of de-

hydrogenation reactions at temperatures between 200 and 400 °C. It has been found

that the carbon yields of pitches at atmospheric pressure are about 50% by weight and

carbonisation under high pressure (~100 MPa) can result in yields in excess of 90%

for some pitches [38]. This is due to the participation of volatile species in the

aromatic growth and polymerisation processes when carbonisation is carried out

under pressure.

Pitches are derived from organic precursors using variety of processes such as solvent

extraction and thermal treatments. Pitches usually have complex physical and

chemical properties due to their broad range of molecular weight constituents. The

two most common pitches that are used in the moulded graphite industry are coal-tar

pitch and petroleum pitch [39]. Coal-tar pitch is the solid residue remaining after the

distillation of coal-tar and its composition varies depending on the nature of the coal-

tar. Petroleum pitch is the residue from the distillation of petroleum fractions. Like

coal-tar pitch it is solid at room temperature, has a broad softening range and no well-

defined melting point.

In order to be able to use pitches for the preparation of porous carbons, the thermal

plastic properties of the pitch needs to be adjusted to meet the foaming requirements.

This can be done by thermal treatment to control the viscosity and softening

temperature of the pitch by removing the volatiles. As a result, the degree of

polymerisation and condensation of the pitch changes through de-hydrogenation of

polyaromatic molecules of the pitch precursors. Fig. 1-5 shows a schematic

representation of the carbonisation process of a pitch which involves aromatic growth

and polymerisation [40]. In this process first carbon-hydrogen bonds and carbon-

carbon bonds break to form reactive radicals, then the molecules rearrange and

thermal polymerisation happens. After polymerisation, aromatic condensation and

elimination of side chains and hydrogen occur.
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Fig. 1-5: Schematic diagram of pitch pyrolysis [40].

1.3.1.2 Coals

Coals have a wide range of carbon content (50 to over 95%) and they show a broad

variation in properties depending on their source. Coals result from peat precursors by

gradual transformation at temperatures around 200-250 °C and high pressures [41].

The structure changes from a peat through lignite, the lowest rank of coal, to

anthracite which is the highest rank of coal. Sub-bituminous and bituminous coals are

also intermediate structures. The coal rank defines by the carbon to hydrogen ratio of

the material. The carbon content of bituminous coals is 60-80% and the rest is

composed of water, air, hydrogen and sulphur whereas, the carbon content of

anthracite is between 92 and 98%.

Foaming behaviour of the coal precursors depend on their plastic properties. For

example, precursors with high fluidity lead to low-density carbon foams. Fluidity of

the coals can be adjusted by de-volatilisation and solvent extraction [42]. In these

processes light fractions, that are rich in transferable hydrogen, are removed and

therefore larger condensed aromatic molecules are formed and fluidity is decreased

[43].

Carbon

300-500°C 500-1000°C
1000-2500°C

Aromatic

hydrocarbon Pitch

Coke

2500-3000°C

Graphite
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1.3.1.3 Properties of Carbons Derived from Aromatic Hydrocarbons

Carbonisation of most aromatic hydrocarbons results in formation of coke (Table 1-1)

which easily converts into a well-ordered graphitic structure. However, some aromatic

compounds, such as phenanthrene and biphenyl, form char instead of coke. The

structure of these compounds is branched aromatic rather than linear aromatic and

therefore they do not pass through a liquid stage during their carbonisation and

orientation process, which is a key factor in graphitisation, cannot take place for these

precursors [44, 45].

In terms of mechanical and electrical properties of the carbon foams derived from

aromatic compounds, it has been observed that precursors which are isotropic in

nature (after carbonisation) yield high-strength structural carbon foams, whereas,

anisotropic precursors result in carbon foams with high electrical conductivities [46].

For example, pitch-based carbon foams that develop large anisotropic domain result

in highly graphitisable carbon, while pitches that develop small anisotropic domains

are less graphitisable but are mechanically stronger. Therefore, pitch precursors can

produce either mechanically strong or high conductivity carbon foams. Whereas, raw

coals and coal solvent extracts generate strong (3 to 10 MPa in compressive strength

depending on the density) and isotropic carbon foams which are good candidates for

structural and energy absorption applications.

1.3.2 Carbon from Polymers

Polymers generally have lower carbon yields than aromatic hydrocarbons because

they contain elements such as chlorine, oxygen or nitrogen in addition to hydrogen

and carbon. However, they are easier to process as they do not need any modification

and pretreatment before use. Polymer precursors that go through a liquid or

mesophase stage above a certain temperature are called thermoplastic precursors and

those that degrade by heating without going through a liquid stage are called

thermoset precursors [47].  Thermoset precursors cure irreversibly to a stronger form

that means they cannot melt or re-shape after they cure and therefore, they cannot

align themselves and are non-graphitisable. The existence of highly cross-linked
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aromatic structures either in the original polymer or during degradation prevents

graphitisation of the thermoset precursor. Examples of thermoset precursors include

polyfurfuryl alcohol and phenol formaldehyde. However, polycyclic aromatic

structures not cross-linked can reorient if they pass through a liquid stage. For

instance, polyvinyl chloride and polyvinyl acetate show this kind of behaviour and are

thermoplastic precursors. The major polymers in the production of synthetic graphite

are listed in Table 1-1 and the general mechanism of carbonisation is described below.

In carbonisation of polymers the following three possibilities can occur depending on

the type of polymer [35]:

1) The chains degrade into small molecules and the products are evolved as gases

leaving little or no carbon behind such as polyethylene or polystyrene. These

materials have a low carbon yield and cannot be considered as suitable precursors.

Polyethylene and polystyrene break down completely into gaseous products at 450-

480 °C and 370-420 °C, respectively.

2) Other type of polymer, thermoplastic, goes through a mesophase stage during

carbonisation and the result is a crystalline anisotropic coke which on heating to 2700

°C transforms to graphitic material. An example of this behaviour is polyvinyl

chloride (PVC). The structure of this polymer is shown in Fig. 1-6. PVC contains a

chain of sp3 carbon atoms with a chlorine atom attached to alternate carbon atoms.  It

is formed by polymerisation of the vinyl chloride monomer.

Fig. 1-6: Chemical structure of polyvinylchloride [35].

When PVC is heated under an inert atmosphere, above 200 °C HCl is evolved

according to the reaction below:



33

(CH2-CH.Cl)n (CH=CH)n + nHCl (1-1)

PVC darkens to a new polymer (CH=CH)n which becomes very fluid on heating to

380 °C due to thermal degradation. By further heating, the material solidifies and

carbonises to form a coke. The carbonisation behaviour of this material is similar to

pitch. The polymer chain breaks down and the constituent parts cyclise to form small

aromatic products which fuse together to form larger aromatic sheets. These sheets

stack above each other to form a “liquid crystal” and the liquid crystals combine to

form large grains which become solid and make the grain boundaries in the final

graphitised coke. It should be mentioned that contrary to these polymeric systems, the

coking process in hydrocarbons is very slow and can take few days to complete due to

slow aromatising process.

3) In the third type of polymers, thermosetting, the chains remain intact and the

material does not pass through a plastic state during carbonisation and is not

graphitisable even when heated to 3000 °C. Examples of such polymers are phenolics

and polyfurfuryl alcohol which have relatively high carbon yields of 50 to 56%. The

use of such thermosetting polymers facilitates the formation of porous carbons with

controlled pore size distribution through template methods. Several examples can be

found in the literature, e.g. Fuertes et al. [48] used furfuryl alcohol and phenolic resins

to prepare mesoporous carbon structures and concluded that the type of carbon

precursors affect the size of the mesopores derived from the template. Moreover, high

surface area carbon monoliths with hierarchical structures were fabricated using

furfuryl alcohol as carbon precursor [49]. The carbonisation process of thermosetting

polymers will be discussed in more details in the following sections.

1.3.2.1 Phenolics

Phenolics (C15O2H20)n are a class of polymers obtained by a condensation

polymerisation between, for example, phenol (C6H5OH) and formaldehyde (H2CO)

with elimination of water. The chemical structures of phenol and formaldehyde are

shown in Fig. 1-7. The polymerisation process includes addition of formaldehyde to
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(a) (b)

phenol, chain growth or prepolymer formation, and finally, cross-linking or curing

reactions [50].

Fig. 1-7: Chemical structure of (a) phenol and (b) formaldehyde [51, 52].

Depending on the pH two types of prepolymer can be obtained: novolacs and resols.

Novolacs are formed under highly acidic conditions and with a molar formaldehyde to

phenol (FP) ratio of less than one. These consist of phenol rings connected solely by

methylene bridges (Fig. 1-8 (a)). In resols, the FP ratios are greater than one and they

are formed under basic conditions. Resols consist of phenol rings connected by

dimethylene ether bridges and methylol groups in addition to methylene bridges (Fig.

1-8 (b)). Novolacs are cured by addition of a hardener, while resols cross-link by

heating and without addition of a cross-linking agent. The curing process of both

polymers includes cross-linking of linear chains by forming a gel at some

intermediate stage of the process.

Fig. 1-8: Chemical structure of (a) novolac [50] and (b) resol resins [53].

(a) (b)
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Ordered mesoporous carbon materials can be synthesised using functionalised

phenolic resins as the organic precursor through a templating route. These precursors

contain a high density of hydroxyl groups that can form strong hydrogen bond with

block copolymers as templates [54].

The behaviour of a phenolic resin during carbonisation depends on the degree of

cross-linking. When a weakly cross-linked material is heated slowly, low molecular

weight compounds such as unreacted phenol, short chain polymers and water are

evolved between 100 and 350 °C. If the material is highly cross-linked water is not

evolved until above 400 °C and the amount of low molecular weight polymer

volatiles is decreased [55]. Basically, the pyrolysis gas products are CH4, H2, CO and

CO2, with H2 and CH4 releasing mainly above 450 °C [56]. The structure rearranges

to an unsaturated aromatic residue at temperatures around 500 °C and ultimately a

cross-linked aromatic network forms.

1.3.2.2 Polyfurfuryl Alcohol

Polyfurfuryl alcohol (PFA) is a thermosetting resin with high carbon yield. PFA is

made from furfuryl alcohol. Furfuryl alcohol (C5H6O2) is a furanic compound

(C4H4O) which is used to produce various types of resins. Its chemical structure is

shown in Fig. 1-9.

Fig. 1-9: Furfuryl alcohol [57].

The polymerisation process of furfuryl alcohol (FA) is acid catalysed and always

leads ultimately to a black crosslinked product. The first phase of this process consists

of condensation reactions between the OH group and either a hydrogen atom of a

furan ring (head-to-tail structure, as shown in Fig. 1-10 (a)), or another OH group

(head-to-head structure, Fig. 1-10 (b)).

O

OH
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Fig. 1-10: Acid-catalysed condensation of FA which results in (a) methylene and (b) dimethyleneoxide
[58].

This series of acid-catalysed condensations produces linear oligomers which can

contain both methylene and dimethyleneoxide (-CH2-O-CH2-) molecules. Under

strongly acidic conditions, dimethyleneoxide has a tendency to lose formaldehyde

(CH2O) and revert to methylene (Fig. 1-10). This phenomenon as well as the higher

kinetic tendency for head-to-tail condensation, results in macromolecular structures in

which methylene bridges are more common [57]. These two reactions are followed by

further crosslinking. Fig. 1-11 illustrates the molecular structure of the cross-linked

PFA.

Fig. 1-11: Molecular structure of cured PFA [59].

Fitzer et al. [60] have studied the thermal degradation of PFA thoroughly. They

showed that the furan rings break up and disappear at temperatures below 450 °C.

This is accompanied by loss of H2O, CH4, CO and CO2 (Fig. 1-12). The methylene

bridges are dehydrogenated at temperatures above 450 °C and adjacent carbon-carbon

chains with conjugated double bonds are formed. The pyrolysis gases during the

(b)

(a)
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thermal decomposition of polyfurfuryl alcohol resin mainly consist of water and

carbon monoxide. Carbon dioxide, methane and hydrogen are formed in smaller

amounts [61]. The carbonisation of the PFA reached completion at around 900 °C

[62].

Fig. 1-12: Intermediate products formed during thermal decomposition of polyfurfuryl alcohol [60].

1.3.2.3 Properties of Carbons Derived from Polymers

Carbonisation of polymeric precursors results in a vitreous or glassy carbon. A

material is considered vitreous when it has no crystalline long-range order. During a

typical carbonisation process, the polymer is heated slowly in a reducing or inert

atmosphere (1-5 °C min-1 to about 800 °C and 5-10 °C min-1 from 800-1000 °C [63]).

The heating rate to be chosen depends on the rate of diffusion of the volatile by-

product of pyrolysis. This diffusion rate must be slow enough to avoid disruption and

rupture of the carbon structure.

Vitreous carbon is made up of condensed aromatic ribbon molecules which are

randomly oriented and are cross-linked by carbon-carbon covalent bonds. This

random structure is believed to have the form of an extensive network of graphitic

ribbons as is shown in Fig. 1-13. From the high resistance of the glassy carbon to
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graphitisation, it can be concluded that the configuration of these ribbons is very

stable [64]. In vitreous carbon the crystalline size (Lc) are small (up to ~4 nm) and

within each crystallite, the interatomic distances vary by more than 5% from those of

the ideal graphite in both the basal plane and between planes.

Fig. 1-13: Schematic model of the ribbon structure of glassy carbon [64].

It has been suggested that the structure of vitreous carbon includes some sp3

(tetragonal) bonds in addition to the graphitic sp2 (trigonal) bonds. The sp3 bonds are

characteristic of diamond bonding and this can be the reason of the isotropy, high

strength and the hardness of the vitreous carbon [35]. Furthermore, the ribbon

network and sp3 bonds in glassy carbon are the two factors preventing ordering of the

structure regardless of the graphitisation temperature.

Vitreous carbon has a low density of 1.54 g cm-3 compared with 2.2 g cm-3 in single

crystal graphite and a uniform structure which is normally free of defects. The low

density of vitreous carbon is a result of existence of micropores in the network

structure due to the inefficient packing in an isotropic assembly of ribbons [65]. Its

hardness, specific strength and modulus are high due to the covalent bond. Some

properties of solid vitreous carbon as carbonised and after heat treatment to 3000 °C

are shown in Table1-2 [63]. The table includes the properties of a typical moulded

graphite and pyrolytic graphite for comparison. Moulded graphite is derived from

precursors that graphitise at high temperatures, such as petroleum cokes and coal-tar

pitch, and pyrolytic graphite is produced from gaseous precursors, such as methane

and other gaseous hydrocarbons, by chemical vapour deposition (CVD) technique.



39

It can be seen from the Table1-2 that the mechanical properties of vitreous carbon are

usually higher and the thermal conductivity lower than those of other forms of carbon.

Electrical conductivity of these carbons depends on the type of precursors, the process

and the degree of graphitisation. Electrical conductivities of vitreous carbon and

moulded graphite are reported around 200 S cm-1 and electrical conductivity of

pyrolytic graphite is close to the conductivity of the ideal graphite crystal (2000-4000

S cm-1 in the ab directions) [16].

Table1-2: Physical and mechanical properties of vitreous carbon and other carbon
materials at 25 °C [63].

Vitreous Carbon Moulded        Pyrolytic

Properties As Is Heat Treated Graphite Graphite*
At 3000 °C

Density (g cm-3) 1.54             1.42            1.72-1.90        2.10-2.24

Flexural strength (MPa)                    210              260               10-100          80-170 (c)

Compressive strength (MPa)            580 480                65-89

Young’s modulus                              35                 35                  5-10             28-31

of elasticity (GPa)

Hardness (HV)                                  340               230 40-100          240-370

Coef. of thermal expansion               3.5                2.6                 3.2-5.7          0 (ab)

20 – 200 °C, m m-1 K-1 × 10 -6 15-25 (c)

Thermal conductivity (W m-1 K-1)    4.6 6.3 31-159          1-3 (c)

190-390 (ab)

* These graphites have a high degree of crystallite alignment and their properties tend to be
anisotropic.

The chemical properties of vitreous carbons are usually similar to those of the

graphite crystal. Its resistance to chemical attack is normally very good and is one of

its outstanding characteristics. This is attributed to its low permeability, negligible

porosity and a low specific surface [66]. Vitreous carbon does not react with nitric,

sulphuric, hydrofluoric and chromic acids, and it is not attacked by halogens such as

bromine even at high temperatures. As an example, the chemical inertness and good
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electrical conductivity of vitreous carbon makes it a suitable material for acid-battery

electrodes [67, 68].

1.3.3 Summary

In conclusion, considering the carbon precursors with high yield, polymers are better

precursors in terms of processing. Processing high carbon yield hydrocarbons such as

pitches and coals are time consuming and their carbonisation requires pressure to

achieve a high carbon yield. Moreover, these precursors usually need some

modifications before carbonisation. Among polymers, thermosetting polymers usually

are used for preparation of porous carbon monoliths as they don’t go through a liquid

phase during the carbonisation and can keep the shape. Polyfurfuryl alcohol and

phenolic polymers are the two most common used precursors in production of carbon

monoliths. This is due to their fairly high carbon yield. Polyfurfuryl alcohol loses less

volatile during curing and carbonisation compare to phenolic resins. This induce a

more dense final carbonised material and thus with higher mechanical strength and

lower electrical resistivity than the one obtained from phenolic resins [69]. However,

more functionalised phenolic resins may often be the possibility of making carbons

with better properties (mechanical, electrical, etc.), but designing of a suitable raw

monomer is time consuming and expensive. Carbonisation of polymeric precursors

results in a non-graphitisable carbon. Hence, some strategies need to be developed to

facilitate graphitisation.

1.4 Formation of Porous Carbons

In order to achieve high current yield in a biofuel cell, its electrode needs to have a

high surface area as well as high electrical conductivity. Electrodes with large surface

areas lead to high enzyme loading and high diffusion of reactants and products and

therefore high efficiency. Thus, synthesis of stable monolithic carbons with high

surface area and adjustable structure and properties are of great interest. Porous

carbons can be made by several methods, e.g. foaming and templating methods. These

methods produce porous structures with different pore size ranges and each has its

pros and cons.  For example, templating method produce porous carbons with more
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homogeneous pore sizes compared to the foaming method. However, the templating

method can be more difficult to apply for production of carbons in large-scales.

It is usually hard to give a consistent classification of porous structure in solid

materials. They can be classified based on pore origin, structure, size and accessibility

to surroundings [70]. Fig. 1-14 shows a schematic of pore classification regarding

their accessibility to surroundings. The pores that have access to the external surface

are named open pores, like the (b), (c), (d), (e) and (f) pores shown in Fig. 1-14. They

are accessible for molecules or ions in the surroundings. Some may be open only at

one end such as (b) and (f); they are described as blind pores. Others may be open at

two ends like (e).

Closed pores (a) are caused by insufficient evolution of gaseous substances. They do

not affect the adsorption and permeability of molecules, but they influence the

mechanical properties of solid materials [71].

Fig. 1-14: Schematic pore classification according to their access to surrounding [71].

Another classification of pores in porous solids is with respect to their pore sizes. The

pore size is a major property in practical applications of porous materials. According

to the International Union of Pure and Applied Chemistry (IUPAC), porous carbon

materials can be classified into three categories based on their pore sizes [72, 73]:

microporous< 2 nm; 2 nm< mesoporous< 50 nm; and macroporous > 50 nm.

Regarding methods to produce porous carbons, foaming or template methods can be

used. These methods are further discussed below.
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1.4.1 Foaming Method

Carbon foams can be produced from different precursors of polymers and pitches.

Carbon foams from polymer precursors can be prepared by polymerisation of a resin

combined with foaming agents followed by carbonisation [74-76]. Classically,

polyurethane and phenolic resins have been used as foaming agents. The resulting

carbon foam is a reticulated vitreous carbon (RVC). The structure of RVC is shown in

Fig. 1-15.

Important process variables in carbonisation of a resin include the concentration of the

resin, the type of solvent, the solution viscosity and the carbonisation temperature and

rate. The foam is typically carbonised at 700–1100 °C, however, it has been shown

that the minimum electrical resistivity is achieved at carbonisation temperatures of

900 °C and above [69]. This is correlated to the fact that at lower carbonisation

temperatures the energy for elimination of carbon-carbon bonds and oxygen

functional groups are insufficient. During the production of RVC, a linear shrinkage

of approximately 30% occurs [77].

Fig. 1-15: SEM micrographs of (a) 100 and (b) 30 ppi, nominal pores per linear inch, RVC [78].

Vitreous carbon foams are produced in several pore sizes. Table 1-3 shows properties

of vitreous carbon foam with 97% pore volume. These foams have low density with

relatively even pore distribution and moderate mechanical strength of 0.07-3.4 MPa.

The electrical conductivity of the strut is 200 S cm-1 [63].

(a) (b)

1 mm 1 mm
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Table 1-3: Properties of a vitreous carbon foam with 97% pore volume [63].

Bulk void volume (%)                                                                                     97

Bulk density (g cm-3) 0.05

Strut density (g cm-3)                                                                                    1.49

Strut resistivity (10-4 Ω cm) 50

Crushing strength (MPa)                                                                            0.07-3.4

(Function of pore size)

Surface area (m2 g-1) 1.62

Vitreous carbon foams are chemically inert with a wide range of usable potentials (1.2

to -1.0 V vs. SCE1). Therefore, they can be used as electrodes for lithium-ion and

other types of batteries as well as for general electrochemistry [78, 79].

Carbon foams have also been produced using synthetic pitch, such as Mitsubishi AR

mesophase pitch [80-84]. The foaming process involves controlled heating of the

precursors under pressure in an inert atmosphere. During heating, the evolving gases

act as bubble agents to create pores in the precursor material while the volume of

foaming precursor increases. The resultant foam can attain a high degree of

graphitisation and accordingly has very good thermal and electrical conductivities,

which is a good candidate for electrodes and thermal management. The properties of

carbon foam derived from pitch precursors can be controlled by adjusting the

thermoplastic behaviour of precursors and the foaming conditions. The resultant

carbon foam could be either a strong structural material or a highly thermal/electrical

conductive material. Moreover, either open or close cell structures are possible.

Comparing the foaming methods from polymer and pitch precursors, it can be

concluded that in the foaming method using pitch precursors no foaming agent or

stabilisation step is required. This simplifies the foaming process. However, the

foaming process requires pressure to control the evolving gases which makes the

process more complicated compared with the method from polymer precursors.

1 SCE or the Saturated Calomel Electrode is a reference electrode based on the reaction between
mercury metal and mercury (I) chloride (Hg2Cl2, “calomel”).
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1.4.2 Templating Method

Templating method is a practical approach for preparation of well structured porous

carbons with pore sizes ranging from micropores (< 2 nm) [85], to mesopores (2-50

nm) [86] and macropores (> 50 nm) [87]. This method involves synthesis of a

template and impregnation of the template with a carbon precursor followed by

carbonisation of the precursor and ultimately, leaching of the template [88].

According to the required pore size, different inorganic templates have been used for

making porous carbon materials. Some of these templates and the processing methods

for producing micro-, meso- and macro-porous carbons are summarised in this

section.

In order to make high surface area microporous carbon materials, zeolites can be used

as inorganic templates [88-92]. Zeolites are crystalline aluminosilicates having

ordered and uniform micropores. Their pore sizes are in the range of 0.3-1.0 nm,

depending on the type of zeolite and its preparation method [93]. As the walls of

zeolites have a uniform thickness of < 1 nm, zeolites are used as templates for the

preparation of microporous carbons with uniform pore sizes. Fig. 1-16 shows the

overall template method for producing microporous carbons using a zeolite Y

template. A carbon precursor is impregnated into the pores and channels of the zeolite

and then is carbonised. After removal of the zeolite template, a microporous carbon

structure is produced. In order to avoid collapse of the carbon framework during the

template removal and obtaining microporous carbons with structural regularity of the

zeolite, the pores in the zeolite templates should be sufficiently large, i.e. > 0.6-0.7 nm

[85], as well as the channels and pores of the zeolite templates should be completely

filled with the precursor, for example by a two-step carbonisation method [94].

Fig. 1-16: Schematic of the overall template synthetic procedure for microporous carbons using a
zeolite Y template [13].
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Ordered mesoporous carbon materials have been synthesised using mesostructured

silica templates. For example, Ryoo et al. [95] report the synthesis of ordered carbon

molecular sieves by carbonisation of sucrose inside the mesopores of a MCM-482

aluminosilicate template. Fig. 1-17 shows the general template strategy used for the

synthesis of ordered mesoporous carbon materials by means of mesoporous silica

templates. The carbonisation of phenolic resin inside the pores of a MCM-48

template, followed by the dissolution of the aluminosilicate template, produce an

ordered mesoporous carbon of 2 nm sized pores separated by 2 nm thick carbon walls

[95, 96].

Fig. 1-17: Schematic representation of the formation of an ordered mesoporous carbon using a
mesoporous silica template [95].

Another example of synthesising ordered mesoporous carbon is the use of ordered

mesoporous silica molecular sieve SBA-15 as templates [97-99]. The SBA-15 silica is

made of a hexagonal array of nanotubes, with a uniform diameter, connected through

micropores inside the walls of the main channel. The resulting mesoporous carbon

from the SBA-15 template, contains cylindrical pores of 5.9 nm diameters and pores

between the adjacent cylinders of 4.2 nm [100].

In the group of mesostructured silica templates, MCM-41 silica with a hexagonally

ordered structure is found to be unsuitable for synthesis of ordered mesoporous

carbon as its application results in a disordered high surface area microporous carbon

2 MCM-48 is a silicate framework with a unique cubic arrangement of three-dimensional
interconnected mesopores.
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[101, 102]. For applications such as enzyme immobilisation MCM-type materials are

successful in hosting only small enzymes due to their small pore sizes (see Table 1-4).

The developments of SBA-15 and mesocellular foams (MCF) have solved this

problem with MCM-type materials [99], and have made these mesoporous materials

more suitable for enzyme immobilisation. However, using mesoporous silica as a

template has some drawbacks. The process is expensive, time consuming, unsuitable

for large-scale production and industrial applications.

Table 1-4: Pore size of some mesoporous silica structures [13].

Another type of templates for preparation of porous carbons is colloidal crystals.

These can be assembled from a variety of colloidal particles, including silica spheres

and polymer latex spheres in the size range of tens of nanometers to micrometers. To

produce porous carbons from these templates, monodispersity of the spheres is

required to form ordered close-packed arrays. Moreover, they must be compatible

with all processing conditions and should be wettable by the precursors for the

framework and eventually they must be removable under conditions that do not

destroy the carbon framework. For these reasons, silica and polymer spheres have, so

far, been used to template periodic porous carbons [103].

Colloidal silica spheres have been extensively used as templates to synthesise porous

carbons. In a typical process, a carbon precursor is impregnated into the interstitial

space of the colloidal silica aggregates and carbonised. Before the infiltration of the

carbon precursor, the silica particles may be “sintered” to create necks between the

particles. This leads to interconnections between the spherical pores in the resulting

carbons. For example, spherical submicrometer-sized silica particles have been used

as templates for the synthesis of macroporous carbon materials, see Fig. 1-18. The

Mesoporous Silica Pore Size

MCM-41 & MCM-48 2-4 nm

SBA-15 5-13 nm

MCF 15-40 nm
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pore size of the resulting macroporous carbons can be controlled by varying the

particle size of the silica spheres.

Fig. 1-18: A) SEM of a porous SiO2 opal. B) SEM of a fracture surface of a graphitic carbon inverse
opal based on 200 nm hollow spheres [87].

The colloidal silica templates can be prepared inexpensively on large-scales (scales of

hundreds of grams). Therefore, this is a practicable route for production of bulk

porous carbon materials [104]. However, removal of the silica templates requires

treatment with a strong and toxic acid such as HF, which is a drawback of using this

material as a template [13].

In order to facilitate the removal of the template, polymer spheres can be used instead

of silica. When polymer beads are used as template, they can be easily burnt out

during the carbonisation process and this obviously simplify the preparation of porous

carbons with ordered pore size distribution. In order to infiltrate a precursor into the

template without destroying its structure it is necessary to make a stable colloidal

crystal structure. To achieve this, the colloidal crystal aggregates can be annealed at a

temperature slightly higher than the glass transition temperature (Tg) of the polymer

[105]. Removal of the latex is carried out by calcination (> 350 °C, depending on the

wall composition) or by extraction with a suitable solvent (tetrahydrofuran

(THF)/acetone or toluene) [103]. Therefore, the removal of the template is easier with

latex spheres than silica spheres. However, the shrinkage of structure by removing a

polymer template is much higher than removing a silica template.

Surfactant templates can also be used for fabrication of mesoporous carbons. Pore

sizes of porous carbons produced from the surfactant templating method varies from

A B
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0.5 to > 60 nm [106, 107]. Fig. 1-19 shows the synthetic procedure of porous carbons

using a surfactant template, cetyltrimethylammonium bromide (CTAB). The assembly

of ionic surfactants, such as cationic quaternary ammonium, and polymer precursors

through the electrostatic interaction mainly results in disordered mesostructures. This

is due to the uncontrolled polymerisation of organic precursors and the weak

interaction between the organic polymer frameworks and amphiphilic cationic

surfactants [108]. The charge density of the ionic surfactants is not large enough to

attract the carbon precursor, such as phenolic resins, and this result in the reduction of

miscibility between organic frameworks and surfactants after polymerisation and

therefore macroscopic phase separation.

Fig. 1-19: Schematic of the synthetic of porous carbons using surfactant templates [107].

Another effective route to prepare mesoporous carbons can be the block copolymer

templating method, using hydrogen-bonding interactions between the template and

the precursor [99, 109]. For instance, highly ordered mesoporous carbons, with pore

sizes in the range of 3.9-7 nm, have been synthesised in a system of phenolic resols as

precursors and PEO-containing block copolymers as templates [110, 111]. The

precursors have lots of hydroxyl and benzyl groups that can form strong hydrogen-

bonding interactions with amphiphilic block copolymers. Self-assembly of block

copolymers produce the highly ordered mesostructure and curing the polymer makes
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the framework. The templates are removed by calcination at 350 ºC and mesoporous

polymers are obtained which after carbonisation transform to mesoporous carbon

structures.

The structures of porous carbon monoliths prepared by, for example, block

copolymers as templates have some macro-cracks due to the large shrinkage. This

decreases the mechanical strength of the monoliths prepared by the template method.

However, no mechanical strength values for porous carbon structures prepared by the

template methods have been reported. In terms of electrical conductivity, for

mesoporous carbon monoliths derived from templates of silica SBA-15 powder with

hexagonal mesostructure, electrical conductivity of 1.37 S cm-1 has been reported

[112] and for ordered mesoporous carbon monolith synthesised from silica monolith,

conductivity of 0.43 S cm-1 has been reported [113]. The difference in the

conductivities is because the rope-like carbon particles in the mesoporous carbon

derived from the SBA-15 powder are connected to each other, while the rope-like

carbon particles in the mesoporous carbon derived from the silica monolith are mostly

isolated.

1.4.3 Physical Properties of Porous Carbons

Several physical properties of porous carbon electrodes are of particular interest for

biofuel cell applications, i.e. relative density, electrical conductivity and mechanical

strength. These properties are further explained in the following sections.

1.4.3.1 Relative Density

Relative density is one of the important physical properties of carbon foams, as

mechanical strength and electrical conductivity of the porous carbon materials are

related to this property. Relative density (ρ*/ρs) is defined as the density of the porous

material, ρ*, divided by that of the solid from which the cell walls are made, ρs. As

the relative density increases, the cell walls become thicker and the pores shrink.

Gibson and Ashby [114] have indicated that above the relative density of about 0.3, a

porous structure transforms to a solid containing isolated pores. According to Table 1-
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3, the relative density of reticulated vitreous carbon (RVC) with pore volume of 97%

is 0.034. Decreasing the pore volume will lead to a porous carbon with higher bulk

density and therefore a higher relative density. The strut density depends on the type

of carbon produced, e.g. density of glassy carbon is 1.54 g cm-3, whereas, density of

moulded graphite is 1.90 g cm-3. Moreover, microporosity in the carbon framework

affects the strut density of porous carbons.

1.4.3.2 Electrical Conductivity

Electrical conductivity is an inverse of electrical resistivity. Electrical resistivity is a

measure of how strongly a material opposes the flow of electric current. A low

resistivity (R) indicates a material that readily allows the movement of electrical

charge. When a conducting material is foamed, its resistivity increases. The electrical

resistivity of porous materials (R*) can be described by equation 1-2 [9]:

 s
sRR
 /*

* (1-2)

Where Rs is the resistivity of the solid and ρ*/ρs is the relative density of the porous

material. The constant of proportionality reflects the reduction in conductivity due to

the tortuosity of the path in the foam. As the density decreases, the average cross-

section available for conduction decreases and the tortuosity of the current path

increases, both of which increase the resistivity of the foam. The empirical data

obtained by Mepura [115] for aluminium foams suggest that electrical resistivity of

the conductive foams is described by:
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In order to investigate the relationship between density and electrical conductivity of

porous carbons, Jenkins and Kawamura [116] introduced porosity into the glassy

carbon and formed materials with bulk densities of 0.8-1.5  g cm-3. Fig. 1-20 shows

the relationship between the electrical conductivity and the bulk densities of these
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porous carbons. Two linear regions can be seen from this plot. At densities above 1.15

g cm-3, the pores are isolated and the conductivity vs. bulk density increases more

rapidly than the densities below 1.15 g cm-3. By extrapolating this line, the

conductivity of a graphite single crystal, with density of 2.26 g cm-3, is found to be

1000 S cm-1, which is lower than the conductivity of randomly oriented graphite

crystals (2000-4000 S cm-1 along the basal plane). This indicates that the folds of

polyaromatic ribbons in the glassy carbons can also affect the electrical conductivity.

Fig. 1-20: Electrical conductivity of porous glassy carbons annealed at 2700 ºC versus density [116].

1.4.3.3 Mechanical Strength

Studies of brittle porous materials have shown that the crushing strength of brittle

foams is dependant on relative density (to the power of 3/2). Gibson and Ashby [8]

described the crushing strength of brittle foams (by a model) as:

2/3
**

)(2.0
sf

f







 (1-4)

Where σf
* is the crushing strength of the foam, ρ*/ρ is the relative density and σf is the

fracture strength of the solid material. The crushing strength of porous carbons

decreases with increasing porosity. This is due to the decrease of relative density. For

example, the compressive strength of carbon foams derived from coal precursors with

porosity of 79 and 84% was found 9.9 and 2.9 MPa, respectively [46]. Thus, even

Interconnected

pores

Isolated

pores
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though high surface area carbon electrodes are needed to achieve high efficiency in

biofuel cells, the high porosity will lower the mechanical strength of the electrodes

and some strategies are needed to improve the mechanical strength.

1.4.4 Summary

Foaming and templating methods can be used to fabricate high surface area carbon

electrodes. Comparing foaming and templating methods, it can be concluded that the

template method can produce ordered porous carbon structures with homogeneous

pore sizes, whereas foaming method  is easier and cheaper to process and is more

suitable for large-scale production. By using polymer precursors and foaming method,

reticulated vitreous carbons are produced which are suitable to be used as electrodes

in microbial fuel cells.

Polymer precursors are also used in the template method, which produces porous

glassy carbon. Regarding the templates, the most common templates used for

fabrication of meso- and macro-porous carbon structures are silica and polymers.

Silica templates produce ordered porous carbon structures and the problem of

shrinkage that usually exists by using polymer templates is eliminated by using silica

templates. However, removal of the polymer templates from the structure is much

easier than the silica templates as they can be removed during carbonisation, unlike

silica that requires treatment with HF.

Mechanical strength and electrical conductivity of the porous carbon structures

depend on their relative density and increase as the relative density increases.

1.5 Porous Carbon as an Electrode

Electrode behaviour during electron transfer and enzyme reaction is an important

factor to be controlled. Practically, an electrode should be electrochemically inert to

not interfere with the enzyme catalytic reactions, while insuring fast electron transfer.

Moreover, it needs to possess appropriate surface chemistry for adequate

enzyme/microbe immobilisation. Various electrochemical methods, in particular,
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cyclic voltammetry are used to evaluate the electroactivity of carbon electrodes and

their ability of transferring electrons and the effect of enzyme/microbe

immobilisation. In the following, the basic principles of cyclic voltammetry and the

properties of carbon electrodes, in particular, glassy carbon and pyrolytic graphite are

summarised.

1.5.1 Basics of Electrochemistry

Cyclic voltammetry has been extensively used to characterise different types of

carbon electrodes. In this method, a reference, a working and a counter (auxiliary)

electrode are used and referred to as a three-electrode system [117]. The working

electrode potential is ramped linearly vs. time and when it reaches a set potential, the

working electrode’s potential ramp is inverted. This inversion can happen multiple

times during a single experiment (cyclic). The potential is measured between the

reference electrode and the working electrode and the current is measured between the

working electrode and counter electrode. This data is then plotted as current (i) vs.

potential (E). As can be seen from Fig. 1-21, the current will increase as the potential

reaches the reduction potential of the analyte, but then drops as the analyte is

consumed close to the electrode surface. Oxidation peak usually have a similar shape

to the reduction peak. Therefore, information about the redox potential and

electrochemical reaction rates of the compounds is obtainable with this method.

Fig. 1-21: A typical cyclic voltammogram [118], where “pc” is the cathodic peak (reduction peak) and
“pa” is the anodic peak (oxidation peak).
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Three forms of voltammograms are usually observed depending on the system

investigated: reversible, irreversible and quasi-reversible. In a reversible system, the

peak current density, Ip, (measured as shown in Fig. 1-21) is proportional to υ1/2 (scan

rate) and a plot of Ip vs. υ1/2 is linear and passes through the origin. Moreover, the

difference between the anodic and the cathodic peak potentials (∆Ep) equals 59/n mV

(where n is the number of electrons involved in the electrode reaction) and the peak

potential is independent of the scan rate. The anodic and cathodic peak current

densities are also equal [118]. In a reversible system, the electron transfer rates at all

potentials are much higher than the rate of mass transport, whereas, in an irreversible

system the rate of mass transport increases and becomes comparable to the rate of

electron transfer. The most observable effect of this increase in the rate of mass

transport is an increase in peak separation. The peak current density of an irreversible

process is also lower than that of a reversible process. This is related to the shape of

the peak as the concentration of reactants on the surface change more slowly with

potential and the profile is less steep and the flux to the surface is lower than a

reversible process. Furthermore, in the case of an irreversible system, the peak

potential varies with the scan rate [119].

In some cases, a process that is reversible at low scan rates becomes irreversible at

high scan rates. This happens after passing through a region known as quasi-

reversible. The criteria for a quasi-reversible system are: Ip increases with υ1/2 but

does not maintain the proportionality, ∆Ep is larger than 59/n mV and increases with

increasing υ, and the cathodic peak potential (Epc) shifts to negative values with

increasing υ [118].

In the cyclic voltammetry profile, the peak current intensity can be used to evaluate

the specific electrochemical surface area of a porous electrode by equation 1-5 [120]:
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 (1-5)

where, Ss is the specific surface area (cm2 cm-3); Ipa is the anodic peak current intensity

(A); C0 is the oxidant or reductor concentration (mol cm-3), Vel is the electrode
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volume immersed in solution (cm3), D0 is the oxidant or reductor diffusivity in

solution (cm2 s-1) and υ is the scanning rate (V s-1).

The electrochemical response is also dependant on the surface chemistry of the

electrode and the double layer at the electrode surface. Fig. 1-22 illustrates a

schematic model of the double layer region. The theory of the electrical double layer

is referring to the charge distribution and electrical potentials that are caused by this

charge separation [121].

- +     +             +

- + -

- + - +

- +            +

- + - -

Fig. 1-22: Schematic model of the double-layer region. 0 is electrode-electrolyte interface, 1 is IHP
(inner Helmholtz plane), 2 is OHP (outer Helmholtz plane) and 3 is the diffusive layer [121, 122].

The inner and outer Helmholtz planes are defined by Grahame [123] as the locus of

the electrical centres of a layer of adsorbed ions and the locus of the electrical centres

of the solvated ions, respectively. The electrical potential of the inner and outer

Helmholtz planes are different from that of the bulk of the solution. When electrode

reactions involve very low concentrations of electroactive species, the charging

current can be much larger than the Faradaic current for the reduction or oxidation

reaction hence the existence of the double layer capacitance or the presence of a

charging current in electrochemical experiments should be taken into account. For

instance, at a given potential the double layer capacitance of a metal electrode is

usually in the range of 10-40 µF cm-2 [122] depending on the potential scan rate and

the double layer capacitance of a carbon electrode in a neutral solution is in the range

of 8-12 µF cm-2 [124].

Double-layer capacitance of porous carbon electrodes can be determined by cyclic

voltammetry, using equation 1-6 [14]:

1 2 30
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c

d
iC  (1-6)

where, Cd is the double layer capacitance, ic is a differential capacitance current and υ

is the potential scan rate. The true double-layer capacitance for porous carbon

electrodes is calculated by dividing the apparent capacitance by the BET surface area3

of the porous carbon, assuming all the area of the internal structure of the porous

carbon is wetted by electrolyte.  Therefore, equation 1-6 can be rewritten for a porous

electrode as [125]:




A
iC c

d (1-7)

where, A is the BET surface area. For instance, the double layer capacitance of a high

surface area (> 600 m2 g-1) carbon electrode is 20 µF cm-2 at 5 mV s-1, if all the pores

are accessible to the electrolyte [126] and if it contains micropores that are not

accessible to the electrolyte, the double layer capacitance decreases to about 10 µF

cm-2.

Moreover, the electrode reaction rate or current depends on the rates of processes such

as mass transfer of species from the bulk solution to the electrode surface, electron

transfer at the electrode surface and other surface reactions such as adsorption or

desorption (Fig. 1-23). The rate of the electrode reaction usually is controlled by the

rate of one of these steps which is the slowest, this rate is called the rate-determining

step (RDS) [127]. This can be a heterogeneous electron transfer reaction or the

diffusion of the species from the bulk solution to the electrode surface. Obviously, the

structure of the double layer and adsorbate at the electrode surface will affect the

kinetics.

3 Section C.3 of Appendix C gives details of the BET technique for measuring surface area of a
material.
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Fig. 1-23: Schematic of electron transfer at an electrode surface [128].

The kinetic behavior of an electrode can be evaluated by determining the standard rate

constant for electron transfer. Cyclic voltammetry can be used to measure the

heterogeneous rate constant, k0, (cm s-1) at the electrode [129].  The difference

between the anodic and cathodic peak potentials (∆Ep) is used to calculate k0 (for a

quasi-reversible system) according to the equation 1-8 [130]:

2/1
0 ))/(( RTnFDK  (1-8)

where, Λ is a parameter associated with the peak shape and is a quantitative measure

of reversibility:

2/1 (1-9)

where, Ψ is the degree of reversibility and can be obtained from numerical data

according to the ∆Ep [130]. D is the diffusion coefficient of the electroactive species

(cm2 s-1), n is the number of electrons transferred, F is the Faraday constant (C mol-1),

R is the gas constant (J K-1 mol-1), T is the temperature (K) and υ is the scan rate (V s-

1).

If the heterogeneous electron transfer rate at the electrode surface is fast and the rate-

determining step is the diffusion of species to the electrode surface, then in the
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voltammogram the current peak will be proportional to the square root of the scan rate

[118].

1.5.2 Electrochemical Properties of Carbon

As biofuel cells operate under mild conditions; room temperature and neutral pH, the

electrochemical properties of carbon is considered in these conditions in this section.

Thermodynamic data on the electrochemical stability of carbon in aqueous solutions

are usually proposed in the form of potential-pH diagrams. Randin [131] showed

potential-pH diagrams of a solid (graphite) and dissolved species such as H2CO3,

CH3OH, HCHO, HCOOH, CH4 CO and CO2. It was found that the two main

reactions concerning the electrochemical oxidation of carbon in aqueous solutions are:

C + 2H2O             CO2 + 4H+ + 4e- (1-10)

and

C + H2O              CO + 2H+ + 2e- (1-11)

Reactions 1-10 and 1-11 have standard electrode potentials (vs. SHE4) of 0.207 and

0.518 V at 25 °C, respectively. Carbon monoxide is thermodynamically unstable

compare to CO2. The CO-CO2 reaction (1-12) has a standard electrochemical

potential of -0.103 V.

CO + H2O             CO2 + 2H+ + 2e- (1-12)

As the 1-10 and 1-11 reactions are highly irreversible [14], it can be concluded that

carbon has a reasonable corrosion stability in aqueous systems. Glassy carbon

electrodes have a wide working potential range of 1 to -2.5 V (vs. SCE) in aqueous

solutions depending on the pH. For example, electrochemical window of glassy

carbon in 1 M NaOH is 0.5 to -1.6 V (vs. SCE) [132]. Moreover, pyrolytic graphite,

which is the main material used for enzyme electrochemistry, has an electrochemical

window of 0.68 to -0.34 V (vs. SCE) in 0.1 M NaOH [133].

4 Standard hydrogen electrode (SHE) is a reference electrode.
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Ferri-/ferro-cyanide is usually used as a probe to determine the electrode surface

activity. For example, an untreated glassy carbon, in 1 mM Fe(CN)6
3- and electrolyte

of 1 M KCl, has a separation of cathodic and anodic peak potential (∆Ep) of 300 mV

at scan rate of 1 V s-1. This indicates that the electrode shows slow charge transfer

kinetics or it is deactivated [134]. The deactivation of the electrodes is often due to the

prolonged exposure to the atmosphere or to a working solution. It is possible to

activate the electrode surface by different methods such as polishing, chemical

oxidations and heating at low pressures [135-137]. For instance for the electrode

mentioned above, it was observed that the ∆Ep decreased to 75 mV after a vacuum

heat treatment.

Reticulated vitreous carbon (RVC) is also inert like solid glassy carbon and it has

usable potential range of 1.2 to -1 V (vs. SCE) at pH 7 [138]. The voltammetric

studies showed that the behaviour of RVC electrodes is quasi-reversible and ∆Ep in 1

mM ferricyanide/0.1 M KCl and at scan rate of 50 mV s-1 is 200 mV [69].

1.5.3 Summary

Carbon is a suitable material as an electrode because it is inert to a wide range of

reactive chemicals and it has a reasonable electric conductivity. RVC has a wide

electrochemical window and a quasi-reversible behaviour. Carbon electrodes usually

require some surface modifications to activate their surface and improve their

electrochemical reversibility. This can be done for example by heating the electrode

under reduced pressure.

1.6 How to Reach the Ideal Properties?

Ideally porous carbon electrodes for biofuel cell applications must have “high”

mechanical strength, “high” electrical conductivity and high porosity for

enzyme/microbe immobilisation. From the reported data in the literature, as

summarised in previous sections, it is not possible to raise all these properties

simultaneously because a high porosity leads to a low mechanical strength and low
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electrical conductivity. However, some strategies can be derived to balance these

properties.

1.6.1 Mechanical Strength

The porous carbon electrodes need to have sufficient strength for handling. For

instance, electrodes to be used in biofuel cells should withstand fluid flow. A

disadvantage of the foaming method for production of macroporous carbons is that

the struts of the reticulated structure often have some cracks which are formed during

the pyrolysis of the polymeric template. These strut flaws reduce the final mechanical

strength of the porous carbon to levels lower than the strength theoretically predicted

for open cell structures [139].

Many efforts have been made to overcome this defect by, for example, performing a

second impregnation step to fill the cracks in the struts and increase the density of the

foams [140-142], introducing fibres to reinforce the materials structure [143-145] and

controlling the sintering temperature of the foams [146]. Sintering temperature affects

the microstructure and porosity of the foams and ultimately the strength of the foams.

In fibre reinforcement method, the reinforcement phase need to possess superior

strength than the matrix otherwise no strength improvement would be achieved.

Moreover, short fibres (typically a few tens of µm long) are easier to use and can

often be used with conventional systems. Whereas, long continuous fibres usually

align in one direction and result in anisotropic properties and special fabrication

methods should be adopted when using these fibres. In addition, the coefficient of

thermal expansion (CTE) of the fibres and the matrix should match each other. Wang

et al. [147] have shown the improvement of mechanical properties of carbon foams by

adding chopped carbon fibres to carbon-foam preforms. It was observed that the

mechanical strength of the carbon foam is improved from 25 to 42 MPa by addition of

3 wt% of carbon fibre (3 mm in length and 7.2 µm in diameter). Addition of fibres to

carbon-foam preforms results in the reduction of the brittleness and thus improvement

of the density of the foams from 1.38 to 1.45 g cm-3. However, addition of more than

3 wt% fibre to the foams created some micro-cracks because of CTE mismatch

between the fibres and the foams.
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The effect of sintering temperature on mechanical strength of carbon foams has not

been reported. In addition, the effect of successive impregnations for the carbon

foams reinforced with carbon fibre can also be examined.

1.6.2 Electrical Conductivity

Electrical conductivity is an important factor for electrodes as it can limit charge

transfer at the electrode/enzyme interface and hence the efficiency of the biofuel cells.

For graphitisable carbon precursors, electrical conductivity can be improved by

graphitising the carbon structure at high temperatures after carbonisation [148]. For

example, graphitic mesoporous carbon was synthesised by means of poly-vinyl

chloride (PVC) as a carbon precursor. It has been observed that the carbon obtained

from carbonisation of PVC presented a conductivity of 0.3 S cm-1, while after heat

treatment of the carbon to 2300 °C, the conductivity increased to 4.2 S cm-1 [149].

This increase in conductivity was the result of a high degree of graphitisation obtained

from heat treatment of carbon at the high temperature. When using a non-

graphitisable carbon precursor, the improvement of conductivity has been reported to

be not possible by heat treating at high temperatures and other methods have been

used to graphitise the carbon structure which are explained below.

Catalytic graphitisation can be used to improve the crystallinity of carbon by the

formation of a graphitic material. This process involves a chemical reaction between

the ungraphitised carbon and a metal or inorganic compound which represents the

graphitisation catalyst [150]. Graphitisation, in general, is a thermally activated

process, involving self-diffusion by which structural defects are removed. Several

possible ways of assisting the transformation exist, e.g. plastic deformation, high

pressure and chemical methods. For non-graphitising carbons, a complete

reorganisation is required which can be produced by solution and precipitation using

solid or liquid solvents and by compound formation and decomposition. Most of the

graphitisation catalysts operate by one or more of these basic mechanisms [151].

It is well known that the artificial resins with a three dimensionally cross-linked

structure such as divinyl benzene polymer or polyfurfuryl alcohol produce non-
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graphitising carbon.   Carbons produced from such resins undergo rapid graphitisation

when they are heated with an addition of a small amount of various kinds of metallic

compounds, such as Fe2O3 [152, 153]. Extents of catalytic graphitisation of non-

graphitising carbons are dependant on three factors: heat treatment temperature, soak

time and the catalyst type [154, 155].

There are different methods of forming graphitic carbon by means of catalytic

graphitisation. One method is to impregnate the carbonaceous material with metallic

salts, which is then heat treated under an inert atmosphere. The salt decomposes to the

corresponding metallic oxides during heat treatment and the carbon reduces the oxides

to elemental metal (e.g. Ni, Fe). Eventually, at temperatures above 800 °C, the metal

or oxide nanoparticles contained within the carbon matrix act as catalysts for the

conversion of amorphous carbon into more ordered carbon (graphitic) [156].

Structure and properties of catalytically graphitised carbon can be characterised by the

relative levels of the so-called G-component, Ts-component and Tn-component. The

G-component occurs with all carbons when large particles (e.g. nickel particles of >

80 nm in diameter [157]) or appreciable quantity of catalysts is added (e.g. 10 wt% of

boron [158]). T-component is formed when a non-graphitising carbon is heated with a

finely-divided catalyst (e.g. nickel particles of 20 nm [157]). T-component has a

turbostratic structure (Fig. 1-24) and is an intermediate between an ideal graphite and

amorphous carbon [159]. Turbostratic carbons consist nano-scale graphite crystallites

arranged parallel to one another with a random orientation [160].

Fig. 1-24: Structure of turbostratic carbon [150].
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Two mechanisms have been proposed for the formation of graphitised carbon G-

component; one is the solution of carbon into the catalyst particle and precipitation as

a graphite material such as when using nickel particles as catalyst [161, 162]. The

other mechanism involves the formation and decomposition of carbide intermediates

[150]. This mechanism was clearly observed using large particles of silica powder in

the carbon precursor of phenolic resin [163]. The G-component has an interlayer

(d002) spacing of approximately 0.335 nm and a crystallite size of Lc> 50 nm. The X-

ray diffraction (002) of such graphitised carbon shows a peak at 2θ = 26.5° [150].

In Ts-component, values of d002 and Lc, depending on the catalyst used, vary from

0.338 to 0.342 nm and from 6 to 20 nm, respectively. These are characterised by an

X-ray peak at around 2θ = 26° using CuKα. The structure of this material is

turbostratic which means it does not have three-dimensionally ordered graphitic

structure [150]. Tn-component shows two X-ray diffraction peaks at 26° (Ts-

component) and 26.5° (G-component) [164, 165]. This structure has a d002-spacing of

0.343 nm and Lc of 90 nm [166].

In terms of catalyst size, heating a non-graphitising carbon containing finely dispersed

metal, results in turbostratic carbon (the T-component), whereas when the dispersion

is less fine the resulting structure is three dimensional graphite (the G-component)

[167-170]. In addition, with an increasing amount of catalyst in carbon, the extent of

graphitisation of carbon increases. However, the formation of the turbostratic carbon

(T-component) can be replaced by the G-component, resulting from the coalescence

and growth of finely divided catalyst particles [150].

Oya and Otani [171] investigated the catalytic effects of 22 metals on both non-

graphitising and graphitising carbons and found out that the majority of graphitisation

catalysts had an atomic number of less than 40. Alloys and compounds as catalysts

sometimes behave differently from constituent elements. The lower melting point of

alloys contributes to lower graphitisation temperatures [172]. Numerous examples of

catalytic graphitisation of non-porous glassy carbon can be found in the literature.

Catalysts that have been used for graphitisation of carbon include nickel, boron, iron,

manganese and cobalt. However, only few catalytic graphitisation of highly porous
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carbons have been reported. For example, it has been reported that the electrical

conductivity of porous carbon synthesised by silica (SBA-15) template and iron-

impregnated polypyrrole (PPy) precursor is 37 times higher than porous carbon

obtained from PFA precursor (0.003 S cm-1) [173].  In addition, Sevilla and Fuertes

[156] observed that nickel is a better catalyst for graphitisation than iron and

manganese, as carbons catalysed by nickel showed greater crystallinity and higher

conductivity than the carbon catalysed by the other two catalysts. Catalysing the

carbon by nickel increased the conductivity from 0.19 to 19.5 S cm-1, whereas using

iron and manganese catalysts increased the conductivity of the carbon to 10.7 and 8.9

S cm-1, respectively.

In catalytic graphitisation of carbon, it is better to remove the catalyst after the

graphitisation. This is because the catalyst can decrease the strength of the carbon

structure due to the inhomogeneity of the structure. In addition, for electrochemical

investigation it is better to have only carbon to avoid the effect of metal particles in

the electrochemical behaviour of the electrode. It has been reported that catalytic

graphitisation of  glassy carbon with iron (by adding 3 wt% ferrocene dicarboxylic

acid to FA prior to polymerisation) without removing the catalyst has decreased the

tensile strength of carbon from 43 to 20 MPa [174]. This is due to the inhomogeneity

caused by different compositions and also the graphitic domains in the carbon

structure. This inhomogeneity may have caused localised internal strain that reduced

the overall tensile strength of the material.

1.6.3 Surface Chemistry

Surface chemistry of carbon electrodes in biofuel cells usually needs some

modifications for better enzyme attachments. For example, it has been observed that

laccase molecules weakly adsorb on an unmodified pyrolytic graphite surface, but by

modifying the electrode surface with anthracene-2-diazonium, some phenol-like

groups were introduced on the surface and high surface coverage and stability of the

enzymes were achieved [175]. Moreover, modification of glassy carbon electrodes

using electrochemical reduction of aryldiazonium salts, generated in situ from the

corresponding arylamine, introduced carboxylic acid functional groups on the surface.
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Subsequently, glucose oxidase (GOx) was covalently grafted on the surface and it was

observed that the modified electrode was catalytically active even after 6 weeks,

whereas, the unmodified electrode lost its activity just after 1 week [176].

Generally, the surface chemistry of carbon materials is determined by the amount and

type of oxygen surface complexes. These complexes can be introduced on carbons by

different methods, including oxidising agents and electrochemical pretreatment. These

treatments fix a certain amount of oxygen surface complexes such as carboxyls,

lactones, phenols, ketones, quinines, alcohols and ethers on the carbon surfaces (Fig.

1-3) [177].

Oxidation in a gas or a liquid phase can be used to increase the concentration of

surface oxygen groups, whereas heating under an inert atmosphere can be used to

selectively remove some of these oxygen groups [178].  Different oxidising agents

can be used to introduce oxygen surface complexes. The behaviour of these agents is

not the same. For example, when activated carbon is oxidised with HNO3, H2O2 and

(NH4)2S2O8,  the highest total oxygen uptake is obtained with the HNO3 solution, and

the lowest with the (NH4)2S2O8 [179]. All the oxidising agents produced single C-O

bonds, lactones, carboxyl, quinone or conjugated ketene and carboxyl-carbonate

structures. However, the highest total acidity (mainly from carboxyl) was obtained

using the HNO3 and the lowest concentration of acidic functional groups, such as

carboxyl, lactone and phenolic groups, was obtained after oxidation with the

(NH4)2S2O8.

Oxidising gases such as N2O may also be used to produce different oxygen groups.

Generally, it has been shown that gas phase oxidation of activated carbons increases

mainly the concentration of hydroxyl and carbonyl surface groups, while oxidation in

the liquid phase increases the concentration of carboxyl groups [180, 181]. Moreover,

liquid phase treatments usually have no significant affect on the texture of the carbon,

while gas phase oxidation increases the micropores size and volume and also the

mesopores surface area. Practically, gas phase oxidation is performed, for example,

with 5% O2 (in N2) at around 400 °C, or with 50% N2O (in N2) at 500 °C. For highly

oriented pyrolytic graphite (HOPG) and carbon fibres oxidised in air at 500-750 °C, it
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has been observed that the electrochemical behaviour of carbons improved by

introducing more edge plane sites on the carbon surfaces [182]. The functional groups

on the electrode surface can also act as mediators of electrons between the electrode

and the electroactive species [183] and hence increase the electron transfer rate.

In order to obtain reproducible electrochemical results, glassy carbon electrodes

require some pretreatments to introduce specific functional groups on the surface. For

instance, the pretreatment can be carried out by cycling the applied potential between

+1.0 and –1.0 V (vs. SCE), for 10 min, and keeping at each potential for 1-2 min [79].

Engstrom and  Strasser [184] also activated glassy carbon surface by applying +1.75

V (vs. SCE) for 5 min followed by -1.0 V (vs. SCE) for 1 min and observed

enhancement in electrochemical activity, higher background current and better

wettability. The types of oxygen groups obtained by electrochemical pretreatments on

glassy carbon are not reported. However, for pyrolytic graphite it has been reported

that lactone, carboxyl and quinine groups were introduced on the edge surface by

electrochemical treatment [185].

Other electrode pretreatments, such as polishing or heat treatment, are also possible to

enhance the electrode’s activity. For glassy carbon electrode, the activity depends on

the method of pretreatment, the type of material used to activate the surface and the

amount and type of oxygen on the surface. For example, it has been observed that the

amount of oxygen on electrochemically treated glassy carbon surface is greater than

that at a polished surface. However, the activity of the polished electrode is higher

than the electrochemically treated electrode [186]. In the case of high surface area

porous carbon electrodes, it is not possible to use the polishing pretreatment method

therefore other methods need to be considered. Depending on the required oxygen

functional groups on the electrode surface for enzyme attachment, a suitable

pretreatment method can be selected. For example, as many enzymes have been

directly adsorbed on the edge surface of pyrolytic graphite, it can be concluded that

the types of oxygen groups exist on the edge surface of pyrolytic graphite need to be

introduced on the glassy carbon electrodes for better enzyme attachment. For this

purpose, treating the porous glassy carbon electrodes with oxidising agents would be
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a good option as it would be possible to control the formation of the desirable types of

oxygen groups on the electrode surface.

1.7 Objectives

The objective of this project is to produce a porous carbon electrode for hosting

enzymes or microbes in a biofuel cell (see Appendix A for an account of the types of

biofuel cells). Mesoporous materials have been used for enzyme immobilisation due

to their controlled porosity and high surface area (> 200 m2 g-1) [187-190]. One of the

most commonly used approaches in the immobilisation of enzymes into mesoporous

materials is by adsorption. The stability of adsorbed enzymes in mesoporous materials

depends on many factors, including surface chemistry and pore size of mesoporous

materials. The pore size of a mesoporous material should be similar to or larger than

that of enzymes for a successful enzyme adsorption and high stability of adsorbed

enzymes [4, 187]. Large pore sizes in mesoporous materials result in poor enzyme

stability due to the quick leach out of the adsorbed enzymes from the mesopores. In

the particular case of a biofuel cell, the enzyme used at the anode as an oxidising

catalyst is hydrogenase [191-193] and laccase is usually used at the cathode for

catalytic reduction of oxygen [194, 195]. The size of enzymes is in the nanometric

ranges and therefore there is a need to produce porous carbons with nanometric pore

sizes. For instance, Deloggio and Graves [196] have used porous silica glass with

pore diameters of 55-135 nm as a hydrogenase immobilisation support. In the case of

microbial fuel cells, the size of microbes is around few microns [197]; hence a

macroporous carbon electrode, with pore sizes in micrometric ranges, would be

suitable for hosting the microbes.

In order to prepare these porous electrodes, the templating method was selected as a

method for producing 3D mesoporous and macroporous carbon electrodes for hosting

enzymes. This method is selected here because it is possible to control the pore sizes

by the choice of template size, according to requirement. It is also possible to

fabricate a homogeneous structure by means of a homogeneous sized template. In

order to prepare porous carbons with larger pores for hosting microbes, a foaming

method was selected as this method is easy and inexpensive to use. However, it is
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difficult to control the pore size and to obtain nanopores with the foaming method.

Even though, the walls may contain some nanoporosity. Moreover, in order to

produce porous carbons, polyfurfuryl alcohol was selected as a carbon precursor to

infiltrate into the templates and the foams. This is a thermosetting polymer so it

hardens by heating and is possible to make the electrodes with the desirable shape.

Moreover, this resin has a high carbon yield (see Table 1-1) and its pyrolysis results in

a glassy carbon which is relatively high in strength and conductivity (see Table1-2).

Mechanical strength and conductivity of the carbon decrease by introducing pores in

the carbon. The porous carbon electrodes need to have sufficient strength for handling

or machining. The maximum theoretical mechanical strength that can be achieved for

an open cell glassy carbon, with a specific relative density, can be calculated from

equation 1-4. The theoretical strength values are plotted versus the relative densities

of the porous glassy carbon structures and the plot is shown in Fig. 1-25. If the

mechanical strengths of the porous carbon electrodes produced are less than the

theoretical values to a great extent, then they need to be improved by the methods

mentioned in section 1.6.1. For example, for improving the mechanical strength of

porous carbons, successive impregnation of the material in a resin is suggested. This

fills the existing micropores and cracks on the carbon walls and increases the relative

density of the porous structure which ultimately leads to a higher mechanical strength.

Fig. 1-25: Theoretical values of crushing strength of porous glassy carbon against relative density.
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Electrical conductivity of the fabricated porous carbon electrodes should be high

enough to not limit the charge transfer. Therefore, we need to know the minimum

required conductivity of the electrodes for electron transfer. The electrical

conductivity at the zero-field (the lowest energy state of a field) can be calculated

from equation 1-13 [198]:

 qN (1-13)

where, q is the electronic charge (C), N is the charge carrier density (m-3), µ is the

mobility of the charge carrier (m2 V-1 s-1) and σ is the electrical conductivity (S m-1).

To estimate the minimum conductivity, we need to estimate the minimum µ and N

values. The mobility of charge carrier in a glassy carbon is in the range of 10-4-10-9

cm2 V-1 s-1 [199-202], hence, we can consider 10-9 cm2 V-1 s-1 as the minimum value

for µ. For estimating the minimum number of charge carriers per volume, Nmin, first

we need to know the electrode coverage with the enzyme. For a protein of molecular

mass 100000, the maximum coverage of a monolayer of the protein is around 3 × 10-

12 mol cm-2 [203]. As we want to estimate the minimum electrode coverage, we

consider the minimum surface area to volume ratio of the electrode (flat electrode).

Therefore, there are 18 × 1011 enzymes per cm3 of the electrode. Assuming the turn

over rate of an enzyme, which is the rate at which the catalyst cycle its substrate (fuel

or oxidant), to be 100 s-1 [5], it can be concluded that the minimum charge carrier

density is 18 × 1013 cm-3. In conclusion, by assuming the electric charge of 1 C, the

minimum electrical conductivity required for electron transfer is estimated:  18 × 104

S cm-1. This value is close to the conductivity of metals such as gold (45 × 104 S cm-1)

and it won’t be possible to achieve it unless the carbon has a graphitic structure and e-

conduction is along the basal plane.

The theoretical electrical resistivity value of an open cell glassy carbon, with a

specific relative density, can be calculated from equation 1-3. The theoretical

conductivity values are plotted versus the relative densities of the porous glassy

carbon structures and the plot is shown in Fig. 1-26. As it can be seen from the figure,

the maximum conductivity achievable for glassy carbon without any pores (relative
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density of 1) is 200 S cm-1 which is 900 times less than the minimum required

conductivity. Moreover, for porous structures conductivity decreases as relative

density decreases and thus some strategies are needed to improve the conductivity.

Fig. 1-26: Theoretical values of electrical conductivity of porous glassy carbon against relative density.

Improving electrical conductivity by catalytic graphitisation is explained in section

1.6.2. This method can be used to improve the conductivity of porous glassy carbon

and nickel can be used as catalyst. Another suggestion for improving electrical

conductivity of the glassy carbon is the addition of some graphite powder to the

polymer precursor before curing and carbonisation. Moreover, successive resin

impregnation, suggested for improving the mechanical strength of porous carbon

materials, can also be used for enhancement of electrical conductivity because

successive impregnation will result in higher density and thus higher electrical

conductivity.

1.8 Summary

Carbon is a suitable material to be used as electrode material in biofuel cells because

it has a relatively high electrical conductivity and corrosion resistant and its surface

chemistry is adjustable for enzyme/microbe immobilisation. Carbon can be prepared



71

from carbonisation of organic materials. Various types of carbon precursors can be

used that result in different carbon yields and carbon types.  Aromatic hydrocarbons

such as pitches and coals have higher carbon yield than polymer precursors but they

need some modifications before carbonisation that makes the process complicated and

also preparation of porous carbons of controlled pore size with pitches/coals is

difficult. Therefore, polymeric precursors are usually used for preparation of high

surface area carbon monoliths. These precursors are classified into two groups of

thermoplastic and thermosetting polymers. Thermoplastic polymers pass through a

liquid stage during the carbonisation but thermosetting polymers harden without

passing through a mesophase. Thermosetting resins are suitable precursors for

preparing porous carbon materials as they keep their shape during heating but their

carbonisation results in a non-graphitisable carbon. This type of carbon does not

graphitise by heating to high temperatures and therefore some strategies are needed to

enhance their electrical conductivity.

Methods for preparation of porous carbon materials can be classified into two groups

of foaming and templating methods. Generally, foaming method is easier and cheaper

to use. However, templating method produces ordered porous carbon structures with

homogeneous pore size distributions. In foaming method is not possible to control the

pore sizes and they are mainly in micrometric ranges which can be suitable for

microbe immobilisation. Templating method can be used for preparation of ordered

meso- and macro-porous carbon materials. In this method either hard, e.g. silica, or

soft, e.g. polymer, templates can be used. The structures obtain from silica templates

usually do not shrink but the removal of hard templates is more difficult than soft

templates. They require treatment with HF, whereas, polymer templates burn out

during carbonisation process. Most of the porous carbon structures prepared with

these methods and reported in the literature are in the forms of films or powders or if

they have 3D structures, they are in small scales and they are mechanically weak.

Therefore, a challenge of this project is to prepare 3D porous carbon structures with

stable mechanical strength in both small and large scales. High surface area 3D

structures are needed for high enzyme/microbe loadings.
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Mechanical strength and electrical conductivity of porous carbon electrodes depend

on their relative density. Some strategies can be used to improve these properties. For

example, to improve mechanical strength, successive impregnation of the porous

carbon with a resin and also using carbon fibre in the structure were suggested.

Furthermore, electrical conductivity of glassy carbons needs to improve to not limit

the charge transfer on electrode/enzyme interface. To improve electrical conductivity

of glassy carbon, catalytic graphitisation, by using metals such as nickel or iron as

catalysts, can be used. Surface chemistry of the porous carbon electrodes also needs

some modifications for better enzyme attachments. This can be done by creating some

oxygen functional groups on the carbon surface using either chemical oxidation or

electrochemical pretreatment. This will result in better activity, reversibility and

stability of the electrodes and ultimately higher efficiency of biofuel cell.
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Chapter 2: Carbon Preparation from Polyfurfuryl
Alcohol

2.1 Introduction

Polyfurfuryl alcohol (PFA) is a thermosetting resin which is used as a carbon

precursor in all the fabrication methods in this project. As explained in the previous

chapter, the pyrolysis of this resin results in a vitreous (glassy) carbon. The synthesis

of this resin and the properties obtained from carbonisation of the resin are reported in

this chapter. The structure of the resin and the physical and mechanical properties of

the pyrolysed resin are compared with the ones reported in the literature.

2.2 Synthesis of PFA

To prepare polyfurfuryl alcohol, furfuryl alcohol (FA) was mixed with a solution

containing an equal volume of distilled water as the FA and sulphuric acid, according

to the literature [204]. The mixture was heated over a water bath until two layers

formed. Prolonging the heating at this stage resulted in a furan resin of higher

viscosity. The bottom resin layer was separated from the aqueous layer with a

separating funnel and washed with distilled water. The synthesised polyfurfuryl

alcohol (PFA) can be seen in Fig. 2-1. After reaction, the yellow solution of FA

becomes black.

Fig. 2-1: Furfuryl alcohol, picture at the left hand side, and Polyfurfuryl alcohol, at the right.
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Depending on the amount of added catalyst (H2SO4) and duration of polymerisation,

the PFA obtained will be of different viscosity. Overall, the viscosity of the PFA is

related to the degree of polymerisation. Therefore, polyfurfuryl alcohol with different

viscosities was prepared (see Table 2-1) in order to examine the effect of viscosity on

the process of making porous carbons. The viscosity of the resin was measured with a

viscometer as described in Appendix E. Typical viscosity for given experimental

conditions are summarised in Table 2-1. Obviously, a higher concentration of acid,

temperature and reaction time lead to a higher viscosity.

Table 2-1: Preparation of PFA with different viscosities.

Amount of

FA (mL)

Amount of

water (mL)

Amount of

acid (mL)

Temperature

(°C)

Time

(h)

Viscosity of

PFA (cP)

50 50 4 60 3 765

50 50 4 60 5 1150

150 150 12 60 6 1650

150 150 24 40 5 3650

300 300 6 40 1/2 80

300 300 6 40 1 332

150 150 3 40 3/4 95

2.3 Confirmation of the PFA Synthesis

The synthesis of PFA was confirmed by FTIR spectroscopy and TGA/MS.

2.3.1 Chemical Structure

In order to confirm the structure of synthesised PFA, the resin was dried (cured) to

remove any solvent (water) and crushed and mixed with potassium bromide i.e.

transparent to the infrared light and does not introduce any lines onto the spectra. The

resulting FTIR spectrum is given in Fig. 2-2. On the spectrum peaks at 3410 cm-1 and

3120 cm-1 related to OH stretching and CH stretching can be observed. These

correspond to intermolecular hydrogen bonds and furan ring hydrogen, respectively.

Moreover, peaks at 2920 and 2870 cm-1 can be seen on the spectrum and are related to
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aliphatic CH2 and CH stretching. Peaks appeared at 1600, 1550 and 1500 cm-1 are

related to C=C stretching in aromatic rings and the peak observed at 1710 cm-1 is

related to C=O stretching due to acid-catalysed ring opening of furan rings. Therefore,

the synthesised PFA is primarily comprised of furan rings linked together by

methylene (-CH2-) bridges (Fig. 1-10a). The IR spectrum of the synthesised PFA is

consistent with data reported in the literature [62, 205].

Fig. 2-2: Infrared spectrum of PFA as synthesised.

2.3.2 Thermal Behaviour

Thermal behaviour of the synthesised PFA needs to be examined in order to

determine the decomposition trend. The pyrolysis of PFA was examined by

thermogravimetric (TG) technique. The sample was heated under a flowing argon

atmosphere at 10 °C min-1 from room temperature to 700 °C. The weight loss (TG)

and differential thermal analysis (DTA) curves are represented in Fig. 2-3.  It can be

seen from the DTA curve that the thermal decomposition of synthesised PFA is an

exothermic process due to the formation of pyrolysis gases. Weight loss occurred in

two distinct temperature regimes. The weight loss in the temperature range of 100-200

°C corresponds to evaporation of water as confirmed by mass spectrometry (Fig. 2-4),
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which was formed as a by-product of the polymerisation reaction. The maximum

weight loss rate is found in the range of 300-400 °C. Within this temperature range,

the decomposition of PFA occurs with the release of several gases as found by MS,

see Fig. 2-4.

Fig. 2-3: TGA (-) and DTA (--) profiles of pyrolysis of PFA in argon at 10 °C min-1.

MS results show that the main pyrolysis gases are water and carbon monoxide. Other

by-products are carbon dioxide, methane and hydrogen gases. In the region of 100-

200 °C water evaporation was observed and in the region of 200-300 °C the by-

products were mainly CO2, CH4, H2O and CO. The production of CO2 and CO

decreased in the region of 300-400 °C and CH4 and H2O release stopped in this

region. An hydrogen loss occur at 400 °C. Above 550 °C the decomposition of PFA

and production of majority of gases was stopped.

The decomposition of the synthesised resin corresponds to that of PFA [61]. It is

reported that water is the first product and hydrogen is the last during decomposition

of PFA. Thus, TGA/DTA confirms the synthesis of PFA which agrees with the IR

result.

From the TG curve of the synthesised PFA, the carbon yield of this resin was found to

be 50-55%. This is in agreement with the one reported in the literature (see Table 1-1

in Chapter 1).
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Fig. 2-4: Gas evolution profiles of pyrolysis of PFA in argon at 10 °C min-1.

2.4 Properties of the Pyrolysed PFA

The synthesised PFA was cured and carbonised under nitrogen flow at 80 °C and

1000 °C, respectively. The curing time depended on the viscosity of the PFA; the

more viscous the resin was, the less the time required for curing (due to water

evaporation showed by TGA). Pyrolysis of the synthesised PFA resulted in a glassy

carbon. The physical and mechanical properties of the carbon are investigated in the

following.

2.4.1 Structure

The pyrolysed PFA was crushed to powders and characterised by X-ray diffraction

(XRD) technique. Fig. 2-5 shows the XRD pattern obtained for the carbonised PFA.

A broad band appeared in the XRD pattern at a 2θ value of 23-25° indicating the

presence of an amorphous structure. Two other carbon peaks also appeared at 43 and

44.8° and a wide low intensity band at around 78° which can be assigned to (100),

(101) and (110) diffraction peaks of a graphitic framework, respectively. Therefore,

structure of the carbonised PFA is amorphous with some degree of crystallinity.

However, since the (002) peak of graphite is broad, it is difficult to determine its
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accurate position and the full-width-half-maximum (FWHM) and hence to calculate

the (002) plane spacing (d002) and the crystallite size, Lc, (see Appendix B, Section

B.1).

Fig. 2-5: XRD pattern of the carbonised PFA.

To further examine the structure of PFA pyrolysed, Raman spectrum of the

carbonised PFA was obtained and is shown in Fig. 2-6. Here, two bands can be

observed at around 1350 cm-1 and 1580 cm-1. These bands correspond to the

disordered carbon (D-band) and graphitic carbon (G-band) [206].

In theory, a single Raman line at 1575 cm-1 is expected in hexagonal lattice of

graphite [207, 208]. An additional Raman line has been observed in glassy carbon at

around 1355 cm-1. This line results from graphite crystallites containing disorganised

regions near crystal edges and lattice defects such as vacancies. It can be seen from

Fig. 2-6 that it contains two broad bands which are characteristic of disordered carbon

[208]. This together with the XRD result suggests that the pyrolysis of synthesised

PFA resulted in an amorphous carbon structure.

10 20 30 40 50 60 70 80 90

In
te

ns
ity

 (a
.u

.)

2

(002)

(100)
(101)

(110)



79

Fig. 2-6: Raman spectrum of the carbonised PFA.

2.4.2 Density

The density of the carbonised PFA was measured by a pycnometer (see Appendix B,

Section B.4). The density of the PFA cured in air and carbonised was found 1.607 ±

0.0013 g cm-3 and the density of the PFA cured in nitrogen and carbonised was 1.899

± 0.0176 g cm-3. These values are higher than the one reported in the literature (Table

1-2). This can be due to a different pyrolysis condition such as carbonisation

temperature.

2.4.3 Mechanical Strength

The mechanical strength of the carbonised PFA was investigated by compression test

(see Appendix B, Section B.6). Mechanical strength of two carbonised PFA under

different curing conditions was tested. One sample was cured under nitrogen and the

other in air at 80 °C. All the other parameters and carbonisation conditions were the

same for both samples. Two of the graphs obtained from the compression tests for the

two mentioned samples are shown in Fig. 2-7.
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The maximum loads that the samples could tolerate before crumbling were 1306 and

2508 N for the PFA cured in air and nitrogen, respectively. The areas of the samples

that were under load were measured before the tests. The cross sectional area of the

sample cured in air was 18.216 ± 0.0004 mm2 and the sample cured in nitrogen was

17.5 ± 0.0004 mm2. The mechanical strength of the samples can be calculated by

dividing the maximum load that the sample could withstand before crumbling to the

area that the load was applied to. Therefore, the mechanical strength was 72 MPa for

the sample cured in air and 143 MPa for the one cured in nitrogen. The compression

test was repeated for other samples of carbonised PFA, cured in air and nitrogen, and

the range of mechanical strengths obtained are shown on the graph by error bars.

Therefore, it can be concluded that the resin cured under nitrogen has better

compressive strength than the one cured in air. This can be due to the higher density

of the carbon obtained from the PFA cured in nitrogen compared to the one cured in

air. It was also found that the compressive strength of the glassy carbon obtained from

the synthesised PFA is lower than the one reported in the literature (see Table 1-2 in

Chapter 1).

Fig. 2-7: Compressive stress (MPa) vs. time (s) graphs obtained from the compression tests for two
samples of PFA that have been cured in air and nitrogen, respectively and carbonised at the same

conditions.

2.4.4 Electrical Conductivity

Electrical resistivity of the carbonised PFA was measured by the four point technique

as described in Section B.5 of Appendix B. The resistivity was calculated using

equation (B-9),
I
VS 2 where ρ is the resistivity of the material (Ω cm), S is the
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probe spacing (cm), V is the potential difference between the inner probes (V) and I is

the current (A). The voltage at 1 mA current was measured to be 0.011 mV and

therefore the resistivity of the glassy carbon was found to be 48 × 10-4 Ω cm. This

value is similar to the one reported in the literature (Table 1-3 in Chapter 1).

Moreover, the theoretical resistivity at room temperature can be determined from

equation 2-1 [209]:

   Ic   //loglog 1010 (2-1)

where, ρ is the resistivity of the pyrolysed polymer (Ω cm), ρ∞= 3 × 10-3 Ω cm, θ is

the heat-treatment temperature (K), θc = 300 K and I = 3.6. From this equation,

resistivity of the pyrolysed PFA at 1000 °C would be 50 × 10-4 Ω cm which is

consistent with the result obtained.

2.5 Summary

Polyfurfuryl alcohol has been synthesised and pyrolysed successfully. The properties

of the synthesised resin were confirmed to be that of PFA. The structure, physical and

mechanical properties of the pyrolysed resin were characterised by different

characterisation techniques. The structure of the carbon obtained found to be

amorphous as expected. The density and mechanical strength of the prepared glassy

carbon from PFA cured in nitrogen were higher than from the PFA cured in air.

Mechanical strength of these carbons was lower than the one reported in the literature.

Whereas, electrical conductivity of the glassy carbons prepared was in good

agreement with the literature.
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Chapter 3: Macroporous Carbon Materials Derived
from Foaming Method

3.1 Introduction

Macroporous carbon materials with pore sizes in micrometric ranges are needed for

hosting microbes in microbial fuel cells. In order to fabricate macroporous carbon

electrodes, foaming method was chosen for the simplicity of the method. Previously,

methods based on foaming of aqueous polyurethane systems have been reported for

preparation of ceramic foams [210] and two-part polyurethane mixtures have been

shown to produce fine reticulated ceramic foams with more than 90% porosity [211].

However, these foams had low mechanical strength and therefore, the foaming

method needs to be modified for preparation of mechanically stable carbon foams.

Moreover, in order to obtain high current densities, microbial fuel cells usually

require large electrodes. Developing large and mechanically stable porous carbon

electrodes with high electrical conductivity is a big challenge.

In this part of the project, a two-part polyurethane mixture was used to prepare carbon

foams and the properties of the carbon foams, especially mechanical strength, were

improved by modifying the preparation method. The properties of the carbon foams

obtained from different methods of fabrication are reported in this chapter.

Furthermore, Electrical conductivity of the carbon foams need to be improved as

polyfurfuryl alcohol (PFA) was used as a carbon precursor which produced a non-

graphitisable carbon. Electrical conductivity was improved by catalytic graphitisation

using nickel as a catalyst and different catalytic structures were produced. The

electrochemical properties of the original and the graphitised carbon foams were

examined.

3.2 Fabrication of Carbon Foams and Their Properties

Foaming method was used for preparation of macroporous carbon foams. The

properties of the carbon foams were improved by the processing method. The three
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methods of foam fabrication used for preparation of carbon foams are reported in the

following sections.

3.2.1 Method-1: Sintering

The foaming method used for fabrication of macroporous carbon materials is

illustrated schematically in Fig. 3-1. This method of fabrication was based on

previous work reported in our group for preparation of metal foams [212, 213]. In this

method, graphite powder was added to each component of the foaming agent

(polyurethane) separately and hand stirred for 1 min. The total amount of the powder

in the mixture was 30 vol.% (this is the optimum amount of powder to achieve the

best structure and minimum shrinkage, see Section 3.2.2.2). The compounds were

then mixed together for a further period of ~1 min. These mixtures were then poured

into a box and allowed to rise. After storage for 24 h that the foaming process was

finished and the foams were dry, specimen cubes were cut.

Fig. 3-1: Schematic diagram of foaming process [213].

The procedure of debinding (polymer burn out) is illustrated schematically in Fig. 3-2.

The preform specimens were heated at 1 °C min-1 to 120 °C followed by 0.1 °C min-1

to 400 °C in flowing air and held for 2 h before furnace cooling [212]. This procedure

is performed at a low heating rate of 0.1 °C min-1 to avoid rupture of the preform
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structure. After burning the polymer out of the structure, the preform was sintered to

bond the graphite particles by two different techniques: 1) sintering in a vacuum tube

furnace at 1000 °C for different periods of time, up to 16 h; and 2) sintering by spark

plasma sintering (SPS) method (see Appendix E for further details), where the carbon

foam was sintered at 2000 and 2175 °C for 3, 5 and 15 min. Two samples for each

condition were prepared (twelve samples in total).

Fig. 3-2: Schematic diagram of debinding procedure.

Morphology of the fabricated carbon foams was examined by scanning electron

microscopy (SEM) before and after sintering. Structures of the carbon foams sintered

in the vacuum tube furnace were very weak that could not stand the preparations for

SEM.

Fractured surface of a foam preform after debinding and before sintering is shown in

Fig. 3-3 and fractured surfaces of sintered carbon foams can be seen in Fig. 3-4 (A)

and (B). The samples were sintered by spark plasma sintering (SPS) technique at 2175

°C for 5 and 15 min. It can be seen from the figures that pores in the sample sintered

for 5 min are in the range of 310 ± 80 µm and pores of the sample sintered for 15 min

are in the 163 ± 20 µm ranges. Moreover, it can be seen from the figures that the walls

of the carbon structures have some cracks that weakens the structures. These cracks

were present in all the sintered foams. Strength of the samples sintered at various

times (3, 5 and 15 min) were similar and did not improve by prolonging the sintering.
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The structures obtained from the above sintering methods were mechanically very

weak (less than 1 MPa) even after sintering at high temperatures with the SPS

technique or after prolonged sintering. This could be because the sintering

temperatures were not high enough as the melting point of carbon is 3500 °C and

therefore the sintering need to be performed at around 3000 °C. Therefore, this

method was modified (Method-2) to improve the mechanical strength of the carbon

foams.

Fig. 3-3: SEM image of a carbon foam after polymer burn out.

Fig. 3-4: SEM images of sintered carbon foams (prepared with Method-1 and using SPS process) at
2175 °C for (A) 5 min and (B) 15 min.

3.2.2 Method-2: Impregnation with PFA

In order to improve the mechanical strength, the foam preforms were impregnated

with polyfurfuryl alcohol (instead of sintering the structures) after the polymer is

burnt out of the structure. The viscosity of the PFA used for impregnation was 120 ±

100 µm

100 µm

100 µm

(A) (B)
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10 cP. To impregnate the samples with PFA, the samples were soaked in the PFA for

~10 min. The optimum impregnation time was obtained after impregnating the carbon

foam preforms (cubes of approximately 1.5 cm) with the PFA for various times and

cutting the samples to half to check if they are fully impregnated. After the

impregnation, the excess PFA on the surface of the foams was removed with tissue to

prevent blockage of the pores. The samples were placed on the tissue for 30, 60 and

120 min (two samples for each time) and they were turned occasionally. The best

result in terms of structure homogeneity after carbonisation was obtained for the

samples placed on the tissue for 1 h.

The foams were cured at 80 °C for approximately 20 h under a nitrogen flow (850 mL

min-1). These are the optimum curing conditions obtained after various experiments at

different temperatures and times. The carbonisation of the foams was also performed

under a nitrogen flow of 850 mL min-1 at 1000 °C for 2 h at a heating rate of 1 °C

min-1 [63]. Fig. 3-5a and b show pictures of a carbon foam before and after the

polymer burnt out, respectively and Fig. 3-5c shows a carbon foam after impregnation

with PFA and carbonisation.

Fig. 3-5: Pictures of the carbon foams fabricated (a) before polymer burn out, (b) after polymer burn
out and (c) after impregnation with PFA and carbonisation (Method-2).

Different properties of the foams fabricated with Method-2 were examined and are

reported below. To examine the properties, approximately fifty samples were

prepared with Method-2.

3.2.2.1 Morphology and Porosity

In order to investigate the morphology of the carbon foams produced with Method-2

field emission scanning electron microscopy (SEM) was used. The SEM images of

(a) (b) (c)

1 cm1 cm 1 cm
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carbonised foams after first, second and third impregnations with polyfurfuryl alcohol

are shown in Fig. 3-6. It can be seen from the images that the majority of pore sizes in

the impregnated foams are less than 100 µm, whereas the majority of pore sizes in the

carbon foams prepared with Method-1 (sintered) were more than 100 µm. The other

factor to be noted is the walls of the foams that are more continuous in the

impregnated foams (Method-2) than in the sintered ones (Method-1). The sintered

foams had cracks on the walls that weakened the structures.

Fig. 3-6: Field emission scanning electron microscopy images of the carbonised foams prepared with
Method-2 after (A) first, (B) second and (C) third impregnation with PFA.

Porosity of the carbon foams prepared with Method-2 was further studied with the

mercury porosimetry technique. This technique and the theory behind it are explained

in Appendix C, Section C.2. The porosity investigations with this technique was not

possible for the carbon foams prepared by Method-1, as the structure of the foams

produced by Method-1 was very weak and could not withstand any pressure. The pore

size ranges of the carbon foams produced by Method-2 and impregnated with PFA

once (porous carbon 1), twice (porous carbon 2) and three times (porous carbon 3)

(A)

(C)

(B)

100 µm

100µm 100 µm
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were examined and are shown in Fig. 3-7. Moreover, to compare pore size

distribution of porous carbons 1, 2 and 3, one graph for each impregnation is chosen

and they are plotted in Fig. 3-8 against Log differential intrusions of each

impregnation. It was found that the pore size ranges for the porous carbon 1 is

between 1 and 200 µm, for porous carbon 2 is between 0.4 and 180 µm, and for

porous carbon 3 is between 0.1 and 180 µm. The majority of the pore diameters for

porous carbons 1 and 2 are at 60 ± 10 µm and for porous carbon 3 are at 50 ± 10 µm.

The porous carbon 1 has another peak of smaller pore sizes (at 25 µm) which is

disappeared for porous carbon 2 and 3 as a result of successive impregnations with

PFA. It can also be seen that the pore sizes, in general, reduce by successive

impregnations.

Fig. 3-7: Pore size distribution curves of two samples of carbon foam prepared by Method-2 and
impregnated with PFA once (porous carbon 1) and three samples of carbon foams prepared by Method-

2 and impregnated with PFA twice (porous carbon 2) and three samples of carbon foams prepared by
Method-2 and impregnated with PFA three times (porous carbon 3).
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Pore volume of the foams was also obtained using the porosimetry technique. It was

found that the pore volume of the foams prepared by Method-2 after first, second and

third impregnations were 71 ± 5, 59 ± 5 and 55 ± 5%, respectively (see Table 3-1).

The pore volume of the foams reduced after successive impregnations with PFA as it

was expected.

Fig. 3-8: Log differential intrusion (mL g-1) vs. average pore size diameter (µm) of carbon foams
prepared by Method-2 and impregnated with PFA once (porous carbon 1), twice (porous carbon 2) and

three times (porous carbon 3).

3.2.2.2 Shrinkage

Shrinkage of the carbon foams prepared by Method-2 and with different amounts of

graphite powder (in vol.%) was investigated by measuring the dimensions of the

foams before and after polymer burn out. Three samples were prepared for each

volume of graphite (twelve samples in total). Fig. 3-9 shows the average shrinkage

values of the foams after polymer burn out versus different amounts of graphite

added. It can be seen that the minimum shrinkage of the foams obtained when 30

vol.% of graphite powder was added to the structure. Furthermore, shrinkage of the

foams after impregnation with PFA and carbonisation was investigated by measuring

the dimensions of the foams before and after carbonisation. It was found that the

shrinkage of the carbon foams after first, second and third impregnations with PFA
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and carbonisation was 43 ± 8, 42 ± 7 and 42 ± 7%, respectively (Table 3-1). Thus,

shrinkage of the foams after carbonisation did not change by successive

impregnations with PFA.

Fig. 3-9: Shrinkage of the carbon foams, prepared by Method-2, after polymer burn out vs. different
amounts of graphite powder (vol.%) added.

Overall shrinkage of the foams prepared by Method-2 after polymer burn out (86%)

and impregnation with PFA and carbonisation (42%) was very high, making it

difficult to prepare large electrodes with desirable shapes.

3.2.2.3 Structure

Structure of the carbon foams prepared with Method-2 was examined by XRD. Foams

were crushed into powders and XRD pattern of the carbon foams prepared by

Method-2 and impregnated with PFA once is shown in Fig. 3-10. It can be seen from

the figure that the structure of the foams exhibited a sharp single (002) graphite peak

at 26.4 ° which was due to the graphite powder used in the structure.
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Fig. 3-10: Structure of the carbon foams prepared by Method-2 and impregnated with PFA once.

3.2.2.4 Density and Mechanical Strength

In order to estimate the density of the carbon foam walls (struts), pycnometer was

used (see Section B.4 of Appendix B for further explanation). In addition, the density

of the foams as a bulk material was estimated using equation (3-1):

V
m

* (3-1)

where ρ* is the bulk density (g cm-3), m is the mass (g) and V is the volume (cm3) of

the material. Strut (helium) density, ρs, and bulk density, ρ*, of the carbon foams

produced by Method-2 are summarised in Table 3-1. The bulk density of the foams

after first, second and third impregnation with PFA was found to be 0.32 ± 0.01, 0.34

± 0.02 and 0.38 ± 0.01 g cm-3, respectively. It was found that the bulk density of the

foams increased by successive impregnations with PFA which is reasonable, as the

weight of the foams increase after each impregnation whereas the volume of the

foams does not change by successive impregnations. With the strut and bulk densities,

relative densities of the foams were calculated as ρ*/ρs. The relative densities were

found to be 0.20 ± 0.01, 0.22 ± 0.01 and 0.26 ± 0.01 for the foams impregnated with

PFA once, twice and three times, respectively. Therefore, the relative densities of the

foams increased as the pore volume of the foams decreased by successive

impregnations.
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Mechanical strength of the foams improved dramatically with Method-2 compared to

Method-1. The mechanical strengths of the foams after first, second and third

impregnations with PFA were estimated from compression tests (see Section B.6 of

Appendix B for details) and are summarised in Table 3-1. Three samples were

prepared for each impregnation with PFA. The mechanical strength of the carbon

foams impregnated with PFA once, twice and three times was found 9 ± 1, 11 ± 1 and

11 ± 2 MPa, respectively. Fig. 3-11 shows the result of compression test for carbon

foam prepared from Method-2 and impregnated with PFA twice. Mechanical strength

of the foams after second impregnation with PFA improved to some extent over the

first impregnation but did not change after third impregnation compared to the second

impregnation.

Fig. 3-11: Compressive stress (MPa) vs. time (s) obtained from the compression test of carbon foam
prepared by Method-2 after second impregnation with PFA.

Fig. 3-12 shows theoretical values of compressive strength versus relative density of

glassy carbon (as it was discussed in Chapter 1, Section 1.7), as well as compressive

strengths of the foams produced by Method-2 versus their relative densities. It can be

seen from the figure that the strength values for the carbon foams after first and

second impregnations with PFA are close to the theoretical values. For example,

carbon foam after second impregnation with relative density of 0.22 showed a

mechanical strength of 11 MPa which is very close to the theoretical strength value

with the same relative density; 12 MPa.
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Fig. 3-12: Theoretical values of compressive strength (MPa) of glassy carbon vs. relative density (—)
and compressive strength vs. relative density of the carbon foams impregnated with PFA once (porous

carbon 1), twice (porous carbon 2) and three times (porous carbon 3).

Furthermore, by comparing these results with the ones reported in the literature, it can

be seen that the carbon foams prepared from Method-2 are higher in mechanical

strength than the ones reported, for example, by Kett [81] with even higher densities.

The carbon foams were prepared from pitch precursor and compressive strength of 3.4

MPa was reported for foams with 0.53 g cm-3 bulk density (relative density of about

0.48).

Another factor found to affect the mechanical strength of the foams was the heating

rate in the carbonisation cycle. Three samples were carbonised at 1000°C for 2 h, at

0.5 °C min-1. Slow heating rate resulted in diffusing the PFA to the outer surface of

the structure and as a consequent a structure with a hard surface and soft core was

obtained.

3.2.2.5 Electrical Conductivity

Electrical conductivity of the carbon foams was estimated by the four point technique

as described in Section B.5 of Appendix B. For the foams prepared by Method-2, it

was found that the resistivity of the foams decreased by increasing the number of

impregnations with PFA. The electrical conductivity of the foams impregnated with

PFA three times was about five times higher than the one impregnated with PFA once
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(Table 3-1). This could be due to more solid walls as the successive impregnations

with PFA might have filled in some voids and cracks in the walls of the structure.

Table 3-1: Summary of the physical properties of the carbon foams prepared by
Method-2.

Carbon foam After first
impregnation

After second
impregnation

After third
impregnation

Porosity
(%)

71 ± 5 59 ± 5 55 ± 5

Mechanical strength
(MPa)

9 ± 1 11 ± 1 11 ± 2

Shrinkage
(%)

43 ± 8 42 ± 7 42 ± 7

Bulk density
(g cm-3)

0.32 ± 0.01 0.34 ± 0.02 0.38 ± 0.01

Strut (helium) density
(g cm-3)

1.56 ± 0.09 1.55 ± 0.11 1.48 ± 0.07

Electrical conductivity
(S cm-1)

102 ± 36 204 ± 47 492 ± 134

3.2.3 Method-3: Foaming with No Powder

In order to overcome the shrinkage problem of the foams prepared by Method-2,

Method-3 was tested. In this method, addition of graphite powder to the foaming

agents was eliminated. The polyurethane foams were impregnated with PFA

(viscosity: 120 ± 10 cP) and they were cured at 80 ºC for 20 h. Their polymer burn out

occurred as the foams were heating to the carbonisation temperature. Therefore, a

higher heating rate was used for the debinding process compared to the previous

methods to obtain homogenous structures from carbonisation of PFA. Fig. 3-13 shows

the heating cycle of the impregnated foams prepared by Method-3.

Different properties of the carbon foams produced with this method investigated and

are reported below.
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Fig. 3-13: Schematic diagram of heating cycle for debinding and carbonisation of the foams prepared
by Method-3.

3.2.3.1 Morphology and Porosity

Field emission scanning electron microscopy of carbonised foam prepared by

Method-3 after second impregnation with PFA is shown in Fig. 3-14. It can be seen

from this figure that the pores were larger in Method-3 (170 ± 20 µm), compared to

the two previous methods. Moreover, the structure obtained by Method-3 is not as

uniform as the two previous methods and some closed pores were observed in the

foams prepared by Method-3.

Fig. 3-14: Field emission scanning electron microscopy image of a carbonised foam prepared by
Method-3 after second impregnation with PFA.
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In order to investigate pore size distribution of the carbon foams produced by

Method-3 mercury porosimetry technique was used. The pore size range of carbon

foam prepared by Method-3 and impregnated with PFA once was examined and is

shown in Fig. 3-15. It can be seen that the pore size ranges are between 1 to 300 µm

with the majority of pores at 85 ± 15 µm. Therefore, the pores obtained by Method-3

were larger than the pores obtained by Method-2. This is in agreement with the results

obtained from SEM and it could be due to a higher heating rate used during the

debinding process in Method-3. Moreover, pore volume of the foams prepared by

Method-3 and impregnated with PFA once found to be 37 ± 3% which was less than

the foams prepared by Method-2. This could be due to some closed pores in the foams

prepared by Method-3 that was also observed with SEM.

Fig. 3-15: Log differential intrusion (mL g-1) vs. pore size diameter (µm) for carbon foam prepared by
Method-3 and after first impregnation with PFA.

3.2.3.2 Shrinkage

Shrinkage of the carbon foams produced by Method-3, after polymer burn out and

carbonisation, was 27 ± 3% which was much lower than the one prepared by Method-

2. However, the foam samples in Method-3 reshaped after impregnation with PFA

and therefore it was difficult to control their shape. This would especially be a

problem for large-scale production where we want to shape the material.

0.01 0.1 1 10 100 1000
0.0

0.2

0.4

0.6

0.8

Lo
g 

D
iff

er
en

tia
l I

nt
ru

si
on

 (m
L 

g-1
)

Pore Size Diameter (m)



97

3.2.3.3 Structure

Structure of the carbon foams prepared by Method-3 was examined with XRD and

Raman spectroscopy. The XRD pattern and Raman spectrum of the foams prepared

by Method-3 are shown in Fig. 3-16. The XRD pattern of the foams showed two

broad bands at around 21 and 44º and a low intensity broad band at around 80º which

represented an amorphous structure. Raman spectrum of the foams showed two broad

bands of disordered carbon (D-band) and graphitic carbon (G-band) at 1357 and 1589

cm-1, respectively which was also representative of an amorphous structure. The

structures of the carbon foams prepared by Method-3 were similar to the structure

observed for glassy carbon obtained from carbonisation of PFA in the previous

chapter.

Fig. 3-16: (a) XRD pattern and (b) Raman spectrum of carbon foam prepared by Method-3 and
impregnated with PFA once.

3.2.3.4 Density and Mechanical Strength

The density of the walls of the carbon foams prepared from Method-3 was measured

by pycnometer and the density of the foams after first and second impregnations with

PFA was found 1.585 ± 0.008 and 1.805 ± 0.012 g cm-3, respectively. These densities

are close to the density of the non-porous glassy carbon prepared from carbonisation

of the synthesised PFA (1.899 ± 0.0176 g cm-3). Bulk densities of the foams prepared

by Method-3 after first and second impregnations were 0.14 ± 0.01 and 0.15 ± 0.01 g
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cm-3, respectively; thus relative density of these foams was 0.085 ± 0.005. These foam

densities are lower than the densities obtained from Method-2. This could be because

of the graphite powder in the structure of the foams prepared with Method-2 that has

increased the relative density. Moreover, pore volume of the foams prepared with

Method-3 was lower than Method-2 so we expected to have higher densities but the

densities were found to be lower, thus foams prepared by Method-3 contained some

closed pores.

Compression tests of carbon foams produced by Method-3 and impregnated with PFA

once, twice and three times showed that the mechanical strengths of the foams were

0.08 ± 0.005 MPa. Fig. 3-17 shows typical compression behaviour of carbon foams

prepared with Method-3. It can be seen from the figure that the foam had a brittle

fracture and the first failure of the foams was considered as their compressive

strength.

Fig. 3-17: Compressive stress (MPa) vs. time (s) graph obtained from the compression test for carbon
foam prepared by Method-3 after polymer burn out.

Mechanical strengths of the carbon foams produced by Method-3 are less than the

theoretical values to a great extent. For instance, a carbon foam impregnated with

PFA once with a relative density of 0.085 would have a theoretical compressive

strength of 2.9 MPa, whereas the compressive strength of the foams produced by

Method-3 were less than 0.1 MPa. Therefore, by comparing the mechanical strengths

of the foams produced by Methods 2 and 3 it can be concluded that the addition of
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graphite powder to carbon foam structures in Method-2 improved the mechanical

strength to a great extent.

3.2.3.5 Electrical Conductivity

Electrical conductivity of the carbon foams prepared by Method-3 was found 6 ± 0.4

S cm-1. This value found to be the same as the theoretical conductivity value for a

porous glassy carbon with the same relative density (see Chapter 1, Fig. 1-24). The

conductivity of the foams prepared by Method-3 was less than the foams prepared by

Method-2 to a great extent. This was due to their much lower relative density and also

not having graphite powder in their structures. Conductivity of the foams prepared by

Method-3 did not change with successive impregnations with PFA.

3.2.4 Summary

Three different foaming methods were used to prepare carbon foams and their

physical properties were examined. The carbon foams prepared with sintering

(Method-1) were not very desirable as they were very low in mechanical strength and

could not stand any pressure. This could be due to low sintering temperatures of the

carbon (1000-2175 ºC). These foams were impregnated with PFA (Method-2) to

increase the mechanical strength. The foams prepared by Method-2 showed high

mechanical strength close to the theoretical values due to the graphite powder in their

structures. Their conductivity improved by successive impregnations with PFA

however, it was still lower than the ideal value and needed improvement. For the

carbon foams prepared by Method-2, it was found that the shrinkage of the foams was

very high, hence another method without using any graphite powder (Method-3) was

tested and the shrinkage reduced to a great extent. However, electrical conductivity

and mechanical strength of these foams were very low and they were very brittle. This

is especially not in favour because these foams reshaped during impregnation with

PFA and they needed to be machined for a proper shape and they could not withstand

machining due to their low mechanical strength. Moreover, they contained some

closed pores that are not favourable as we want structures with continuous open pores

to facilitate the reactant/product flow. Therefore, the carbon foams prepared with
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Method-2 were the most suitable in terms of the objective properties set in Chapter 1

and the foams prepared by this method was used for further experiments. However,

electrical conductivity of these foams needed to improve which is discussed in the

following sections.

3.3 Improving Electrical Conductivity of the Foams

In order to improve electrical conductivity of the carbon foams produced, catalytic

graphitisation method was used (see Chapter 1 for further details). Nickel was

selected as the catalyst due to its ability to enhance the electrical conductivity more

than other catalysts such as iron and manganese [156], and also because of a relatively

low heat treatment temperature required (due to a relatively low melting point). By

adding different concentrations of nickel and different methods of addition to the

carbon foams, different levels of graphitic carbon may be obtained to improve the

electrical conductivity.

3.3.1 Materials Preparation

Nickel (II) nitrate hexahydrate (Ni(NO 3)2.6H2O), was used as a graphitising catalyst

and three methods were used for addition of the catalyst to the carbons. Four samples

were prepared for each nickel concentration (approximately thirty samples for all the

graphitisation tests). The three methods of nickel addition are explained below:

A. The carbon foams were impregnated with a solution of different concentrations of

nickel nitrate in ethanol (0.01, 0.05 and 0.22 mol L-1) and heated to evaporate the

ethanol. Afterwards, the foams were heat treated under nitrogen flow (850 mL min-1)

at 1500 °C (slightly above the melting point of nickel, 1453 °C), with a heating rate of

2 °C min-1, and held at this temperature for 5 h. Nickel particles were removed from

the structure in order not to reduce the strength of the carbon due to inhomogeneity of

the structure as well as, to avoid the effect of the metal particles in the electrochemical

behaviour of the electrode. To remove the nickel particles, the carbon materials were

washed with hydrochloric acid (~36%).
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B. Polyfurfuryl alcohol (PFA) was prepared as described in Section 2.2 of Chapter 2,

except that nickel nitrate was dissolved in the acid catalyst prior to addition to the

monomeric alcohol and polymerisation. The catalyst concentrations of 0.004 and 0.11

mol L-1 inside the furfuryl alcohol were examined. The carbonisation of the carbon

foams impregnated with PFA, with nickel inside the FA, were carried out at 1500 °C

under nitrogen flow (850 mL min-1), at a heating rate of 2 °C min-1, for 5 h. Removal

of the nickel particles from the carbon material was done using hydrochloric acid as in

Method-A.

C. PFA was synthesised according to Section 2.2 of Chapter 2 and was mixed with

nickel nitrate (0.045 and 0.3 mol L-1) before impregnation in carbon foams. The

carbonisation and nickel removal were carried out the same as in Method-A.

3.3.2 Characterisation and Properties

3.3.2.1 Structure and Morphology

In order to investigate the effect of nickel addition to the structure of the foams, foams

were prepared by addition of carbon powder to the structure instead of graphite

powder. This was because the structure of the foams using carbon powders in their

structure had an amorphous structure after impregnation with PFA and carbonisation

(Fig. 3-18), whereas the foams that used graphite powder in their structures showed a

graphite peak (Fig. 3-10). Thus in order to be able to recognise the graphitic peak

from catalytic graphitisation, carbon foams with carbon powder in their structure was

used for the graphitisation investigations.

X-ray diffraction (XRD) pattern of polyfurfuryl alcohol mixed with 0.3 mol L-1 nickel

nitrate, after carbonisation at 1500 °C for 5 h is shown in Fig. 3-19. It can be seen that

the amorphous vitreous carbon resulted from carbonisation of PFA (Chapter 2,

Section 2.4.1) was graphitised by adding Ni(NO3)2 to PFA prior to carbonisation.



102

Fig. 3-18: XRD pattern of carbon foam prepared by Method-2 but using amorphous carbon powder
instead of graphite powder.

Fig. 3-19: XRD pattern of carbonised PFA+Ni(NO3)2.

Carbon foams were treated with different concentrations of nickel nitrate and their

structures were examined by XRD. The XRD spectra of carbon foams with and

without nickel treatments are shown in Fig. 3-20. As expected, the carbon foams

without any treatments did not exhibit any characteristic diffraction peak, which is

consistent with an amorphous framework. In contrast, the carbon foams treated with

nickel exhibited intense XRD peaks at 26° and 26.5° which are denoted as graphitic
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carbons T-component and G-component, respectively (as explained in Chapter 1,

Section 1.6.2). However, they are not true graphite.

Impregnation of carbon foams with 0.01 mol L-1 nickel salt (Method-A) resulted in

graphitic carbons T-component, whereas impregnations with 0.05 and 0.22 mol L-1 of

nickel solutions resulted in graphitic carbons G-component. Therefore, depending on

the catalyst concentration different graphitic components were obtained (see

Appendix F for all the XRD patterns of the samples).

Adding different amounts of nickel nitrate to the FA before polymerisation (Method-

B) also ended up in different graphitic components; T-component when adding 0.004

mol L-1 and G-component when adding 0.11 mol L-1 of nickel nitrate. XRD patterns

of the samples produced by this method are presented in Appendix F.

Fig. 3-20: XRD patterns of carbon foams before any nickel treatments (amorphous carbon) and after
addition of 0.01 and 0.05 mol L-1 nickel salts by Method-A, produced T-component and G-component,

respectively.

Mixing different concentrations of nickel nitrate to PFA before impregnation in

carbon foams and eventually carbonisation (Method-C) resulted in amorphous

structures (with the same XRD patterns as Fig. 3-18). This could be caused by uneven
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distribution of nickel inside the resin. When the foams impregnated with the resin

only a small amount of resin remained on the foam walls and therefore maybe the

amount of nickel was too small to diffuse into the structure and change the amorphous

carbon to graphitic. Moreover, examining with XRD shows the structure of the bulk

material and if there are only some graphitic structures on the surfaces it does not

reveal them.

Morphology of the treated carbons with nickel was studied by transmission electron

microscopy (TEM). Fig. 3-21 presents the TEM image obtained for the carbon foam

treated by addition of 0.004 mol L-1 nickel nitrate and using Method-B for the

addition. XRD patterns showed that graphitic carbons T-component were produced by

this treatment. In this image, presence of both types of graphitic and amorphous

carbon structures was revealed which is a characteristic of turbostratic structure of T-

component [160].

Fig. 3-21: TEM image of a graphitised carbon T-component obtained by addition of 0.004 mol L-1

nickel nitrate and using Method-B for catalyst addition. (a) amorphous carbon and (b) graphitic carbon.

Fig. 3-22 shows a TEM image of the graphitic carbon G-component obtained by

addition of 0.22 mol L-1 nickel nitrate by Method-A. For this graphitic component 002

lattice fringes were observed. Moreover, some nickel particles left in the structure can

be seen. No amorphous structure was observed in this structure.
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Fig. 3-22: TEM image of the produced graphitic carbon G-component obtained by addition of 0.22 mol
L-1 nickel by Method-A.

In order to study the structure of the produced graphitic carbons further, interlayer

spacing and crystallite sizes of the structures were calculated and are presented in the

following sections. They are also compared to the values reported in the literature.

a) Interplanar Spacing

A structural parameter deduced from an analysis of the XRD spectra of the produced

carbons was 002 plane spacing (d002). Bragg’s equation (Appendix B, equation B-1),

nλ = 2dsinθ, was used to calculate d002, where the wavelength of the X-ray beam (λ)

for CuKα radiation was 0.15405 nm and the order of diffraction n = 1. The interplanar

spacing obtained for the graphitic carbons T-component from Method-A was 0.341

nm, and from Method-B was 0.343 nm. The interlayer spacing of the graphitic

carbons G-component obtained from Method-A and Method-B was 0.337 and 0.336

nm, respectively. These values are in the ranges reported in the literature for graphitic

carbons T- and G-components (0.338-0.343 nm for T-component and ~0.335 nm for

G-component [150]). The values obtained for d002 of the produced graphitic carbons

G-component are closer to that of graphite (0.335 nm) than the ones for T-component.

b) Crystallite Size

Crystallite size along the c-axis (Lc) was obtained by applying Scherrer’s formula

(Appendix B, equation B-2), L = K λ / B cos θ, to the 002 XRD diffraction peak. In

Ni particle
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the calculations the shape factor K was given a value of 0.9 [159], λ for CuKα

radiation was 0.15405 nm, and B was the full-width-half-maximum of the diffracted

beam. The calculated crystallite sizes of the T- and the G-components obtained by

Method-A were 7.7 and 81 nm, respectively and for the T- and G-components

obtained by Method-B were 9 and 54 nm, respectively. Therefore, the crystallite sizes

of graphitic carbons produced of different components were in the ranges reported in

literature (6-20 nm for T-component and > 50 nm for G-component [150]). Moreover,

the crystallite sizes of the graphitic carbons G-component were larger than the T-

component ones.

3.3.2.2 Degree of Graphitisation

Raman spectroscopy can be used to determine the degree of graphitisation of the

carbon foams produced. Generally in graphite lattice, defects break down the

hexagonal symmetry of the lattice and change the lattice vibrational modes which can

be observed in Raman scattering. In theory, a single Raman line is expected for the

hexagonal lattice of graphite and has been observed at 1575 cm-1 in natural graphite

(G-band) [207, 208]. An additional Raman line was observed in glassy carbon and

polycrystalline graphite at around 1355 cm-1 (D-band). This line resulted from

graphite crystallites containing disorganised regions near crystal edges and lattice

defects such as edge dislocation and lattice vacancies [208].

Raman spectra of the produced carbon foams with no nickel treatment, graphitic

carbons T-component and graphitic carbons G-component produced by Method-A are

shown in Fig. 3-23. It can be seen from the figure that the Raman spectrum obtained

for the carbon foam without any treatments contain two broad bands, as might be

expected for a disordered carbon [208]. Whereas, for the G-component, a strong G-

band at 1580 cm-1 and a weak D-band at 1350 cm-1 was observed which clearly

indicates the presence of graphitic structure. The increase of intensity and narrowing

of the D-band was observed for the T-component compare to the G-component. A G-

band at 1575 cm-1 was observed for the T-component. Raman spectra of the graphitic

carbons T- and G-components produced by Method-B are presented in Appendix F.
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Fig. 3-23: Raman spectra of the amorphous carbon foam and the graphitic carbons of T-component and
G-component produced by Method-A and by addition of 0.01 and 0.05 mol L-1 nickel nitrate,

respectively.

It was stated by Nakamizo et al. [207] that the intensity ratio of D-band to G-band, R

= I (1355 cm-1) / I (1575 cm-1), is a measure of the extent of imperfection of order

within the carbon structure. It increases with increasing imperfection. The Raman

intensity ratios, R, for carbon foams produced with different structures of amorphous,

T-component and G-component are given in Table 3-2. These values are the average

of different regions of measurement as it was observed that the obtained Raman

spectra depended on the selected region of measurement. The produced graphitic

carbon G-component showed the lowest R values (0.21-0.28) and amorphous carbon

showed the highest R value (0.67). These results indicate that the amorphous carbon

is the least graphitic, and the G-component contains least imperfection in its structure.

However, these results are contrary to the ones reported by Oya and co-workers [214].

They used phenol formaldehyde as the carbon precursor and the resin was doped with

nickel to produce T- and G-components. Their results indicated that the T-component

had a lower R value (0.23) than the G-component (0.90-1.05). However, they have

mentioned this result as an unusual feature and have related it to the finely divided

nickel used to produce the T-component compared to the larger sized particles of

nickel used to prepare the G-component.

To investigate the effect of the widths of D- and G-bands (half-widths) on the R

values, Ra value which represents the ratios of the area under the D-band over the area
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under the G-band, was calculated for each produced carbon structure and the averages

of different region of measurements are shown in Table 3-2. These values found to be

consistent with the R values (the lowest Ra was obtained for the produced graphitic

carbon G-component and the highest for the amorphous carbon foam).

Table 3-2: Different structures of the produced carbon foams and their structural
properties.

Sample

(Structure)

Method of

fabrication*

Lc (nm) d002

(nm)

R =

ID/IG

Ra =

AD/AG

σ (S cm-1)

Carbon foam

(amorphous)

--- --- --- 0.67 ±

0.04

0.77 ±

0.06

5.5 ± 1

T-component A 7.7 ± 0.2 0.341 ±

0.001

0.56 ±

0.13

0.70 ±

0.17

178 ± 40

G-component A 81 ± 3 0.337 ±

0.001

0.28 ±

0.10

0.43 ±

0.13

263 ± 45

T-component B 9 ± 0.2 0.343 ±

0.001

0.36 ±

0.19

0.48 ±

0.22

159 ± 50

G-component B 54 ± 1 0.336 ±

0.001

0.21 ±

0.01

0.35 ±

0.04

250 ± 50

* Explained in Section 3.3.1

3.3.2.3 Electrical Conductivity

Electrical conductivity of the foams was estimated by the four point technique. This

method is described in Appendix B and equation (B-9),
I
VS 2 where ρ is the

resistivity of the material (Ω cm), S is the probe spacing (cm), V is the potential

difference between the inner probes (V) and I is the current (A), was used to calculate

the resistivity of the foams and the conductivities are reported in Table 3-2. It can be

seen from the table that the nickel doping was successful in improving the electrical

conductivity and the conductivity of the produced carbon foams increased in the order

of amorphous < T-component < G-component. This is in agreement with the degree

of graphitisation of the produced carbon foams i.e. the more graphitic and ordered

structures (G-component) showed higher conductivity.
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3.3.3 Summary

In order to improve electrical conductivity of the produced carbon foams, catalytic

graphitisation was used. Different concentrations of nickel (catalyst) and different

methods of addition of nickel to the amorphous carbon foams were tested. Graphitic

structures of T- and G-components were successfully produced. The results obtained

showed that the G-component had crystallite size and interplanar spacing approaching

that of graphite and its structure was more ordered than the T-component.  Moreover,

it was observed that the presence of graphitic carbon improved the electrical

conductivity considerably (by a factor of up to 50), compared to the carbon foams

with an amorphous framework

3.4 Electrochemical Behaviour of the Fabricated
Foams

Cyclic voltammetry technique was used to examine the electrochemical behaviour of

the different types of produced carbon electrodes. The charging and discharging

capacitance at the electrode/electrolyte interface was evaluated using the cyclic

voltammograms. A series of experiments was carried out to study the electrochemical

behaviour of the carbon electrodes in the presence of ferricyanide. The main

objectives were to examine the electrodes electrochemical activity and reversibility of

the ferricyanide redox reactions. Electrochemical response also permitted to evaluate

the Specific Electrochemical Surface Area (SESA) of the electrodes and

heterogeneous rate constant (K0) of ferricyanide at the electrodes.

Cyclic voltammetry measurements of the fabricated carbon electrodes were

performed using a three electrode cell. A platinum counter electrode and a Ag/AgCl

reference electrode were used in a 0.1 M NaCl solution as electrolyte (Fig. 3-24). The

carbon electrode activity was assessed in terms of the heterogeneous electron transfer

reversibility using 1 mM of potassium ferricyanide as the redox probe. Argon was

used to de-aerate solutions and to keep air-free atmosphere over the solution during

the measurements. All experiments were performed at room temperature (25 °C) and

the solution was not stirred during the tests. The carbon foam electrodes were
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sonicated in the electrolyte before electrochemical tests for 1-2 min, to remove the air

bubbles trapped in the pores.

Fig. 3-24: Three electrode cell used for investigating the electrochemical behaviour of the produced
carbon foams.

Carbon foams produced using amorphous carbon powder in their structures are

named as “carbon foams” and the foams prepared using graphite powder are named

“graphite foams” in the following investigations. For the carbon and graphite foams

graphitised by nickel, all the electrochemical tests were performed after removing

nickel from the electrodes. Nickel was removed with hydrochloric acid and elemental

analysis indicated that all the foams contained < 25 ppm nickel after washing with the

acid.

To examine the electrochemical properties of the carbon and graphite foams, twelve

samples of each structure were prepared i.e. thirty six samples of carbon foams and

thirty six samples of graphite foams. All the samples were impregnated with PFA

twice and the graphitised foams T- and G-components were prepared by addition of

0.01 and 0.05 mol L-1 nickel nitrates, respectively by Method-A explained in Section

3.3.1. Preparations of the produced foams to be used as electrodes in the three

electrode cell for electrochemical investigations are explained in Appendix E.

Cyclic voltammograms of carbon foam and graphite foam are shown in Fig. 3-25a

and b. In these voltammograms (as well as other voltammograms present), the
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currents are normalised per unit surface area of the electrode obtained from nitrogen

adsorption isotherm using the BET method (see Section C.3 of Appendix C for further

explanation). It can be seen from the figure that the voltammograms obtained are

relatively flat at potential ranges of -0.5 to 0.5 V for the carbon foam and -0.5 to 0.6 V

for the graphite foam.

In order to investigate the effect of electrode pretreatment on the electrochemical

behaviour of the electrodes and reduce OH concentration [215], graphite foam was

heated from room temperature to 540 ºC at a rate of 2 ºC min-1 and kept at this

temperature for 10 h. From the CV curve of this electrode (Fig. 3-25b) it can be seen

that the electrochemical window potential of this electrode is smaller (-0.1 to 0.1 V)

than the graphite foam without any pretreatment and the background current is

increased compared to the untreated electrode. The increase in background current of

pretreated glassy carbon electrode has been reported previously in the literature [184].

This may be due to the change in the chemical nature of the carbon surface.

Fig. 3-25: CV curves of carbon foams produced by (a) carbon powder and (b) graphite powder, at a
100 mV s-1 scan rate in an aqueous 0.1 M NaCl solution.

Electrochemical behaviour of the graphitised carbon foams using nickel as catalyst

was investigated from the CV curves obtained for the graphitic structures of T-

component and G-component. It can be seen from the voltammogram of the T-

component (Fig. 3-26a) that the current increased compared to the ungraphitised

carbon foam and the electrochemical window of this structure is relatively flat and no

oxidation or reduction of nickel is observed. However, in the CV curve of the G-

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-15

-10

-5

0

5

10

15
 graphite foam
 graphite foam heat treated

        at 540°C for 10 h

Potential (Vvs. Ag/AgCl)

Cu
rre

nt
 D

en
sit

y (
m

A 
m

-2
)

(b)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-6

-4

-2

0

2

4

6
carbon foam

Cu
rre

nt
 D

en
sit

y (
m

A 
m

-2
)

Potential (Vvs. Ag/AgCl)

(a)



112

component (Fig. 3-26b) no flat electrochemical window is observable. This may be

due to the effect of nickel remained in the structure.

Fig. 3-26: CV curves of graphitised carbon foams produced by carbon powder and with different
structures of (a) T-component and (b) G-component, at 100 mV s-1 scan rate in an aqueous 0.1 M NaCl

solution.

Fig. 3-27 presents voltammetric curves of typical carbon and graphite foams with

different structures and treatment in 1 mM ferricyanide/0.1 M NaCl. In all the

voltammograms obtained for different electrodes, it was observed that increase in

scanning rate resulted in increase of the current peak intensity in cathodic and anodic

reactions. In Fig. 3-27a it can be seen that the anodic peak shifted from -0.043 to

0.106 V and the cathodic peak shifted from -0.197 to -0.358 V. As it can be seen from

Fig. 3-27b, carbon and graphite foams with G-component did not show any clear

oxidation/reduction peaks. This could be due to the effect of nickel remained in the

structure. For the other produced carbon and graphite foams, a quasi-reversible

behaviour was observed from the voltammetric studies; the difference between the

anodic and cathodic peak potentials (ΔEp) was greater than 59/n mV (n is the number

of electrons involved in the reaction) and it increased with the scan rate (υ) (Fig. 3-

28), the cathodic peak potential, Epc, shifted to negative value when υ increased, and

the anodic peak current increased with υ1/2 but did not keep the proportionality [118].

Fig. 3-27c shows that the anodic peak shifted from 0.0009 to 0.074 V and the cathodic

peak shifted from -0.272 to -0.395 V by increasing the scan rate from 25 to 100 mV s-

1. The difference between the anodic and cathodic peak potentials at the scan rate of

100 mV s-1, for graphite foam with turbostratic structure (T-component) is 0.47 V and

for the heat treated graphite foam is 0.35 V (Fig. 3-27d). In both cases the reversibility
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of the electrode has improved compared to the graphite foam. The graphite foam

appeared to be irreversible at high scan rates (ΔEp = 0.73 V at the 100 mV s-1 scan

rate, Fig. 3-28).  Carbon foam T-component with ΔEp = 0.26 V at 100 mV s-1 scan rate

showed the best reversibility among all the prepared electrodes. Moreover,

reversibility of the carbon foam T-component (ΔEp = 0.17 V at 50 mV s-1 as it is

shown in Fig. 3-28) is better than the reversibility of the reticulated vitreous carbon

electrodes (RVC) with ∆Ep = 0.20 V at scan rate of 50 mV s-1 in 1 mM

ferricyanide/0.1 M KCl [69].

Fig. 3-27: Cyclic voltammetric behaviour of (a) carbon foam at different scan rates and (b) carbon
foam/G-component at 100 mV s-1 (c) graphite foam-T-component at different scan rates (d) graphite
foam heat treated at 540 ºC for 10 h, at different scan rates and all in 1 mM ferricyanide/0.1 M NaCl.
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The anodic current was used to evaluate the specific electrochemical surface area (by

equation 1-5 in Section 1.5.1 of Chapter 1) of the produced foams and the values are

shown in Table 3-3. Graphite foams showed greater specific electrochemical surface

area (SESA) than carbon foams and among carbon foams it was observed that

graphitisation increased the SESA from 31 to 107 cm2 cm-3. Moreover, the kinetic

behaviour of the systems was studied by analysing the heterogeneous rate constant

(K0) value using equation 1-8 in Section 1.5.1 of Chapter 1. It was observed that the

electron transfer rate of the carbon foam T-component was the highest (3.34 cm s-1)

amongst different types of the fabricated electrodes (Table 3-3).

Fig. 3-28: ΔEp as a function of scan rate in 1 mM ferricyanide/0.1 M NaCl for different produced
electrodes.

The double-layer charging and discharging capacitance of the foams was estimated by

cyclic voltammetry and using equation 1-7 (described in Section 1.5.1 of Chapter 1)

and are shown in Table 3-3. It can be seen from this table that the capacitance of the

graphitised foams are higher than the non-graphitised foams and the carbon foam T-

component showed the highest capacitance.
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Table 3-3: Calculated parameters of 1 mM ferricyanide/0.1 M NaCl and capacitance
values at produced carbon electrodes from the CV curves.

Electrode ∆Epa

(V)

SESAb

(cm2 cm-3)

102 K0
c

(cm s-1)

Capacitance (µF cm-2)

Charge    Discharge

Graphite foam 0.73 ± 0.04 _ _ 1.1               1.1

Graphite foam

(T-component)

0.47 ± 0.02 180 1.38 8                   8

Carbon foam 0.46 ± 0.03 31 1.24 1.6 0.8

Carbon foam

(T-component)

0.26 ± 0.01 107 3.34 12                16

a At 100 mV s-1 scan rate.
b D0 of 1 mM ferricyanide in 0.1 M NaCl was assumed 7.2 × 10-6 cm2 s-1 [216, 217].
c K0 was calculated with the following equation: K0 = 2.78 × 10-2 Ψυ1/2.

3.5 Summary

Carbon foams with micrometric pore sizes were prepared by foaming method. The

foams that contained carbon or graphite powder in their structure showed relatively

high mechanical strength, close to the theoretical values, when impregnated with

PFA. The electrical conductivity of the foams was improved by catalytic

graphitisation using nickel as catalyst. Different graphitic components were produced

and electrochemical behaviour of the amorphous and the graphitic structures was

examined by cyclic voltammetry. In terms of reversibility and electron transfer rate,

carbon foam T-component showed the best behaviour. The G-component did not

show oxidation/reduction peaks for ferri-/ferro-cyanide.
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Chapter 4: Ordered Porous Carbon Materials Derived
from Templating Method

4.1 Introduction

Two critical issues in enzymatic biofuel cells are short lifetime (couple of weeks) and

poor power density (in the order of sub-mW cm-2). These are related to enzyme

stability, electron transfer rate and enzyme loading [218]. Many nanostructured

materials, such as mesoporous media, nanoparticles and nanotubes, have been

reported to be efficient hosts for enzyme immobilisation [219-221]. By means of

nanostructures, the large surface area of these materials can increase enzyme loading

and improve the reaction kinetics and hence the power density of biofuel cells.

Synthesis of mesoporous carbons with adjustable structures and properties has been a

subject of research over the past decade and has been recorded in various reviews [10,

12, 86, 88]. Most of these mesoporous carbon materials are obtained in the form of

powders. However, in recent years more people have reported the preparation of

monolithic carbon materials from the templating route [49, 112, 222-224].

Nevertheless, the fabrication of carbon monoliths that are mechanically stable is still

an important issue in the area of mesoporous carbons.

In this work, the sphere templating method has been used to fabricate ordered

mesoporous and macroporous, high surface area carbon electrodes with homogenous

pore size distribution. This method consists of using template spheres of a specific

size and connecting them by annealing to create necks between the spheres. Hence,

after infiltration of a resin, curing, carbonisation and removal of the template, a three-

dimensional porous carbon structure can be obtained with interconnections between

the spherical pores in the resulting carbons. Two different types of templates have

been selected due to their high uniformity, i.e. polystyrene (PS) and silica spheres.

These soft and hard spheres have been used to compare the resulting porous carbon

structures from soft and hard templates as well as, to compare their processing

methods. Polyfurfuryl alcohol (PFA) was used as the carbon precursor.
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4.2 Preparation of Porous Carbon Monoliths and the
Properties

Meso- and macro-porous carbon materials have been prepared using the templating

method. Two types of templates i.e. soft and hard, were used with different methods

of fabrication as explained below.

4.2.1 Using Polystyrene Template

Polymers are good candidates as templates for fabrication of porous carbon materials

as they can be easily removed from the structure during heating in the carbonisation

process. Polystyrene (PS) spheres were selected as the template because they can be

synthesised with narrow particle size distribution. The commercially available PS

spheres are expensive and also they are limited in particle sizes. The synthesis

technique, properties of the synthesised particles, method of preparation of the porous

carbon materials and the properties of the porous carbons are described in the

following sections.

4.2.1.1 Synthesis of Polystyrene Spheres and the Properties

In order to synthesise monodispersed polystyrene spheres, an emulsifier-free emulsion

polymerisation technique was used [225]. This technique is derived from

conventional emulsion polymerisation in which polymerisation is carried out in the

absence of emulsifiers. It is used for the preparation of polymer colloids with narrow

particle size distribution and size range of 100-1000 nm [226].

Water used in the synthetic steps was deionised to a resistivity of 18 MΩ cm. 105 mL

of styrene monomer was purified in a separatory funnel by washing four times with

100 mL of 0.1 M NaOH, followed by washing four times with 100 mL of water to

wash the NaOH away. A five-necked round bottomed flask was connected to a

mechanical stirrer, condenser and nitrogen inlet. Deionised water (850 mL) was added

to the flask and heated to 70 °C before adding the 100 mL of the purified styrene.
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In a separate bottle, 0.3315 g of potassium persulphate initiator was added to 50 mL

of water and the solution was then heated to 70 °C and then added to the flask. The

temperature was kept at 70 ± 2 °C while the solution was stirred. Depending on the

stirring speed different sphere sizes were obtained.  Two stirring speeds of 247 and

650 rpm were used for comparison of their effect on particle size and each test lasted

for 24 h. The resulting latex spheres were filtered through glass wool to remove any

large agglomerates.

Particle sizes of synthesised polystyrene spheres were examined by transmission

electron microscopy (TEM) and the size distribution was determined using a particle

size analyser. Figs. 4-1 and 4-2 show TEM images of PS spheres prepared at a stirring

speed of 247 and 650 rpm, respectively. Figs. 4-1 (a) and (b) show the uniformity of

the prepared spheres. It was found from the TEM images that the PS sphere sizes are

610 ± 10 nm when using a stirring speed of 247 rpm.

Fig. 4-1: TEM images of PS spheres synthesised using a stirring speed of 247 rpm and at (a) 8K and
(b) 12K magnifications.

A TEM image of PS spheres prepared using a stirring speed of 650 rpm is shown in

Fig. 4-2. It can be seen from this image that the diameters of the spheres are 163 ± 5

nm and which is much smaller than those due to a speed of 247 rpm. This decrease in

particle size is due to the smaller sizes of nuclei formed at the high stirring speed.The

size distribution of the synthesised PS spheres was further determined using a particle

size analyser and the result is shown in Fig. 4-3. The majority of particle sizes

synthesised at the stirring speed of 247 rpm were 651 ± 200 nm and the PS particle

sizes prepared at the stirring speed of 650 rpm were 190 ± 4 nm. Thus, the results

obtained from particle size analyser and TEM were close and matching. Therefore, PS

(b)(a)



119

particles in different sizes, with narrow size distribution, were successfully

synthesised by changing the stirring speed.

Fig. 4-2: TEM image of PS spheres synthesised using a stirring speed of 650 rpm.

Fig. 4-3: Particle size distributions of the PS spheres prepared at a stirring speed of 247 and 650 rpm,
respectively.

In order to identify the decomposition behaviour of the synthesised PS particles,

thermogravimetric (TG)/differential thermal analysis (DTA) technique was used and

the results are shown in Fig. 4-4. The synthesised PS was heated from room

temperature to 600 °C at 2 °C min-1. It was found that above 350 °C, the weight loss

accelerated due to combustion of the polystyrene, following a highly exothermic

process. The exothermic decomposition of PS can be detrimental to the formation of

porous carbons with intact structures (free from “cracks” and wall “defects”) if the gas

production results in excessive bubbling.
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Fig. 4-4: TGA (--) and DTA (-) curves of PS spheres heated from RT to 600 °C at 2 °C min-1 in
nitrogen.

4.2.1.2 Fabrication of Porous Carbon Monoliths and Their
Properties

In order to prepare porous carbon monoliths from PS templates, the colloidal crystals

of the PS need to be shaped and ordered by centrifugation. This method speeds up

sedimentation significantly, so that close-packed spheres can be obtained in a matter

of hours. A schematic diagram of synthesising porous carbon from PS template is

shown in Fig. 4-5. The synthesised polystyrene spheres suspended in water were

placed inside blocked syringes and centrifuged at 900-1500 rpm for 15 to 22 h,

depending on the sphere sizes.

Fig. 4-5: Schematic diagram of synthesising porous carbon from PS template.

0

2 0

4 0

6 0

8 0

1 0 0

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0

1

2

3

4

W
ei

gh
t (

%
)

T e m p e ra tu re  (°C )

D
TA

 S
ignal ( V)

Curing + carbonisation

Sintering

A
ir drying

PS spheres

900 rpm

Ordering

PS templateImpregnation

with PFA



121

The ordering of the PS spheres was investigated by field emission scanning electron

microscopy (Fig. 4-6). It can be seen from this figure that centrifugation of the latex

spheres resulted in a hexagonal close packed (hcp) structure. Some disorderness was

observed by SEM that was likely created during the preparation of colloidal crystals

for the SEM examinations.

After centrifugation, the chunks of PS spheres were air dried for 3 to 5 days and

sintered at 90 °C (around the glass transition temperature of polystyrene [105]) for 10

min to improve bonding between the spheres and strengthen the structure. The

sintering time was optimised by sintering the PS spheres at 90 °C for 5, 10, 15, 30 and

60 minutes and examining the structures after sintering, as well as after impregnation

with polyfurfuryl alcohol (PFA) and carbonisation.

The PS templates were removed from the syringes and impregnated with PFA by

immersing the templates into the resin. PFA of viscosities of 100-2000 cP were used

and the templates were firstly soaked in a low viscose resin of approximately 100 cP

for 2 days to completely wet the templates and facilitate impregnation of high viscose

PFA into the templates. To achieve carbon structures with strong walls, the templates

were impregnated with high viscose resins. The templates were soaked in resins with

viscosities of approximately 1000 and 2000 cP and left in each viscosity for 2-4 days.

The viscosity of the PFA was adjusted by adding ethanol to the resin.

Fig. 4-6: SEM images of PS spheres after centrifugation at 950 rpm for 15 h.
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The excess PFA on the surfaces of the samples was wiped off by tissue and the

samples were cured under a nitrogen flow of 850 mL min-1 at 80 °C for 20 h. After

curing, the samples were carbonised under nitrogen flow (1000 mL min-1) at a heating

rate of 0.5 °C min-1 from RT to 1000 °C and kept at this temperature for 3 h. The

carbonisation cycle including removal of the latex template from the structure is

shown in Fig. 4-7. According to the decomposition behaviour of PS obtained from

TGA, the removal of PS template starts from 320 °C thus a plateau of 3 h was placed

at this temperature. In this carbonisation cycle, a slow heating rate of 0.5 °C min-1 was

used to facilitate more even melting and decomposition of PS templates and avoid

excessive bubbling. A slower heating rate of 0.1 °C min-1 was also tested however, a

better structure was obtained for the porous carbons carbonised with a 0.5 °C min-1

heating rate. Moreover, a fast nitrogen flow of 1000 mL min-1 was used to aid

transport of the by-products.

Fig. 4-7: Carbonisation cycle of PFA resin + PS template.

Fig. 4-8 shows field emission scanning electron microscopy (SEM) images of porous

carbon resulted from the 610 ± 10 nm PS templates. It can be seen from the figure that

the pores were 400 ± 30 nm in diameter and the diameters of windows between the

pores were 170 ± 20 nm. Shrinkage of the structure after template removal was

estimated according to the size of latex spheres and pore size diameters which was

found to be 31-35%. This result is similar to the shrinkage reported in the literature

(26-34%) for macroporous structures of inorganic solids resulted from PS templates
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[225]. As a result of this shrinkage, some cracks were observed in the structure and it

was not possible to prepare porous carbon monoliths with intact structure from this

type of template and therefore no further property examinations were carried out.

Fig. 4-8: Porous carbon resulted from PS template of an initial PS sphere size of 610 nm.

4.2.2 Using Silica Template

Silica beads are another suitable type of templates that can be used for preparation of

porous carbon monoliths. Two kinds of colloidal silica have been used for preparation

of meso- and macro-porous carbon materials. They were both commercially available

and one had particle sizes of 70-100 nm, Snowtex-Z (Fig. 4-9a) and the other had an

average particle size of 22 nm, Ludox AS-40 (Fig. 4-9b).

Fig. 4-9: Transmission electron micrographs of the colloidal silica as received (a) Snowtex-ZL with
particle sizes of 70-100 nm and (b) Ludox AS-40 with an average particle size of 22 nm.

(b)

110 nm

(a)

100 nm
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4.2.2.1 Fabrication of Porous Carbon Monoliths

Two different methods have been used for fabrication of meso- and macro-porous

carbon monoliths from the silica templates and are reported below.

Method-I

In this method centrifugation was used to order the silica spheres, whereby it is

possible to collect the small particles floating on top of the colloidal solution and

therefore obtain a more uniform silica particle size distribution in the resulting

template structure. After centrifugation the spheres were dried at 120 °C for about 3

days [87]. Sintering of the spheres was performed at 750 °C according to the thermal

analysis of SiO2 particles obtained from Nissan Chemicals (Fig. 4-10). Sintering time

was optimised by sintering the silica templates for 0.5, 1 and 2 h and the best carbon

structure was obtained after 1 h of sintering. It can be seen from the TG and DTA

analysis of silica dry gel that at about 150 °C water evaporates from the silica gel

results in a weight loss. Furthermore, dehydration of the silanol groups at 400-700 °C

causes another small weight reduction. Up to this temperature the particles remain

unchanged but at approximately 800 °C, surface fusion between the silica particles

takes place [227].

Fig. 4-10: Differential thermal analysis (DTA) and thermal gravimetric (TG) analysis of silica dry gel.
The transition of the silica particles is highlighted in the illustration [227].
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After preparation of the silica templates (Fig. 4-11a), the templates were impregnated

with PFA (viscosity: 2200 ± 100 cP). Impregnation of PFA into the silica templates

was facilitated by centrifugation at 1000 rpm for 48 h. After removal of the excess

PFA from the samples surfaces, the impregnated samples were cured under a nitrogen

flow of 850 mL min-1 at 80 °C for one day. Afterwards, they were carbonised under a

nitrogen flow of 850 mL min-1 from 80 to 1000 °C at a heating rate of 1 °C min-1 and

kept at this temperature for 2 h (Fig. 4-11b). After carbonisation, the samples were

soaked in 40% hydrofluoric acid (HF) at room temperature for two days to dissolve

the silica templates. The resulting carbon monoliths were soaked in a solution of

calcium carbonate (CaCO3) in water for ~12 h to neutralise the HF and then were

washed with distilled water to remove the CaCO3 and dried in an oven.

Fig. 4-11: A silica template and resulted macroporous carbon from the template produced by Method-I.

Method-II

To facilitate the template fabrication and impregnation and also to prepare more stable

template and carbon structures, silica templates were prepared (according to the

method reported in the literature [228]) by drying the colloidal silica, filling a

cylindrical steel die (1.25 cm in diameter) with the dried silica powders and

compressing the powders under a pressure of 40 MPa (this is an optimised pressure

after testing various pressures to get strong silica templates and carbon structures).

This resulted in mesoporous silica monoliths (Fig. 4-12a) that were sintered from RT

to 750 °C at a heating rate of 1 °C min-1 and then kept at 750 °C for 1 h. Afterwards,

the mesoporous silica templates were impregnated with oxalic acid (with a template to

OxA weight ratio of 100/4), which was used as a catalyst for polymerisation of

furfuryl alcohol (FA). This impregnation was performed by immersing the templates

in an ethanol solution of oxalic acid and evaporating the ethanol from the templates.

The oxalic acid treated templates were then impregnated with FA by immersing the

samples in the FA for 7 h. The impregnation time was optimised after immersing the

Impregnation with

PFA

Cure + carbonisation
1 cm

a

1 cm

b



126

samples in the FA for various times and cutting the samples to half to check whether

the FA has penetrated to the middle of the sample.

The polymerisation of FA was carried out at 80 °C for 24 h (Fig. 4-12b). Afterwards,

the monoliths were cured at 150 °C for 3 h under a nitrogen flow of 850 mL min-1 and

subsequently heated to 1000 °C at a heating rate of 1 °C min-1 and kept at this

temperature for 2 h for carbonisation. The silica templates were removed by

immersing the samples in a 40% HF with the same procedure as explained in Method-

I. A picture of the resulting mesoporous carbon monolith can be seen in Fig. 4-12c.

Fig. 4-12: Picture of (a) mesoporous silica template, (b) silica template after impregnation with OxA
and FA and in situ polymerisation, (c) mesoporous carbon resulted from carbonisation and silica

removal, all were produced by Method-II.

4.2.2.2 Properties of the Fabricated Carbon Monoliths

The morphological and physical properties of the meso- and macro-porous carbon

monoliths prepared using the silica templates were examined with different

techniques and are reported in the following sections.

a) Carbon Yield

Carbon yield of the porous carbons prepared using the silica templates by Method-II

was estimated by considering the weights of template, template + polymer and

template + carbon after carbonisation of the polymer. Carbon yield of the mesoporous

carbon monoliths prepared by the silica with average particle size of 22 nm was found

to be 30 ± 4% and carbon yield of the macroporous carbon monoliths prepared using

100 nm silica particles was found 37 ± 2%. These carbon yields are lower than carbon

yield of polyfurfuryl alcohol (50-55%) found in Section 2.3.2 of Chapter 2. This

might be due to a low degree of polymerisation of the FA. To improve the

Carbonisation
Polymerisation

of FA in silica

a b c

1cm 1cm 1cm
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polymerisation, more oxalic acid was used and it was observed that by increasing the

weight ratio of the 22 nm silica templates to oxalic acid from 100/4 to 100/9, the

carbon yield increased from 30 to 36%.

b) Morphology and Shrinkage

Morphologies of macroporous and mesoporous carbon monoliths prepared by

Methods-I and II examined by SEM and the images are presented in Figs. 13 and 14,

respectively. The pores in Fig. 4-13 were found 87 ± 16 nm in diameter and shrinkage

of this structure was estimated according to the size of silica particles and pore size

diameters and found to be 14 ± 8%. From Fig. 4-14 it was observed that the pores

were very uniform and were 20 ± 2 nm in diameter. Shrinkage of 9 ± 5% was found

for this structure. The shrinkage observed for the porous carbon structures obtained

from the silica templates is mainly due to the carbonisation of the PFA and not the

thermal treatment of the silica templates during the carbonisation [48].

Fig. 4-13: Ordered macroporous carbon prepared from silica template using Method-I.

Comparing the carbon structures prepared by Methods-I and II, it can be seen that the

structure of the macroporous carbon materials obtained by Method-I (preparing the

silica templates by centrifugation) contains some big holes and the structure is not as

intact as the mesoporous carbon monoliths obtained by Method-II (preparing the

silica templates by applying pressure). Moreover, carbon monoliths were easily

prepared in different shapes and sizes using different die shapes and sizes, by Method-

II. Therefore, Method-II is more suitable for producing porous carbon monoliths and
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this method of fabrication were also used for preparation of macroporous carbon

materials from silica template and the obtained structures were improved significantly

compared to the structures obtained using Method-I and thus only the properties of

the porous carbon monoliths produced by Method-II were further examined.

Fig. 4-14: Highly ordered mesoporous carbon prepared from silica template using Method-II.

c) Porosity and Surface Area

Nitrogen adsorption isotherms of the mesoporous silica template and the prepared

carbon monolith are shown in Fig. 4-15. It can be seen from the figure that the

isotherms were of type IV with hysteresis loops of type H2 (see Section C-3 of

Appendix C for further explanation). This reflected the mesoporous character of these

materials with relatively uniform channel-like pores [229]. The BET surface areas of

the mesoporous silica template and the carbon monolith were found 119 and 325 m2

g-1, respectively. Pore size distribution (PSD) curves of these samples are shown in

Fig. 4-15, inset. It can be seen from the PSD curves that the estimated values of the

pore widths of the silica template and the carbon monolith at the PSD maximum were

7.7 and 10.4 nm, respectively. Pore volumes of the silica template and the carbon

monolith were estimated from the volume adsorbed at a relative pressure close to the

saturation vapour pressure i.e. a relative pressure of ~0.99 [230], and are reported in

Table 4-1.
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Fig. 4-15: Nitrogen sorption isotherms and pore size distribution (inset) of the mesoporous silica
template and the carbon monoliths prepared by Method-II.

Fig. 4-16 shows nitrogen adsorption isotherms of the macroporous silica template and

the carbon monolith. The isotherms were of type IV with hysteresis loops of types H1

and H3 for silica template and carbon monolith, respectively. This indicated that the

silica template had a highly uniform pore size with a good connectivity [72], and

carbon monoliths from this silica template consisted of aggregates of plate like

particles with slit-like pores [230]. The BET surface areas, pore volumes and pore

widths from PSD curves of the macroporous silica template and the carbon monolith

are reported in Table 4-1. The pore volume and the pore widths of the silica template

and the carbon monolith were found lower than what it was expected for macroporous

materials. This was because the BET method is not very accurate for characterising

macroporous materials as the pores are wide and the pore fillings occur at pressures

too close to the saturation vapour pressure and therefore the relative pressures (p/p0)

are very close to unity and it is not possible to map out the isotherms in details [231].

The BET surface areas of the macroporous silica template and the carbon monolith

were found to be 24 and 187 m2 g-1, respectively. These values were lower than the

BET surface areas found for the mesoporous silica template and the carbon monolith

as was expected due to bigger pores.
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Fig. 4-16: Nitrogen sorption isotherms and pore size distribution (inset) of the macroporous silica
template and the carbon monoliths prepared by Method-II.

Table 4-1: Structural parameters of the silica templates and the carbon monoliths
produced by Method-II.

Sample BET Surface
Area (m2 g-1)

Pore Volume*
(cm3 g-1)

Pore Width
(nm)

Mesoporous silica template 119.2150 ± 0.2152 0.212 7.7

Macroporous silica template 24.1835 ± 0.1567 0.054 12

Mesoporous carbon monolith 324.7866 ± 1.1981 0.778 10.4

Macroporous carbon monolith 187.0689 ± 0.7126 0.296 25

* Single-point pore volumes correspond to a relative pressure of ~0.99.

d) Density and Mechanical Strength

Density of the walls of mesoporous and macroporous carbon materials was measured

using a pycnometer and were determined to be 2.2621 ± 0.0146 and 2.3102 ± 0.0152

g cm-3, respectively. Bulk densities of the samples were estimated by measuring the

weight and dimensions of the samples and were 0.84 ± 0.05 g cm-3 for the mesoporous

carbons prepared by 22 nm silica and 0.57 ± 0.07 g cm-3 for the macroporous carbon

prepared by 100 nm silica. Therefore, relative densities of the mesoporous and
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macroporous carbon materials prepared were 0.37 ± 0.02 and 0.25 ± 0.02,

respectively. This indicates that increasing pore size would decrease the relative

density of the material. Wen et al. [232] used equation (4-1) to calculate porosity of

ceramic foams and found that increasing pore sizes leads to an increase in porosity or

decrease in relative density.

s

sPorosity

 *

 (4-1)

where, ρs and ρ* are the density of the solid material that the walls of the porous

material are made of (helium density) and the bulk density of the porous material,

respectively. Considering this equation for calculating porosity of the fabricated

porous carbon materials, pore volumes of the produced mesoporous and the

macroporous carbons were found to be 63 and 75%, respectively.

Mechanical strengths of the porous carbons were examined by compression tests. Fig.

4-17 shows compressive strengths of the mesoporous and the macroporous carbons

prepared by silica templates which are 13 ± 0.65 and 10.7 ± 0.53 MPa, respectively.

Therefore, structures with smaller pore sizes were mechanically stronger.

Fig. 4-17: Compressive stress (MPa) vs. time (s) obtained from the compression tests of (a)
mesoporous and (b) macroporous carbon materials prepared from silica templates by Method-II.

Compressive strengths of the mesoporous and macroporous carbons were compared

with the theoretical values of porous glassy carbons with the same relative densities

0 5 10 15 20 25
0
2
4
6
8

10
12
14

(a) Mesoporous carbon

Co
m

pr
es

siv
e 

St
re

ss
 (M

Pa
)

Time (s)
0 5 10 15 20 25

0

2

4

6

8

10

12

Co
m

pr
es

siv
e 

St
re

ss
 (M

Pa
)

Time (s)

(b) Macroporous carbon



132

(Fig. 4-18). The theoretical strength values (the curve) is calculated from the Gibson

and Ashby equation (equation 1-4 [8] in Chapter 1) and they are plotted against the

relative densities as it was shown in Chapter 1, Fig. 1-23. Theoretical values of

mechanical strength for a porous glassy carbon with relative densities of 0.25 and

0.37 are 14.4 and 26 MPa, respectively whereas the mechanical strengths of the

prepared macroporous and mesoporous carbon materials were found to be 10.7 and 13

MPa. Therefore, no considerable change in mechanical strength of the prepared

porous carbons was observed at different relative densities. The mesoporous carbons

were also re-impregnated with FA and oxalic acid to examine the effect on the

mechanical strength of the carbon structures. The resulting mechanical properties of

the re-impregnated mesoporous carbons did not change, despite an increase of the

relative densities from 0.37 to 0.47. Hence, this deviation of mechanical strength of

the porous carbons from the theoretical values is most likely due to weak carbon

bonding of such structures. One method to improve the carbon bonding could be to

sinter or heat-treat the carbon structures at relatively high temperature (> 2000 °C),

which is unfortunately beyond the capability of our current experimental facilities.

Fig. 4-18: Theoretical values of compressive strength (MPa) of glassy carbon vs. relative density (—)
and compressive strength vs. relative density of (1) the macroporous and (2) the mesoporous carbon

materials prepared from silica templates by Method-II.
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e) Electrical Conductivity

Electrical conductivity of the mesoporous and macroporous carbon materials prepared

by silica templates was estimated using the four point technique as described in

Section B.5 of Appendix B. Conductivity of the mesoporous carbons was found 23 ±

2 S cm-1 and conductivity of the macroporous carbons was found 19 ± 1 S cm-1.

Therefore, porous carbons with smaller pore sizes showed higher conductivity due to

higher relative density of the mesoporous carbons compared to the macroporous

carbons but not to a great extent. Moreover, the measured conductivities of the

fabricated porous carbons were compared with the theoretical values (calculated in

Section 1.7 of Chapter 1) with the same relative densities (Fig. 4-19). The theoretical

values of electrical conductivity of porous glassy carbons with relative densities of

0.25 and 0.37 are 25 and 45 S cm-1, respectively. The theoretical value and measured

value were close for the macroporous carbons, but for the mesoporous carbons the

deviation of the measured conductivity and the theoretical value was more probably

due to the weak carbon bonding as discussed in the previous section.

Fig. 4-19: Theoretical values of electrical conductivity (S cm-1) for glassy carbon vs. relative density
(—) and conductivity vs. relative density of (1) the macroporous and (2) the mesoporous carbon

materials prepared from silica templates by Method-II.
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4.2.3 Summary

High surface area mesoporous and macroporous carbon monoliths (324 and 187 m2 g-

1, respectively) with homogenous pores were prepared by the templating method. Two

types of hard and soft templates were used. Polystyrene spheres were synthesised and

used as a soft template. It was found that the meso- and macro-porous carbon

structures prepared by polystyrene templates had some cracks in their structures due

to shrinkage because of the PS removal during the carbonisation process. Therefore,

colloidal silica was used to prepare hard templates. The carbon structures prepared

with silica templates were very uniform in porosity with a small shrinkage. However,

HF had to be used for removal of the silica templates from the structures. It was found

that the mechanical strength and the electrical conductivity of the porous carbons

prepared by silica template only increased slightly when the relative density

increased, due to weak carbon bonding; the mechanical strength and the electrical

conductivity of the mesoporous carbons were slightly higher than the macroporous

carbons.

4.3 Electrochemical Behaviour of the Porous Carbons
Fabricated

The electrochemical behaviour of the mesoporous and macroporous carbon monoliths

produced by silica templates was studied by cyclic voltammetry. Cyclic voltammetry

(CV) measurements of the fabricated carbon electrodes were performed using a three

electrode cell with a platinum counter electrode and a Ag/AgCl reference electrode in

a 0.1 M NaCl solution as electrolyte at room temperature (25 °C). Argon was used to

remove oxygen from the solution and to maintain an air-free atmosphere over the

solution during the measurements. The electrolyte solution was not stirred during the

tests and the carbon electrodes were sonicated in the electrolyte solution for 2-3 min

before the electrochemical tests. Cyclic voltammograms of mesoporous and

macroporous carbons produced by silica templates are shown in Figs. 4-20 and 4-21,

respectively. The CV curves were obtained between potentials of -0.2 and 0.6 V at

scan rates of 0.5,10 and100 mV s-1. It can be seen from the figures that at high scan

rates the curves were not flat (no electrochemical window was observed). However, at



135

slower scan rates more pores could be penetrated and the curves were found to be

more flat. Moreover, it was observed that at lower scan rates the capacitance of the

mesoporous and macroporous carbon electrodes (calculated from equation 1-7 in

Chapter 1) at the midrange potentials were higher (see Table 4-2). This was also

because more pores could be penetrated by ions at slower scan rates.

Fig. 4-20: Cyclic voltammograms of mesoporous carbon monoliths prepared by silica templates in 0.1
M NaCl solution at various scan rates (0.5, 10 and 100 mV s-1).

Fig. 4-21: Cyclic voltammograms of macroporous carbon monoliths prepared by silica templates in 0.1
M NaCl solution at various scan rates (0.5, 10 and 100 mV s-1).
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Table 4-2 illustrates the estimated capacitance values obtained from the CV curves of

the porous carbons. By comparing the capacitance values at lower scan rates, it was

observed that the charging/discharging capacitance values at the macroporous carbon

electrodes were higher than the mesoporous carbon electrodes.

Table 4-2: Capacitance values of the mesoporous and macroporous carbons at various
scan rates.

Carbon Scan rate

(mV s-1)

Capacitance (µF cm-2)

Charge                      Discharge

Mesoporous

0.5 2.8                               3.6

10 0.17                             0.10

100 0.017                           0.003

Macroporous

0.5 3.2                               4.2

10 0.11                              0.15

100 0.006                            0.01

1 mM potassium ferricyanide was added to the aqueous solution as a redox probe.

Fig. 4-22 presents the voltammetric curves of the macroporous carbons from the silica

templates in 1 mM ferricyanide/0.1 M NaCl at various scan rates. Broad

oxidation/reduction peaks with low intensities were observed for these electrodes.

These broad peaks reflected poor surface properties of the carbon electrodes with

respect to the redox process of ferri-/ferro-cyanide couple. Moreover, it was observed

that an increase of the scanning rate results in an increase of the current peak intensity

in the cathodic and anodic reactions. The anodic peak shifted from 0.28 to 0.38 V and

the cathodic peak shifted from 0.19 to 0.10 V by increasing the scan rate from 2 to

100 mV s-1. Thus the difference between the anodic and cathodic peak potentials

(ΔEp) at 2, 10 and 100 mV s-1 scan rates were 90, 140 and 280 mV, respectively. As

the peaks were very broad, calculation of the other properties of the electrodes such as

Specific Electrochemical Surface Area (SESA) and heterogeneous rate constant (K0)

of ferricyanide at the electrodes would not be very accurate and were disregarded. CV

curves of mesoporous carbon monoliths in 1 mM ferricyanide/0.1 M NaCl showed a

similar behaviour to the macroporous carbon electrodes, i.e. broad oxidation/reduction

peaks with low intensities.
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Fig. 4-22: Cyclic voltammetric behaviour of the macroporous carbons prepared from silica templates in
1 mM ferricyanide/ 0.1 M NaCl at various scan rates (2, 10 and 100 mV s-1).

4.4 Summary

High surface area porous carbon monoliths (> 180 m2 g-1) with homogenous pore size

distributions were fabricated using silica templates. The structure of these carbons

was more intact (without any apparent cracks and holes) than the structures of porous

carbons prepared from polymer templates due to the large shrinkage of the structures

occurred after polymer removal during the carbonisation process. Mechanical strength

and electrical conductivity of the macroporous carbon electrodes prepared from silica

templates were more close to the theoretical values than the mesoporous carbon

electrodes.

Electrochemical behaviour of the prepared carbon structures were examined by CV

and it was found that at high scan rates the electrochemical windows were not flat

because the majority of the pores could not be penetrated during the time scale of the

CV measurements. The charge/discharge capacitance at the electrodes was found

higher at the lower scan rates. Moreover, the oxidation/reduction peaks of ferri-/ferro-

cyanide were very broad and low in intensity due to the poor surface properties of the

fabricated carbon electrodes with respect to the redox process of ferri-/ferro-cyanide.
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Chapter 5: Carbon Electrodes in Large-Scales

5.1 Introduction

Microbial fuel cells normally require large electrodes to increase the efficiency of the

biofuel cell. It has been reported that the use of three-dimensional electrodes enabled

higher power output compared to two-dimensional or flat electrodes [233, 234]. This

is due to a higher surface to volume ratios which results in more bacteria attachment.

Therefore, there is a need of large three-dimensional carbon electrodes to be used in

microbial fuel cells. The meso- and macro-porous carbon materials prepared in the

previous chapters are suitable to be used in enzymatic fuel cells but not in microbial

fuel cells due to the difficulty in preparation of the electrodes in large-scales. In the

foaming method used in Chapter 3 for producing macroporous carbon materials, the

problem with shrinkage makes the process difficult to be used for producing large

electrodes. Moreover, the macroporous carbon electrodes prepared with the

templating method in Chapter 4 were highly porous and thus were not strong enough

to be produced in large-scales. Therefore, another method was developed for

preparing large porous carbon structures.

In this method two kinds of polymers with different thermal stabilities were used as

starting materials. One of them was a carbon precursor that tended to carbonise at

high temperatures while the other was a thermally decomposable polymer which

decomposed to gaseous product by heating under an inert atmosphere. In this work

polyfurfuryl alcohol (PFA) and polyethylene (PE) were used as the carbon precursor

and thermally decomposable polymer, respectively. After mixing the two polymers

and moulding, the mixture was pressed, cured and carbonised. A macroporous carbon

structure with walls containing mesopores was obtained. The structure was

mechanically stable and could be produced in different shapes and sizes. The

electrochemical behaviour of these structures was examined.
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5.2 Preparation of Porous Carbon Electrodes

Polymer blend technique was used to fabricate porous carbon electrodes in large-

scales. In this method a mixture of polyethylene powder (particle size 180 µm),

polyfurfuryl alcohol (viscosity: 7500 cP), with a volume ratio of 12 to 1 (this volume

ratio is an optimum after testing various volume ratios and checking the structures

after the carbonisation), respectively and a solution of oxalic acid in ethanol

(concentration of oxalic acid in the whole mixture was 0.25 mol L-1), were prepared.

Afterwards, the mixture was placed in a mould and pressed. A schematic of this

process is shown in Fig. 5-1. After moulding, the samples were dried at 80-100 °C for

2-12 h depending on the sample size. This step polymerised the PFA further and

helped the hardening of the structure. Subsequently, samples were removed from the

moulds, cured and carbonised at 150 and 1000 °C, respectively under a nitrogen flow.

The nitrogen flow needed to be selected carefully as a high nitrogen flow (1500 mL

min-1) resulted in bending of the samples (Fig. 5-2). This was due to a temperature

gradient created in the tube furnace as a result of the nitrogen flow hence the flow was

set to 800 mL min-1. Some of the samples were impregnated with PFA in low

viscosity (~65 cP) and carbonised at 1000 °C for 2 h at a heating rate of 1 °C min-1,

after polymer burn out and carbonisation to make the structures stronger.

Impregnation of PFA in the carbon structures was facilitated by sonicating the

samples for 10 min to 1 h depending on the sample size.

Fig. 5-1: Schematic diagram of the polymer blend technique used for preparation of large porous
carbon electrodes.
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Fig. 5-2: A picture of porous carbon material (bended) prepared by the polymer blend technique and
carbonised under a nitrogen flow of 1500 mL min-1.

The curing and carbonisation cycle of the samples are shown in Fig. 5-3. It can be

seen from the figure that the samples were heated from room temperature to 150 °C at

a heating rate of 1 °C min-1 and were kept at this temperature for 4 h to complete the

curing process. In order to carbonise the samples, they were further heated from 150

to 400 °C at a heating rate of 1 °C min-1 and from 400 to 600 °C they were heated

very slowly (0.1 °C min-1) to avoid rupture of the structure. This temperature range is

the decomposition temperature range of polyethylene according to the data reported in

the literature [235]. Subsequently, the samples were heated from 600 to 1000 °C at a

heating rate of 1 °C min-1 and kept at 1000 °C for 2 h.

Fig. 5-3: A schematic diagram of curing and carbonisation cycle of the samples prepared by the
polymer blend technique.
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Porous carbon materials in different shapes and sizes were produced successfully with

the method described above. Fig. 5-4 shows picture of the prepared materials, in each

set of samples the larger sample is before the carbonisation and the smaller one is

after the polymer burn out and carbonisation. The properties of the fabricated

materials were examined with different characterisation techniques and are reported in

the following sections.

Fig. 5-4: Picture of porous carbon materials prepared in different shapes and sizes by the polymer
blend technique. In every set of samples the larger sample is before the carbonisation and the smaller

one is after the carbonisation.

5.3 Properties of the Fabricated Carbon Electrodes

5.3.1 Morphology and Porosity

Morphology of the porous carbons prepared by the polymer blend technique was

examined with field emission scanning electron microscopy and is shown in Fig. 5-5.

It can be seen from the figure that the porous structure was consisted of large pores (in

micrometric ranges) and small pores (in nanometric ranges) in the walls of the

structure. The large pores were resulting from the polyethylene (PE) particles

removed from the structure during the carbonisation of PFA and the small pores on

the walls were similar in morphology to the morphology of the PE particles (Fig. 5-6).

cm
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Fig. 5-5: Field emission scanning electron microscopy images of porous carbon electrode prepared
with the polymer blend technique after impregnation with PFA at different magnifications.

Fig. 5-6 shows SEM images of PE particles at different magnifications. It can be seen

that the particle sizes were 160 ± 30 µm and the particles were not block solid and

they contained some porosity that PFA penetrated inside and resulted in the porous

carbon structure with porosity on the walls.

Fig. 5-6: Field emission scanning electron microscopy images of the polyethylene particles at different
magnifications.

Porosity of the porous carbons was further studied with the mercury porosimetry

technique. Pore size distributions of porous carbons after polymer burn out and after

impregnation with PFA are presented in Fig. 5-7. Three peaks at 28, 5 and 0.4 µm

were observed for the porous carbon after polymer burn out and three peaks at 29, 6.5

and 0.25 µm were observed for the porous carbon after impregnation with PFA. The

pore size range for the porous carbon after polymer burn out was between 0.25 and

200 µm with the majority of pores at 28 µm, and for the porous carbon after

100 µm 10 µm

10 µm100 µm



143

impregnation with PFA was between 0.15 and 60 µm with the majority of pores at 29

µm.

As mercury porosimetry technique can only determine macroporosity of the porous

materials, in order to investigate mesopores on the porous carbon walls, nitrogen

adsorption/desorption method (see Section C.3 of Appendix C for further details) was

used. Pore size distributions of porous carbons prepared with the polymer blend

technique after polymer burn out and after impregnation with PFA are presented in

Fig. 5-8. It can be seen from the figure that the pore diameters decreased from 32 to

14 nm after impregnation with PFA.  The porous carbon after impregnation with PFA

showed another pore diameter peak at about 4 nm. Moreover, it was observed that the

mesoporosity volume of the porous carbons after polymer burn out was less than the

porous carbons after impregnation with PFA whereas, the macroporosity volume of

porous carbons after polymer burn out was more than porous carbons after

impregnation with PFA (Fig. 5-7).

Fig. 5-7: Pore size diameter (µm) vs. Log differential intrusion (mL g-1) for porous carbons prepared by
the polymer blend technique after polymer burn out (---) and after impregnation with PFA (—).
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Fig. 5-8: Pore size distributions (mesopore) of porous carbons prepared by the polymer blend
technique, after polymer burn out (---) and after impregnation with PFA (—).

5.3.2 Structure

Structure of the porous carbons prepared by the polymer blend technique was

examined by XRD and Raman spectroscopy. In order to investigate the structures by

XRD, the carbon materials were crushed to powders and the XRD pattern together

with the Raman spectrum of the carbons after impregnation with PFA are presented in

Fig. 5-9. The XRD pattern of the carbon materials showed three broad bands at 24,

43.5 and 80º which were assigned to (002), (01) and (110) diffraction peaks of

graphitic structure, respectively. Therefore, structure of the porous carbons was

amorphous with some degree of crystallinity. Moreover, the Raman spectrum showed

two broad bands at 1348 cm-1 (D-band) and 1580 cm-1 (G-band) which were

characteristic of disordered carbon. Thus, the XRD and Raman spectra indicated that

the carbon materials presented an amorphous structure similar to the structure of

carbonised PFA (glassy carbon) presented in Chapter 2.
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Fig. 5-9: (a) XRD pattern and (b) Raman spectrum of the porous carbons prepared by the polymer
blend technique and impregnated with PFA.

5.3.3 Shrinkage and Density

Shrinkage of the porous carbons prepared after polymer burn out and carbonisation

was examined by measuring the dimensions of the structures before and after polymer

burn out. It was found that the shrinkage of the materials were 22 ± 2% after polymer

burn out and carbonisation. Shrinkage after impregnation with PFA and carbonisation

was small and thus negligible.

Density of the walls of the porous carbon structures was measured by pycnometer (see

Section B.4 of Appendix B for further explanation) and for the porous carbon

materials after polymer burn out and after impregnation with PFA and carbonisation

was found 2.0541 ± 0.038 g cm-1 and 2.1241 ± 0.051 g cm-1, respectively. These

densities were slightly higher than the density of glassy carbon obtained from

carbonisation of PFA in Chapter 2 (1.899 ± 0.0176 g cm-3). This could be due to a

higher degree of polymerisation of PFA. Furthermore, bulk density of the structures

was estimated by dividing weight of the materials to their volumes. The bulk density

of the materials after polymer burn out and carbonisation was found 0.14 ± 0.02 g cm-

1 and the bulk density of the structures after impregnation with PFA and carbonisation

was found to be dependant on the size of the materials due to the different amount of

PFA impregnated in the materials. For example, bulk density of the materials with a

relatively small cross section (diameter of 10 ± 1 mm) was found 0.48 ± 0.02 g cm-1
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and bulk density of the materials with a greater cross section (diameter of 35 ± 0.03

mm) was found 0.32 ± 0.01 g cm-1. Thus, it was found that after impregnation with

PFA, the bigger the materials were, the smaller the bulk densities and hence the

relative densities were. This was because penetration of the PFA in the smaller

samples was easier and thus the resulting structures had thicker walls than the bigger

samples and therefore were denser.

Relative densities of the porous carbons prepared with the polymer blend technique

after polymer burn out did not depend on the materials size and were found to be 0.07

± 0.005 whereas, relative densities of the porous carbon materials after impregnation

with PFA and carbonisation depended on the materials size and found to be in the

range of 0.15 ± 0.01 to 0.22 ± 0.01 for the fabricated materials.

5.3.4 Mechanical Strength

Mechanical strength of the porous carbons prepared by the polymer blend technique

was estimated by compression tests and typical graphs obtained for the compressive

stresses of porous carbons after polymer burn out and after impregnation with PFA

and carbonisation are shown in Fig. 5-10. It was observed that the compressive

strength of the carbons increased by impregnation with PFA. Moreover, the tests

showed that the compressive strengths of the carbon materials changed by changing

the cross sectional area of the samples. This effect was investigated and is shown in

Fig. 5-11.

Fig. 5-11 illustrates the relation observed between compressive strengths of the

porous carbons and the sample diameters. Samples with diameters of (a) 11 ± 0.1, (b)

20 ± 0.1 and (c) 37.7 ± 0.5 mm  after polymer burn out and samples with diameters of

(a) 10 ± 0.02, (b) 18.5 ± 0.2 and (c) 35.5 ± 0.3 mm  after impregnation with PFA were

tested. It was observed that the compressive strengths of the materials decreased by

increasing the cross sectional area of the samples. However, this change of strength

with the samples’ cross sectional area was not strong for the samples after polymer

burn out. This could be because the relative densities of the samples after polymer

burn out with different diameters were found to be the same whereas, the relative



147

density of the carbon materials after impregnation with PFA was different for

materials with different diameters as discussed in the previous section.

Fig. 5-10: Compressive stress (MPa) vs. time (s) obtained from the compression tests of the carbon
materials (sample a) prepared by the polymer blend technique (a) after polymer burn out and (b) after

impregnation with PFA.

Fig. 5-11: Compressive strength (MPa) vs. sample diameter (mm) obtained for the porous carbons
prepared by the polymer blend technique with different diameters (a: 11, b: 20 and c: 37.7 mm) after

polymer burn out and after impregnation with PFA (a: 10, b: 18.5 and c: 35.5 mm).

The compressive strengths of samples a, b and c after polymer burn out and after

impregnation with PFA obtained from compression tests were compared with the

theoretical strength values of porous glassy carbons (calculated in Section 1.7 of

Chapter 1) and is shown in Fig. 5-12. It can be seen from the figure that the
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compressive strengths of the carbon materials with different diameters after polymer

burn out were very close to the theoretical values and compressive strengths of the

carbons after PFA impregnation with smaller diameters were closer to the theoretical

values compared to the samples with greater diameters. For instance, compressive

strength of sample (a) with a diameter of 10 mm was 11.9 MPa and the theoretical

value with the same relative density was 12 MPa whereas, sample (c) with a diameter

of 35.5 mm showed a compressive strength of 2.6 MPa and the theoretical value of

compressive strength with the same relative density was 6.7 MPa. The relatively low

mechanical strength of the big samples could be because the impregnation of the big

samples with PFA was more difficult than the small samples and thus the structures

after carbonisation was not as uniform as the small samples. However, the big

samples were strong enough to withstand machining and to be used in microbial fuel

cells (see Appendix F for pictures of the machined sample).

Fig. 5-12: Theoretical values of compressive strength (MPa) of glassy carbon vs. relative density (—)
and compressive strength vs. relative density of porous carbons with different diameters (samples a, b

and c) after polymer burn out (▲) and after impregnation with PFA (●).
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Electrical conductivity of the porous carbons was estimated by the four point
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that the conductivities of the carbons improved by impregnation with PFA. Electrical

conductivities of the porous carbons with different diameters (samples a, b and c)

after impregnation with PFA were found close to each other, in the range of 8-19.5 S

cm-1 depending on their relative density. The conductivities of the porous carbons

after polymer burn out and after impregnation with PFA were compared to the

theoretical values of conductivity of glassy carbon (calculated in Chapter 1, Section

1.7) with the same relative densities and are shown in Fig. 5-13. It can be seen from

the figure that the conductivities of the samples after polymer burn out as well as

samples (a) and (b) after impregnation with PFA were close to the theoretical values.

Deviation of the conductivity of sample (c) from the theoretical value was more than

samples (a) and (b), most probably because the structure of the big sample was not as

uniform as the other two samples.

Fig. 5-13: Theoretical values of electrical conductivity (S cm-1) for glassy carbon vs. relative density
(—) and conductivity vs. relative density of the porous carbons with different diameters (samples a, b
and c) prepared by the polymer blend technique after polymer burn out (▲) and after impregnation

with PFA (●).
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Ag/AgCl reference electrode in a 0.1 M NaCl solution as electrolyte at room

temperature (25 °C). Argon was used to remove oxygen from the solution and to keep

air-free atmosphere over the solution during the measurements and the electrolyte

solution was not stirred during the tests. Before the electrochemical tests, the

electrodes were sonicated in the electrolyte solution for 1-2 min to remove the air

bubbles from the pores.

Cyclic voltammogram of porous carbon produced by the polymer blend technique

after polymer burn out is shown in Fig. 5-14. The CV curves were obtained between

potentials of -2.5 and 0.6 V at scan rates of 10-100 mV s-1. It was observed that the

curves were flat in this potential range and the same behaviour was observed for the

carbon electrodes after impregnation with PFA.

In all the voltammograms presented here, the currents are normalised per unit surface

area of the electrodes, obtained from nitrogen adsorption isotherm using the BET

method (described in Section C.3 of Appendix C), which were found to be 7.7 m2 g-1

for the porous carbons after polymer burn out as well as after impregnation with PFA.

Fig. 5-14: Cyclic voltammograms of porous carbon electrodes after polymer burn out in 0.1 M NaCl
solution at various scan rates.
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Charging and discharging capacitance at the electrode/electrolyte interface was

evaluated using the cyclic voltammograms and equation 1-7 in Chapter 1, C = i/A.υ

(where, i is the current intensity, A is the BET surface area and υ is the scan rate).

The charging and discharging capacitance of the porous carbons after polymer burn

out at different scan rates are reported in Table 5-1. The capacitance were found to be

very low compared to the values reported in the literature for porous carbon

electrodes (10-20 µF cm-2) [125]. Furthermore, the capacitance were found higher at

lower scan rates and therefore the low capacitance might be due to high scan rates

used in this study. The majority of pores might have not been penetrated because of

too high scan rates.

Table 5-1: Capacitance of porous carbon electrodes after polymer burn out at various
scan rates.

Scan rate

(mV s-1)

Capacitance (µF cm-2)

Charge                      Discharge

10 0.32                              0.44

25 0.24                              0.32

50 0.20                              0.26

100 0.12                              0.18

Activity of the carbon electrodes was assessed in terms of the heterogeneous electron

transfer reversibility using 1 mM of potassium ferricyanide as a redox probe. Fig. 5-

15 presents voltammetric curves of porous carbons after polymer burn out in 1 mM

ferricyanide/0.1 M NaCl at different scan rates. It can be seen from the figure that an

increase in the scanning rate resulted in an increase of the current peak intensity in the

cathodic and the anodic reactions. The anodic peak shifted from 0.204 to 0.282 V and

the cathodic peak shifted from 0.107 to 0.024 V by increasing the scan rate from 10 to

100 mV s-1.

Fig. 5-16 shows voltammetric curves of porous carbon electrodes after impregnation

with PFA in 1 mM ferricyanide/0.1 M NaCl at different scan rates. It can be seen that

the behaviour of the carbon electrodes after impregnation with PFA is similar to the

carbon electrodes after polymer burn out. The current peak intensity of the cathodic
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and the anodic reactions shifted from 0.212 to 0.296 V and from 0.099 to 0.020 V,

respectively by increasing the scan rate from 10 to 100 mV s-1. It was observed that

the difference between the anodic and the cathodic peak potentials (ΔEp) of the porous

carbon electrodes after polymer burn out and after impregnation with PFA were very

close to each other and increased with increasing the scan rate (υ) (see Fig. 5-17).

Fig. 5-15: Cyclic voltammetric behaviour of the porous carbons after polymer burn out in 1 mM
ferricyanide/ 0.1 M NaCl at various scan rates.

Fig. 5-16: Cyclic voltammetric behaviour of the porous carbons after impregnation with PFA in 1 mM
ferricyanide/ 0.1 M NaCl at various scan rates.
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Fig. 5-17: ΔEp as a function of scan rate (υ) in 1 mM ferricyanide/0.1 M NaCl for the porous carbons
after polymer burn out (▲) and after impregnation with PFA (●).

Specific Electrochemical Surface Area (SESA) of the electrodes and heterogeneous

rate constant (K0) of ferricyanide at the electrodes were evaluated by the

electrochemical response of the porous carbons. For estimating the SESA, anodic

peak currents from the CV curves were used in the equation 1-5 (in Chapter 1) and

diffusion coefficient of 1 mM ferricyanide in 0.1 M NaCl was assumed 7.2 × 10-6 cm2

s-1 [216, 217]. The SESA of the porous carbon electrodes after polymer burn out and

after impregnation with PFA was found 8.5 ± 0.3 and 10.7 ± 0.6 cm2 cm-3,

respectively (see Table 5-2). The lower SESA of the electrodes after polymer burn

out compared to after impregnation with PFA might correlate to a lower conductivity

which is determinant for the electrodes electrochemical response.

The heterogeneous rate constant, K0, was estimated using the equation below derived

from the equation 1-8 in Chapter 1:

2/12
0 1078.2 K (5-1)

where, Ψ is the degree of reversibility and υ is the scan rate. The K0 values for carbon

electrodes after polymer burn out and after impregnation with PFA at different scan

rates are reported in Table 5-2. Carbon electrodes after polymer burn out showed

slightly higher K0 values. This might be due to different surface states of electrodes
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after impregnation with PFA and after polymer burn out as it has been shown that the

electron transfer rate of ferri-/ferro-cyanide at glassy carbon electrodes is very

sensitive to the state of the electrodes surface. For instance, the heterogeneous rate

constant of a bare glassy carbon electrode increased from 1 × 10-4 cm s-1 to 2 × 10-2

cm s-1 when it was chemically oxidised [236]. The K0 values obtained for the carbon

electrodes after polymer burn out and after impregnation with PFA were in the range

reported in the literature for heterogeneous rate constant of polished glassy carbon,

i.e. 0.45 × 10-2 [237]-0.14 cm s-1 [137], depending on the surface cleanliness and

electrode pretreatment.

Cathodic peak current intensities of the porous carbon electrodes after polymer burn

out and after impregnation with PFA increased as a function of square root of scan

rate (see Fig. 5-18), thus the electron transfer rate at the electrode surface was fast and

the reactions at the electrodes were controlled by diffusion [118].

Table 5-2: Calculated parameters of 1 mM ferricyanide/0.1 M NaCl at the carbon
electrodes after polymer burn out and after impregnation with PFA from the CV

curves at various scan rates.
Porous
carbon

υ
(mV s-1)

Ipa
(mA)

SESA
(cm2 cm-3)

ΔEp
(V)

Ψ 102 K0
(cm s-1)

After polymer
burn out

10 0.87
± 0.02

8.25 0.097
± 0.011

0.60 5.27

25 1.47
± 0.03

8.82 0.145
± 0.014

0.24 3.34

50 2.08
± 0.04

8.82 0.177
± 0.019

0.16 3.14

100 2.76
± 0.06

8.28 0.258
± 0.028

0.066 1.83

After
impregnation

with PFA

10 0.93
± 0.02

11.35 0.113
± 0.012

0.42 3.69

25 1.30
± 0.03

10.04 0.147
± 0.014

0.23 3.20

50 2.00
± 0.04

10.92 0.175
± 0.018

0.16 3.14

100 2.70
± 0.05

10.42 0.276
± 0.030

0.056 1.56
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Fig. 5-18: Cathodic peak current as a function of (scan rate)1/2 in 1 mM ferricyanide/0.1 M NaCl for the
porous carbons after polymer burn out and after impregnation with PFA.

5.4 Summary

Polymer blend technique was used to prepare porous carbons in large-scales and

carbon electrodes in different sizes and shapes with mechanically stable structures

were successfully fabricated with this method. The structures were composed of pores

in the micrometric ranges with mesopores in the walls of the structures. The

mechanical strength and electrical conductivity of the carbon structures were

improved by impregnation with PFA. It was found that after impregnation and

carbonisation, size of carbon samples affected the mechanical strength and the

electrical conductivity due to different relative densities. The mechanical strength and

electrical conductivity of the samples after impregnation with PFA were close to the

theoretical values of glassy carbon with the same relative densities.

Electrochemical behaviour of the fabricated electrodes was examined by cyclic

voltammetry. The difference between the anodic and the cathodic peak potentials

(ΔEp) of the porous carbon electrodes after impregnation with PFA was close to the

electrodes after polymer burn out. The specific Electrochemical Surface Area (SESA)

of the electrodes after impregnation with PFA was higher than after polymer burn out

due to the higher electrical conductivity of the electrodes.
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Chapter 6: General Discussion

The proposed aim of this project was to fabricate porous carbon electrodes for hosting

catalytic enzymes and microbes in biofuel cells. These electrodes should possess

some specific properties for optimal use in biofuel cells: i) pore sizes of the porous

carbon electrodes match with the sizes of enzymes and microbes; ii) the electrodes

should have “high” mechanical strength and “high” electrical conductivity; and iii)

suitable surface chemistry for enzyme immobilisation. The sizes of enzymes are in the

nanometric ranges and the sizes of microbes are in the micrometric ranges. Therefore,

mesoporous and macroporous carbon materials should be fabricated for such

properties.

For all the carbon preparations in this project, polyfurfuryl alcohol (PFA) was used as

a carbon precursor. This polymer was chosen because it has a high carbon yield and it

is a thermoset resin so it maintains its shape during heating. Carbonisation of this

polymer produced glassy (vitreous) carbon with a high compressive strength (~143

MPa).

To prepare macroporous carbons for hosting microbes, a foaming method was used.

Three different methods of preparation were tested and the best method, in terms of

mechanical strength of the carbon foams, was chosen. In this method a two part

polyurethane mixture was mixed with a graphite powder. After polymer burn out by

heating to 400 °C slowly (0.1 °C min-1), the foams were impregnated with PFA and

carbonised to 1000 °C. In this method, graphite powder helped to reinforce the

structure as it is reported in the literature that addition of carbon fibres to the structure

would improve the mechanical strength of the carbon foams by reduction of the

brittleness and improvement of the density of the foams [147].

The majority of the pore diameters for carbon foams after first and second

impregnation with PFA was found to be 60 ± 10 µm, and after third impregnation was

found to be 50 ± 10 µm. The mechanical strength of the carbon foams impregnated

with PFA once, twice and three times was found 9 ± 1, 11 ± 1 and 11 ± 2 MPa,
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respectively. The strength of the foams was compared with the theoretical mechanical

strength values for glassy carbon with the same relative density and found to be close

(the theoretical strength value for glassy carbon with the same relative density as the

carbon foam after second impregnation is 12 MPa). The theoretical mechanical

strength values of glassy carbon in relation to relative density of the carbon was

calculated from the Gibson and Ashby equation [8]. Moreover, the compressive

strengths of the produced carbon foams were either similar or higher than the strength

reported in the literature for carbon foams. For example, the compressive strength of

carbon foams produced from coal precursors were reported to be 3 to 10 MPa

depending on their density (bulk density of 0.32-0.40 g cm-3) [46] and compressive

strength of highly porous reticulated vitreous carbon (RVC) was reported in the range

of 0.07-3.4 MPa depending on the porosity [63].

For producing mesoporous and macroporous carbons with pore sizes in the nanometre

ranges and homogenous pore size distribution, a templating method was used. Using

this method porous carbons with high surface areas (325 m2 g-1 and 187 m2 g-1 for the

mesoporous and macroporous carbons, respectively) were produced. The high surface

area of the carbons results in high enzyme loading and improves the reaction kinetics

and hence improves the power density of the biofuel cells.

In the templating method, two types of hard and soft templates were used. The carbon

structures obtained from the soft templates had some cracks as a result of large

shrinkage caused by the removal of the template during carbonisation. Silica beads

were used as hard templates and resulted in structures with homogenous pores. Silica

particles were slightly sintered to settle, which resulted in windows between the pores

in the carbon materials. These hierarchically porous structures usually have better

properties compared to single sized porous structures [238, 239]. This is due to

increased mass transport through the material from the large pores (macropores) and

at the same time having a high surface area because of the fine pores (mesopores).

Moulding and pressing of the silica particles resulted in stable silica templates which

were used for producing mesoporous and macroporous carbons by in situ

polymerisation of furfuryl alcohol (FA) in the pores of the templates. The method of



158

in situ polymerisation of FA is easier than the impregnation of the templates with PFA

because in order to get stable and strong structures, PFA with high viscosity (high

degree of polymerisation) should be used which makes the impregnation into the

nanometric pores of the templates difficult and time consuming. Mesoporous and

macroporous carbons with pore diameters of 19 ± 2 and 87 ± 16 nm, respectively

were produced. The only problem with using the silica templates was the removal of

silica from the carbon structures which had to be performed using hydrofluoric acid

(HF) that is a very strong and corrosive acid.

Compressive strengths of the mesoporous and macroporous carbons prepared by silica

templates were found 13 ± 0.65 MPa and 10.7 ± 0.53 MPa, respectively. No

mechanical strength values for porous carbon structures prepared by the templating

methods are reported in the literature. Moreover, electrical conductivity of the

mesoporous and macroporous carbons prepared by silica templates were found 23 ± 2

S cm-1 and 19 ± 1 S cm-1, respectively. These electrical conductivity values are higher

to a great extent than the electrical conductivity of the porous carbons prepared by the

templating methods reported in the literature. For example, for ordered mesoporous

carbon monolith (pores of ~7 nm) synthesised from a silica monolith and sucrose as a

carbon precursor, conductivity of 0.43 S cm-1 is reported [113]. Moreover, it was

observed that the mechanical strength and the electrical conductivity of the carbon

structures prepared by the templating method did not change much by increasing the

relative densities. This could be due to weak carbon bonding in the structures. Carbon

bonding can probably be improved by sintering the carbon structures at high

temperatures (> 2000 ºC).

An essential property of the electrodes in biofuel cells is high electrical conductivity.

The minimum required conductivity of an electrode in biofuel cell was estimated from

the mobility of charge carrier in glassy carbon and the charge carrier density. Thus,

the minimum required conductivity of the carbon electrodes estimated to be 18 × 104

S cm-1. This value was close to the conductivity of metals and for carbon materials

was only possible to get close to this value if the carbon was in the graphitic form and

the electron conduction was in the ab direction.
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As carbonisation of PFA leaded to a glassy carbon, with a conductivity of 900 times

less than the minimum conductivity required for an effective electron transfer (as

mentioned above), the electrical conductivity of the carbon materials needs

improving. Some methods such as addition of graphite powder to the carbon

precursor prior to carbonisation, as well as successive impregnations of the carbon

materials with the PFA helped improving the conductivity. It was found that addition

of graphite powder to the amorphous carbon structures increased the conductivity 17

times (from 6 to 102 S cm-1) and graphite foams after impregnation with PFA three

times showed 5 times higher electrical conductivity than the foams impregnated with

PFA only once.

Another method tested for enhancing the electrical conductivity of the produced

carbon electrodes was catalytic graphitisation of the amorphous carbons. Catalytic

graphitisation was used to improve the crystallinity of the carbons by formation of a

graphitic material. In this method nickel was used as a catalyst and two types of

graphitic carbons (T-component and G-component) were produced by addition of

different amounts of nickel to the glassy carbons. It was observed that the presence of

graphitic carbons improved the electrical conductivity (up to 50 times) compared to

the carbons with an amorphous framework.

Electrochemical behaviour of the amorphous and the graphitic carbon foams was

examined by cyclic voltammetry (CV) and the charge/discharge capacitance, specific

electrochemical surface area (SESA) and the electron transfer rate of the produced

electrodes were studied from the CV curves. It was observed that graphitisation of the

amorphous structures increased the SESA of the electrodes (from 31 to 107 cm2 cm-3)

and the carbon foam T-component showed the best reversibility (ΔEp = 0.26 V at 100

mV s-1 scan rate) and electron transfer rate (3.34 × 10-2 cm s-1 at 100 mV s-1 scan rate).

Moreover, reversibility of the carbon foam T-component (ΔEp = 0.17 V at 50 mV s-1)

was better than the reversibility of the reticulated vitreous carbon electrodes (RVC)

with ∆Ep = 0.20 V at the same scan rate [69]. The graphitic carbon G-component did

not show good electrochemical behaviour probably because of more nickel added to

the structure, even though nickel in the carbon electrodes was washed out by acid

before any investigations but a little amount might have left in the structures that
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made the electrodes heterogeneous. Furthermore, by examining the CV curves of the

porous carbons prepared by the templating method, it was found that at high scan

rates (> 0.5 mV s-1) the electrochemical windows were not flat because the majority

of the pores could not be penetrated by ions at the high scan rates.

Microbial fuel cells normally require large three-dimensional electrodes to increase

the efficiency of the biofuel cells. The foaming method could not be used to prepare

electrodes in large scales as the shrinkage was too high after the polymer burn out and

after the impregnation with PFA and carbonisation. Templating method was also

difficult to be used as obtaining stable large electrodes with open pores in micrometric

size ranges was very hard. Therefore, a polymer blend technique was used to produce

electrodes in large scales. In this method two kinds of polymers with different thermal

stabilities were used. One was the carbon precursor and the other was a thermally

decomposable polymer.

Electrodes with various shapes and sizes with mechanically stable structures were

successfully fabricated with this method. High viscosity of the PFA used in this

technique (7500 cP), as well as applying pressure to the PFA, that helps more cross-

linking of the polymer, were accounted for the strong and stable structures of the

electrodes. It should be noted that high viscous PFA was either not possible or very

time consuming to be used in the foaming and the templating methods. It was

observed that the electrical conductivity and the mechanical strength of the electrodes

improved by impregnation with PFA. Moreover, these electrodes were composed of

pores in the micrometric ranges (20-60 µm) with mesopores (200-400 nm) on the

walls of the structures which made them suitable for hosting either enzymes or

microbes. Electrochemically, the electrodes were found to be active and they showed

a quasi-reversible behaviour. The heterogeneous rate constant (K0) values obtained

for the carbon electrodes after the polymer burn out and after the impregnation with

PFA were in the range reported in the literature for K0 of polished glassy carbon, i.e.

0.45 × 10-2 [237]-0.14 cm s-1 [137], depending on the surface cleanliness and

electrode pretreatment.
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Chapter 7: Conclusions and Future Work

7.1 Conclusions

1. A foaming method was used for producing macroporous carbons for hosting

microbes. Porous carbons with pores of ~60 µm were prepared. This method was easy

to apply but was difficult to control pore sizes; particularly producing macroporous

carbons with pore sizes in the nanometre ranges was difficult.

2. In the foaming method, different process modifications were tested to improve the

mechanical strength of the foams and the best result was obtained when a mixture of

carbon precursor and graphite powder was used to produce the carbon walls of the

foams. The mechanical strength of the foams (~11 MPa) was found close to the

theoretical strength values of glassy carbon with the same relative density (12 MPa).

Successive impregnations of the foams with PFA did not improve the mechanical

strength.

3. Mesoporous and macroporous carbons with pore sizes in the nanometre ranges

(~19 and 87 nm, respectively) were produced by a templating method. This method

produced porous carbons with homogeneous pore size distributions. Porous carbon

structures prepared by soft templates (polystyrene) resulted in some cracks in the

structure due to a high shrinkage (31-35%), whereas carbon structures prepared with

hard templates (silica) were very uniform in porosity with a small shrinkage (~9%).

4. Mechanical strengths of the porous carbons prepared by the templating method are

reported here for the first time. Mechanical strength and electrical conductivity of the

mesoporous carbons of ~19 nm pore diameter and 0.37 relative density are ~13 MPa

and ~23 S cm-1, respectively, which are higher than those of the macroporous carbons

of ~87 nm and 0.25 relative density (~10.7 MPa and ~19 S cm-1, respectively), due to

the higher relative density in the former case. The electrical conductivities of the

porous carbons prepared by the templating method are higher to a great extent than

those reported in the literature (0.43-1.37 S cm-1 [112, 113]. However, the mechanical
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strength and the electrical conductivity of the mesoporous carbons deviates

considerably from the theoretical values of glassy carbon - more from the

macroporous carbon structures, due to weak carbon bonding of the structures.

5. Catalytic graphitisation of produced porous carbons by nickel improved the degree

of graphitization (from 0.67 for amorphous carbon to 0.21 for the G-component),

which in turn enhances the electrical conductivity of the amorphous carbons up to 50

times.

6. Electrochemical studies of the produced carbon foams by cyclic voltammetry (CV)

showed that the porous carbons had a quasi-reversible behaviour. Moreover, it was

observed that graphitisation of the amorphous structures increased the specific

electrochemical surface area (SESA) of the electrodes (from 31 to 107 cm2 cm-3) and

the carbon foam T-component showed the best reversibility (better than the

reversibility of RVC) and electron transfer rate (0.26 V and 3.34 × 10-2 cm s-1,

respectively at 100 mV s-1 scan rate).

7. Porous carbon electrodes in large-scales with mechanically stable structures (2.6-

12 MPa compressive strength, depending on their size) in various shapes and sizes

were produced with the polymer blend technique. These monolithic carbons were

composed of pores in the micrometric ranges (20-60 µm) that help efficient mass

transfer, with mesopores (200-400 nm) on the walls that enhance the surface areas of

the structures and hence improve enzyme and microbe loadings.

7.2 Future Work

1.   Engineering design of the carbon electrodes for biofuel cells should be considered.

For example, the electrodes fabricated in this work were all in cylindrical or cubic

shapes whereas, other electrode shapes might be better in terms of flow control.

Furthermore, according to the literature the use of three-dimensional electrodes

increased the volumetric power density of microbial fuel cells compared to the use

of two-dimensional electrodes [233, 240] thus in this work all the electrodes were

designed three-dimensionally, to host more enzymes and microbes. However,
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two-dimensional electrodes might be useful to use in other designs such as around

a solid block carbon electrode so that the high conductivity of the solid block

combine with the high enzyme loading in the pores of the carbon felt.

2.  Surface chemistry of the carbon electrodes in biofuel cells usually needs some

modifications for better enzyme attachments. Therefore, surface chemistry of the

produced carbon electrodes need to be analysed and the desirable surface

functional groups, for instance the oxygen groups exist on the edge planes of a

pyrolytic graphite, should be created on the electrode surfaces.

3.  Improvement of the electrical conductivity of the produced carbon electrodes by

the templating method and the polymer blend technique, by catalytic

graphitisation or by addition of graphite powder to the resin prior to carbonisation,

should be examined.

4.  The fabricated carbon electrodes should be tested in the real conditions to be

compared with the ones currently available in the market. They need to be tested

in terms of stability and oxidation. Moreover, the achievable efficiencies of the

biofuel cells using these electrodes need to be compared with the biofuel cells

using other types of electrodes.
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Appendix A: Biofuel Cells

A biological fuel cell (biofuel cell) is a device which directly converts energy stored

in substrate such as glucose and methanol into electricity using a microorganism or an

enzyme as catalyst. Its working principle is similar to that of chemical fuel cells. The

main differences are that catalyst in the biofuel cell is microorganism or enzyme and

therefore there is no need for a noble metal. Moreover, it tends to operate under mild

conditions (room temperature and neutral pH) [1]. These properties make biofuel cells

a useful device for applications where generating high temperatures is difficult, or

where harsh reaction conditions are undesirable. However, the performance of biofuel

cells is still far below the chemical fuel cells due to low power density, poor stability

and short lifetime.

The concept of biofuel cells is known for almost one century since the first microbial

fuel cell was presented by Potter in 1912 [2]. Further work by Cohen at Cambridge

led to development of batteries of microbial fuel cells capable of generating potentials

of more than 35 V [3]. The first enzyme-based biofuel cell was reported in 1964 by

Yahiro et al. using glucose oxidase as the anodic catalyst and glucose as the fuel [4]

and considerable improvements have been made since that time [5, 6].

A generalised scheme of a half-biofuel cell is presented in Fig. A-1. Two electrodes

are separated by a membrane and placed into a solution. A biological species such as

a microbial cell or an enzyme can either be in the solution or as a suspension within

the anodic compartment of the cell or alternatively can be immobilised at the

electrode. Once a suitable fuel is introduced, it becomes either partially or totally

oxidised at the anode and the electrons released by this process are usually employed

to reduce oxygen at the cathode [7].
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Fig. A-1: Schematic diagram of half-biofuel cell [8].

According to the source of the biocatalysts used, biofuel cells can be divided into two

groups, which are enzymatic fuel cells and microbial fuel cells.

1)  Enzymatic biofuel cells

Enzyme-based fuel cells are a popular focus for research due to the high biocatalysis

rate. In this type of biofuel cell, biocatalysts are directly involved in the redox reaction

to produce electricity. Fig. A-2 shows a schematic of an enzyme-based biofuel cell.

The fuel is enzymatically oxidised at the anode, producing protons and electrons. At

the cathode, the oxidant (usually oxygen or peroxides) reacts with electrons and

protons, generating water [9]. For example, reactions of oxidation of glucose at the

anode with glucose oxidase (GOx) as catalyst, and reduction of oxygen at the cathode

with laccase as catalyst, are as below [10]:

  eHtonegluconolaceglu 22cos (A-1)

OHeHO 22 244   (A-2)
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Fig. A-2: Schematic of enzyme-based biofuel cells [9].

The conventional low-temperature fuel cells generally use only H2 or primary

alcohols as fuels but enzymatic biofuel cells can use any substance that can be

oxidised by an organism. If the cathode catalyst is not sensitive to the fuel and the

anode catalyst is not suppressed by the oxidant, a membrane should not be necessary

which simplifies the design and hence the enzymatic fuel cells can be very small [11].

However, using enzymes as electrocatalysts has some disadvantageous which are as

follow [12]: 1) Even though the active sites of the enzymes may be very active

compared to the catalytic site of a conventional metal electrode, but the catalytic

density is low because of their large molecules, thus in order to produce enough

current, multilayer of enzymes are needed. 2) Electron transfer to or from the

electrodes are usually slow because of the position of the catalytically active sites and

use of an intrinsic electron relay system, such as a series of FeS clusters, in the protein

or an extrinsic mediator that can penetrate close to the active site is necessary. 3)

Long-term durability of the enzymes is difficult to achieve because they are unstable

outside the ambient conditions of temperature and pH.

One of the critical challenges in developing biofuel cells is inefficient electron

transfer between biocatalysts and electrodes. Recent progresses in enzyme

immobilisations at electrode surfaces have greatly facilitated the transfer of the

electrons and has made these molecules more desirable [13, 14]. Enzyme

immobilisation can be achieved in two different ways: physically or chemically (Fig.

A-3). Examples of physical enzyme immobilisation are adsorption on the electrode
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surface or entrapping the enzymes in polymeric matrices which usually keep the

enzymes better than surface adsorption [9].

Fig. A-3: Different methods of enzyme immobilisation; (a) adsorption, (b) covalent attachment [9].

2)  Microbial fuel cells

Microbes have some advantages over enzymes; they are usually cheaper to use as they

can be used as a whole living organisms and don’t need to be isolated or purified, they

can catalyse a more thorough oxidation of many fuels and can be less susceptible to

poisoning and loss of activity under normal operating conditions [7, 8]. However, by

using microbes it can be very difficult to use the electrons generated by the reactions

in the cell. To overcome this problem, mediators can be used which assist the

shuttling of electrons between the bacteria and the electrode. However, the

compounds chosen as mediators must satisfy a number of criteria. For instance, they

must be capable of being transported across the cell membranes of the micro-

organisms, and they must be non-toxic. The mediators can be coupled to the microbes

in three ways [15] (see Fig. A-4): (1) mediator shuttling between the microbe

suspension and the anode surface in the solution, (2) the mediator covalently linked to

the electrode surface, (3) the mediator adsorbed on the microbes.

Some microorganisms such as Fe(III)-reducing microorganisms are found to be

electrochemically active because they have cytochromes in their outer membranes

[15]. These microorganisms can directly transfer electrons on the electrodes without

using any mediators. However, these organisms can only use simple organic acids

such as acetate as the electron donor. In general, mediator-less fuel cells are more

advantageous compared to those with mediators in terms of cost and toxicity of some

mediators.

(a) Adsorbed enzymes (b) Covalently-attached enzymes
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Fig. A-4: Various ways of mediators’ attachment to the microorganisms: a, mediator and
microorganisms are present in the solution; b, microorganisms are covalently linked to the electrode

surface; c, mediators are covalently attached to the outer membrane of microorganisms [15].

There are many different potential applications of biofuel cells. For instance, in vivo

applications where the fuel used could be withdrawn without limit from the flow of

blood to provide a long-term or permanent power supply for devices such as

pacemakers, or glucose sensors for diabetics. A biosensor for glucose has been

developed using a glucose oxidase-based anode and cytochrome c cathode to generate

electrical current [16]. This process can be used in a biosensor format to measure the

glucose concentrations. Other potential uses of miniature fuel cells include power

sources for drug delivery systems [11].

Ex vivo potential applications of biofuel cells are diverse and include wastewater

treatment that microorganisms can generate electricity by degrading effluent [17].

Another potential application would be generating power for vehicles which would be

environmentally beneficial.
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Appendix B: Techniques for Characterising Structure
and Properties of Carbon Materials

B.1 X-Ray Diffraction

X-ray diffraction (XRD) technique is used to obtain information regarding the bulk

structure of carbon materials. This method provides a measure of the amount of

ordered material present and can be used to give an indication of the size of the

crystallites in the ordered structure. Samples are prepared as powders either in

capillaries or spread on a flat sample holder [1].

When a beam of X-radiation is directed to a crystalline material, diffraction of the X-

rays is observed at different angles with respect to the primary beam. The relationship

between the wavelength of the X-ray beam, λ, the angle of diffraction, 2θ, and the

distance between the planes of the crystal lattice, d, is given by the Bragg equation:

 sin2dn  (B-1)

where n is the order of diffraction. Using this equation, the interplanar distances of the

crystalline material can be calculated.  The interplanar spacing depends on the

arrangement of atoms in the crystal unit cell while the intensities of the diffracted rays

relate to both the diffracting power and the placement of the atoms within the unit cell

[2].

The crystallite size can be estimated from the Scherrer equation [3, 4]:

 cos/ BKL  (B-2)

In which L is a crystallite size (nm), B is the full-width-half-maximum (FWHM) of

the diffracted beam in radians, λ is the wave length of the X-ray (nm), θ is the Bragg

angle and K is a constant known as the Scherrer constant.
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All the XRD patterns presented in this project was obtained using a Siemens D500

instrument operating at 40 kV and 30 mA, using Cu Kα radiation (λ = 0.15406 nm). A

step width of 2θ = 0.05º and a count time of 4 s per step was used for all the samples.

B.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is used to study the structure and

morphology of materials by examining the diffracted and transmitted electron

intensities. A beam of high energy electrons is paralleled by electromagnetic lenses

and passed through the specimen [5]. The transmitted beam contains information

about electron density, phase and periodicity which are used to form an image on a

screen below the specimen. Fig. B-1 shows a schematic of TEM with its three

essential systems; electron gun and condenser system, the image-producing system

and the image-recording system. An electron gun produces the electron beam and the

condenser focuses the beam onto the specimen. The image-producing system consists

of the movable specimen stage, objective lens, and intermediate and projector lenses,

which focus the electrons passing through the specimen to form a highly magnified

image.

Fig. B-1: Schematic of transmission electron microscope [6].
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Specimen
Objective

Projector

Fluorescent

screen
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TEM images presented in this project were obtained using a JEOL JEM 2010

instrument with an accelerating voltage of 200 KV. Samples for TEM observations

were prepared by deposition of dilute suspension of the sample drops (e.g. 1 ml of

colloidal polystyrene was diluted with 5 ml of deionised water) on a copper grid and

drying.

B.3 Raman Spectroscopy

Raman Spectroscopy is based on the Raman Effect which is the inelastic scattering of

photons by molecules. When light is scattered from a molecule most photons are

elastically scattered. The scattered photons have the same energy (frequency) and,

therefore, wavelength, as the incident photons. However, a small fraction of light,

approximately 1 in 107 photons, is scattered at optical frequencies different from, and

usually lower than, the frequency of the incident photons. The process leading to this

inelastic scatter is termed as the Raman Effect [7].

The difference in energy between the incident photon and the Raman scattered photon

is equal to the energy of a vibration of the scattering molecule. A plot of intensity of

scattered light versus energy difference is a Raman spectrum.

Raman spectra presented in this report were all collected with a Renishaw Raman

microscope. A laser operating at a wavelength of 514.5 nm was used as a radiation

source.

B.4 Pycnometry

Pycnometer determines density and volume of a sample in any shape by measuring

the pressure change of helium in a calibrated volume. A simplified diagram of the

pycnometer is shown in Fig. B-2 [8].
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Fig. B-2: Simplified diagram of the pycnometer [8].

Presumably, both VCELL and VEXP are at ambient pressure (Pa) and ambient

temperature (Ta) and the valve is closed. VCELL is then charged to an elevated pressure

P1. The mass balance equation across the sample cell, VCELL, is:

acSAMPCELL RTnVVP  )(1 (B-3)

Where nc is the number of moles of gas in the sample cell, and R is the gas constant.

The mass equation for the expansion volume is:

aEEXPa RTnVP  (B-4)

Where, nE is the number of moles of gas in the expansion volume. When the valve is

opened, the pressure falls to an intermediate value, P2, and the mass balance equation

becomes:

aEacEXPSAMPCELL RTnRTnVVVP  )(2 (B-5)

By substituting equations (B-3) and (B-4) into (B-5) and making some

rearrangements, equation (B-6) is derived and is the working equation for the

pycnometer.

1
2

1 


g

g

EXP
CELLSAMP

P
P
VVV (B-6)

Calibrated Expansion

Volume

VEXP

VSAMP

Calibrated Sample

Cell Volume

VCELL
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P1g and P2g are gauge pressures and are defined as below:

ag PPP  11 (B-7)

ag PPP  22 (B-8)

VCELL and VEXP are determined by a calibration procedure and the pressures are

measured by a gauge pressure transducer [8].

Density of the produced foams in this project was measured using a Micromeretics

AccuPyc 1330 pycnometer, Fig. B-3.

Fig. B-3: Micromeretics AccuPyc 1330 Pycnometer [9].

B.5 Four- Point Probe Method for Electrical Resistivity

The oldest method of finding electrical resistivity (ρ) is to use a rectangular sample of

known dimensions and measure the electrical resistance (R) and use the relation R =

ρL/A, L is the sample length and A is the cross section. A disadvantage of this method

is that ρ will also contain a contact-resistance term which affects the calculated

electrical resistivity. The effect of contact resistance can be eliminated by use of the

two-point probe method. However, measurement with this method has also some

restrictions including; the current should be kept low to prevent sample heating, the

voltmeter must have a high input impedance, and the specimen cross section needs to

be uniform [10].
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Due to the drawbacks mentioned above, another method is introduced that offers the

most convenient mode of resistivity measurement, i.e. the four-point probe technique.

The four-point probe is a tool for measuring the resistivity of a material by contacting

its surface. The method is widely used in the semiconductor industry. The method is

normally non-destructive. However, the probe points may damage certain materials

when excessive probe pressure is applied. Current is passed through the outer two

probes and the potential developed across the two inner probes is measured (Fig. B-4)

[11].

Fig. B-4: Schematic of the linear four-point resistivity probe [11].

Resistivity measurements are geometry-dependent and quite sensitive to boundary

conditions. Due to this sensitivity, many correction factors have been calculated. For

example, for a thick sample with boundaries of larger than 10 times of probe spacing

and equally spaced probes, no correction is required and the resistivity is calculated

by equation (B-9) [12],

I
VS 2 (B-9)

Where S is the probe spacing (cm), V is the measured potential difference between the

inner probes (V), I is the current through the outer pair of probes (A), and ρ is the

resistivity of the material (Ω cm).

Electrical resistivity of all the samples in this project was measured by the four point

technique using a Jandel four point probing system, Fig. B-5. The probe spacing of

0.635 mm and a current of 1 mA were used for all the tests.
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Fig. B-5: Jandel four point probing system. Multi height probe with RM3-AR test unit [13].

B.6 Compression Test for Mechanical Strength

A compression test determines behaviour of materials under crushing loads. The

sample is compressed until it breaks and the compressive strength (MPa) is calculated

by dividing the maximum load (N) taken by the sample before crushing, by the

original cross-sectional area (mm2) of the sample.

All the mechanical strengths reported in this thesis were measured by compression

test using an Instron 8500 machine with a loading rate of 0.5 MPa s-1. To obtain flat

surfaces for the compression tests, cross-sections of the samples were grinded before

the tests.
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Appendix C: Techniques for Characterising Porous
Carbons

C.1 Scanning Electron Microscopy

In scanning electron microscopy (SEM), the sample surface is imaged in a cathode

ray tube (CRT) by scanning the surface with a high-energy beam of electrons

(primary electrons). This electron beam is produced from a tungsten filament and is

focused on an area of the surface with magnetic lenses in a high vacuum chamber

(Fig. C-1). The electrons interact with the atoms that make up the sample and produce

signals that contain information about the surface topography and composition of the

sample. The types of signals made by an SEM can include secondary electrons and

back scattered electrons coming from the beam of electrons striking the surface of the

specimen and interacting with the sample at or near its surface [1].

If the primary electrons (with their energy much higher than the energy of the

electrons bound to the nuclei) reflect from the surface without any energy interchange,

the electrons from the atoms on the top surface will be knocked out which are called

the secondary electrons. A high resolution image can be produced from these

secondary electrons. The morphology of the surface is determined by the contrast in

the image.

Backscattered electrons vary in their amount and direction with the composition

surface topography and crytallinity of the specimen. The contrast of an image

produced by backscattered electrons varies with the atomic number of the sample (the

higher the atomic number, the higher the contrast). This is useful to detect different

phases in specimens especially alloys.

In field emission scanning electron microscopy, a field-emission cathode in the

electron gun of a scanning electron microscope provides narrower probing beams as

well as high electron energy, resulting in both improved spatial resolution and

minimised sample charging compared to the conventional SEM.
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Scanning electron microscopy (SEM) of all the fabricated porous carbons in this

project was carried out using a Jeol JSM 6300 microscope. Field emission scanning

electron microscopy images of these samples have been taken using a Jeol JSM

6300F microscope.

Fig. C-1: Schematic drawing of a scanning electron microscope. CRT=cathode ray tube display [2].

C.2 Mercury Intrusion Porosimetry

Mercury porosimetry characterises a material’s porosity by applying various levels of

pressure to a sample immersed in mercury. The pressure required to intrude mercury

into the sample’s pore is inversely proportional to the size of the pores [3].

Mercury porosimetry is based on the capillary law governing liquid penetration into

small spaces. This law, in the case of a non-wetting liquid like mercury, is expressed

by the Washburn equation [4]:

D = (1/P) 4 σ cos θ (C-1)

D: Pore diameter

P: Applied pressure
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σ: Surface tension of mercury

θ: Contact angle between the mercury and the sample

Washburn equation states briefly that the pressure required to force a non-wetting

liquid to enter a capillary of circular cross-section is inversely proportional to the

diameter of the capillary and directly proportion to the surface tension of the liquid

and the angle of contact with the solid surface. The assumption that is used by

Washburn equation is that the pore or capillary is cylindrical and the opening is

circular in cross-section [3].

Porosity of the fabricated carbon foams in this project was studied with the mercury

porosimetry technique using a Micromeretics Mercury Intrusion Autopore IV Series

(Fig. C-2).

Fig. C-2: Micromeretics Mercury Intrusion Autopore IV [5].

C.3 Brunauer-Emmett-Teller (BET) Surface Area Analyser

Gas sorption (both adsorption and desorption) at the surface of porous materials is the

most widely used technique for determination of the surface area and pore size

distribution of porous materials. In a gas sorption experiment, the material is heated

and degassed by vacuum force or inert gas purging to remove adsorbed foreign

Low pressure ports

(0-50 psi)

High pressure port

(14.7-60,000 psi)
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molecules. Controlled doses of an inert gas, such as nitrogen, krypton or argon, are

introduced and the gas is adsorbed, or alternatively, withdrawn and desorbed. The

sample material is placed in a vacuum chamber at a constant and very low

temperature, usually at the temperature of liquid nitrogen (-195.6 °C), and subjects to

a wide range of pressures, to generate adsorption and desorption isotherms.

The amounts of gas molecules adsorbed or desorbed are determined by the pressure

variations due to the adsorption or desorption of the gas molecules by the material

(the adsorbent). Various amounts of gas molecules will be adsorbed or desorbed at

different doses of the gas (the adsorbate). Knowing the area occupied by one

adsorbate molecule, for example 16.2 Å2 for nitrogen, and using an adsorption model,

the total surface area of the material can be determined. The most well known and

widely used is the BET equation for multilayer adsorption [6]:
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where, P, P0, c, n and nm are the adsorption pressure, the saturation vapour pressure, a

constant, the amount adsorbed (moles per gram of adsorbent) at the relative pressure

P/P0 and the monolayer capacity (moles of molecules needed to make a monolayer

coverage on the surface of one gram of adsorbent), respectively. Through the slope

and intercept of a plot of P/[n(P0-P)] against (P/P0), nm can be resolved. The specific

surface area, S, can then be derived:

mAnNS  (C-3)

where, NA is the Avogadro’s number and σ is the area occupied by one adsorbate

molecule. Determination of pore size and pore size distribution of porous materials

can be made from the adsorption/desorption isotherm using an assessment model,

suitable for the shape and structure of the pores. Various classifications of gas

adsorption isotherms and adsorption/desorption hysteresis loops are described in the

following sections.
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C.3.a Classification of Gas Adsorption Isotherms

Gas adsorption isotherms are classified into six categories (see Fig. C-3). Isotherms

Type I show large adsorption at low relative pressures and then become even. This

type of isotherm is considered to indicate adsorption in micropores or monolayer

adsorption. However, it may also be observed for mesoporous materials with pore

sizes close to micropore ranges. It has been derived from the results of some studies

that when a Type I isotherm does not level below the relative pressure of 0.1, the

sample is mostly or entirely consisted of mesopores [7].

In Type II and III isotherms the adsorption and desorption branches of the isotherm

coincide and there is no adsorption/desorption hysteresis. Both isotherms exhibit the

multilayer formation of the adsorbate on macroporous solids as the relative pressure

increases [8]. Type IV and V isotherms show the adsorption on mesoporous solids

that is initially similar to the adsorption on macroporous solids but at higher pressures

the amount adsorbed rises steeply due to the capillary condensation in mesopores.

After the pores are filled, the adsorption isotherms level off. The hysteresis loops

appear because the capillary condensation and capillary evaporation do not usually

occur at the same pressure. However, it was suggested [9] that the capillary

condensation-evaporation in mesopores may also be reversible (Type IVc isotherm

[8]).

Fig. C-3: Classification of gas adsorption isotherms [8, 10].
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C.3.b Classification of Adsorption-Desorption Hysteresis Loops

As mentioned in the previous section, the adsorption process on mesoporous solids

usually accompanies by adsorption-desorption hysteresis. These hysteresis loops are

classified into four types, according to the IUPAC recommendations [10]. The Type

H1 loop presents almost vertical and parallel branches (see Fig. C-4). This type of

hysteresis loop is observed in the materials that consist of agglomerates or compacts

of spherical particles that are arranged uniformly and the appearance of the H1

hysteresis loop on the adsorption isotherm of porous solid indicates the high pore size

uniformity and pore connectivity. The Type H2 hysteresis loop presents materials

with relatively uniform channel-like pores [11] and the Type H3 hysteresis loop that

does not level off at relative pressures close to the saturation vapour pressure shows

aggregates of plate-like particles. Type H4 hysteresis loop with parallel and horizontal

branches, shows the presence of large mesopores in a matrix with pores of smaller

size.

Fig. C-4: Classification of adsorption-desorption hysteresis loops [10].

All the nitrogen sorption isotherms in this report were measured at -195.85 ºC on

ASAP 2420 accelerated surface area and porosimetry system, micromeritics (Fig. C-

5). Before adsorption measurements each sample was outgassed under vacuum for 5 h

at 200 ºC. All the BET surface areas were calculated from the nitrogen adsorption

isotherm in the range of relative pressures from 0.06 to 0.26. Pore size distribution
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curves of all the samples were calculated by the Barrett-Joyner-Halenda (BJH)

method [12].

Fig. C-5: Micromeritics ASAP 2420 surface area and porosimetry system [13].
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Appendix D: Analysis of Surface Functional Groups

There are traditional methods as well as modern instrumentation to analyse the

surface functional groups on carbon surfaces which are summarised below.

D.1 Titration

Titration is a common laboratory method that is used to determine the unknown

concentration of a known reactant. This method can be used to evaluate acidic and

basic surface groups and is particularly useful when is used in combination with other

methods [1]. However, this method has its drawbacks such as requirement of large

amount of sample for quantitative analysis and is very time consuming. For instance,

to differentiate carboxyl, lactones, hydroxyl and carbonyl groups in carbon materials,

they should be suspended in solutions of sodium bicarbonate (NaHCO3), sodium

carbonate (Na2CO3), sodium hydroxide (NaOH) or sodium ethoxide, respectively for

several hours to determine their acidic surface groups. However, not all the existing

oxygen on the carbon surfaces can be determined by this method. Some oxygen could

be bonded within the graphene layers (in-ring) and therefore, would be non-reactive.

In addition, some carbonyl groups might not be able to react with the alkaline

solutions [2, 3].

D.2 Fourier Transform Infrared (FTIR) Spectroscopy

In IR spectroscopy, radiation in the infrared region interacts with the material and

excitation of vibrational modes of the chemical bonds between molecules is probed

with wavelength dependent attenuation of the incident beam. Resonance occurs when

the energy of the incident beam corresponds to the vibrational energy level of a bond

and this is when the energy from the incident beam is absorbed and detected. The

position of a vibrational band in the spectrum is related to the type of the chemical

bond and deviations from typical positions contain information about the chemical

nature surrounding this bond [4]. There is a limitation of using IR spectroscopy for

carbon materials due to the high absorbance of carbon. Development of diffuse

reflectance infrared Fourier transform spectroscopy (DRIFTS) has helped to



209

overcome this limitation. In this method, one part of the IR beam is reflected at the

solid surface and another part of the beam is transmitted through the solid where it can

interact in many directions. This transmission-reflectance can occur many times and

the scattered IR energy is collected by a spherical mirror and focused on to the

detector. This method is a useful method in analysis of the functional groups on

carbon surfaces [5-7].

Some of the oxygen groups on carbon surfaces and their assignments in infrared

spectra are shown in Table D-1.

Table D-1: Infrared spectra assignments of functional groups on carbon surfaces [6].

Oxygen groups                                                               Assignment regions (cm-1)

1000-1500        1500-2950        2950-3700

C-O stretch in ethers                                   1000-1300

Alcohols                                                      1049-1276                                  3200-3640

Phenolic groups

C-OH stretch                                            1000-1220

O-H 1160-1200                                   2500-3620

Carbonates: carboxyl carbonates                1100-1500 1590-1600

Aromatic C = C stretching                                                    1585-1600

Quinones                                                                               1550-1680

Carboxylic acids                                         1120-1200         1665-1760         2500-3300

Lactones                                                      1160-1370         1675-1790

Anhydrides                                                  980-1300           1740-1880

Ketenes 2080-2200

C-H stretching                                                                                                 2600-3000

As it can be seen from Table D-1, the interpretation of the IR spectra can be

complicated. This is because each group develops several bands at different wave

numbers and therefore each band may include contributions from various groups. In

addition, this method can only be applied to highly oxidised carbons; otherwise the

intensity of the absorption bands is not high enough to be detected [8].

The infrared spectrum presented in this work was recorded on an Excalibur HE series

FTS 3100 instrument from Digilab.
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D.3 X-ray Photoelectron Spectroscopy (XPS)

In XPS, a beam of X-ray irradiate a material and core electrons of the material are

excited and leave the atoms while simultaneously measuring the kinetic energy and

number of electrons that have escaped. The measured kinetic energies are used to

estimate the binding energy. The differences in binding energy for various binding

states are small, especially with electronegative elements such as oxygen, compared to

the line width and hence a deconvolution of overlapping peaks is necessary [2].

As an example, functional groups of a fibre treated with ozone, determined by XPS

from O1s peaks and the corresponding binding energies, are shown in Fig. D-1 and

Table D-2.

Fig. D-1: Functional groups determined with XPS showing the relevant oxygen atoms at their
corresponding binding energies in Table D-2 [9].

Table D-2: Functional groups determined by XPS from the O1s peaks [9].

Group Binding energy (eV) Functional groups

1 531.1 C═O groups

2 532.3 Carbonyl oxygen atoms in esters, amides,

anhydrides and oxygen atoms in hydroxyls or

ethers.

3 533.3 Ether oxygen atoms in esters and anhydrides.

4 534.2 Oxygen atoms in carboxyl groups.
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D.4 Temperature Programmed Desorption (TPD)

This technique involves heating of an oxidised carbon in vacuum or in a flow of

helium with a constant heating rate (often 10 K min-1) and measuring the evolved

gases (usually water, carbon dioxide and carbon monoxide) by a mass spectrometer.

Carbon dioxide and carbon monoxide come from the decomposition of carboxyl-type

groups and from carbonyl, hydroxyl and ether oxygen, respectively [2, 3]. Table D-3

summarises the evolved gases from different functional groups obtained by the TPD

technique. The evolution of CO or CO2 from surface oxidised carbons does not occur

at fixed temperatures. It depends on the heating rate and can be shifted to lower

temperatures by slower heating and vice versa [9].

Table D-3: Evolved gases, obtained by TPD technique, from functional groups
present on carbon surfaces [9, 10].

Functional groups Evolved gas (CO or CO2) and

evolution peak temperatures (°C)

Carboxylic groups (strongly acidic) CO2 @ 200-250

Lactones, lactoles and anhydrides CO2 @ 350-400

CO2 @ 627

Peroxides CO2 @ 550-600

Anhydrides CO @ 400-450

Phenols and/or hydroquinones CO @ 600-700

Carbonyls and/or quinones CO @ 800-900

Carbonyl and/or ether CO @ 700-800

The surface oxygen complexes formed on carbons with different methods are usually

stable to about 250 °C. Outgassing around this temperature results in evolution of

gases mostly consist of carbon dioxide and water vapour. There is very little carbon

monoxide at this temperature. Around 500 °C, however, the evolution of carbon

monoxide also commences and with increasing temperature the ratio of CO2/CO

continuously decreases. Above 600°C, the evolved gas is largely carbon monoxide

[11].

The TGA instrument used in this project was a Setsys 16/18 TG-DTA.
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Appendix E: Other Instruments and Materials Used in
this Project

1) Tube furnace: A horizontal vacuum tube furnace (Lenton, Model VTF

15/75/450) was used for all the heat treatments, curing and carbonisations performed

in the experiments (Fig. E-1). The maximum temperature that the furnace could reach

was 1500 ºC.

Fig. E-1: Lenton vacuum tube furnace.

2) Spark plasma sintering (SPS): is a method for rapid sintering, where the sintering

cycle can be completed in minutes. In SPS process, powders are sintered under the

simultaneous effect of current and pressure (Fig. E-2). The SPS process uses pulsed

high DC current along with uniaxial pressure to sinter powders with a high heating

rate. Some of the benefits of using the SPS process compared to the conventional

consolidation methods include; achieving a higher density, improved mechanical and

electrical properties of the materials [1, 2].

Sintering of the carbon foam prefroms accomplished using a Model HPD-25/1 FCT

spark plasma sintering system (Rauenstein, Germany). For all the samples, the applied

heating rate was 100 ºC min-1 and using a die no pressure was applied during the SPS

experiments.
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Fig. E-2: Schematic of spark plasma sintering (SPS) process [1].

3) Viscometer: A Viscometer Model B (Tokimec, Tokyo) was used for measuring the

viscosity of the polyfurfuryl alcohol used in the experiments. The viscometer

measures a viscous resistance torque of liquid caused by a disc or cylinder rotated in

the liquid. In the viscometer, the dial rotates at a constant speed by synchronous motor

and the rotor rotates at the same speed of dial by a coupling spring (see Fig. E-3). If

the viscous resistance of liquid affects on the rotor, the spring will be given some

torsion and will go to an extent to balance the torque by viscous resistance of the

liquid and the restoring torque of the spring itself. Afterwards, the dial and rotor rotate

at the same speed as the twisted spring, and with the indicator needle attached to the

rotor, the torsional angle of the spring on the dial can be read. Torsion of the spring is

proportional to the liquid viscosity when the rotation of the rotor is constant, thus,

viscosity can be obtained by measuring the torsional angle [3]. A wide range of

viscosity can be measured by Viscometer Model B as the viscous resistance torque,

which is the source of giving torsion to the spring, is related to shape and dimension

of the rotors and rotation speed as well as liquid viscosity. For example, low viscosity

can be measured by using a large rotor and fast rotation speed and high viscosity can

be measured by using a small rotor and low rotation speed.
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Fig. E-3: Schematic drawing of Viscometer Model B [3].

4) Particle size analyser: A Zetasizer Nano (Malvern) was used for determining the

colloidal polystyrene and silica particle size distributions (Chapter 4). The Zetasizer

system determines particle sizes by measuring the Brownian motion of particles in a

sample using dynamic light scattering [4]. Brownian motion is the random movement

of the particles suspended in a liquid due to the collision with the molecules of the

liquid that surrounds the particles. The particles are illuminated with a laser and the

intensity fluctuations of the scattered light is analysed and is related to the size of

particles.

In the Brownian motion of the particles, small particles move rapidly and large

particles move more slowly. The relation between the size of a particle and its speed

due to the Brownian motion is defined by the Stokes-Einstein equation [5]:

r
KTD
6

 (E-1)

where, K is a constant and T is the absolute temperature, η is the viscosity of the

liquid, r is the radius of the particles and D is the diffusion coefficient of the particles.

The colloidal polystyrene samples were diluted with deionised water eight times and

three tests were run for each sample.

5) Electrochemical measuring system: Cyclic voltammetry measurements were

performed using a PGSTAT Autolab. In this technique, a potential applies to an
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electrode and increases according to the scan rate and the current is measured at the

end of each potential step.  All the carbon samples produced for electrochemical tests

were prepared as electrodes by connecting a copper wire to the samples using a silver

paste and gluing around the connection for insulation.

6) Hydraulic press: A 15 ton manual hydraulic press (Specac), Fig. E-4, was used to

press the silica particles into mesoporous and macroporous templates inside a

cylindrical die in Chapter 4, and a bigger hydraulic press (Clarke Strong-Arm, Model

AHP 25) was used to press the mixture of polyfurfuryl alcohol and polyethylene

powder prepared in Chapter 5.

Fig. E-4: 15 ton manual hydraulic press (Specac) [6].

7) List of materials used in the experiments and their specifications:

 Graphite powder, general purpose grade (> 99%, Fisher Scientific)

 Carbon powder, charcoal decolorizing powder activated, BDH # 330324E (BDH

Laboratory Supplies, Poole, England)

 Polyurethane, two-part foam (Grade GP1058A and GP1059A, Scott Bader,

Wellingborough, UK)

 Potassium ferricyanide (Fisher Scientific)

 Oxalic acid, anhydrous (≥ 99%, Fluka)

 Furfuryl alcohol (98%, Aldrich)
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 Sulphuric acid (98%, Aldrich)

 Hydrofluoric acid (40%, Fluka)

 Calcium carbonate (grade: Ph Eur, Fluka)

 Polyethylene powder, ultrahigh molecular weight-surface modified (180 µm

particle size, Aldrich)

 Ethanol (96% GPR, VWR)

 Nickel (II) nitrate hexahydrate (Ni(NO 3)2.6H2O), (≥ 98%, Fluka)

 Hydrochloric acid, analytical reagent grade (~36%, Fisher Scientific)

 Styrene (99%, Aldrich)

 Potassium persulphate,  A.C.S. reagent (≥ 99%, Sigma-Aldrich)

 Colloidal silica, Snowtex-ZL, particle sizes: 70-100 nm (Nissan Chemicals

Industries)

 Colloidal silica, Ludox AS-40, average particle size: 22 nm (Sigma Aldrich)
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Appendix F: Supplementary Results

1) Structures of the carbon foams after catalytic graphitisation: X-ray diffraction

(XRD) patterns of the samples prepared in Section 3.3.1 of Chapter 3 are presented in

Figs. F-1 and F-2. Addition of various concentrations of nickel salt and different

methods of addition to the amorphous carbon foams resulted in graphitic carbon T-

and G-components.

Fig. F-1: XRD patterns of the carbon foams after addition of 0.01, 0.05 and 0.22 mol L-1 nickel salt by
Method 1 that produced graphitic carbons T- and G-components.

Fig. F-2: XRD patterns of the carbon foams after addition of 0.004 and 0.11 mol L-1 nickel salt by
Method 2 that produced graphitic carbons T- and G-components, respectively.
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2) Graphitisation degree of the carbon foams: Raman spectra of the graphitised

carbons T- and G-components prepared in Section 3.3.1 of Chapter 3 by Method 2 are

shown in Figs. F-3 and F-4. Raman spectrum of at least three points on the samples

was taken and the figures below show the spectra of two points for each sample.

Fig. F-3: Raman spectra of graphitised carbon T-component produced by Method 2.

Fig. F-4: Raman spectra of graphitised carbon G-component produced by Method 2.
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3) Pictures of the machined porous carbon: Fig. F-5 shows pictures of the

machined porous carbon electrode produced by the polymer blend technique in

Chapter 5.

Fig. F-5: Pictures of the machined porous carbon electrode produced by the polymer blend technique
[provided by Dr. G. C. Premier from Department of Engineering, University of Glamorgan].
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