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Chapter 1

Introduction

Within the periodic table, the sixth element, carbon, shows several unique

characteristics making it one of the most important ones in ancient times

and modern chemistry. As the integral part of natural matter, carbon ma-

terials such as wood and coal were �rst used as combustible, constructing

materials or as pigment. After the discovery of the element character by the

french chemist Lavoisier around 1780, carbon became today's backbone of

a whole branch in modern chemistry (Organic Chemistry), mainly due to

its abundance and ability to bond with itself and other atoms in a plentiful

fashion. The nature of the bonding between carbon atoms is determined by

the electronic con�guration and gives rise to allotropes of completely di�er-

ent properties. In diamond, each carbon atom is bonded to four others (sp3

hybridization) forming a three-dimensional framework of cubic symmetry.

In graphite, each carbon atom is bonded to three others (sp2 hybridization)

forming planar sheets in a hexagonal stacking. These two allotropes impos-

ingly show the diversity in the carbon world. On one side, diamond is a

highly transparent material and known as the hardest natural material. It

does not conduct electricity whereas it can transport heat in an incompara-

ble way (more than 100 times better than aluminum). On the other side,

graphite is opaque, used for thermal insulation, conducts electricity and is

soft enough to be used as a dry lubricant. Graphite is the thermodynamically

stable form of carbon at moderate temperatures and pressures and melts at
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Chapter 1

4000 ◦C. Diamond only forms when high temperature is accompanied by

high pressure and can be found in nature only because the transformation

into graphite is kinetically hindered. The carbon family was extended by

famous discoveries in the 80's and 90's of last century: Carbon nanotubes

and fullerenes. Both allotropes are supposed to be very useful for future

applications [1�4]. For example, carbon nanotubes exhibit one of the highest

Young's moduli ever measured. Fullerenes, molecules that are shaped like

soccer balls, are supposed act as carriers for small molecules [5,6]. Other ex-

otic forms of carbon like carbon nanofoam - the solid with the lowest density

ever reported is supposed to be ferromagnetic [8] - or carbon nano-onions [9]

were also discovered during the last years. Figure 1.1 shows di�erent forms

of the element carbon.

Besides these forms of carbon, plenty carbon materials (e.g. in form of

powders, �bers, foams, fabrics or composites) were described and entered our

daily live. Carbon materials are solids with a high carbon content and struc-

turally in a non-graphitic state. For example, activated carbons are widely

used to remove harmful contaminates from liquids or the human body and

can be made from natural carbon sources such as wood or nut shells. Car-

bon �bers show excellent mechanical properties and resistance to corrosion

combined with low weight and are used e.g. in automobile and aeronautical

industry. Other carbon materials are used for thermal insulation, for gas

storage or as electrode material [10].

In all cases, it is the carbon structure on the molecular level (carbon mi-

crostructure) that determines all these properties. It is obvious that an exact

Figure 1.1: Di�erent forms of carbon: (a) Diamond, (b) Graphite, (c) C60
Fullerene, (d) Nanotube, (e) Amorphous carbon [7].
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Section 1.0

Figure 1.2: Schematic illustration of the carbon microstructure of non-
graphitic carbon.

knowledge of the carbon microstructure is highly desirable in order to tune

the properties of a carbon material for certain applications.

One focus of this work was to use a wide-angle x-ray scattering model

(WAXS model) by Ruland and Smarsly [11] as an advanced technique

to obtain very precised information about the carbon microstructure of non-

graphitic carbons. Brie�y, non-graphitic carbons consist of small graphene

stacks, usually in the nanometer range. The average dimensions of these

stacks (layer size and stack height) determine the degree of order in the

material. For example, small stacks of high polydispersity give rise to a

very disordered carbon material, whereas large stacks of small polydisper-

sity increase the degree in order. Such di�erences can be clearly seen in the

WAXS pattern of carbon materials. Non-graphitic carbons can be obtained

by simple heat treatment of carbon precursors (e.g. organic matter such as

sucrose or wood) under reductive atmosphere, yielding an almost pure car-

bon residue (a process called carbonization). Ideally, the carbon precursors

transform into graphite if they are heated su�ciently long at temperatures

higher than 2000 ◦C. An illustration of the microstructure of non-graphitic

carbon is shown in Figure 1.2.

The standard evaluation techniques (e.g. Raman spectroscopy) give only

limited information about the carbon microstructure, whereas the WAXS

model allows the determination of several structural parameters, such as

polydispersities of the graphene stacks or stresses within the material. Within

this work, the model was applied for the �rst time to a larger series of samples.

The evaluation of di�erent carbon precursors regarding their potential use in
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the synthesis of new non-graphitic carbon materials is discussed in Chap-

ter 3. In particular, the microstructure of carbon materials derived from

mesophase pitch is studied in detail, since this carbon precursor is known for

its good carbonization behavior and formation of a well-developed carbon

microstructure (i.e. large dimensions of the graphene stacks).

Porous Materials

Pores are found everywhere in nature and are crucial for the development of

life. As one example, trees transport water and minerals through pores to

even the their outermost parts. One can imagine that it is useful to have

several huge transport routes from which smaller ones branch o� into more

distant areas. Such a hierarchical porous structure is also found in the human

body. The lung is a widely branched porous organ where the exchange of

oxygen and carbon dioxide takes place at the interface between lung and

air. Clearly, the total uptake of oxygen increases with the total lung / air

interface area. The trachea is the main transportation route towards the

inner lung, where it �nally branches o� into around 300.000.000 small pores

of around 0.2 mm in diameter creating a surface area of around 70 - 80 m2

within the comparably small dimensions of a human body.

IUPAC de�nes pores according to their diameter d as:

• macropores (d > 50 nm)

• mesopores (d = 2 - 50 nm), and

• micropores (d < 2 nm).

The idea of a large, accessible surface area in a small space is desirable for

many chemical processes. Ideally, the chemical compounds are transported in

a mobile phase along the hierarchical pore system and react at the interface

between mobile and solid phase.

10



Section 1.0

Porous Carbon Materials

One of the main goals of the present work was to synthesize new carbon

materials which are particularly useful for energy applications, combining the

advantages of a hierarchical porous material with the advantages of carbon

itself.

It is found that certain carbon materials can reversibly store lithium ions.

Combined with the resistance to corrosion and electrical conductivity, such

carbon materials are used as electrodes in e.g. lithium ion batteries [12].

Lithium ion batteries are currently the most popular type of secondary bat-

teries used for portable electronic devices such as mobile phones or laptops.

Recently, this kind of batteries also attracted attention in the markets of

hybrid electric cars, electric cars or in novel transportation systems such as

the Segway PT R©. In particular, the well-known problem of climate change

and global warming boosted the worldwide launch of hybrid cars that are

powered by a petrol combustion engine and a battery that drives an electric

engine. In particular, the replacement of the classic combustion engine by

hybrid systems consisting of batteries on the one side and fuel cells, bio fuel

or clean diesel on the other side could help to reduce environmental damage.

Also, fuel cell technology still su�ers from unsolved engineering and scienti�c

problems making fully electric powered cars a promising technology in the

near future [13]. However, electric powered cars still lack feasibility since the

cruising range is limited and battery charging times are long. Thus, new ma-

terials have to developed in order to satisfy the demand for high performance

batteries. Also, so called supercapacitors that can quickly store and release

energy within seconds could accompany batteries as energy storage devices.

As a major part of this work, new hierarchical porous carbon materi-

als with macro- and mesoporosity were synthesized. Thereto, the so-called

nanocasting technique was used which allows the synthesis of inorganic nano-

porous materials by replication of hard or soft templates [14�16]. In particu-

lar, several silica materials with di�erent porosities could be already synthe-

sized that way. Ryoo et al. were the �rst in 1999 who used mesoporous

11



Chapter 1

silica as a template to create mesoporous carbon by replication of the silica

structure [17�19]. Since silica is a solid, inorganic material, this process is

called hard-templating. The nanocasting of porous carbon materials via the

hard-templating approach will be introduced in Chapter 4. As will be shown

there, several nanoporous carbon materials could be already synthesized that

way. However, the synthesized materials usually exhibited a very disordered

carbon microstructure which is particularly undesired for the use as electrode

material. Thus, mesophase pitch was used as carbon precursor in this work,

in order to obtain a hierarchical porous carbon material that exhibited at

the same time a well developed carbon microstructure.

In Chapter 4, a new hard-templating based synthesis procedure is in-

troduced that allowed for the �rst time the synthesis of a truly hierarchi-

cal macro-/ mesoporous carbon monolith using mesophase pitch as carbon

precursor. Also, the use or the synthesized material as electrode material

(battery) and support material (supercapacitor) is presented.

In Chapter 5, a new synthesis for hierarchical porous carbon materials

using the soft-templating approach is introduced. The main advantage of

soft-templating is that the template is a polymer that can be simply burned

o�, making the template removal a cheap and easy step. In contrast, hard

templates are usually removed by dissolution. One can imagine that soft-

templating of carbon materials is a challenge since carbon precursor and

template are of organic nature, but only the polymer is supposed to burn

o� during template removal. Thus, the synthesis of hierarchical macro- /

mesoporous carbon materials via soft-templating could be, until now, not re-

alized. The new synthesis takes advantage of the phase separation (spinodal

decomposition) between carbon precursor and polymer template. As will be

presented, the synthesis also allows the generation of monoliths and could

open a new pathway for the synthesis of inexpensive porous carbon materials.
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Chapter 2

Analytical Methods

This chapter gives a brief introduction into main analytical methods used in

this work.

2.1 Wide-Angle X-ray Scattering (WAXS)

Since the early days of x-ray scattering, structural studies of carbon materials

by WAXS were closely linked to the development of theory and experiment

since they o�er a wide structural variety ranging from perfect 3D order in

graphitic carbon to highly disordered non-graphitic carbon with many inter-

mediate states. In recent times, the study of disordered structures by WAXS

has been considerably improved due to advances in instrumentation and data

processing.

Three di�erent types of scattering are emitted when matter is irradiated

by x-rays: coherent (or elastic) scattering, Compton (or inelastic) scatter-

ing, and �uorescence radiation. Only the coherent scattering is required for

structural studies, the two others are structure independent. Especially for

atoms of low atomic number like carbon, the Compton scattering represents

a considerable part of the di�use intensity at higher angles and has to be

taken into account in advanced studies of highly disordered structures. Fluo-

rescence radiation (e.g. due impurities of Fe or Co in carbon materials when

Cu Kα radiation is used) can be avoided by using an appropriate wave length
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Chapter 2

of the primary beam.

The basic relationships between an arbitrary structure de�ned by its elec-

tron distribution ρ as a function of the vector r and the (coherent) scattering

intensity I as a function of the scattering vector s is given by

I(s) = |A(s)|2 (2.1)

The scattering amplitude A is related to ρ by a 3D Fourier transform F of

the form

A(s) = F (ρ(r)) =

∫
v

ρ(r) exp (2πi r s) dvr (2.2)

r s is the scalar product of r and s, dvr is the volume element in r space.

The vector s is de�ned by the scattering geometry

s = (S − S0)/λ (2.3)

λ is the wave length, S and S0 are unit vectors parallel to the directions of

the scattering and the primary beam, respectively. All vectors are de�ned in

a sample-�xed coordinate system.

If the structural units in the material are randomly oriented, the scat-

tering (called powder or Debye-Scherrer pattern) represents the spherical

average over the intensity contributions of the individual units, the resulting

intensity I(s) is thus a function of the absolute value s = (2sinθ)/λ of s only.

2θ is the angle between S and S0.

If the structural units in the material have a uni-axial orientation (tex-

ture), the resulting intensity I(s, φ) is represented by a cylindrically sym-

metrical distribution in s-space (reciprocal space). φ is the polar angle, i.e.

the angle between the direction of s and the principal axis of orientation.

If the scattering of such a material is measured in symmetrical re�ection on

di�ractometer and the principle axis of the orientation is perpendicular to

the surface of the sample, the observed intensity corresponds to I(s, 0).

Generally, the powder pattern of a material is a characteristic ��nger-

print� of the structure. Crystalline materials with large crystallite sizes and

low lattice disorder show a series of sharp interference lines and low di�use

14



Section 2.1

background. These lines are called Bragg re�ections, they are centered on

s values corresponding to shkl = 1/dhkl = (2 sin θhkl)/λ. θhkl is the Bragg

angle, hkl is the Miller index and dhkl is the Bragg spacing of the correspond-

ing net planes. The concentration of the scattering intensity on s = shkl

requires a perfect lattices of large size. The line pro�les increase in width

with decreasing size and increasing lattice imperfection. In the latter case,

the width also increases with increasing s values. Furthermore, the integral

intensity of the lines decreases and the di�use background increases so that

an appropriate line separation becomes eventually impossible.

2.1.1 WAXS pattern of graphitic carbon and

non-graphitic carbon

The powder pattern of well-ordered graphite shows a series of sharp re�ec-

tions at

shkl =
√

4(h2 + k2 + hk) /(3a2) + l2/c2 (2.4)

where a and c are the hexagonal lattice constants. Due to the symmetry of

the unit cell, the re�ections with odd values of l are absent if h − k = 3n.

A carbon material is called graphitic if re�ections with (hk) 6= (00) and l

6= 0, e.g. (101), (103), (112), (114) etc., are clearly visible in the powder

pattern. A quantitative characterization separating lattice size and lattice

disorder can be performed using standard methods of line pro�le analysis

(Warren-Averbach method) provided the overlap of neighboring line pro�les

is negligible.

A carbon material is called non-graphitic if only symmetric (00l) and

asymmetric (hk) re�ections can be detected in the powder pattern. The

asymmetry of the (hk) re�ections is produced by the anisotropic disorder

present in this form of carbon. This disorder is due to statistical rotations

and shifts (turbostratic disorder) of the individual carbon layers (graphenes)

parallel to each other in a given stack which destroys all interlayer correlation

except the parallel stacking. Figure 2.1a shows two WAXS patterns that are

typically of non-graphitic carbons.
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Figure 2.1: (a) Typical WAXS patterns of non-graphitic carbons. The (00l)
and (hk) re�ections are schematically illustrated in red and green color. (b)
Inter- and intralayer scattering in non-graphitic carbons between and within
the graphene layers.

Standard methods of line pro�le analysis are only possible on (00l) re-

�ections provided they can be e�ectively separated from neighboring line

pro�les. The minimum requirement for such an analysis are two complete

line pro�les of di�erent order, e.g. (002) and (004). This is practically impos-

sible since the (004) pro�le is, in general, heavily a�ected by the high-angle

tail of the asymmetric (10) line. Although a special method for the analysis

of single hk lines exists, the problem of line separation is comparable to that

of the (00l) lines [20].

This problem can only be solved by the �tting of theoretical intensity

distributions for a structural model containing all relevant parameters over

the total range of accessible s values. A model for the improved evaluation

of WAXS patterns from non-graphitic carbons is described in the following

chapter.
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2.1.2 Advanced analysis of WAXS patterns from non-

graphitic carbon - WAXS modeling

Within this work, a model for the wide-angle x-ray scattering of non-graphitic

carbons developed by Ruland and smarsly [11] was used for the advanced

structural analysis of several carbon materials. The basic concept of this

model (in the following denoted as WAXS model) is described in Ref. [11] as

follows:

Considering an intensity distribution Iobs obtained experimentally from a

sample of non-graphitic carbon without preferred orientation. The relation-

ship to the theoretical intensity distribution normalized in electron units per

carbon atom Ie.u. is then given by

Iobs = kAP (Ie.u. ⊗ hb), (2.5)

where k is the normalization constant, A the absorption factor, P the polar-

ization factor, and hb a normalized distribution representing the instrumental

broadening. ⊗ stands for the operation of hb on Ie.u. which can be expressed

as a convolution in small ranges of the scattering angle 2θ. Ie.u. is composed

of the coherent scattering Icoh and the Compton scattering Iincoh:

Ie.u. = Icoh + Iincoh

Icoh is composed of the interlayer interferences Iinter (i.e. the ensemble of (00l)

re�ections) and the intralayer interferences Iintra (i.e. the ensemble of (hk)

re�ections).

Icoh = f2
c (Iinter + Iintra) (2.6)

fc is the atomic scattering factor for carbon. No further components of Icoh
have to be taken into account provided that all carbon atoms are organized

in graphenes. If this is not the case, additional components have to be in-

troduced, e.g. for foreign atoms or for structures consisting of sp3 carbon

atoms. This so-called `non-organized carbon' produces a background scat-

tering without modulation. If the concentration of non-organized carbon is

17
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cn, and if the normalization of Iinter and Iintra is kept constant, Icoh is

Icoh = f 2
c [(1 − cn)(Iinter + Iintra − 1) + 1] (2.7)

The exact treatment of the inter- and intralayer interferences can be found

in the corresponding article [11]. Brie�y, following parameters referring to

the layer structure can be obtained from the WAXS model:

Symbol Parameter

La average layer size La :=
〈l2〉〈

l
〉

κa
polydispersity of the chord

length
κa =

〈l2〉〈
l
〉2 − 1

κR polydispersity of the radii κR = f(κa)
lcc average C-C bond length
σ1 disorder parameter
ε1 strain parameter

Table 2.1: Parameters of the WAXS model referring to the layer structure.

With 〈l〉 being the average chord length.

Parameters referring to the layer stacking are:

Symbol Parameter

Lc average stack height Lc = a3
〈N2〉〈

N
〉

κc polydispersity of the stack height κc =
〈N2〉〈
N
〉2 − 1

a3 average interlayer spacing a3 =
〈

c
2

〉
a3,min minimum of interlayer spacing

σ3
disorder parameter (variance of

a3)
η homogeneity of the stacks

Table 2.2: Parameters referring to the layer stacking.

〈N〉 is the average of N, being the number of graphenes per stack.
In the present case, the number distributions of l and N are assumed to

be Gamma distributions.

18
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Other parameters determing the intensity function Icoh are:

u3

root mean square displacement of a layer in the
direction

perpendicular to the layer plane caused by thermal
motion

cn concentration of non-organized carbon
q orientation parameter

Table 2.3: Other parameters that determine the intensity function Icoh.

The WAXS model considers di�ractometer measurements of �at pow-

der samples in symmetrical re�ection. Depending on the preparation of the

sample, an uniaxial preferred orientation of the carbon layers parallel to the

surface of the sample is possible. In this case, the interlayer scattering is in-

creased and the intralayer scattering is reduced. This is of importance, since

some samples investigated in this work showed such a preferred orientation.

The exact treatment of this e�ect is rather complicated. However, follow-

ing approximations can be used when the preferred orientation is relatively

small.

The orientation distribution (pole �gure) g(ϕ) of the (00l) re�ections was

chosen as

g(ϕ) =
(1 + q)q1/2

arctanh (q1/2) [(1 + q)2 − 4q cos2ϕ]
(2.8)

where ϕ is the angle between the perpendicular to the sample surface and

the perpendiculars to the layer planes. q is an orientation parameter, which

varies between zero (absence of preferred orientation) and unity (perfect par-

allel orientation of the layers).

g(ϕ) is normalized such that

π/2∫
0

g(ϕ) sinϕ dϕ = 1 (2.9)

The orientation corrections for an (hk) re�ection is approximately (Ru-
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land & Tompa, 1968):

Jhk,ori(s) = Jhk(s) g
[
arcsin

(shk

s

)]
(2.10)

g
[
arcsin

(shk

s

)]
=

(1 + q)q1/2

arctanh(q1/2)[(1 − q)2 + 4qs2
hk/s

2]
if s ≥ shk, and

(2.11)

g
[
arcsin

(shk

s

)]
=

q1/2

arctanh (q1/2) (1 + q)
if s < shk (2.12)

with Jhk being the normalized pro�le of an (hk) re�ection.

2.2 Raman spectroscopy of carbon materials

Raman spectroscopy is based on Raman scattering, i.e. the inelastic scatter-

ing of photons by phonons due to the change of polarization caused by the

phonon mode [21]. The shift in energy gives information about the phonon

modes present in the system, and thus information about the structure of

the sample. Usually laser light in the visible, near ultraviolet or near infrared

range is used for the experiments.

Raman spectroscopy is widely used for the analysis of carbon materials.

The most distinct Raman bands that are observed in carbon materials are the

D and the G band. Fig. 2.2a shows a typical Raman spectra of non-graphitic

carbon. The intensity ratio of D and G band as well as their exact position

correlate with the carbon microstructure. The corresponding G and D modes

are shown in Figure 2.2b. The D mode (around 1355 cm-1) is forbidden for

perfect graphite and appears only when the material exhibits disorder. Thus,

the presence of a distinct D band is usually correlated with a more disordered

carbon material. The G-mode (in the range of 1500 - 1630 cm-1) is related

to the in-plane bond-stretching motion of pairs of C sp2 carbon atoms and is

allowed for perfect graphite. Thus, its appearance is usually correlated with

less disorder in the carbon material. However, the G mode does not require

the presence of sixfold rings and occurs at all sp2 sites, e.g. in chains [22].

Tuinstra and Koenig correlated the ratio of these two Raman bands
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Figure 2.2: (a) Typical Raman spectrum of non-graphitic carbon and (b)
Carbon motions in the di�erent modes (picture taken from Ref. [22]).

with the layer size La of the graphenes by the following equation [23]:

I(D)

I(G)
=

C(λL)

La

(2.13)

Ferrari and Robertson proposed a modi�ed equation for layer sizes

below ∼2 nm [22] :
I(D)

I(G)
= C ′(λL)L2

a (2.14)

where I(D)/I(G) is the band intensity ratio, C(λL) and C'(λL) wave-length

depending pre-factors and La the layer size. The absolute values of the pre-

factors can be calculated according to Matthews et al. [24]

C(λL) ≈ c0 + λLc1 (2.15)

(3) with c0 = -12.6 nm and c1 = 0.033.

One drawback using these formulas is that the determination of the in-

tensity ratio I(D)/I(G) varies in literature. Usually, band heights, band

widths or integrated band areas are used for this purpose. Thereto, the

experimental data is �tted with pro�le shape functions. For example, Gaus-

sian, Lorentzian, Breit-Wigner-Fano or pseudo-Voigt functions are commonly

used. Also, the number of functions applied (two or multi-peak �t) varies in
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literature [25].

2.3 Nitrogen sorption

Nitrogen sorption is a widely used technique for the characterization of porous

materials. Adsorption is de�ned as the enrichment of one or more compo-

nents in an interfacial layer. The vice versa process is called desorption.

The adsorption process is classi�ed into chemisorption (adsorption involving

chemical bonding) and physisorption (adsorption without chemical bonding),

whereas the latter process is usually used for adsorption experiments, using

di�erent gases such as nitrogen, carbon dioxide or krypton as adsorptive.

Physisorption, in contrast to chemisorption, has the advantage to happen

comparably fast, allows multilayer formation and is in most cases a reversible

process.

The basic principle of this method is that the amount of adsorbed molecules

correlates with the surface area and porosity of the material. In a typical

experiment, the total amount of adsorbed gas is measured as a function of

the relative pressure p/p0, while keeping the temperature T constant. p0

is the saturation vapour pressure of the gas at the temperature T. The re-

sulting curves are called physisorption isotherms, consisting of an adsorption

and a desorption branch. Figure 2.3 shows six main types of physisorption

isotherms, according to the IUPAC classi�cation. Type I is typically for mi-

croporous materials. A steep increase at low relative pressures is followed by

a plateau. Pores of molecular dimensions show enhanced interactions with

the gas and are therefore �lled at small values for p/p0. Once the pores are

�lled, the isotherm reaches the horizontal plateau indicating a very small

external surface area. Type II is typically found for nonporous (or macro-

porous) materials. The point B indicates the completion of the monolayer.

At higher pressures, adsorption continues with the formation of more layers.

Isotherms of type III and V exhibit convexity towards the relative pressure

axis and are characteristic of weak gas-solid interactions. Similar to type II

isotherms, type III isotherms are found for nonporous (and macroporous)

materials. Type IV (and V) isotherms show a hysteresis loop, i.e. adsorption
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Figure 2.3: The six main types of gas physisorption isotherms, according to
the IUPAC classi�cation [26].

and desorption branch do not show an identical curve progression. The steep

increase of the curve is usually associated with the presence of mesopores that

are �lled by capillary condensation. The curve reaches a plateau, when all

mesopores are �lled. During desorption, the pores empty at lower relative

pressures. The shape of the hysteresis loop can give useful indications about

the pore structure (e.g. pore shape, uniformity, interconnectivity) but in-

terpretations are di�cult and still under discussion, since most mesoporous

materials posses complex pore networks of irregular size and shape. In this

work, mainly type IV isotherms were found for the synthesized material.

Type VI isotherms are seldomly found and represent the step-wise multi-

layer adsorption on a homogeneous nonporous solid [26�28].

2.3.1 Classical analysis

Various mathematical models were developed to calculate key parameters

such as surface area and pore size distribution from the physisorption iso-

therms. While all sorption models are based on certain assumptions and

simpli�cations, the resulting values have to be carefully interpreted. Espe-

cially the classical theories are based on simple, but straight forward models

and are still commonly used. The two most prominent classical models for
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determination of surface area (BET model, 1938) and pore size distribution

(BJH model, 1951) are introduced in the following.

The Brunauer-Emmett-Teller (BET) [29] theory results into the equation

p/p0

n(1 − p/p0)
=

1

nmC
+

C − 1

nmC
(p/p0) (2.16)

with the total amount of adsorbed molecules n and the monolayer capacity

nm. C is correlated with the adsorption- and condensation enthalpies. As

two important assumptions, the model implies that all adsorption sites for

multilayer adsorption are of the same energy and all layers after the �rst

one show liquid-like properties. A straight line is gained by plotting the left

side of the equation against p/p0 (usually in the range between p/p0 = 0.1

- 0.35). nm and C can be derived from the ascending slope and the axis

intercept, respectively. The speci�c surface area can be calculated from nm

by assuming an average area σ that each adsorbed molecule occupies on the

surface. Besides the before mentioned assumptions, the exact value of σ is

not accurately known and still under discussion [30,31]. Usually, values for σ

around 0.162 nm2 are assumed for the adsorption of nitrogen. Furthermore,

the presence of micropores can strongly a�ect the results obtained by the

BET theory since the model does not account pore �lling at low relative

pressures.

The classical models of calculating mesopore size distributions are based

on the Kelvin equation, with the most famous one developed by Barrett,

Joyner and Halenda (BJH model) [32]. The BJH model uses the (modi�ed)

Kelvin equation as the mathematical expression for the observation that the

gas condensates in the pores before reaching its saturation pressure p0,

rp(p/p0) =
2γVm

RTln(p0/p)
+ t(p/p0) (2.17)

with γ and Vm as surface tension and the molar volume of the liquid, rp
the pore radius and R, the universal gas constant. Besides the presence of

cylindrical pores, the model assumes physisorption on the pore walls prior to

the condensation. The thickness of the physisorbed �lm before condensation
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is t. However, three main concerns question the validity of this formula

[26, 33�35]. Firstly, the exact relation between the meniscus curvature and

the pore size, especially when the pore shape does not resemble a cylinder.

Secondly, the validity of the formula for smaller mesopores and thirdly, the

assumed constancy of the surface tension that probably varies with the pore

diameter.

The total pore volume can be obtained by the amount of gas adsorbed

at the plateau, provided that the condensate has the same density as bulk

liquid at the same temperature.

2.3.2 Advanced analysis - Non-local density functional

theory (NLDFT)

Non-local density functional theory (NLDFT) is a more modern approach

that resolves many of the aforementioned concerns. In contrast to the �macro-

scopic� approaches described above that fail on the molecular level, NLDFT

models describe the local structure of the �uid close to the curved solid pore

walls. Thereto, adsorption isotherms in model pores (e.g. cylindrical, spher-

ical or slit shape) are calculated based on the intermolecular �uid-�uid and

solid-�uid interactions.

A generalized adsorption isotherm (GAI) can be formulated, assuming

that an experimental isotherm consists of a large number of individual �single

pore� isotherms weighted by their relative distribution:

N(p/p0) =

Wmax∫
Wmin

N(p/p0,W ) f(W ) dW (2.18)

where N(p/p0) = experimental adsorption isotherm data, W = pore width,

N(p/p0,W ) = isotherm of a single pore of width W, and f(W ) = pore size

distribution function.

The set of N(p/p0,W) isotherms for a given adsorbate/adsorbent system

can be determined by (non-local) density functional theory ((NL-)DFT). The

pore size distribution is then derived by solving the GAI equation numerically.
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Figure 2.4: (a) Energy densities of di�erent battery types expressed in units
of weight (Wh kg-1) and of volume (Wh l-1). (b) Typical assembly of a
lithium ion battery. (Picture (a) taken from Ref. [38])

Due to the molecular approach, much more accurate results for the pore

size distribution can be obtained by NLDFT models compared to classical

methods. In particular, NLDFT models are necessary for the correct investi-

gation of micro- and mesoporous materials. The current NLDFT models for

nitrogen are usually applicable for pore sizes between 0.35 - 100 nm [36,37].

2.4 Li insertion / extraction measurements on

carbon materials

The total amount of electrical energy that can be stored in a battery is mainly

determined by the cell potential (V) and the capacity (mA h g-1). Figure 2.4a

shows the energy densities for di�erent battery types that are currently used.

Clearly, lithium based batteries show the highest energy densities, mainly

due to the fact that lithium is the lightest metal (0.53 cm3 g-1) and shows

the highest electrochemical potential (-3.04 V versus the standard hydrogen

electrode). However, the development of rechargeable lithium batteries failed

due to safety problems caused by the inherent reactivity of the metal and

dendrite formation during cycling. Therefore, lithium ion batteries were

developed, substituting metallic lithium by lithium compounds.

The functional principle of a lithium ion battery is based on two electrodes
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that can reversibly intercalate lithium ions. Figure 2.4b shows the typical

assembly a state of the art lithium ion battery. Graphite is used as negative,

an inorganic transition metal oxide (usually LiCoO2 or LiMn2O4) as the

positive electrode material. Both electrodes are separated by a membrane

that is soaked in a Li+ conducting electrolyte (e.g. LiPF6 in a mixture of

organic solvents). During the �rst charge, Li+ ions are extracted from the

transition metal oxide and are inserted between the graphite layers. The

opposite process happens during discharge.

For graphite, one Li+ ion per six carbon atoms can be stored at maxi-

mum, forming the compound LiC6. During insertion, the distance between

the graphite layers slightly increases around 10% [39]. The formation of LiC6

gives rise to a theoretical capacity of 372 mA h g-1 for the graphite electrode.

The electrochemical reactions are as follows:

Positive electrode: LiMO2  Li1-xMO2+ x Li++ x e-

Negative electrode: y C + x Li++ x e-  LixCy

Overall : LiMO2 + y C  Li1-xMO2 + LixCy

However, higher charge capacities are found for other kinds of carbon

materials (�high speci�c charge carbons�), in particular carbonaceous and

non-graphitic carbon materials (≈ 400 - 1000 mA h g-1) [40]. The explanation

of such high charge capacities is still under discussion and several mechanisms

have been suggested. Some of the mechanisms are shown in Figure 2.5.

As described, in graphite the lithium ions are only inserted between the

graphite layers (Fig. 2.5a, Note: The layer size of graphite is much larger

compared to the other carbon materials). Looking at carbon materials of

small particle size, additional lithium can be stored on the graphene edges

and surfaces (Fig. 2.5b) [41]. Other models propose that additional lithium

can be stored in nanoscopic cavities or by Li • • • H • • • C interactions

(Fig. 2.5c and d) [42]. In particular, it is still under discussion, whether

lithium ions can be inserted between the graphene layers only in graphite or

also in non-graphitic carbon materials [40�42]. Despite the higher capacity
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Figure 2.5: Schematic drawings of some proposed mechanisms for the storage
of lithium in carbon materials. Redrawn from Ref. [40].

of non-graphitic or carbonaceous materials, graphite is still the commonly

used electrode material, because high speci�c charge carbons show certain

disadvantages e.g. poor cycling performance [40].

An important phenomenon that occurs during the �rst battery cycles is

the formation of a thin layer on the electrode surface. Lithium is very reactive

and reacts with the electrolyte to form (mostly insoluble) Li salts that deposit

on the carbon electrode surface. This e�ect is known as the �solid electrolyte

interphase (SEI) formation�. The SEI formation originates from electrolyte

reduction at low voltage (e.g. 0.8 V vs. Li/Li+ for ethylene carbonate). The

SEI passivizes the carbon electrode and thus prevents further growth of the

layer. The SEI is electronically insulating, but ionically conductive, i.e. the Li

ions can easily migrate through the whole layer. The components of the SEI

include e.g. Li2CO3 or lithium alkyl carbonate and volatile compounds can

occur during their formation. Depending on its structure, the SEI strongly

in�uences the battery performance and numbers of electrolyte additives are

available in order to in�uence its formation [43,44].

A battery can be charged and discharged at di�erent rates, i.e. currents.

These rates are given as �C-rates�, where C is the capacity of the battery

in Ah.1 A discharge rate of 1C means that the battery is discharged at the

same rate as its capacity. For example, a battery with a capacity of 1000

mA h provides 1000 mA for one hour if discharged at 1C. The same battery

discharged at C/2 would last two hours, providing 500 mA. A rate of 60C

1The unit of the capacity of the electrode material is usually given in mA h g-1.
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means charging / discharging in one minute. Of course, it is desirable to de-

velop batteries that can be charged at high C-rates. However, the insertion

process of Li ions in the carbon electrode is slower than the extraction pro-

cess [45, 46]. Thus, lithium ion batteries are usually charged at low C-rates

and charging times are comparably long.

Important parameters that determine the performance of a rechargeable

battery are:

• speci�c charge capacity [mA h g-1] �> maximum energy that can be

stored

• cyclability, reversibility �> lifetime

• rate performance �> charging and discharging times

• voltage �> cell potential

2.5 Electron microscopy (EM)

Electron microscopes are scienti�c instruments that use a electron beam to

examine objects on a very �ne scale. EM can give information about the

topography and morphology of a sample as well as its composition and crys-

tallography. The resolution d (the ability to discriminate between two points)

of a perfect microscope is limited by the Abbe equation

d =
λ

2n sin α
(2.19)

with the wavelength λ, index of refraction n and α the half aperture angle

in radians. In general, this equation limits the resolution of light microscopy

(LM) to around 500 nm. A much better resolution can be obtained by using

electrons instead of visible light as imaging radiation. De Broglie proposed

that moving particles have wave-like properties and their wavelength can be

calculated as follows,
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λ =
h

mν
(2.20)

with the Planck's constant h, the particle mass m and the velocity of the

particle ν. In an electric �eld, the electron velocity can be expressed by the

voltage �eld V that accelerates the electrons and the formula for λ can be

expressed as

λ =
1.226√

V
nm (2.21)

The basic steps in EM (regardless the type) are: (1) Electrons are gener-

ated and accelerated towards the sample (electrons that are accelerated by a

voltage �eld of 100 kV have a wavelength of around 0.0039 nm). (2) Metal

apertures and magnetic lenses are used to focus the electron beam onto the

sample. (3) The electron beam and the sample interact with each other. (4)

The interactions are detected and transformed into an image.

The use of electrons requires magnetic lenses in EM instead of optical

lenses in LM to direct the imaging radiation. Each lens and aperture has

its own set of aberrations and distortions that determine the practical limit

of the resolution in electron- and light microscopy. Instruments used in EM

have to be carefully evacuated because the electrons are otherwise scattered

by the air. The two major types of microscopes used in EM are scanning-

and transmission electron microscopes.

Scanning electron microscopy (SEM) uses the scattering of electrons from

the sample surface revealing the samples surface topography and morphology.

In a typical SEM, the electron beam is focused into a spot of around 1-5 nm

in size. The spot is directed over the specimen in a raster fashion whereas

the electrons interact with the sample surface, emitting secondary electrons

(SE). These electrons are comparatively slow and are de�ected from the

sample by a weak electric �eld. The de�ected SE are then accelerated by

an ampli�er and detected by a electron multiplier representing the sample

topography. Edges within the sample facilitate the release of SE and appear

more bright, making the observed picture spacial and rich in contrast. The

yield of SE also depends on the material, making it possible to distinguish
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between di�erent phases or crystallographic orientations. Since SE are easily

to detect, the intensity of the primary electron beam can be low, preventing

the sample from thermal damage. Non-conducting samples have to be coated

with a conductive material (usually gold) since the electron beam charges the

sample negatively.

A higher resolution can be obtained using transmission electron microscopy

(TEM). Here, the electron beam passes through the sample, requiring the

preparation of very thin samples. TEM works similar to slide projection,

where a light beam transmits a slide and is a�ected by the picture on the

slide. The transmitted beam is then projected onto a big screen, forming

an enlarged image. In TEM, the electrons either pass the sample or can be

absorbed or scattered by the atoms. The instrument can be then operated

in two modes. In the image mode, the scattered electrons are suppressed

by an aperture under the sample. Only the non-a�ected electrons pass the

further lenses that enlarge the beam and create a magni�ed image of the

sample. The absorption and scattering increases with the sample thickness

and the atomic number. Pores, for example, do not absorb electrons and ap-

pear darker on the magni�ed image. Elements of higher atomic numbers, like

iron, appear lighter. The elastic scattered electrons are used in the di�rac-

tion mode to obtain di�raction patterns of the observed spots. Besides the

higher resolution, the main advantage of TEM is the possibility to switch

between image and di�raction mode. For example, the image mode can be

used to observe nanocrystals in a matrix, whereas the di�raction mode can

reveal their crystal structures [5, 47].

High-resolution transmission electron microscopy (HRTEM) allows the

examination of structures even smaller than 1Å. Such a high magni�cation

allows the visualization of graphite layers, for example. The technique of

HRTEM is often accompanied by electron energy loss spectroscopy (EELS)

that provides information about the bonding type of the atoms.

31



Chapter 2

32



Chapter 3

WAXS Modeling of Non-graphitic

Carbons - An Evaluation of

Di�erent Carbon Precursors

3.1 Introduction

The properties of a carbon material are mainly determined by the carbon

microstructure itself. In the following, the term carbon microstructure refers

to the molecular arrangement of the carbon atoms, in particular bonding

type (sp2 or sp3) and size and shape of the structural units (polyaromatic

ring systems, called �graphenes�). For example, electrical and thermal con-

ductivity, hardness, Young's modulus, thermal expansion, density, resistance

to corrosion or the micropore content are directly related to the carbon mi-

crostructure. Even when the bonding type is identical, the arrangement of

the graphenes can give rise to very di�erent properties. For example, glassy

carbons consist of sp2-bonded carbon atoms like graphite, but the material

is harder and shows a much better resistance to corrosion.

Obviously, an exact knowledge of the carbon microstructure is desirable

for the development of new carbon materials and the tuning of their proper-

ties.

Generally, carbon materials are obtained by a suitable heat treatment
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(carbonization) of a carbon precursor. In this chapter, the in�uence of carbon

precursor and heat treatment temperature (HTT) on the resulting carbon

microstructure are studied in detail. Thereto, �ve di�erent carbon precursors

were heat treated at di�erent temperatures between 700 and 1500 ◦C: A

disaccharide (sucrose, SUC), a polysaccharide (starch, STA), furfuryl alcohol

(FA), naphthol (NA) and mesophase pitch (MP).

The most common techniques used for the determination of the carbon

microstructure are wide-angle x-ray scattering (WAXS) and Raman spec-

troscopy. As described in Chapter 2.1 and 2.2, the evaluation of the experi-

mental data is, in both cases, di�cult and thus, a novel model (in the follow-

ing denoted as WAXS model) was applied in order to interpret the WAXS

pattern in a more accurate way. The model, developed by Ruland and

Smarsly [11], is based on relevant structural parameters that allow a pre-

cise determination of the carbon microstructure (Chapter 2.1.2 on page 17).

For the �rst time, the model was applied on a larger series of samples that

exhibited very di�erent carbon microstructures. The results of the WAXS

model are also compared with the results that are obtained by Raman spec-

troscopy.

3.2 Carbonization and non-graphitic carbon

The two most important parameters that determine the microstructure of

a carbon material are the heat treatment temperature HTT (carbonization

temperature) and the choice of the carbon precursor. Carbonization is de-

�ned by IUPAC as a process �by which solid residues with increasing content

of the element carbon are formed from organic material usually by pyrolysis

in an inert atmosphere.� Figure 3.1a illustrates the the changes in the car-

bon microstructure with increasing HTT. At relatively low temperatures, the

structure is very �disordered�. With increasing temperature, the structure ar-

ranges to form units that consist of parallel aligned graphene sheets (graphene

stacks). At temperatures higher than 2500 ◦C, the structure transforms into

the thermodynamically stable form: graphite.

Various terms are used to describe carbon materials of di�erent mi-
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Figure 3.1: (a) Changes in the carbon microstructure during carbonization.
Picture taken from [6] (b) Sketch of the carbon microstructure from a non-
graphitic carbon.

crostructure, however they are often applied in an inaccurate fashion. The

IUPAC de�nitions of the most relevant terms are given as follows [48]:

• Graphite: An allotropic form of the element carbon consisting of layers

of hexagonally arranged carbon atoms in a planar condensed ring sys-

tem (graphene layers). The layers are stacked parallel to each other in a

three-dimensional crystalline long-range order. There are two allotropic

forms with di�erent stacking arrangements, hexagonal and rhombohe-

dral. The chemical bonds within the layers are covalent with sp2 hy-

bridization and with a C-C distance of 141.7 pm. The weak bonds

between the layers are metallic with a strength comparable to van der

Waals bonding only.

• Graphitic carbon: All varieties of substances consisting of the element

carbon in the allotropic form of graphite irrespective of the presence
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of structural defects. Note: The use of the term graphitic carbon is

justi�ed if three-dimensional hexagonal crystalline long-range order can

be detected in the material by di�raction methods, independent of the

volume fraction and the homogeneity of distribution of such crystalline

domains. Otherwise, the term non-graphitic carbon should be used.

• Non-graphitic carbon: All varieties of solids consisting mainly of the

element carbon with two-dimensional long-range order of the carbon

atoms in planar hexagonal networks, but without any measurable crys-

tallographic order in the third direction (c-direction) apart from more

or less parallel stacking. Note: Some varieties of non-graphitic carbon

convert on heat treatment to graphitic carbon (graphitizable carbon)

but some others do not (non-graphitizable carbon).

• Amorphous carbon: A carbon material without long-range crystalline

order. Short-range order exists, but with deviations of the interatomic

distances and/or interbonding angles with respect to the graphite lat-

tice as well as to the diamond lattice. Note: The term amorphous

carbon is restricted to the description of carbon materials with local-

ized π-electrons as described by P.W.Anderson (Phys. Rev., 1958, 109,

1492). Deviations in the C-C distances greater than 5% (i.e. ∆x
x0

> 0.05,

where x0 is the inter-atomic distance in the crystal lattice for the sp2

as well as for the sp3 con�guration) occur in such materials, as well

as deviations in the bond angles because of the presence of 'dangling

bonds'. The above description of amorphous carbon is not applicable

to carbon materials with two-dimensional structural elements present

in all pyrolysis residues of carbon compounds as polyaromatic layers

with a nearly ideal interatomic distance of a = 142 pm and an exten-

sion greater than 1000 pm.

The carbon materials examined in this work were all so-called non-graphitic

carbons. Fig 3.1b shows a sketch of the typical microstructure found for

non-graphitic carbons. Single graphene layers are aligned to stacks that are
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Figure 3.2: (a) Chemical structure of the investigated carbon precursors. (b)
Mesophase pitch after carbonization at 700 ◦C.

randomly distributed. The key parameters that describe the microstructure

are the average layer size La, the average stack height Lc, and the average

interlayer spacing a3.

Here it is important to note, that each graphene and thus the stacks

can be of random size and shape. Intrinsic defects in the stacking (gaps or

�mis-�ts� between the stacks and graphene layers) can lead to microporosity

(pore diameter < 2 nm). Obviously, a material with small values for La and

Lc exhibits more microporosity compared to a material with larger values.

Thus, the micropore content is strongly in�uenced by the choice of the car-

bon precursor and the carbonization procedure.

The structure of the carbon precursors investigated in this work are shown

in Figure 3.2a. Sucrose (SUC), furfuryl alcohol (FA) and starch (STA)

were chosen, because they are widely used in the synthesis of mesoporous

carbon materials (Chapter 4). Naphthol (NA) and mesophase pitch (MP)

were chosen, because they exhibit a high carbon content and already consist

of six-fold rings. Furthermore, mesophase pitch exhibits large pre-condensed

aromatic systems that transform more easily into non-graphitic carbon than

other precursors. A catalyst was required for precursors that otherwise would

have been completely decomposed.

Table 3.1 shows the composition of the precursors and their weight loss
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Formula
C

[wt%]
H

[wt%]
O

[wt%]

Weight loss in
wt% during
carbonization

Mesophase pitch C91H60 94.8 5.2 0 21.9
Furfuryl alcohol* C5H6O2 61.2 6.2 32.6 86.7

Sucrose C12H22O11 42.1 6.5 51.4 75.0
Naphthol* C10H8O 83.3 5.6 11.1 ∼75
Starch (C6H10O5)n 44.4 6.2 49.4 76.6

Table 3.1: Di�erent carbon precursors and their weight loss during carboniza-
tion. The samples were heat treated for 6h at 700 ◦C under nitrogen atmo-
sphere (6h heating ramp). * carbonization was activated by a catalyst:
Oxalic acid for furfuryl alcohol and sulfuric acid for naphthol.

during carbonization at 700 ◦C. SUC, FA, STA and NA carbonize under a

huge weight loss since they contain a considerable amount of oxygen and

hydrogen atoms. In comparison, the weight loss during the carbonization of

mesophase pitch is rather small, due to the structure and the comparably

high carbon content of MP.

The weight loss during carbonization is attributed to the release of volatile

compounds such as hydrocarbons (in particular methane), hydrogen or car-

bon monoxide [49,50]. Usually this volatile compounds give rise to the devel-

opment of a voluminous carbon material, as can be seen in Fig. 3.2b. This

behavior is expectable and was found for all carbon precursors investigated.

The carbonization process can be also strongly in�uenced by the addition

of catalysts. The advantage of oxalic acid and sulfuric acid is that they result

into minor contamination of the resulting material.

Common catalysts for pitches are Lewis acids such as ZnCl2, AlCl3 or

FeCl3. It was shown that these catalysts can in�uence the formation of

the volatile hydrocarbons and especially shift the dehydrogenation process

towards lower temperatures [51,52].
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Figure 3.3: WAXS pattern for samples carbonized at di�erent temperatures.
MP: mesophase pitch, NA: naphthol, FA: furfuryl alcohol, STA: starch, SUC:
sucrose.

3.3 Wide angle x-ray scattering (WAXS)

The WAXS patterns of the di�erent samples are shown in Figure 3.3. As

described in Chapter 2.1.2, the WAXS patterns of non-graphitic carbons

show relatively broad maxima. The interlayer scattering gives rise to (00l),

the intralayer scattering to (hk) re�ections.

The shape of the WAXS patterns give already some qualitative informa-

tion about the carbon microstructures. Obviously, MP based samples show

more de�ned and intense (002) re�ections compared to the samples, speak-

ing for higher Lc values or less disorder already at a lower heat treatment

temperature (HTT). The other carbon precursors show only weak (002) re-
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Figure 3.4: WAXS patterns of MP based samples heat treated at di�erent
temperatures until graphitization.

�ections that slowly develop from a shoulder (700 ◦C) to a broad peak (1500
◦C).

Only small di�erences can be seen for the (hk) re�ections, supposing sim-

ilar values La for all precursors. As expected, the carbon precursors have

in common that all re�ections get more de�ned with increasing HTT. This

clearly proves that the stacks grow in both dimensions (parallel and per-

pendicular to the graphenes) during the carbonization process, and a higher

HTT gives rise to larger stacks.

Figure 3.4 shows the change in the WAXS pattern as a function of the

HTT until graphitization at 2500 ◦C. At this temperature, the material starts

to transform into graphite and thus, additional re�ections occur in the WAXS

pattern.

The quantitative analysis of the WAXS patterns is presented in the fol-

lowing chapters. Here it should be pointed out that the classical analysis

of a WAXS pattern using the Scherrer equation is obviously not applicable

because the re�ections are to broad and cannot be separated unambiguously.
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3.4 Modeling of WAXS patterns

Figure 3.5 shows three WAXS patterns and the corresponding �t obtained

by the model from Ruland and Smarsly (Chapter 2.1.2).1 Samples were

denoted as �XY� with �X� representing the carbon precursor and �Y� being

the HTT (carbonization temperature). MP1500, FA850 and SUC700 were

chosen as representative examples since they strongly di�er in their WAXS

patterns (Note: The scale of the y-axis is logarithmic for the MP1500 sam-

ple). The WAXS patterns and corresponding �ts of the other samples are

shown in Chapter 7.2 on page 121).

The patterns could be well approximated, proving that the model is ap-

plicable for non-graphitic carbons of quite di�erent microstructures.

As an important �nding, the data could be �tted over a large angular

range between 2θ = 10◦ - 100◦, revealing that the carbon microstructure

is well described by the assumptions made in the WAXS model. Also, the

successful �tting of the WAXS patterns from SUC700 and FA850 prove that

the model is applicable even for very disordered carbon materials.

3.4.1 Stack height Lc, layer size La and interlayer spac-

ing a3

Figure 3.6a shows the change in the stack height Lc with the HTT for the

di�erent carbon precursors.

The largest values for Lc were found for the MP samples. Also, the strong

increase of Lc from 0.98 nm (700 ◦C) to 7.38 nm (1500 ◦C) shows that the

stacks signi�cantly grow with increasing HTT. The other samples (NA, FA,

STA and SUC) show only small absolute values for Lc (< 0.8 nm even at

1500 ◦C), speaking for a very disordered carbon microstructure. In this case,

the graphenes are of very di�erent sizes and shapes, often interconnected by

covalent bonds that hinder the alignment of single graphenes. Starch heat

treated at 700 ◦C shows a comparably large value for Lc, which can partly be

1The shift in θ produced by the �nite penetration of the primary beam into the sample
was corrected using the correction from Keating & Warren, 1952.
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Figure 3.5: WAXS model and experimental data of (a) MP1500 and (b)
FA850 and (c) SUC700.
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attributed to the large interlayer spacing found for this sample (a3 = 0.386

nm). At higher HTT, STA samples show more or less constant values smaller

than 0.5 nm for Lc, making starch in this respect the worst carbon precursor.

The average interlayer spacing a3 of the di�erent samples is shown in

Figure 3.7a. Samples from MP show slightly smaller values for the average

interlayer spacings a3 compared to the other samples, speaking for the good

carbonization behavior and the presence of more regularly aligned graphene

sheets. For comparison, the interlayer spacing of graphite (a3 = 0.335 nm)

is added to the graph. The changes in a3 with HTT were found to be rather

small for all samples. Only samples derived from starch showed signi�cantly

di�ering values, probably due to large structural changes in the carbon mi-

crostructure during carbonization.

The di�erence between the carbon precursors is even more obvious com-

paring the average number of graphene sheets 〈N〉 that form one stack in

the resulting carbon material. Considering the samples carbonized at 1500
◦C, around 20 graphene sheets form one stack in the MP based carbon ma-

terial. In contrast, samples from the other carbon precursors showed 〈N〉
values around one (Fig. 3.7b). Here it should be pointed out that 〈N〉 is
an average value, because at least two graphenes per stack are necessary for

constructive interferences. It should be taken into account that the number

distributions for N are quite broad so that all samples contain at least some

stacks with N > 2. The pronounced width of the (002) re�ections that is

found for all samples (except MP) is therefore partly due to the small num-

ber of graphenes per stack. The polydispersities κa and κc are discussed in

Chapter 3.4.3.

Figure 3.6b shows the layer size La as a function of the HTT for the

di�erent samples. Very similar values of La between 1.1 and 1.5 nm were

found for all samples carbonized at 700 ◦C. Samples derived from saccharides

(sucrose and starch) exhibited the smallest change of La with HTT, speaking

for a high degree in structural disorder. Small La values were also found for

the MP samples at temperatures below 1000 ◦C. The aromatic moieties of

mesophase pitch enable the stacks to grow easily in height, but the evenly

distributed electron density within the aromatic layers as well as the lack of
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Figure 3.6: Change of (a) the average stack height Lc and (b) the average
layer size La as a function of the HTT.

Figure 3.7: (a) Change of the average interlayer spacing a3 with HTT. (b)
Average number of graphene sheets 〈N〉 forming one stack.
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Figure 3.8: Number distribution functions (Gamma distributions) for (a)
number of graphenes each stack N and (b) chord length l for samples from
mesophase pitch.

reactive sides probably hinders the layer growth. However, a strong increase

in layer size was found when MP was carbonized at 1500 ◦C.

Comparing the values for La and Lc at di�erent HTT, MP and the other

precursors show an inverse behavior. For the MP based samples, the stacks

grow easier perpendicular to the graphene sheets, whereas carbons from the

other precursors grow predominantly within the graphene layer.

The WAXS model also allowed the determination of distribution func-

tions. Figure 3.8 shows the number distribution functions (gamma distri-

butions) of the number of graphenes each stack N and chord length l for

samples from mesophase pitch. Since Lc and La are average values, the dis-

tribution functions give additional information about the true dimensions of

the graphene stacks. The broad form of the distributions clearly show that

larger graphene stacks are present already at lower carbonization tempera-

tures.

The exceptional carbonization behavior of mesophase pitch (MP) is based

on its pre-condensed aromatic systems which can easily transform into non-

graphitic carbons with extended stack sizes. Also, the high carbon content

and the comparably small weight loss during carbonization facilitate the
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Figure 3.9: WAXS model and experimental data for mesophase pitch before
carbonization.

formation of a well-developed carbon microstructure.

The WAXS pattern of mesophase pitch before carbonization is shown in

Figure 3.9. Clearly, the pattern resembles the one that is found for non-

graphitic carbons, proving that the microstructure of the carbon precursor

already shows a distinct graphene structure already before carbonization.

This similarity allowed the application of the WAXS model on the carbon

precursor itself. The average interlayer spacing a3 between the MP molecules

was determined to be around 0.35 nm. Lc was found to be around 1.0 nm,

and La around 1.2 nm.

A summary of the values determined for Lc, La and a3 is given in Table

3.2.

3.4.2 Texture in non-graphitic carbon from mesophase

pitch

The WAXS model assumes di�ractometer measurements of �at powder sam-

ples in symmetric re�ection. If the samples exhibit a texture within the
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Lc [nm] La [nm] a3 [nm] κc κa lcc [nm]
MP700 0.98 1.1 0.343 0.48 0.26 0.1405
MP850 1.11 1.69 0.345 0.42 0.05 0.1405
MP1000 1.42 2.28 0.346 0.34 0.12 0.1405
MP1500 7.38 7.39 0.345 0.17 0.08 0.1405

MPbefore carbonization 1.02 1.18 0.35 50 0.28 0.1420

NA700 0.49 1.5 0.351 0.89 0.21 0.1406
NA850 0.53 2.22 0.352 1.22 0.16 0.1404
NA1000 0.66 3.47 0.353 0.70 0.24 0.1402
NA1500 0.7 5.46 0.351 1.56 0.16 0.1404

FA700 0.45 1.33 0.364 0.77 0.24 0.1401
FA850 0.57 2.46 0.356 0.39 0.28 0.1405
FA1000 0.68 2.65 0.351 0.41 0.29 0.1398
FA1500 0.78 6.0 0.347 0.57 0.18 0.1400

STA700 0.66 1.18 0.386 0.60 0.38 0.1399
STA850 0.48 1.69 0.352 0.64 0.26 0.1398
STA1000 0.5 2.54 0.353 0.54 0.16 0.1398
STA1500 0.5 3.29 0.361 1.01 0.11 0.1398

SUC700 0.52 1.44 0.358 0.38 0.23 0.1400
SUC850 0.53 2.05 0.354 0.42 0.19 0.1399
SUC1000 0.56 2.25 0.358 0.30 0.16 0.1402
SUC1500 0.69 3.37 0.354 0.33 0.17 0.1401

Table 3.2: Main results of the WAXS model: Average stack height Lc, average
layer size La, average interlayer spacing a3, polydispersity of stack size κc,
polydispersity of chord length κa and average C-C bond length lcc for di�erent
carbon precursors heat treated at di�erent temperatures.
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q
MP700 0.09
MP850 0.157
MP1000 0.2
MP1500 0.384

Table 3.3: Orientation parameter q for MP samples carbonized at di�erent
temperatures.

carbon microstructure (e.g. the stacks align preferably along an axis parallel

to the graphene planes), an uniaxial preferred orientation of the carbon layers

parallel to the surface of the sample is possible compared to samples with-

out texture. In such WAXS geometry, the intensities of inter- and intralayer

scattering change relatively to each other [11].

As an important �nding, the WAXS patterns of MP samples could be

only �tted if preferred orientation is taken into account. As described in

Chapter 2.1.2, an orientation parameter q is used to describe the orientation

distribution g(ϕ).2 Table 3.3 shows the orientation parameter q found for the

di�erent MP samples. Clearly, the values for q increase with HTT, speaking

for an increase in the orientation with respect to the substrate. No pre-

ferred orientation (q=0) was found for samples derived from NA, FA, SUC

and STA. Figure 3.10 shows the orientation distribution g(ϕ) of the (00l)

re�ections for the MP samples using equation 2.8 on page 19. Clearly, g(ϕ)

approximates unity for q → 0).

This �nding can be explained with the di�erent carbonization behavior of

mesophase pitch compared to the other carbon precursors. The carboniza-

tion behavior of MP and SUC is schematically illustrated in Figure 3.11.

The �liquid crystalline� mesophase pitch structure shows preferred orienta-

tion with respect to the substrate upon carbonization, whereas the graphenes

are more randomly distributed in carbon materials derived from other carbon

precursors (e.g. sucrose). Also, the preferred orientation can facilitate the

growth of the stacks.

2ϕ is the angle between the perpendicular to the sample surface and the perpendiculars
to the layer planes. The orientation parameter q varies between zero (absence of preferred
orientation) and unity (perfect parallel orientation of the layers).
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Figure 3.10: Orientation distribution g(ϕ) between −90◦ and +90◦ for dif-
ferent MP samples.

Figure 3.11: In�uence of the carbon precursor on the carbon microstruc-
ture after carbonization at di�erent temperatures T; (T2 >T1). Schematic
comparison between mesophase pitch and sucrose.
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As an important result, the presence of a texture in the MP samples was

veri�ed using high-resolution transmission electron microscopy (HRTEM)3.

Figure 3.12a shows the HRTEM images of MP samples heat treated at dif-

ferent temperatures. In accordance to the WAXS model, the growth of the

graphenes in height and length and the development of the texture can be

clearly seen by the parallel alignment of the graphene stacks. A HRTEM im-

age of highly oriented pyrolytic graphite (HOPG) is added for comparison.

Electron energy loss spectroscopy (EELS) measurements of the carbon-K

ionization edge revealed a high sp2 content in the MP samples. The main

features in the ionization edge are the π∗ (285 eV) and the σ∗ ( > 292 eV)

peaks, stemming from transitions from 1s into π and σ antibonding states.

It can be seen that the intensity ratio π∗/ σ∗ increases with HTT, indicat-

ing that the deviation from a "perfect" sp2 material decreases. Figure 3.12b

shows the sp2-content (derived from EELS) and the average layer size La
(derived from the WAXS model) as a function of the HTT. It can be seen

that the sp2-content correlates with increasing values of La, proving the pro-

gression of the carbonization process. The relative sp2-content was found to

be around 90 % for MP1500.

In summary, HRTEM and EELS measurements clearly con�rmed the

results from the the WAXS model.

3.4.3 Other parameters

The other parameters used for the WAXS modeling are described in the

following. However, their evaluation was partly di�cult and some of the

parameters were kept constant during �tting in order to maintain physically

reasonable results for the parameters that were discussed above. The absolute

values of all parameters determined from the WAXS model are summarized

in Table 3.2 and in the Appendix (Chapter 7.2).

• Polydispersities of stack size κc and chord length κa: As described in

Chapter 2.1.2, the polydispersities of stack size κc and chord lengths κa

3HRTEM and EELS measurements were performed by Dr. Jens-Oliver Müller at the
Fritz-Haber-Institute, Berlin.
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Figure 3.12: (a) HRTEM images and corresponding EELS spectra of
mesophase pitch carbonized at di�erent temperatures. An image of highly
oriented pyrolytic graphite (HOPG) is added for comparison. (b) Compari-
son of the relative sp2 content derived from the EELS spectra and layer size
La derived from WAXS modeling.
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Figure 3.13: Polydispersities of (a) stack height κc and (b) chord length κa
as a function of the HTT for samples from MP (circles) and SUC (triangles).
a

are de�ned as κc =
〈N2〉〈
N
〉2 − 1 and κa =

〈l2〉〈
l
〉2 − 1. Figure 3.13a shows κc

as a function of HTT for SUC and MP samples. MP samples showed a

constant decrease in κc, speaking for more uniform heights of the stacks

with increasing HTT. In contrast, the values κc found for samples from

the other carbon precursors strongly varied and showed no clear trend

within a temperature series (Table 3.2), speaking for huge structural

changes during the heat treatment.

Both precursors showed a decrease in κa with increasing HTT (Fig.

3.13b), speaking for more uniform sizes of La at higher temperatures.

Due to the better carbonization behavior, MP samples showed in ten-

dency lower values for κa compared to the other carbon precursors.

In summary, the changes of κc and κa with temperature were slightly

more distinct for the MP samples, speaking for a more uniform and less

hindered growth of the stacks compared to samples from other carbon

precursors.

• Average C-C bond length lcc: The C-C bond length in an aromatic

system is smaller compared to a single C-C bond (lcc, single = 0.154

nm). For example, a bond length lcc, benzene = 0.1398 nm is found for
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benzene. However, the extended electron density distribution in the

larger aromatic systems of non-graphitic carbons gives rise to slightly

larger values for lcc compared to benzene. Thus, larger values for the

average layer size La should correlate with larger values for lcc.

The highest lcc values were found for the MP samples (lcc, MP = 0.1405

nm for all samples), con�rming the presence of more de�ned and larger

aromatic systems. Values≤ 0.1405 nm were found for all other samples.

The smallest values were found for samples derived from starch, with

lcc, STA = 0.1398 nm.

• The concentration of non-organized carbon cn was found to be small for

all samples. The smallest values were found for MP based samples (cn=

0.01). Larger values were found for FA850 (cn= 0.10), FA1000 (cn=

0.11), STA1000 (cn= 0.09), SUC850 (cn= 0.08) and NA850 (cn= 0.08).

However, the results did not show a clear trend within the temperature

series of the di�erent carbon precursors, but the small values for most

of the samples indicate that only few carbon atoms were not part of

the layer structure.

• The parameter η describing the homogeneity of the stacks strongly in-

�uenced the run of the WAXS pattern at angles 2θ < 20◦. Usually,

values close to unity were found for all samples, speaking for a rather

homogeneous structure of the stacks. Smaller values around η = 0.9

were found for SUC700 and some FA samples. Here it should be men-

tioned that the shape of the WAXS pattern at such small angles was

also in�uenced by the sample preparation. The WAXS model assumes

an absolutely plane sample surface, which could not be guaranteed be-

cause the samples were measured as a powder. Thus, the evaluation of

η is rather ambiguous.

• The following parameters gave minor information about the carbon

microstructure, but strongly in�uenced the whole run of the calculated

WAXS pattern. Therefore, the absolute values had to be carefully

chosen. The disorder and strain parameters σ1 and ε1, referring to the
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layer structure, were kept at small absolute values between 0 - 0.025.

The values were mostly kept constant within the temperature series

of each carbon precursor. Also, the thermal motion parameter u3 was

kept at very small absolute values (0.01 < u3 < 0.029). The disorder

parameter σ3, referring to the layer stacking, was kept at values between

0.0025 < σ3 < 0.09. The disorder was found to be smaller for samples

from the aromatic precursors (MP and NA) compared to the other

carbon precursors. The highest values were found for samples from

STA and FA. However, a clear trend within the temperature series of

the di�erent precursors was not observed.

In summary, it should be emphasized that the WAXS model allows a much

more accurate determination of the carbon microstructure compared to Ra-

man spectroscopy. The comparison between both methods is discussed in

Chapter 3.6.

3.5 Phenolic resin as carbon precursor

The WAXS model was also used to examine the carbon microstructure from

samples derived from phenolic resin (PR). Introduced in the beginning of

the 20th century (L. h. Baekeland, 1907), phenolic resins are the oldest

thermosetting polymers and are still widely used in industrial applications,

e.g. for insulations. Recently, phenolic resins were used for the synthesis

of mesoporous carbon materials that can be used for e.g. electrochemical

applications (Chapter 5.4). As will be shown, the carbon microstructure is

of great importance for electrochemical applications such as lithium stor-

age. Therefore, a good knowledge of the carbon microstructure of PR based

materials is desirable.

Figure 3.14a shows the WAXS patterns and corresponding �ts of the

WAXS model for PR samples heat treated at 600, 800 and 1200 ◦C. The

examined samples were obtained as prepared, thus the exact temperature

treatment was unknown.

As can be seen, the (00l) re�ections appear only as very broad shoulders,
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Figure 3.14: (a) WAXS patterns from phenolic resin heat treated at 600, 800
and 1200 ◦C. (b) Structure of Bakelite.

speaking for a extremely disordered carbon microstructure. The key param-

eters of the carbon microstructure are shown in Table 3.4. Large average

interlayer spacings a3 and quite small values for Lc and La were found for all

samples. Even at 1200 ◦C, the layer size La was found to be only 1.86 nm.

This behavior is expectable, since phenolic resins consist of covalent con-

nected benzene rings, hindering the formation of extended graphene sheets

during the heat treatment. As an example, the structure of Bakelite, a resin

formed by polymerization of phenol and formaldehyde is shown in Fig. 3.14b.

In summary, it can be stated that the carbonization behavior of phenolic

resins is comparably bad, giving rise to a very disordered carbon material,

with a huge number of inherent defects (micropores). The use of such a

Lc [nm] La [nm] a3 [nm]
PR600 0.51 1.2 0.352
PR800 0.63 1.48 0.363
PR1200 0.67 1.86 0.359

Table 3.4: WAXS model results for samples from phenolic resin (PR) heat
treated at 600, 800 and 1200 ◦C: Average stack height Lc, average layer size
La and average interlayer spacing a3.
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Figure 3.15: Comparison of the Raman spectra and corresponding �t for (a)
MP1500 and (b) SUC700. The spectra were �tted with two pseudo-Voigt
functions.

material for electrochemical applications such as lithium storage is limited

since these defects can trap lithium ions, giving rise to a huge irreversible

capacity. Also, the conductivity of the material is reduced due to the disorder.

Thus, phenolic resins are bad precursors for the synthesis of carbon ma-

terials when e.g. low micropore content and good conductivity are desired.

3.6 Comparison with Raman spectroscopy

Raman spectroscopy is commonly used for the analysis of carbon materials,

using the correlation found by Tuinstra and Koenig (Chapter 2.2). It

should be pointed out that this method only allows an estimation of the

average layer size La by peak analysis. The in�uence of other structural

parameters in�uencing the Raman spectra is neglected.

In the following, the results from Raman spectroscopy and WAXS model

are compared using samples from MP and SUC. Samples from the other car-

bon precursors showed similar di�erences between both methods. The results

for all samples are summarized in the Appendix (Tables on page 127 and 128).

The layer size La was determined using equation 2.13 on page 21 proposed
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Figure 3.16: Layer sizes La deduced from the Raman spectra and WAXS
model for samples from (a) sucrose (SUC) and (b) mesophase pitch (MP).
The Raman spectra were evaluated using the correlations from Tuinstra and
Koenig and Ferrari. The intensity ratio I(D)/I(G) was determined using the
ratio of the areas and FWHM (full width at half maximum). Raman spectra
were �tted with two pseudo-Voigt functions.

by Tuinstra and Koenig. In this equation, the ratio I(D)/I(G) of the two

Raman bands is correlated with La. In this work, peak area and full width

at half maximum (FWHM) were used to determine I(D) and I(G). Also, a

modi�ed equation (Equation 2.14 on page 21) by Ferrari et al. for layer

sizes smaller 2 nm was used for the evaluation.

Figure 3.15 shows the Raman spectra and corresponding �t of MP1500

and SUC700. The Raman spectra were �tted using two pseudo-Voigt func-

tions. A better approximation of the whole spectra, in particular at Raman

shifts around 1500 cm-1, can be obtained by introducing additional func-

tions. However, the use of more functions does not implicate more accurate

results for the layer sizes La, since the �tting itself is not based on a holistic

structural model like the WAXS model.

In Figure 3.16, the average layer sizes La obtained by analysis of the

Raman spectra are compared with the results from the WAXS model. It can

be seen, that the choice of the equation and the way to determine I(D)/I(G)

strongly in�uences the resulting values for La. For the analyzed samples, the

correlation from Tuinstra and Koenig seems more accurate. For SUC700,
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better correlation with the results from the WAXS model was found, when

I(D)/I(G) was determined by the area ratio. At higher HTT, the use of the

FWHM ratio seemed more accurate (Fig. 3.16a). Analogues results were

found for carbons derived from the other carbon precursors NA, FA and

STA. This �nding was less distinct for the samples derived from MP.

The modi�ed equation of Ferrari et al. for layer sizes smaller than 2 nm,

gave only a good correlation with the WAXS model for MP700. However,

the WAXS model could not verify this equation, even though layer sizes La
were smaller than 2 nm for all samples carbonized at 700 ◦C. The use of

the equation of Ferrari et al. is therefore not recommended for the present

carbon materials when the Raman spectra are evaluated as described.

The advantage of Raman spectroscopy is the fast measurement and easy

evaluation by the described equations. However, origin and shape of the

Raman bands as well as their evaluation are still under discussion and lack of

a clearly de�ned theoretical background [22,24,25,53]. Also, the penetration

depth of the laser is small (around 100 nm [54]), making it di�cult to draw

conclusions for the bulk material. Another disadvantage is the risk of thermal

damage during measurement, due to the strong absorption of light.

Thus, it can be concluded that Raman spectroscopy gives only vague

information about the carbon microstructure of non-graphitic carbon ma-

terials. Also, only La can be determined using this method. However, if

Raman spectroscopy is used for the quantitative analysis of non-graphitic

carbons, the determination of the intensity ratio using the FWHM seems

more accurate compared to when the area ratios are used.

3.7 Thermal stability

Thermogravimetric analysis (TGA) was used to demonstrate the in�uence

of the carbon microstructure on the thermal stability of the carbon material.

Figure 3.17 shows the results from TGA for SUC850 and MP850 for compar-

ison. The thermal stability was tested under oxygen �ow at a heating rate

of 15 K min-1. The onset of decomposition was found to be around 685 ◦C

for MP850 and around 530 ◦C for SUC850, clearly proving a much better
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Figure 3.17: Thermal stability of MP850 and SUC850 under oxygen using
TGA (oxygen �ow 15 ml min-1, heating rate 15 K min-1).

thermal stability of MP850. This �nding is expectable, since more energy

is needed to break up the larger carbon stacks of the MP based carbon ma-

terial. Also, the larger stacks reduce the contact area between the carbon

atoms and the gas molecules.

3.8 Summary

In this chapter, the carbon microstructure of di�erent non-graphitic carbons

was studied in detail. Mesophase pitch proved to be an excellent carbon

precursor, if a well-developed carbon microstructure, i.e. comparably large

values for stack height, Lc and layer size, La are desired at relatively low HTT.

In particular, Lc was found to be signi�cantly higher for samples obtained

from mesophase pitch, compared to the more disordered carbon materials,

derived from the other carbon precursors. Thus, non-graphitic carbon mate-

rials from mesophase pitch exhibit only a small inherent micropore content.

As can be seen in the following chapters, this property will be of importance

for the synthesis of new, porous carbon materials that are in particular useful

for the storage of energy.
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Also, it was shown that the WAXS model by Ruland and Smarsly

is a powerful tool to determine various additional parameters of the carbon

microstructure, e.g. polydispersities, distributions or the average C-C bond

length. Also, the information obtained exceeds by far the results that are

accessible by Raman spectroscopy. It should be pointed out that this tradi-

tional method lacks a complete theoretical backup and is applied by analyzing

individual peaks. Moreover, only absolute values for the average layer size La

can be determined using this method.

In contrast, the WAXS model enables the calculation of the whole WAXS

pattern (10◦ < 2θ < 100◦), based on a structural model. That way, the model

revealed the presence of a texture in the MP samples that could be veri�ed by

HRTEM. Also, the WAXS model could be applied for non-graphitic carbons

that exhibited a very disordered carbon microstructure (e.g. carbons from

starch or phenolic resin). This also shows that the true carbon microstructure

of non-graphitic carbons is well approximated by the assumptions made in

the WAXS model.
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Synthesis of Hierarchical

Macro- / Mesoporous Carbon

Monoliths by Hard-templating

using Mesophase Pitch

4.1 Introduction

The major fraction of porous carbon materials that are used in applications

are activated carbons for �ltration technology. Activated carbons exhibit

large surface areas (> 500 m2 g-1) due to accessible slit-like pores of diameters

less than 2 nm. These pores are so-called micropores and are small enough

to trap a high number of di�erent substances (in particular contaminants)

from a mobile phase. Activated carbons with such a high amount of accessible

micropores are obtained by well-established activation procedures, e.g. steam

activation of natural carbon sources such as coconut shells.

However, bigger pores are necessary for applications involving larger mole-

cules or nanocrystals, e.g. adsorption of dyes or when the carbon material

is used as a catalyst support. On the other hand, the pores should be still

small in order to provide a large area of interaction (surface area), thus

making pores in the mesorange (2-50 nm) desirable.
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As described in Chapter 2.4., carbon materials are also widely used as

anode material in lithium ion batteries. An electrode material exhibiting

mesopores would increase the interface for ion exchange and therefore would

allow better battery performance. At the same time, the micropore content

should be as small as possible to prevent irreversible trapping of the lithium

ions.

A hierarchical porous carbon material also exhibiting macropores (> 50

nm) would allow easy access to the mesopores and could further improve

the material performance. Primarily, a continuous macropore network could

work as a transport route for a gas or a liquid (e.g. an electrolyte).

It would be particularly useful, if such a hierarchical macro- / mesoporous

carbon material could be synthesized in form of a monolith, since this would

supersede the use of a binder or conductive agent. Compared to a powder, a

monolith is also useful for chromatography columns since the pressure drop

is kept low. Furthermore, only a monolith with a continuous macropore net-

work can ensure the facile transport of a mobile phase over a larger volume.

However, a major challenge in the generation of mesoporous carbon ma-

terials still lies in the principal incompatibility of achieving a carbon matrix

with a well developed microstructure (i.e. large graphene sizes) and meso-

porosity at the same time. The reason is that the carbonization process itself

usually leads to pore collapse due to the growth of the graphenes.

In this chapter, we present the synthesis of a new monolithic carbon

material by nanocasting using a hard template. The material combines for

the �rst time the advantages of a hierarchical macro- / mesoporous structure

with a well developed carbon microstructure by choosing mesophase pitch

(MP) as the carbon precursor. As described in Chapter 3, mesophase pitch

carbonizes very well and ensures a low micropore content of the carbon matrix

compared to other carbon precursors.

The performance of the synthesized material as electrode material in

lithium ion batteries is discussed in detail and the applicability as support

material for supercapacitors is shown.

The following chapter gives a brief introduction into the recent progress
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Figure 4.1: Concept of nanocasting by replicating a porous hard template.

in the synthesis of mesoporous carbon materials via the nanocasting route

using a hard template.

4.2 Current state of research - Nanocasting of

mesoporous carbon materials using hard-

templating

A huge variety of mesoporous materials, in particularly silica, could be syn-

thesized during the last years, using the nanocasting approach. The most

prominent example is probably MCM-41 (Mobil composition of matter No.

41), discovered by Kresge et al. in 1992 [55]. However, it took some

more years until Ryoo et al. were the �rst ones who succeeded in synthe-

sizing ordered mesoporous carbon materials. Hereto, they used nanocasted

mesoporous silica as hard template [17].

The major concept of nanocasting using a hard template is shown in

Figure 4.1. A porous, inorganic template (usually silica) is in�ltrated with a

carbon precursor, e.g. sucrose in aqueous solution. Then the hybrid material

is carbonized under protective atmosphere, typically between 600 and 1000
◦C. After carbonization, the porous carbon replica is obtained by dissolving

the silica template. The pore diameter of the replica is mainly determined

by the wall thickness of the template. In their work, Ryoo et al. used a

cubic mesoporous silica molecular sieve (MCM-48) as template and sucrose
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as carbon precursor. The resulting carbon material was denoted as CMK-1

(carbon mesostructured by KAIST, Korea Advanced Institute of Science and

Technology) and exhibited periodically aligned mesopores.

The same concept was also applied for other porous silica materials. For

instance, SBA-1 (cubic pore structure) and SBA-15 (2D hexagonal) were used

to synthesize CMK-2 and CMK-3, the exact inverse replica of the templates.

This proved that the silica structures can be faithfully replicated on the

nanometer scale. Various porous silica materials could be synthesized via the

nanocasting approach and thus also a considerable number of carbon replicas

could be synthesized [19]. However, it has to be taken into account that a

successful structural replication can be only obtained when the silica template

exhibits a 3D pore connectivity. Otherwise, the structure collapses as it is the

case for MCM-41 (1D channel-like pores). Not only porous silica materials

but also silica nanoparticles were successfully used as hard template. Hereto,

the nanoparticles are dispersed in a carbon precursor [56].

Hierarchical macro- / mesoporous silica monoliths can be synthesized us-

ing the Nakanishi process and the material is already commercially used

in high-pressure liquid chromatography (ChromolithR© , Merck KGaA) [57].

The Nakanishi process takes advantage of the polymerization induced phase

separation of inorganic sol-gel systems. The principle will be further dis-

cussed in Chapter 5.2. Smaller hierarchical porous carbon monoliths could

be synthesized by replication of these porous silica systems using repeated

in�ltration and carbonization [58, 59]. Due to the nature of the template,

the carbon replicas exhibited a continuous macroporous network. Another

group succeeded by using two hard templates of di�erent size (SBA-15 for

mesopores, NaCl crystals for macropores) that were pressed to pellets with

the carbon precursor prior carbonization [60]. However the macropores did

not form a continuous structure.

Motivation

All of these synthesis have in common that they rely on furfuryl alcohol (FA)

or sucrose (SUC) as carbon precursors. However, FA and SUC give rise to
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a carbon material with less developed carbon microstructure. As shown in

Chapter 3, particularly small values for the stack height Lc were found for

samples from FA and SUC, leading to inherent microporosity that is not

desired for electrochemical applications [61]. A higher HTT (high tempera-

ture treatment) would increase the quality of the carbon microstructure, i.e.

growth of the graphenes and closure of the micropores. But the use of silica

as hard template limits the HTT to around 1200 ◦C, due to the formation

of SiC.1 Alternatively, the carbon replica could be carbonized a second time

on its own, but the growth of the graphene sheets would close the mesopores

and the surface area would be strongly reduced.

In general, it is very di�cult to synthesize a mesoporous carbon material

with both, a high surface area and a well developed sp2 carbon microstruc-

ture, and only limited progress could be achieved in terms of the aforemen-

tioned challenges. Pitches are far better carbon precursors, but in�ltration

of a nanoporous material is di�cult since pitches are hard to dissolve and

their melt is highly viscous.

Only a few pitch based mesoporous carbon materials are reported and

were synthesized via hard-templating by melt impregnation [63], colloidal

imprinting [64], or through catalytic conversion of aromatic compounds to

pitch in the silica template itself [65]. Alternative syntheses via vapor de-

position were also reported [66]. However, all these pitch-based mesoporous

carbon materials are powders and lack a hierarchical porosity.

One aim of this work was to develop a nanocasting procedure that al-

lows for the �rst time the generation of a hierarchical macro- / mesoporous

carbon monolith using mesophase pitch as carbon precursor and a porous

silica monolith as hard template. Furthermore, the use of the synthesized

material as anode material in lithium ion batteries and catalyst support for

supercapacitors was studied.

1This �nding was used for the synthesis of hierarchical porous SiC materials. The
results are published in �Synthesis and characterization of SiC materials with hierarchical

porosity obtained by replication techniques� [62].
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Figure 4.2: Nanocasting of hierarchical porous carbon monoliths using silica
as a hard template.

4.3 Synthesis and analysis

For the synthesis, mesophase pitch (MP) was chosen as carbon precursor

and hierarchical porous silica monoliths as hard template. The main advan-

tage of the commonly used carbon precursors (furfuryl alcohol and sucrose

solution) is that they exhibit a low viscosity. This property makes the in-

�ltration easy, especially due to the capillary action that occurs in pores on

the nanometer scale. In contrast, pitches are a solid and show only little

solubility. Therefore, it is di�cult to in�ltrate a whole monolith, and an

appropriate in�ltration method had to be developed. The used mesophase

pitch is quite viscous as a melt (Tsoftening = 275 ◦C) and thus a successful

in�ltration could be only accomplished using a solution of MP.

Figure 4.2 shows the principle of the synthesis procedure. First, the hier-

archical porous silica monolith is placed into an opened glass vessel. MP is

dissolved in THF to obtain a solution (10 wt% MP) of low viscosity. Thereto,

the MP has to be stirred in the solvent for at least 3 days. The solution is

then poured into the vessel and the porous silica monolith is in�ltrated un-
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Figure 4.3: (a) Photograph and (b) SEM image of the silica template and
the synthesized carbon replica.

der horizontal agitation. The agitation and slow evaporation of the solvent

allows a continuous accumulation of the mesophase pitch molecules in the

porous template. After evaporation of the solvent, the in�ltrated silica /

MP hybrid material is taken out of the vessel and dried in a quartz tube.

This ensures a slow drying process that prevents cracking and also helps to

retain the macroscopic shape of the monolith. The hybrid material is then

carbonized under nitrogen �ow between 700 - 1000 ◦C. The carbon replica is

then obtained by dissolving the silica template in a solution of ammonium

hydrogen di�uoride. All synthesized monoliths were mechanically stable and

in most cases crack-free.

Figure 4.3 shows photographs and SEM images of the silica template and

the carbon replica. The photographs show that the macroscopic shape of

the silica templates could be maintained during the synthesis. Cylindrical

monoliths with a diameter of about 4.5 mm and a length of several centime-

ters could be synthesized that way. Also, carbon replica in the shape of a

disk could be synthesized by using an appropriate silica template. Figure

4.3b shows the fully interconnected sponge-like macroporous structure of the

silica template and the carbon replica. The SEM images prove that the high

quality of the silica structure could be successfully transformed to its carbon

replica. Figure 4.4 shows SEM and TEM images of the carbon replica at

higher magni�cations. It can be seen that the carbon matrix itself is highly

porous exhibiting pores in the mesopore range (2 - 50 nm) that are uniformly
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Figure 4.4: (a) SEM and (b) TEM image of the synthesized carbon monolith.

distributed.

The hierarchical porosity was also determined using Hg-porosimetry. It is

important to note that this technique allows the determination of pore diam-

eters over several magnitudes, but the results get less exact for pores in the

meso-range. Also, small mesopores cannot be detected with this technique.

Figure 4.5a and b show the cumulative pore volumes and the pore size

distributions of the silica template and the carbon replica. The graphs reveal

a well de�ned hierarchical (bimodal) porosity with narrow pore size distribu-

tions for template and replica. Mesopores between 6 - 8 nm and macropores

in the range of 2 µm were found for the carbon monolith, whereas the meso-

pore volume contributed around 20 % to the total pore volume Vtot, Hg-Por..2

Slightly larger pore diameters were found for the silica template. Here the

mesopores contributed around 17 % to Vtot, Hg-Por.. The results from Hg-

porosimetry are summarized in Table 4.1.

The results also gave a better insight into the replication process. For

a successful synthesis, it is crucial that the carbonization of the carbon

precursor mainly occurs in the mesoporous silica skeleton and not in the

macroporous network. Otherwise the carbon replica does not exhibit the

desired macroporous transport system. Fig. 4.5c shows the results from Hg-

2Within this work, Hg-porosimetry and nitrogen sorption experiments were used for
the determination of pore volumes. In the following, the referring pore fraction and used
method are indicated with indices. E.g. Vtot, Hg-Por. for total pore volume determined by
Hg-porosimetry or Vmeso, N2-Sor. for mesopore volume determined by N2 sorption.
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Figure 4.5: Mercury porosimetry results of (a) the carbon replica (b) the
silica template and (c) the dried hybrid after in�ltration.

Vtot, Hg-Por.

[cm3g-1]
Vmeso, Hg-Por.

[cm3g-1]

mesopore
fraction
[%]

dmacropore
[µm]

dmesopore
[nm]

Carbon replica 1.18 0.24 20.0 1.5 - 2 6 - 8
Silica template 2.24 0.38 16.8 1.5 - 3 8 - 20
Silica template
after in�ltration

0.52 0.03 5.8 1 - 2 < 7

Table 4.1: Results from Hg-porosimetry. Vtot, Hg-Por. and Vmeso, Hg-Por. are the
total pore volume and the mesopore volume derived from Hg-Porosimetry. d
is the average diameter of the pores.
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Figure 4.6: Results from nitrogen sorption experiments. (a) Typical isotherm
of the synthesized carbon monoliths, (b) Cumulative pore volume and cor-
responding pore size distribution using NLDFT model (adsorption branch).
The sample was carbonized at 700 ◦C.

porosimetry for the silica template after the in�ltration step. Clearly, the

cumulative pore volume was signi�cantly lower compared to the silica tem-

plate itself. Only a small fraction of mesopores was detected, speaking for an

almost complete �lling with mesophase pitch. Also, the average macropore

size of the in�ltrated template was found to be slightly smaller compared to

the silica template, revealing that a part of the macroporous network was

�lled with mesophase pitch.

As a result, the average macropore size and the total pore volume (as-

suming similar densities) of the carbon replica were smaller compared to the

silica template. The overall in�ltration process can be described as a combi-

nation of volume templating of the silica skeleton and surface templating of

the macroporous network.

Sorption experiments were used to further investigate the porosity in the

meso- and micropore range. Figure 4.6a shows an isotherm of type IV that

is typical of a mesoporous material. The isotherm reaches nearly a plateau

at higher relative pressures, also speaking for narrow pore size distributions.

The presence of smaller macropores would otherwise result into an increase

at this high rel. pressures. BET surface areas of around 330 m2 g-1 were
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Figure 4.7: (a) Micropore analysis (NLDFT model) of the synthesized carbon
monolith (using MP as carbon precursor). The result for a carbon monolith
using FA as carbon precursor is added for comparison. The dotted line
indicates the border between the micro- and mesopore regime. (b) XPS
analysis of the carbon monolith (carbonized at 700 ◦C).

typically found for samples carbonized at 700 ◦C. NLDFT analysis was used

to determine the pore size distribution and the micropore content. The

cumulative pore volume showed a steep increase for diameters between 5 -

10 nm that corresponded well to the Hg-porosimetry results. The pore size

distribution was very narrow with an average diameter of 7.3 nm. The total

pore volume was measured to be Vtot, N2-Sor. = 0.55 cm3 g-1 (Tab. 4.3).

For an exact micropore analysis, several additional points at very low

relative pressures (35 points at p / p0 < 0.1) were recorded during the ad-

sorption process. Figure 4.7a shows the cumulative pore volume drawn to

a larger scale for small diameters. For comparison, a silica monolith was

also replicated using FA as a carbon precursor. The di�erence between both

precursors can be clearly seen. The MP based carbon replica exhibited a

signi�cantly smaller micropore content compared to the FA based replica.

For the MP based sample, the micropores contributed only 2.55 vol% to the

total pore volume of all pores smaller than 50 nm. In contrast, 19 vol% were

found for the FA based sample. The contribution of the micropores to the

surface area was 21 % (MP based) compared to 57.7 % (FA based). Thus,
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the results clearly evidenced that the choice of the carbon precursor strongly

e�ects the �nal porosity of the carbon replica and MP proved to be highly ad-

vantageous if micropores are undesired. Furthermore, closed porosity should

be kept in mind and it can be assumed that, especially for the FA based

replica, a substantial amount of additional micropores could not be detected

by the sorption experiments.

The sheet resistivity of the MP based monolith was measured to be 0.011

Ωcm compared to 0.771 Ωcm for the FA based monolith, also proving the

better carbonization behavior of MP.

X-ray photoelectron spectroscopy (XPS) measurements stated the pure-

ness of the synthesized material (Fig. 4.7b). No traces of Si could be found,

revealing that the template could be completely removed by dissolution. A

carbon content of 95.5 at.% and oxygen content of 4.5 at.% were determined

from the XPS pattern. The low content of contaminants made the carbon

monolith an ideal model system to study the material properties. Also, ele-

mental analysis (EA) and energy dispersive x-ray spectroscopy (EDX) proved

the high pureness. Elemental analysis was also used to determine the H/C

ratio at di�erent HTT (Tab. (4.3)).

As a prove of the mechanical stability, the carbon monoliths were suc-

cessfully encased by a poymer jacket that is used for HPLC columns (Fig.

4.8).3

4.3.1 WAXS analysis

The local structure of the carbon matrix was characterized by wide-angle x-

ray scattering (WAXS) measurements. Figure 4.9a shows the WAXS pattern

and the corresponding �t of the WAXS model (Chapter 2.1.2) for a carbon

monolith carbonized at 1000 ◦C. As expected, the peaks are well de�ned

due to the use of MP as carbon precursor (Chapter 3). However, the car-

bon microstructure of the monolith di�ered from the one that was found for

MP carbonized as a bulk (in the following denoted as bulk material). This

3The potential application of the synthesized material as separation medium for HPLC
was not further pursued within this work.
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Figure 4.8: Commercial silica HPLC column (Merck) and a potential column
from the synthesized carbon material.

Layer size
La
[nm]

Stack height
Lc

[nm]

Interlayer
spacing a3

[nm]
q

Bulk material 2.28 1.42 0.345 0.2
Carbon
monolith

2.48 0.81 0.349 0.0

Table 4.2: Dimensions and parameters of the graphene stacks for carboniza-
tion with and without con�nement. Bulk material: Carbonization of MP
without template. Carbon Monolith: Carbonization of MP in the silica
template. Both samples were carbonized at 1000 ◦C. q is the orientation
parameter as introduced in Chapter 3.4.2. La, Lc and a3 are average values.

observation was reasonable, since the carbonization process in a bulk ma-

terial is signi�cantly di�erent compared to the carbonization process in the

con�nement of the silica template. One can imagine that such a nanometer

con�nement can hinder the growth of the graphenes. This e�ect was clearly

observed by the WAXS model.

Table 4.2 shows the key parameters derived from the WAXS model for

the carbonization of mesophase pitch in a con�nement (carbon monolith)

and without con�nement (bulk material). The average dimensions of the

graphene stacks within the carbon monolith were determined to be 2.48 nm

for the layer size La and 0.81 nm for the stack height Lc. Comparing these

values with the corresponding bulk material (La = 2.28 nm, Lc= 1.42 nm), it
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Figure 4.9: (a) WAXS measurement and corresponding WAXS modeling
of a carbon monolith (carbonized at 1000 ◦C). (b) Proposed model for the
in�ltration process.

can be seen that especially the growth perpendicular to the graphene planes

is strongly hindered by the con�nement. Instead, the graphene stacks seem

to grow more along the planes, because the average layer size was found to

be slightly larger compared to the bulk material.

The possible situation after the in�ltration process is shown in Figure

4.9b. The main proportion of the mesopores in the silica monoliths were in

the range of 6-16 nm (nitrogen sorption, NLDFT model applied on the ad-

sorption branch). One can imagine that only single MP molecules could enter

these small pores, whereas molecules forming a mesophase deposited only on

the macropore wall of the silica template. For an increase in stack height

Lc, the molecules have to �slide� over each other, but the mobility inside the

mesopores was very limited and thus, growth occurred predominantly along

the graphene layers. The relative disorder within the silica mesopores also

explained why the orientation parameter q (as introduced in Chapter 2.1.2)

was found to be zero for the carbon monolith. This �nding speaks for the

absence of a texture within the carbon microstructure (here, preferred align-

ment of the stacks among each other and with respect to the sample holder

surface). This �nding also correlates well with the average interlayer spacing

a3 that was found to be slightly larger compared to the bulk material.

Despite the con�nement e�ect, WAXS measurements proved that the
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Figure 4.10: (a) Galvanostatic discharge (Li insertion, voltage de-
creases)/charge (Li extraction, voltage increases) curves and (b) cycling per-
formance of a sample carbonized at 700 ◦C. The sample was cycled at a rate
of C/5.

carbon monoliths still exhibited a well developed carbon microstructure con-

�rming the micropore analysis results from sorption experiments.

4.4 Li insertion / extraction measurements4

The use of mesophase pitch was proven to be an excellent carbon precursor

that gave rise to the low micropore of the synthesized material, making the

carbon monoliths interesting for certain electrochemical applications. As a

possible application, the carbon monoliths were tested as anode material

for lithium ion batteries. Figure 4.10a shows the �rst four discharge (Li

insertion) / charge (Li extraction) curves for a sample carbonized at 700 ◦C

(C-Rate = C/5). A huge irreversible loss of about 700 mA h g-1 was measured

mostly due to the formation of the solid electrolyte interphase (SEI) during

the �rst cycle. As described in Chapter 2.4, such a loss is typical of all carbon

materials with high surface area. The �rst reversible capacity was as high as

900 mA h g-1 (Fig. 4.10a).

As an important �nding, the reversible capacity stabilized after around

4The Li insertion / extraction measurements were performed by Dr. Yong-Sheng Hu
at the Max-Planck-Institute for Solid State Research, Stuttgart.
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Samples
BET surface
area [m2 g-1]

Vtot, N2-sorption

[cm3 g-1]

H / C
atomic
ratio

700 ◦C 330 0.55 0.257
850 ◦C 327 0.59 0.094
1000 ◦C 277 0.47 0.018
1500 ◦C* 150 0.20 �
2500 ◦C* 61 0.13 �

Table 4.3: Results from nitrogen sorption experiments and elemental analysis
for carbon monoliths heat treated at di�erent temperatures. The total pore
volume Vtot, N2-sorption was determined by the last point of the adsorption
branch. * The samples were �rst carbonized at 1000 ◦C. The carbonization
at higher temperatures followed in a second step after removal of the silica
template.

15 cycles at values around 500 mA h g-1 which is signi�cantly higher than

the theoretical capacity of graphite (372 mA h g-1) (Fig. 4.10b).

Several samples were prepared to study the in�uence of the HTT on the

Li insertion and extraction. Table 4.2 shows the porosity and H / C ratio for

the di�erent samples. Due to the formation of SiC at temperatures higher

than 1200 ◦C, the monoliths could be only carbonized at 1500 ◦C and 2500
◦C without the silica template. Thereto, the samples were �rst carbonized at

1000 ◦C and the silica template was removed afterwards as usual. Then the

samples were carbonized again at 1500 ◦C and 2500 ◦C. The few micropores

close due to graphene growth and thus, the surface area decreases with higher

HTT. Since the template was already removed, the decrease in surface area

and total pore volume was very pronounced for the samples carbonized at

temperatures higher than 1000 ◦C.

Figure 4.11a shows the �rst discharge/charge curves of the samples car-

bonized at di�erent temperatures. The small plateau between 0.8 and 0.7 V

can be attributed to the SEI formation and decreases with HTT. Both irre-

versible charge and reversible charge capacity decrease with increasing HTT.

As described in Chapter 2.4, the mechanisms of lithium storage in non-

graphitic carbons are still under discussion, and di�erent models were devel-
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Figure 4.11: (a) In�uence of the HTT on the (galvanostatic) discharge/charge
process (C-Rate = C/5). (b) Reversible capacities (3. discharge / charge
cycle) as a function of the H/C atomic ratio.

oped in order to explain the higher charge capacity compared to graphite.

In the following, the di�erent models are compared with respect to the re-

versible charge capacity observed for the samples carbonized at di�erent tem-

peratures.

One model suggests that the hydrogen content plays a major role in the

lithium storage of non-graphitic carbons. The observed decrease in reversible

capacity can be correlated with the H / C atomic ratio and follows the

theoretical capacity that assumes each hydrogen atom binding to one lithium

atom via Li•••H •••C interactions (Fig. 4.11b) [42]. However, the nature

of these interactions could not be well explained yet.

Another model attributes the additional capacity to the huge number

of additional graphene edges and surfaces that occur in non-graphitic car-

bons. Higher HTT give rise to larger graphene stacks, and thus the decrease

in reversible capacity would be a consequence of the decrease in graphene

stack surface and number of graphene edges. Furthermore, the growth of

the graphene stacks would be accompanied by further dehydrogenation and

thus the proposed correlation with the hydrogen content would be only in-

direct. Therefore, the growth of the graphene stacks is the more probable

explanation for the decrease in reversible capacity with HTT.

Also, nanoscopic cavities are suggested to store additional lithium. How-

ever, the total mesopore volume remained more or less constant for the
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samples carbonized between 700 ◦C and 1000 ◦C (Tab. 4.3). Therefore,

additional lithium storage in the mesopores seems rather improbable.

Furthermore, the micropore content also decreases with higher HTT, ad-

ditionally contributing to the decrease in irreversible capacity. However, a

complete separation of all the proposed models and the e�ects remains di�-

cult.

In summary, the results clearly show that a signi�cant stationary capac-

ity (500 mA h g-1 (700 ◦C)) can be achieved by using mesophase pitch as

carbon precursor. While few reports have been recently published reporting

similarly high values, it has to be taken into account that the measurements

were conducted at a relatively small rate of C/5, i.e. commonly used for such

experiments [67].

Here it is important to note that the advantage of the hierarchical pore

system takes e�ect at higher C-rates, giving rise to a unique rate performance

at much higher currents:

Figure 4.12 shows the rate performance of the carbon samples carbonized

at di�erent temperatures. Rates of up to 60C were employed at which a high

capacity was maintained. In the experiment, the battery was �rst cycled at

1C for four cycles. Then the discharge / charge rates were stepwise increased

up to 60C. The e�ect of the HTT can be clearly seen. The sample carbonized

at 700 ◦C showed the best performance, with reversible capacities of around

540 mA h g-1 at 1C (after 4 cycles), 260 mA h g-1 at 10C and 145 mA h g-1

at 30C. Even at a rate of 60C, a capacity as high as 70 mA h g-1 was found.

In practical terms, a rate of 60C means to charge/discharge a battery in

only one minute (1C corresponds to a charging time of 1 hour). Surprisingly,

the cycling performance improves with increasing current density and more

constant capacities are measured at high C-rates. For comparison, only 25

mA h g-1 were measured for graphite when rated at 10C.

At the end of the experiment, the battery was cycled again at 10C whereas

the measured charge capacity corresponded well to the initial value of around
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Figure 4.12: Rate performance of carbon samples carbonized at di�erent
temperatures. The given C-rate was applied for the charging and discharging
process. The non-porous carbon is mesophase pitch carbonized as a bulk
without template.
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260 mA h g-1. This proves that the cycling was reversible and the material

was stable enough to withstand extreme C-rates. In total, the samples were

cycled for more than 600 times within this experiment, underlining the ex-

cellent cyclability. In comparison, the life time of current commercial lithium

ion batteries is around 500 cycles.

As described in Chapter 2.4, the Li-insertion process generally takes

longer time than the Li-extraction process. Thus, low C-rates such as C/5

are usually applied for the Li insertion process. Higher C-rates (presuming

reasonable high charge capacities), can be only applied for the Li extraction

process. By using such di�erent C-rates for insertion and extraction, only one

group recently reported a higher capacity at 14C (Li extraction) compared

to the presented material [68].

However, the high C-rates in the presented experiments were applied for

both, the Li-insertion and the extraction process.

It can be assumed that it is the hierarchical porous structure that gives

rise to this superior rate performance. The continuous macropore network

and the present mesopores allow fast di�usion of the lithium ions into and

out of the carbon matrix. The high surface are of the material leads to

a high electrode / electrolyte interphase that provides a large number of

active sites for charge-transfer reactions. At the same time, the strains that

occur in the carbon matrix during the Li insertion and extraction can be well

accommodated by the pores, thus improving the battery life time.

It is rather unusual for non-graphitic carbons to be practically free of

micropores, and hence for the present context, it is important to note that

the systems described here demonstrate otherwise. An increased micropore

volume would have lead to an enhanced irreversible Li storage and thus a

bad cycling performance would have been measured.

The in�uence of the hierarchical pore structure can be clearly seen by

comparing the rate performance between a porous and a non-porous sample.

Here, the non-porous carbon sample is mesophase pitch carbonized as a bulk

without template. Even though the performance of the non-porous sample

is still better than graphite, the rate performance at very high C-rates is by
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far not as good as for the porous samples.

4.5 Macro- / mesoporous carbon monoliths as

support material for supercapacitors5

The synthesized carbon monoliths could be also successfully used as support

material for supercapacitors. This chapter gives a brief introduction into the

topic and a short summary of the results.

Supercapacitors are electrical storage devices that can deliver a huge

amount of energy in a very short time. Due to their nature, supercapaci-

tors have potential applications in hybrid transportation systems whenever

high power densities are needed, e.g. release of extra energy during accelera-

tion or storage of energy during deceleration. Thus, the high power density of

supercapacitors could complement to the higher energy densities of batteries

in applications that require a �exible energy supply.

Based on the charge-storage mechanism, supercapacitors can be divided

into two categories: One is the electrical double layer capacitor (EDLC),

where the capacitance arises from the charge separation at an electrode /

electrolyte interface, e.g. carbon; the other is the redox capacitor, where

the capacitance origins from Faradaic reactions at the electrode / electrolyte

interface of e.g. metal oxides or conducting polymers. Compared to EDLC,

redox capacitors exhibit higher speci�c capacitances [69].

The highest value for speci�c capacitance of metal oxide based redox ca-

pacitors was found for hydrous RuO2 with about 982 F g-1 [70]. However,

the high costs limit an industrial upscale. Conducting polymers, such as

polyaniline (PANI) have advantageous properties with respect to low cost,

high conductivity as well as facile synthesis through chemical and electro-

chemical methods. However, they exhibit low cycle life because of swelling

and shrinkage e�ects that occur during cycling [71].

The use of a suitable support material in the nanometer scale (e.g. car-

5The measurements were performed by Dr. Li-Zhen Fan at the Max-Planck-Institute
for Solid State Research, Stuttgart.
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bon nanotubes) can reduce this e�ect. Also, nanometer-sized electroactive

materials with high porosities in contact with liquid electrolytes can exhibit

enhanced electrode / electrolyte interface areas, providing high electroactive

regions and decreased di�usion lengths within the active material.

Thus, the combination of PANI and a (conductive) porous carbon sup-

port seems promising for supercapacitors of high speci�c capacitance and

improved cycle life. The highest capacitance reported for PANI in a PANI /

carbon composite (i.e. capacitance per mass of PANI) is 1221 F g-1, where

whisker-like PANI was grown on mesoporous carbon by a chemical polymer-

ization method [72].

In the present project, PANI was electrodeposited onto the synthesized

carbon monolith. Following features of the carbon monoliths were supposed

to be advantageous for their use as support material: (1) Monoliths can be

used as synthesized making the use of a binder and / or a conductive agent

redundant that otherwise would lead to a decrease in power density. (2) The

de�ned mesopore size of about 7 nm (NLDFT model) can limit the grain

growth of the active PANI material, thus leading to a higher speci�c capaci-

tance. (3) The interconnected macropore network can render the electrolyte

di�usion towards the mesopores, providing fast transport channels for the

conductive ions.

Figure 4.13 shows a comparison between the speci�c capacitance CPANI

measured for PANI deposited on the porous carbon monolith and PANI

deposited on a non-porous carbon monolith (Note: The speci�c capacitance

CPANI refers to the mass m of PANI deposited on the carbon monolith). As

can be seen in Figure 4.13a, CPANI was found to be around 2200 F g-1 at

a current density of 0.67 A g-1, much higher than previously reported [72].

Even at very high current densities of 66.7 A g-1, the speci�c capacitance was

still very high (1270 F g-1). Comparably small values were found for PANI

on non-porous carbon, proving that the synthesized carbon monoliths are an

excellent support material.

Also, the cyclability was found to be excellent (Fig. 4.13b). Constant

values for CPANI were found even after 1200 cycles, while PANI on non-
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Figure 4.13: Comparison of the supercapacitor performance between PANI
deposited on a porous and a non-porous carbon monolith. (a) Change of
CPANI with speci�c charge/discharge current for PANI. (b) Cycling perfor-
mance at di�erent speci�c currents.

porous carbon showed a constant decay in speci�c capacitance.

In addition, a carbon monolith based on naphthol (NA) was used as

support material. As shown in Chapter 3.2, the use of naphthol as carbon

precursor gives rise to a more disordered carbon microstructure. The su-

percapacitor performance of this material was found to be bad compared to

the MP based carbon monolith, underlining the importance of the carbon

microstructure and the choice of a suitable precursor.6

In summary, it can be concluded that the exceptional performance of

the electrodeposited PANI origins from the hierarchical porosity and the

microstructure of the synthesized carbon monoliths.

4.6 Summary

In this chapter, the synthesis of a new porous carbon material was presented

using a hard-templating approach. As the new feature, mesophase pitch

was used as carbon precursor for the synthesis of hierarchical porous carbon

monoliths with a continuous macroporous network and mesopores of de�ned

size. The use of mesophase pitch gave rise to a carbon material with a

6The results are discussed in detail in the corresponding article [73].
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well developed carbon microstructure and thus negligible microporosity. The

synthesized monoliths were mechanically stable and could be produced in the

form of cylinders of several centimeters in length without the need of a binder.

The advantages of the synthesized material could be demonstrated by Li

insertion / extraction measurements. The high reversible charge capacity was

attributed to the carbon microstructure, whereas the hierarchical porosity

gave rise to the unique rate performance.

A possible battery using the synthesized material as electrode would ex-

hibit

• a reversible charge capacity much higher than the currently used graphite

materials, and

• a high rate performance that would allow not only very short discharg-

ing but also very short charging times.7

Also, the material proved to be an excellent support material for the elec-

trodeposition of supercapacitive materials.

7In the presented experiments, metallic lithium was used as cathode material. Thus, Li
insertion into the carbon material was denoted as the discharging process and extraction
as the charging process. In an actual battery, other materials are used as cathode material.
Thus, Li insertion into the carbon material means charging the battery, extraction means
discharging the battery.
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Synthesis of Hierarchical

Macro- / Mesoporous Carbon

Materials using Soft-templating

and Mesophase Pitch

5.1 Introduction

Soft-templating is, besides hard-templating, the second important method

used for nanocasting of porous materials. In this technique, decomposable

molecules or polymers are used as template. Such templates can be in most

cases completely burned o�, making the template removal an easy and cheap

step.

However, it was primarily the hard-templating approach that has been

intensely used during the last years for the synthesis of (hierarchical) porous

carbon materials. Despite the success, the hard-templating approach exhibits

some inherent drawbacks: First, an appropriate hard template has to be

synthesized before (usually also by nanocasting); and second, acids or bases

are necessary for the often time-consuming template removal. Silica, for

example, is the most widely used hard template and is usually removed by

hydro�uoric acid. The extra step of synthesizing the hard template, and its
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dangerous removal makes the overall synthesis a costly multi-step procedure.

This is why those systems, despite the promising properties, are likely to stay

scienti�c model systems.

In contrast, nanocasting via the soft-templating route allows the synthesis

of porous materials at lower costs. For example, the hierarchical porous silica

monoliths that were used as hard templates in this work (see Chapter 4.1)

are produced via soft-templating and are commercially available, proving that

such materials can be produced at costs that allow an industrial upscale. But

the soft-templating of (meso-) porous carbon materials faces two problems:

1. Both, the template and the carbon precursor are of organic nature.

The �classical� template removal under air (burning o� the template)

is therefore not applicable. Instead, the carbonization of the carbon

precursor requires a reductive atmosphere. Under this condition, the

organic template can act as a carbon precursor as well, which is unde-

sired because the formation of pores is then impeded. It is therefore

crucial to �nd an organic template that thermally degrades to a high

extent under a reductive atmosphere and in the presence of the carbon

precursor. Furthermore, the carbonization of the carbon precursor is

often spurred by addition of a catalyst, which can negatively in�uence

the level of degradation of the template.

2. The carbonization process is always accompanied by huge microstruc-

tural changes due to the development, growth and rearrangement of

the graphene sheets (see Chapter 3). If the template degrades too

early, these structural changes can close desired mesopores. It is there-

fore crucial that the template does not degrade before the carbon matrix

reaches a stable con�guration.

In this chapter, we present a novel soft-templating based methodology to

create a carbon material with meso- and macroporosity in a simple process.

Hereunto, we were inspired by the synthesis of the hierarchical porous silica

monoliths that were used for the nanocasting of the porous carbon monoliths

in Chapter 4. These silica monoliths are synthesized via the Nakanishi
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process using spinodal decomposition between a soft template and a silica

precursor. The resulting silica material exhibits a well-de�ned bicontinuous

macropore network and mesopores. The principles of spinodal decomposition

and the Nakanishi process are discussed in the following chapters.

The synthesized carbon material was also tested for its electrochemi-

cal performance in lithium batteries. The versatility of the synthetic pro-

cess was demonstrated by manufacture of monoliths and by incorporation

of Si nanoparticles into the carbon material. Furthermore, hollow carbon

nano�bers were observed.

5.2 Nakanishi process for the synthesis of hier-

archical porous silica monoliths

The main concept of the Nakanishi process can be brie�y described as follows:

The synthesis is based on a sol-gel process that starts with a homoge-

neous (acidic) aqueous solution of a silica precursor (alkoxysilanes) and a

block copolymer (poly(ethylene oxide). The hydrolytic polycondensation of

the alkoxysilanes gives rise to an increase in the Gibbs free energy that �-

nally induces the phase separation into co-continuous �uid and gel domains

via spinodal decomposition. The inorganic sol-gel transition can freeze this

domain structure as a permanent gel morphology, preventing the system from

further phase separation.

The �nal porous silica material is obtained by drying of the gel and re-

moval of the polymer template via calcination. The pore structure in the

micrometer range (macroporous network) is hereby determined by the frac-

tion of the �uid phase. The gel phase is mainly composed of polymerized

silica and the block copolymer and later forms the mesoporous silica skeleton.

The calcined material then exhibits a hierarchical macro- / mesoporos-

ity. The form of the gel is determined by the shape of the reaction vessel,

and thus silica monoliths of di�erent shapes and sizes can be easily synthe-

sized. Temperature treatment and pH value strongly e�ect the synthesis
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procedure, and thus only exact conditions allow the generation of a de�ned

product. [57,74�76].

Similar to this process, we developed a synthesis for the generation of a

hierarchical macro- / mesoporous carbon materials. The principles of spin-

odal decomposition as the driving process of the synthesis are described in

the following chapter.

5.3 Spinodal decomposition

A binary phase diagram shows a miscibility gap below a critical temperature

Tc when the two components A and B do not completely mix with each

other. The miscibility gap is hereby de�ned by the binodal curve. Figure

5.1 shows a sketch of such a phase diagram and the corresponding Gibbs

free energy of mixing ∆Gmix of the mixed phase at the temperature T'. In

the miscibility gap, the system can separate into its equilibrium phases by

two di�erent mechanisms, depending of the curvature of ∆Gmix. Starting

from the equilibrium points (that de�ne the binodal curve), the curvature

within the miscibility gap is positive until the two in�ection points (spinodal

points that de�ne the spinodal curve). The spinodal curve therefore borders

the area of negative curvature values for ∆Gmix. Imagine a homogeneous

mixture of the composition x and entering the miscibility gap from elevated

temperatures, stopping at the temperature T'. The system is now about

to separate into its equilibrium phases. Supposing very small �uctuations

in the composition x into x+ and x- (Figure 5.1b). When the curvature

of ∆Gmix is negative, the �uctuation leads to an decrease in Gibbs free

energy and therefore the system will phase separate further. This process

is called spinodal decomposition. When the curvature of ∆Gmix is positive,

the �uctuation leads to an increase in Gibbs free energy. Obviously the

system is �metastable� against very small �uctuations and requires larger

�uctuations to start the phase separation. Such a large �uctuation occurs

through the formation of a nucleus.

Summarized, no nucleation is necessary for the phase separation process
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Figure 5.1: (a) Sketch of a phase diagram with a miscibility gap. (b) Small
�uctuations in composition for spinodal and the binodal decomposition. (c)
Early stages (1-3) and coarsening stages (4-6) of the structure development
process by spinodal decomposition. (Fig. 5.1 c taken from Ref. [57])

within the spinodal curve whereas nucleation and growth mechanisms deter-

mine the area within the binodal curve [77,78]. The �nal morphology of the

system strongly depends on the phase separating mechanism. Spinodal de-

composition leads to the formation of a co-continuous (sponge like) domain

structure which ages by time (Figure 5.1c).

Imagine now a ternary system at a temperature T < Tc where the com-

ponents A and B are completely dissolved in a solvent C. Starting from a

homogeneous solution, the spinodal decomposition can then be induced by

evaporation of the solvent. The latter case was used for the synthesis of the

novel hierarchical macro- / mesoporous carbon material.
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5.4 Current state of research - Nanocasting of

mesoporous carbon materials via soft-

templating

During the last years, only few mesoporous carbon materials were synthe-

sized by soft-templating using di�erent strategies. For example, Ozaki et

al. [79] produced porous carbon �bers starting from a polymer blend. The

blend consisted of a carbonizable carbon precursor (phenolic resin) and a py-

rolizable polymer (poly(vinyl butyral, PVB). After carbonization, the prod-

uct exhibited notably microporosity but also showed pores in the mesopore

regime. More recently, several groups reported the synthesis of ordered meso-

porous carbons via self-assembly. Zhao et. al. [80] reported the formation

of ordered carbonaceous mesopore structures by condensation of phenolic

resin around micelles and subsequent transformation into the porous form by

heat-treatment. Dai et al. [81] synthesized mesoporous carbon materials

via enhanced hydrogen bonding interaction between the polyethyleneoxide

(PEO) chains of F127 and di�erent phenolic resin monomers.

Motivation

In spite of the recent progress, these strategies all rely on carbon precursors

that implicate a less developed carbon microstructure (very small graphene

sizes La and stack heights Lc), making the synthesized materials microporous

and rather di�cult to use for electrochemical applications. Also, the synthe-

sized materials exhibited, until now, no hierarchical macro-/ mesoporosity.

As described in Chapter 4, a carbon material exhibiting a hierarchical

macro- and mesoporosity and small micropore content is highly advantageous

for electrochemical applications. To the best of our knowledge, there is no soft

templating based method yet that allows the synthesis such a carbon material

and thus we tried to develop one under the aforementioned challenges.
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5.5 Synthesis and analysis

The novel soft-templating based method takes advantage of the phase-separation

between mesophase pitch (MP, carbon precursor) and polystyrene (PS, soft

template), both dissolved in tetrahydrofuran (THF). MP was chosen once

more because of its exceptional carbonization behavior (Chapter 3). Poly-

styrene was chosen, because it exhibits the appropriate thermal behavior for

the soft-templating process.

Thermogravimetry (TGA) was used to elucidate the thermal behavior

of MP and PS under reductive atmosphere. As can bee seen in Figure

5.2a, polystyrene decomposes almost completely whereas carbonization of

the mesophase pitch starts only at higher temperatures. The weight loss

during the carbonization process can be attributed to the release of di�erent

volatile compounds (e.g. hydrocarbons, H2 or CO). However, a successful

templating is only possible when the carbonization temperature of MP is

lower than the decomposition temperature of PS. Therefore, a Lewis acid

(iron chloride, FeCl3) was added as a catalyst to start the carbonization pro-

cess already at lower temperatures. Figure 5.2b shows TGA measurements

of MP and PS under the presence of FeCl3. Several steps that smear out over

a large temperature interval occur during the heat treatment of mesophase

pitch. Unfortunately, the used TGA machine did not allow further charac-

terization of the released compounds, but several studies showed that Lewis

acids strongly e�ect the carbonization process and initiate reactions (partic-

ularly the dehydrogenation) already at lower temperatures [51,52]. Thus, the

start of the cross-linking between the mesophase pitch molecules is shifted

towards lower temperatures. Also, the presence of the catalyst prevents the

huge volume expansion that occurs during the carbonization of mesophase

pitch due to the release of volatile compounds.

As an important �nding, the decomposition process of polystyrene is ba-

sically una�ected by the presence of the catalyst, and only a small residual

mass of around 5 wt% was observed. The structure of this residue substance

is discussed in Chapter 5.8. The weight loss at lower temperatures can be

explained by evaporation of residual THF (the solvent was used to homoge-
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Figure 5.2: TGA measurements of mesophase pitch and polystyrene under
nitrogen. (a) without catalyst and (b) with 10 wt% FeCl3 as catalyst. (Heat-
ing rate of 10 K / min)

neously distribute the catalyst in the samples). Table 5.1 shows the results

of the TGA measurements for the given conditions.

Thus, the chosen system consisting of MP, PS and FeCl3 as catalyst ful-

�lls the important condition that the carbon precursor starts to carbonize

at temperatures below the decomposition of the soft template. It should be

mentioned that decomposition and carbonization can already occur at lower

temperatures when the heating rate is reduced or a constant temperature is

maintained over a longer time. For example, polystyrene decomposes already

at temperatures as low as 300 ◦C into many volatile compounds [82].

The principle and proposed mechanism of the synthesis is shown in Figure

5.3. Firstly, a template solution (PS and FeCl3 in THF) and a precursor solu-

tion (MP in THF) are prepared. The solutions are then mixed together and

stirred for a su�ciently long time to obtain a homogeneous solution. This

solution is then poured into crucibles and the THF is evaporated at room

temperature. During evaporation, the mixture enters the miscibility gap,

inducing a continuously increasing incompatibility between MP and PS and

the system starts to phase separate. In the spinodal case, the microphase-

separation leads to the formation of a bicontinuous, sponge-like structure.
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Figure 5.3: New synthetic strategy and proposed mechanism for the genera-
tion of hierarchical macro- / mesoporous carbon via soft templating.
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Onset
temperature

[◦C]

Residual
mass [wt %]

Decomposition of PS 399 1.0
Carbonization of MP 426 71.5

Decomposition of PS with FeCl3 408 5.22

Carbonization of MP with FeCl3
> 100 and <

700
63.4

Table 5.1: TGA results for residual mass and onset temperatures of samples
with and without catalyst. The onset temperatures refer to decomposition
for PS samples and carbonization for MP samples. The heating rate was 10
K / min. The content of FeCl3 was 10 wt %.

Figure 5.4: Synthesis of a monolithic carbon body (*MPPS-66-600) using
the technique described in Figure 5.3.

Similar to the Nakanishi process, the phase separation is then further con-

trolled by a suitable heat treatment. During the �rst heat treatment at 300
◦C (stabilization step), the carbonization process of the mesophase pitch is

initiated, resulting into further incompatibility between MP and PS and thus

further phase separation occurs. This process is probably facilitated by the

decrease in viscosity due to the increased temperature (PS melts at around

240 ◦C). The resulting system then consists of PS-rich and MP-rich domains

on the macro- and nanometer scale. The heat treatment is maintained for

a duration of 10 h. This ensures that the MP molecules slowly start to

cross-link and transform into a more and more stable carbon matrix. After

stabilization, the temperature is increased towards higher temperatures (600

- 800 ◦C). As shown in Figure 5.2, polystyrene decomposes at such high tem-

peratures, leaving behind the desired macro- and mesoporosity. The higher
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temperature also leads to the �nal carbonization of the carbon matrix. Due

to the stabilization step, the microstructural changes within the carbon ma-

trix remain small and closure of the mesopores is prevented.

Looking back at the di�erent stages during spinodal decomposition (Fig.

5.1c) it is noteworthy that, on one hand, the phase separation must continue

up to a certain extend to create the desired phase domains on the micro- and

nanometer range. On the other hand, phase separation must be, at some

point, hindered. Otherwise the phase separation would proceed in order to

minimize the domain interface. The �nal mesoporosity would then diminish

by coarsening e�ects.

In the present system, the di�erent stages during spinodal decomposition

can be e�ected during the evaporation process and during the heat treatment.

In the �rst case, during evaporation of the solvent, the viscosity of the system

increases until solidi�cation, hindering further phase separation of the MP-

rich and PS-rich domains. In the second case, during heat treatment, the

phase separation is mainly determined by the FeCl3 induced cross-linking of

the MP molecules and the decrease in viscosity.

As an important feature, the porosity can be adjusted by variation of the

soft-template content.

Alternatively, porous materials can also obtained by a single heat treat-

ment at 340 ◦C for 48 hours. Due to the reduced temperature, the material

is not fully carbonized and therefore a carbonaceous material.

Usually, the synthesized material was obtained in form of �akes but the

use of special sca�olds also allowed the generation of monolithic carbon bod-

ies with dimensions of up to several centimeters (Fig. 5.4). By use of a taller

sca�old (here a centrifuge tube), the resulting sample was thicker, giving rise

to a porous carbon monolith after the carbonization process. One can imag-

ine that the material can be produced in various monolithic shapes either by

appropriate evaporation sca�olds or also by a molding step between evapo-

ration and carbonization. Such a process could be conducted by molding the

material when it gets viscous at increasing temperatures.

Samples were denoted as MPPS-u-v, where MP and PS are mesophase
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Figure 5.5: SAXS measurements of (a) the pure compounds and a phase sep-
arated sample after evaporation of the solvent (MPPS-33) and (b) a sample
carbonized at 600 ◦C (MPPS-66-600). A Kratky camera with slit smearing
was used for the samples shown in (a), therefore the Porod law obeys s-3

compared to s-4 when a rotating anode was used (b).

pitch and polystyrene, u the fraction of polystyrene in wt% and v the HTT

(in ◦C). Monolithic samples are marked with the symbol �*� (e.g. *MPPS-

66-600). If not speci�ed, polystyrene with an average molecular weight of

250.000 (Acros) was used.

Since the changes in the material during phase separation obviously could

not be studied in-situ by techniques such as light-scattering (the solution is

black), the morphology was investigated by various techniques at the di�er-

ent stages of the synthesis. Small angle x-ray scattering (SAXS) allowed us

to study the structural evolution on the nanometer scale throughout the pro-

cess. Already the comparison of SAXS data of the mixtures after evaporation

with the scattering of pure PS and pure MP showed pronounced di�erences

(Fig. 5.5a). An almost ideal Porod law was observed, indicating the presence

of a well-de�ned microphase-separated two-phase system (MP - PS) on the

nanometer scale already after evaporation. The Porod law was also observed

for a sample carbonized at 600 ◦C, proving the presence of a two-phase sys-

tem between, in this case, carbon matrix and pores (Fig. 5.5b). The extend
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of the Porod law up to high values for the scattering vector s supported

the assumption that the phase separation process continued during the heat

treatment and indicated a large surface area due to the presence of pores in

the nanometer regime.

The porosity was further characterized by sorption analysis. Nitrogen

sorption evidenced the presence of a reasonable concentration of mesopores,

depending on the template concentration. Figure 5.6a shows the isotherms of

samples templated with di�erent relative amounts of PS. The isotherms are

clearly from type IV and show distinct hysteresis. Lower polymer contents

produced accordingly lower mesoporosity, thus proving that the mesoporosity

originated indeed from a templating process and not from inherent porosity

of the components. For instance, MPPS-66-600 showed a total pore volume

Vtot, N2-Sor. = 0.45 cm3 g-1 and a BET surface area of 170 m2 g-1. As an im-

portant �nding, high precision nitrogen sorption analysis at low adsorption

pressures indicated a minimal content of undesired micropores only. Fig-

ure 5.6b shows the corresponding cumulative pore volume, using a NLDFT

model. The porosity increases signi�cantly in the mesopore range, whereas

the samples show only little porosity in the micropore range.

BET surface
area

[m2 g-1]

Vtot, N2-Sor.

[cm3 g-1]

Micropore
content
[%]

MPPS-66-600 170 0.45 5.2
MPPS-50-600 90 0.21 6.2
MPPS-33-600 20 0.07 5.3

Table 5.2: Nitrogen sorption data for di�erent samples MPPS-u-v, with u
the fraction of template in wt%, and v the carbonization temperature. The
total pore volume Vtot, N2-Sor. was determined by the last point of the ad-
sorption isotherm. The micropore content is the contribution of micropores
(determined by NLDFT model) to Vtot, N2-Sor. in vol%.

Also, these mesopore features strongly resembled the structural properties

found for porous silica generated by the Nakanishi process. The continuous

increase of porosity speaks for a relatively broad size distribution of the
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Figure 5.6: (a) Isotherms (obtained by nitrogen sorption) of samples with
varying template concentrations. (b) Cumulative pore volumes applying a
NLDFT model on the adsorption branch of the isotherms (assuming silica as
adsorbent. Note: A NLDFT model assuming carbon as adsorbent was only
available for the desorption branch).

Figure 5.7: (a) Cumulative pore volumes for samples of di�erent template
concentration using a NLDFT model for carbon as adsorbent (desorption
branch of the isotherm). (b) Cumulative pore volume obtained by krypton
sorption for MPPS-66-600 (NLDFT, adsorption branch).
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mesopores. A summary of the nitrogen sorption data is given in Table 5.2.

Further sorption analysis was done by applying a special NLDFT model

that was developed for the sorption of nitrogen on carbon. Although the

model could be only applied to the desorption branch of the isotherm, the

results also con�rmed a very low micropore content and reasonable meso-

porosity (Figure 5.7a).

The low micropore content could be also veri�ed using Krypton sorption.

The main advantage of krypton as adsorptive is that it allows the detection

of additional micropores that cannot be entered by the bigger N2 molecules.

The experiment was carried out at 77 K, which limited the maximum rela-

tive pressure to p/p0= 0.6. The used kernel therefore provided data up to a

maximum pore diameter of around 6 nm. As can be seen in Figure 5.7, the

fraction of pores smaller than 2 nm is very small.

Scanning electron microscopy (SEM) revealed the presence a 3-D bicon-

tinuous structure of micrometer sized pores (macropores), quite similar to

porous SiO2 obtained by the Nakanishi process (Figure 5.8). A picture of

such a porous silica is added to the �gure for comparison. Hence, the mor-

phology of the �nal carbon material itself provided strong evidence that

the underlying transformation corresponded to spinodal decomposition of

mesophase pitch and the polystyrene. SEM proved that the bicontinuous

structure could be maintained throughout the carbonization process.

Figure 5.9 shows a TEM image of MPPS-66-600. The image proves the

presence of nanometer sized pores in a continuous carbon matrix. The dark

spots could be attributed to iron residues. The lamellar structures that can

be seen in the image (pointed out by an arrow) probably originated from exfo-

liated carbon, also speaking for a carbon material of extended graphene sizes.

Hg porosimetry was used to characterize the porosity over a extended

length scale. Figure 5.10a shows the cumulative pore volume and pore size

distribution for a monolithic carbonaceous sample templated with 33 wt%

PS (*MPPS-33-340). The sample exhibited a broad bimodal pore size distri-
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Figure 5.8: SEM images showing the macroporous structure of samples car-
bonized at (a) 600 ◦C (MPPS-66-600) and (b), (c) 340 ◦C (MPPS-33-340).
(d) SEM image of porous silica made by the Nakanishi process for compari-
son.

Figure 5.9: TEM (microtomy) image from MPPS-66-600
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Figure 5.10: Mercury porosimetry of two samples (a) MPPS-33-340 and (b)
MPPS 66-600.

bution with the �rst maximum in the mesopore region between 10-100 nm,

con�rming the N2 sorption data. The second maximum was found in the

macropore range with diameters of about 10-1000 µm. The measured total

pore volume of Vtot, Hg-Por.= 0.63 cm3 g-1 probably also resulted from cracks

within the monolithic sample. However, the presence of a bimodal porosity

also speaks for a phase separation similar to the Nakanishi process.

A much broader pore size distribution was found for the samples heat

treated at higher temperatures, probably due to the changes in the carbon

microstructure that occurred during the heat treatment (Fig. 5.10b). A total

pore volume of Vtot, Hg-Por.= 0.65 cm3 g-1 was found for MPPS-66-600.

It has to be taken into account that the technique does not allow the

detection of smaller mesopores and micropores. Thus, the most accurate

way of to determine the total porosity of the sample is to add the mesopore

volume derived from nitrogen sorption and the macropore volume derived

from Hg-porosimetry: Vtot, sample = Vmeso, N2-Sor.+ Vmacro, Hg-Por. .1 This way,

a total porosity of around 0.90 cm3 g-1 was found for the sample MPPS-66-

600. Elemental analysis stated a carbon content of about 72 wt%, whereas

the main proportion of the rest can be attributed to iron residues. Estimating

1Vmeso, N2-Sor.: The NLDFT model allowed the determination of the pore volume of
pores < 35 nm (Fig. 5.7a).
Vmacro, Hg-Por. : The contribution of pores > 35 nm was determined from Fig. 5.10b.
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Figure 5.11: WAXS of samples carbonized at (a) 600 ◦C and (b) 800 ◦C. A
WAXS pattern of a carbon monolith derived from hard templating is added
for comparison (◦). Re�ections from α − Fe are marked with arrows. The
other re�ections originate from carbon and Fe3C.

similar densities for carbon precursor and template and taking into account

the iron residue it can be stated that the porosity indeed originated from the

templating process.

In conclusion, SEM, TEM, nitrogen sorption and Hg-porosimetry clearly

proved that the synthesized material exhibited a bimodal macro- / meso-

porosity.

WAXS measurements were used to determine the di�erent phases present

in the samples. Figure 5.11 shows the presence of Fe3C (Cohenite) and α-

Fe as side products after heat treatment at 600 ◦C. α-Fe was formed by

carbothermal reduction of Fe3C. The well de�ned maximum around 2θ = 26◦

revealed the good carbonization behavior of the mesophase pitch. If desired,

the fraction of Fe3C could be transformed almost completely to α-Fe by

carbonization at higher temperatures (800 ◦C), while maintaining porosity.

Figure 5.11b also shows the WAXS pattern of a porous carbon material

synthesized via the hard templating approach (Chapter 4) for comparison.

The (002) re�ections of both curves show a similar shape, proving that the

present carbon materials originated from the same carbon precursor, i.e.
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MW 350.000 MW 250.000 MW 200.000 + 4.000
BET surface
area [m2 g-1]

7 170 26

Tot. pore
volume [cm3 g-1]

0.047 0.45 0.084

Table 5.3: BET surface areas for samples (MPPS-66-600) synthesized with
polystyrene of di�erent average molecular weights.

mesophase pitch. A substantial carbon residue from polystyrene would have

give rise to a much broader peak. This also evidenced that most of the

template decomposed during the carbonization of the mesophase pitch. The

similarity between both curves also showed that the addition of FeCl3 did

not signi�cantly e�ect the �nal size of the graphene stacks, in particular the

stack height Lc. However, the presence of the catalyst was crucial to shift

the carbonization processes towards lower temperatures.

A sheet resistivity of 14.2 Ωcm was measured for monolithic samples heat

treated at 600 ◦C, proving that the carbon material was well carbonized and

showed good electrical conductivity.

It was found that the molecular weight of the template was important for

a successful templating process. Di�erent molecular weights of PS were used

to synthesize samples under otherwise identical conditions. Table 5.3 shows

the in�uence of the molecular weight on the surface area for the di�erent

samples. Polystyrene of higher molecular weight (MW 350.000) showed a

lower solubility in the solvent and probably precipitated too early so that the

�nal mesoporosity remained small. PS of lower molecular weight (bimodal

4.000 + 200.000 (50:50 mixture)) dissolved easier but the phase separation

process also did not result into a material of reasonable mesoporosity.

Thus, it seemed that within a limited set of experiments, only PS of

certain molecular weight (av. MW 250.000) gave rise to the right thermody-

namical behavior that allowed the appropriate (spinodal) phase separation

under the given conditions i.e. evaporation at room temperature and reason-

able fraction of the template.
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5.6 Incorporation of Si nanoparticles into the

synthesis procedure

The speci�c capacity of an electrode material for lithium ion batteries is

mainly determined by its ability to take up lithium ions. Silicon is also part

of the current research on better anode materials, since it exhibits the highest

speci�c capacity known (4200 mA h g-1) by forming an Li4.4Si alloy [83].

However, silicon su�ers a maximum volume increase of 310 vol% during the

Li uptake, resulting into internal stresses that fracture the electrode [84].

One attempt to overcome this problem is to disperse nanosized Si particles

in a relatively soft carbon matrix. Such a hybrid material could resist the

volume changes during cycling and would also prevent the nanoparticles from

agglomeration.

An advantage of the presented synthesis is that the procedure allows the

incorporation of nanoparticles from the very �rst step. As a prove of prin-

ciple, Si nanoparticles of 50 nm in diameter were added and mixed with the

precursor solution. The relative amount of Si to MP in the precursor solution

was 10 wt%. The Si nanoparticles were polycrystalline with average crystal-

lite sizes between 12-18 nm, as determined by the Scherrer equation. The

synthesis was then continued as described in Chapter 5.5. WAXS measure-

ments proved that the Si nanoparticles persisted the carbonization process

at 600 ◦C (Fig. 5.12). The electrochemical performance of this material

(MPPS-66-600_Si) is discussed in the following chapter.

5.7 Lithium insertion / extraction

measurements

In order to demonstrate a potential application of the synthesized carbon

materials, the samples MPPS-66-600 and MPPS-66-600_Si (including the

�impurities� Fe and Fe3C) were investigated regarding their Li insertion /

extraction behavior. Fe and Fe3C do not intercalate Li ions and thus did not

contribute to the charge capacity of the material. As mentioned before, the
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Figure 5.12: (a) Wide angle x-ray scattering (WAXS) of sample MPPS-66-
600 containing Si nanoparticles. Si re�ections are marked with arrows. The
other re�ections originate from carbon and Fe3C.

carbon content of MPPS-66-600 was found to be around 72 wt%.

5.7.1 MPPS material (MPPS-66-600)

Figure 5.13a shows the discharge (Li insertion) / charge (Li extraction) curves

of the sample MPPS-66-600 at rates of C/5 (one lithium per six formula units

(LiC6) in 5 hours), 1C and 5C. At a discharge / charge rate of C/5, the �rst

charge capacity was around 470 mA h g-1. As described in Chapter 2.4, the

pronounced irreversible capacity in the �rst cycle is found in all high surface

area electrode materials.

When the discharge / charge rates were increased to 1C and 5C, reversible

capacities as high as 320 and 200 mA h g-1 were stably achieved. Further-

more, it is important to note that the cycling performance was excellent at

such high rates (as shown in Fig. 5.13b), e.g. after 50 cycles, the reversible

capacity retention at 1C and 5C was almost 100 % and ca. 95 %, respec-

tively. This can be explained with the well developed carbon microstructure

of MP based carbon materials (Chapter 3). Usually, non-graphitic carbons
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Figure 5.13: (a) Galvanostatic discharge (Li insertion, voltage decreases) /
charge (Li extraction, voltage increases) curves the sample (MPPS-66-600)
cycled at rates of C/5, 1C and 5C (electrode cycled in 1 M LiPF6 ethylene
carbonate/dimethyl carbonate (1:1 by volume)), (b) cycling performance of
porous carbon sample cycled at rates of 1C and 5C, and (c) comparison of
rate performance between the sample and commercial natural graphite under
di�erent electrochemical conditions.
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Figure 5.14: Galvanostatic discharge (Li insertion, voltage decreases) /
charge (Li extraction, voltage increases) curves for the sample MPPS-66-
600_Si. (a) Electrode cycled in the standard electrolyte. (b) Electrode
cycled in a electrolyte containing 5 wt% vinylen carbonate (VC). (c) Com-
parison of the rate performance in both electrolytes. The C-Rate was approx.
C/3.
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exhibit microstructures with a much higher degree in disorder, and thus

show a continuous and progressive capacity decay on cycling [42]. Figure

5.13c compares the rate performance of the synthesized material with com-

mercial natural graphite under di�erent electrochemical conditions. At the

same discharge / charge rate, the material showed higher reversible capacity

than that of commercial natural graphite. If the discharge rate was set at

C/5 and the charge rate was varied from C/5 to 40 C, as shown by the open

circles, much higher reversible capacities at high charge rates were observed.

For instance, even at a charge rate of 40 C, a charge capacity of ca. 200 mA

h g-1 was obtained. Applying a low C-rate for the lithium insertion process

is typical for carbon materials (Chapter 2.4).

Here, it should be pointed out that the capacity of the electrochemical

active carbon material was much higher, because the presence of Fe and Fe3C

lowered the total capacity of the material. For example, by excluding the

weight fraction of iron (around 28 %), the �rst charge capacity (at C/5)

referring to the active carbon material was around 650 mA h g-1 compared

to the 470 mA h g-1 described above.

5.7.2 MPPS material with Si nanoparticles (MPPS-66-

600-Si)

Figure 5.14a shows the discharge / charge curves for the sample MPPS-66-

600-Si using the standard electrolyte. The �rst cycle also showed a large

irreversible capacity, similar to the one observed for the sample without Si.

A reversible charge capacity of around 592 mA h g-1 was found, proving

that the addition of the Si nanoparticles gave rise to a signi�cant increase

in capacity. However, the stability was not satisfying and the experiments

had to be conducted within a smaller voltage range of 1.5 V instead of 3.0

V. Furthermore the cycling performance showed a continuous decrease in

capacity.

As discussed in Chapter 2.4, the battery performance can be improved by

adding electrolyte additives for control of the solid electrolyte interface (SEI)

formation. Here, the addition of vinylen carbonate (VC) strongly improved
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the Li cycling. Figure 5.14b shows the discharge / charge curves for the VC-

containing electrolyte. The in�uence on the SEI formation can be clearly

seen by looking at the �rst discharge curve. The curve reaches values higher

than 1600 mA h g-1, but also the irreversible capacity (around 800 mA h

g-1) was higher compared to the standard electrolyte. The reversible charge

capacity was measured to be around 726 mA h g-1, which was signi�cantly

higher compared to the VC-free electrolyte. The cyclability of the material

for both electrolytes is compared in Figure 5.14c. As described, the reversible

capacity constantly decreased when the standard electrolyte was used. But

the addition of VC gave rise to a stable cycling at a charge capacity of around

650 mA h g-1.

As described in Chapter 5.7.1, the capacity of the active material (here

carbon and Si) was much higher, since a substantial amount of Li insertion

inactive Fe and Fe3C was present in the sample.

5.8 Hollow carbon nano�bers from polystyrene

As shown by the TGA measurements (Chapter 5.5), polystyrene almost com-

pletely decomposed under nitrogen even in the presence of the used catalyst

(FeCl3). However a small fraction of around 5 wt% remained as residual. El-

emental analysis showed that this residual substance consisted of 54.5 wt% C

(0.6 wt% N, 0.6 wt% H, 0.0225 wt% S). It can be assumed that the remaining

portion mainly consisted of iron residues.

WAXS measurements (Fig. 5.15 a) showed a pointed peak at 2θ = 26.3◦,

revealing that the carbon microstructure was highly developed and larger

values for Lc could be expected. Moreover, α-Fe was detected. Figure 5.15

shows SEM and TEM images of samples heat treated for 6 hours at 700 ◦C. It

can be seen that the �bers were hollow and appeared as bundles. The TEM

image (Figure 5.15 d) shows that irons particles were found at the tip of the

hollow �bers. Furthermore these �bers were also found at lower HTT (i.e.

600 ◦C). Nitrogen sorption experiments showed an isotherm with hysteresis.

The BET surface area of the material was measured to be 390 m2 g-1 (heat

treated at 600 ◦C) indicating that the �bers were very likely to be hollow.
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Figure 5.15: (a) WAXS pattern, and (b, c) SEM images of the carbon
nano�bers. (d) TEM image of a carbon nano�ber with an iron particle
on its tip. The sample was heat treated at 700 ◦C.

It is known that small metal particles (in particular Fe, Co and Ni)

can catalyze the formation of carbon �bers in the nanometer range. Such

�bers are of interest due to their chemical similarity to carbon nanotubes or

fullerenes [85]. The mechanism can be brie�y described as follows: Hydro-

carbons decompose on the surface of a small metal particle into hydrogen

molecules and carbon atoms. The carbon atoms di�use through the bulk

metal and precipitate on the other site in form of graphite or a similar struc-

tured carbon material. The �ber then grows through the continuous accumu-

lation of the carbon atoms on the carbon structure. In the present case, the

hydrocarbons are provided by the decomposition of the polystyrene. Hollow

�bers can be observed when the graphene sheets align parallel to each other,

especially when iron is used as catalyst.

So far, it could be not concluded if or to which extend these hollow �bers

were present in the synthesized MPPS samples. But preliminary results
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from Li insertion on these nano�bers (not shown here) suggested that their

presence would have even improved the electrochemical performance.

5.9 Summary

In this chapter, the development of a new soft-templating based synthesis

for the generation of porous carbon materials was presented. As the new

feature, the synthesis yielded a hierarchical macro- / mesoporous carbon

material, taking advantage of the phase separation between a carbon pre-

cursor (mesophase pitch) and a soft template (polystyrene). The use of a

soft template allowed an easy synthesis, avoiding the expensive multi-step

procedures based on hard-templating.

The porosity could be tailored by varying the weight fractions of carbon

precursor and polymer template. Samples with BET surface areas up to 170

m2 g-1 and a total porosity of 0.95 cm3 g-1 could be synthesized.

Inexpensive chemicals were used in order to demonstrate that such porous

materials can be produced at lower costs compared to hard-templated sys-

tems. As an additional feature, the synthesis allowed the generation of mono-

lithic materials.

The low micropore content of the carbon material and the hierarchical

porosity gave rise to a remarkable electrochemical performance as anode ma-

terial for lithium ion batteries even including the residues of iron and iron

compounds.

Additionally, it was demonstrated that the synthesis procedure allows the

incorporation of nanoparticles from the very �rst step. In the present study,

Si nanoparticles were incorporated into the carbon material that gave rise to

an overall reversible charge capacity higher than 600 mA h g-1 for lithium

storage.
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Conclusion

Within this work, new strategies for the synthesis of novel porous carbon ma-

terials were developed. The aim was to generate materials with high surface

area in order to increase the available interface for reactions / interactions

of e.g. molecules or ions with the carbon matrix. Micropores (< 2 nm) are

inherent defects in most of the carbon materials but had to be avoided for

the current purpose, since they can act as irreversible trapping sites for ions

or small molecules. Thus, a carbon material exhibiting mesopores (2 - 50

nm) was desired. Additionally, the accessibility of the mesopores was facili-

tated by a macroporous network, allowing fast transport of a mobile phase.

Also, the synthesis of a monolithic material is bene�cial, since it makes the

use of a binder or e.g. conductive agents redundant. Thus, the synthesis of

hierarchical macro- / mesoporous carbon monoliths was the main task within

this work.

Since it is generally di�cult to avoid micropores in carbon materials, the

choice of the right carbon precursor was crucial for a successful synthesis.

Thereto, di�erent carbon precursors were evaluated in the �rst part of this

work regarding their carbonization behavior (Chapter 3). The WAXS model

proposed by Ruland and Smarsly was applied for the �rst time to a larger

series of samples in order to determine the microstructure of the resulting

carbon materials on the molecular level, i.e. the sizes of the graphene stacks.

Layer size and height of the stacks were the key parameters used to de-
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scribe the carbon microstructure. It was shown that the results obtained

were much more accurate compared to the standard evaluation method (Ra-

man spectroscopy). Additionally, the WAXS model allowed the determina-

tion of several other parameters such as stack height, distribution functions

and polydispersities. One particular precursor, mesophase pitch, showed an

exceptional carbonization behavior, yielding a carbon material with a well

developed microstructure and a small content of inherent defects, i.e. micro-

pores.

Using mesophase pitch as carbon precursor, two templating strategies

were successfully developed that allowed the synthesis of the desired macro-

and mesoporous carbon materials.

In the �rst case (Chapter 4), the porosity was generated by replication of

hierarchical porous silica monoliths. The resulting carbon monoliths exhib-

ited a very de�ned porosity with narrow pore size distributions for macro- and

mesopores, while keeping the micropore content very low. Also, the macro-

pores formed a 3D interconnected pore system. The synthesized material

showed exceptional performance in electrochemical applications. When used

as an anode material in lithium ion batteries, the carbon monoliths showed

an overall performance (charge capacity, rate performance, cyclability) far

better than commercial materials. The versatility of the carbon monoliths

was also demonstrated by using them as support material in supercapacitors.

In the second case (Chapter 5), hierarchical macro- mesoporous car-

bon materials were generated by a soft-templating approach. The material

was synthesized by spinodal decomposition between mesophase pitch and

polystyrene, followed by a stepwise thermal treatment, and exhibited a con-

tinuous 3D macroporous network and mesopores. Also, the micropore con-

tent was very low. The synthesis procedure was comparably simple and also

allowed the generation of monolithic samples. As discussed in Chapter 5.7,

the performance as an anode material in lithium ion batteries was remark-

able, in particular when Si nanoparticles were incorporated into the material.

Within this work, the advantages of the described hierarchical pore sys-

tem were for the �rst time combined with the advantages of mesophase pitch
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used as carbon precursor. Present carbon materials with similar porosity

exhibited, until now, notable microporosity. In particular, there is no soft-

templating based method reported that allows the generation of a comparable

carbon material.

It was clearly shown that the synthesized materials could help to meet the

demands of better materials for energy storage. Comparing both synthesis

developed, the hard-templating approach yielded the more de�ned carbon

material with better performance. On the other hand, the soft-templating

based synthesis leaves much room for further improvement. The simple syn-

thesis and the use of low-cost chemicals could open a new pathway for the

production of inexpensive carbon electrode materials. One can imagine that

e.g. the pore structure can be designed by varying polymer type and molec-

ular weight. Ideally, the phase separation is conducted starting from a melt

of template and carbon precursor, making the use of a solvent redundant.
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Appendix

7.1 Experimental details

7.1.1 Synthesis of hierarchical macro- / mesoporous carbon mono-

liths using hard-templating and mesophase pitch

Carbon monoliths were made by nanocasting using silica monoliths synthesized by the

Nakanishi process as a hard template. Mesophase Pitch (AR, Mitsubishi Chemical Com-

pany) was used as the carbon precursor. In�ltration was performed with a concentrated

precursor solution of MP in THF. MP was mixed with THF in a closed vessel in a ratio of

1:3 by weight. The mixture was �rst ultrasonicated for 20 min and then shaken vigorously

for 3 days. The resulting dispersion was centrifuged, and the MP saturated supernatant

was used for in�ltration. The solution contains then about 10 wt% of the mesophase

pitch. Then, the silica monolith was placed into an opened glass vessel and the solution

was added (msilica: mMP solution 1 : 80). Due to capillary action, the silica monoliths were

easily �lled with the solution. The silica monoliths were in�ltrated on a horizontal shaker

and were removed after almost complete evaporation of the solvent. The loaded monoliths

were then slowly dried (at room temperature, over night) in quartz tubes of similar size

to avoid deformation and cracking.

For carbonization, the silica / MP hybrid monoliths were heat treated with the quartz

tubes at di�erent temperatures under nitrogen �ow. Temperatures between 700 ◦C and

1000 ◦C were chosen (6 h heating ramp and 6 h plateau). To remove the SiO2 template,

the monoliths were treated for 3 days with a 4 M ammonium hydrogen�uoride solution

in a closed vessel under mild agitation on a horizontal shaker. Afterwards, the monoliths

were washed twice with water. To remove residues of NH4HF2 , the monoliths were further

washed one day under mild agitation with water (also in a closed vessel). The monoliths
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were then rinsed with ethanol and dried at 70 ◦C. The obtained carbon monoliths were

used as synthesized or were further carbonized at higher temperatures (1500 ◦C and 2500
◦C).

Carbon monoliths using FA as carbon precursor were made by repeated in�ltration

and drying (two times) of the silica monolith. The in�ltration was conducted by soaking

the monolith in FA. Oxalic acid was used as catalyst (weight ratio FA : oxalic acid 230

: 1) Carbon monoliths using NA as carbon precursor were made by in�ltration at 200
◦C using a solution of naphthol and sulfuric acid in ethanol (weight ratio EtOH : NA :

H2SO4 30 : 6.5 : 1). The silica monoliths were preheated in the oven. For in�ltration,

the monolith was covered with the solution.

7.1.2 Synthesis of hierarchical macro- / mesoporous carbon us-

ing soft-templating and mesophase pitch

Polystyrene of di�erent molecular weights (MW 350.000, MW 250.000, MW 200.000 +

4.000) from Acros Organics was used as the polymer template. Mesophase pitch AR

(Mitsubishi Chemical Company) was chosen as carbon precursor. Mesophase pitch (MP)

was dissolved in THF under vigorous shaking for 3 days. The solution was centrifuged (10

min, 6500 rpm) and the supernatant solution was used for the synthesis. The supernatant

contained then about 10 wt% mesophase pitch. The solution was further diluted with

additional THF. Polystyrene of di�erent molecular weights and amounts of FeCl3(Aldrich)

were dissolved in THF. The FeCl3 content was 7 wt% compared to the weight of MP and

polystyrene.

For a typical synthesis, 5 g of the mesophase pitch supernatant was diluted with 20 g

of THF. 1 g of PS and 0.105 g of FeCl3 were dissolved in 60 g THF. After dissolving, both

solutions were mixed and stirred for 24 hours in order to gain a homogeneous solution. The

long stirring time is necessary because the solution is not homogeneous after mixing. The

resulting solution was then poured into crucibles (4.5 cm in diameter, 2 cm in height) and

the the solvent was evaporated at room temperature in a fume hood. The evaporation and

therefore the phase separation is sensitive towards external in�uences such as temperature

changes. Also the varying air circulation at di�erent places in the fume hood in�uences

the speed of evaporation and it had to be taken care to maintain similar conditions for the

phase separation process. After evaporation, the samples were heat treated in the same

crucibles at di�erent temperatures.

The samples were �rst annealed for 12 h at 300 ◦C under nitrogen �ow (heating rate 1

K min-1) for pre-condensing the mesophase pitch. For full carbonization, the samples were

heated at 600 ◦C (or higher) under nitrogen �ow for 6 hours (heating rate 1 K min-1).

For synthesis of a monolith, the precursor solution was poured into a centrifuge tube

with a diameter of 2.7 cm and height of 10 cm. Thereto, the bottom of the tube was cut
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Figure 7.1: (a) Principle of measurement. Lithium was chosen as positive
electrode. (b) Photograph of an assembled cell.

o� and the tube was turned upside down (screw top on bottom). After evaporation of the

solvent, the monolith was taken out be removing the screw top. The sample was then heat

treated in a crucible of appropriate diameter that retained the shape of the monolith.

The carbonaceous material was synthesized by annealing the samples for 48 hours at

340 ◦C, with a heating rate of 1.5 K min-1.

The software Autosorb-1 (V.1.52) was used for the NLDFT calculations. Cylindrical

pores and silica as adsorbent were assumed when the model was applied for calculations

from the adsorption branch. The NLDFT model for carbon as adsorbent was used for

calculations from the desorption branch (the kernel is not available for the adsorption

branch). Due to their conductivity, samples were not sputtered for SEM.

Hollow carbon nano�bers were obtained by heat treating a mixture of PS (MW

250.000) and 10wt% FeCl3. Thereto, both compounds were mixed by dissolving them

in THF. After drying, the samples were heat treated for 6h at temperatures between 600
◦C and 800 ◦C (6h heating ramp). For a typical synthesis, 3g PS and 0.3g FeCl3 were

used.

7.1.3 Li-insertion / extraction measurements

Figure 7.1a shows a sketch of the principle of measurement. Metallic lithium was chosen

as the positive electrode. The experiments were carried out using two-electrode Swagelok-

type R© cells. The photograph (Fig. 7.1b) shows an assembled cell. The working electrodes

were prepared by mixing the carbon and poly (vinyl di�uoride) (PVDF) at a weight ratio

of 90:10 and pasting the mixture on pure Cu foil (99.6 %, Goodfellow). The geometric area

and mass of the working electrode are ca. 0.79 cm2 and 1-2 mg, respectively. The glass

�ber (GF/D) from Whatman R© was used as a separator. Pure lithium foil (Aldrich) was

used as a counter electrode. The electrolyte consisted of a solution of 1 M LiPF6 in ethylene
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carbonate (EC)/dimethyl carbonate (DMC) (1:1 by volume) obtained from Ube Industries

Ltd. The content of vinylen carbonate (VC) was 5 wt% for the modi�ed electrolyte. The

cells were assembled in an argon-�lled glove box. Electrochemical performances were

tested at di�erent current densities in the voltage range of 0.01 - 3 V on a Arbin MSTAT

battery test system.

Experiments were performed by Dr. Yong-Sheng Hu at the Max-Planck-Institute for

Solid State Research, Stuttgart, Germany.

7.1.4 High temperature treatment (HTT) for WAXS analysis

Mesophase pitch, sucrose, starch were heat treated without catalyst. Sulfuric acid was

added catalyst to spur the carbonization of naphthol. Thereto, naphthol was dissolved in

ethanol. After adding sulfuric acid (weight ratio naphthol : H2SO4 6.48 : 1), the solution

was dried. Oxalic acid was added as catalyst to spur the carbonization of furfuryl alcohol

(weight ratio furfuryl alcohol : oxalic acid 230 : 1).
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7.2 Results from WAXS modeling and Raman spectroscopy

Computation and �tting of the WAXS patterns were carried out using the software GNU-

PLOT. The model functions were programmed in C++ and were dynamically linked to

GNUPLOT, which was installed under a Linux operation system. The Gauss-Newton �t-

ting procedure gave only satisfactory results, thus the experimental WAXS patterns were

mostly �tted manually. The Raman spectra were �tted with two pseudo-Voigt functions

using the free software Fityk (Version 0.7.6.) under Windows XP.

Figure 7.2: WAXS model and experimental data for samples from sucrose.
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Figure 7.3: WAXS model and experimental data for samples from furfuryl
alcohol and mesophase pitch.

122



Section 7.2

Figure 7.4: WAXS model and experimental data for samples from mesophase
pitch and naphthol.
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Figure 7.5: WAXS model and experimental data for samples from starch.
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7.3 Instrumental details

X-ray di�raction (WAXS and SAXS) A D8 Advance machine from Bruker

instruments was used for the WAXS measurements. The x-ray tube, operated at 40 kV

and 40 mA, emitted Cu-Kα radiation that was monochromatized by a multilayer Göbel

mirror. A energy dispersive detector (Sol-X, Bruker) was used to ensure low background

noise via the exclusion of inelastically scattered photons. Samples were �nely grinded

and measured on silicon or deepened plastic samples holders. The measurements were

performed in re�ection geometry as coupled θ-2θ scans between 10◦ - 100◦.

SAXS experiments (using Cu-Kα radiation) were performed using a Kratky camera

from Anton Paar, Germany and a rotating anode machine with a two-dimensional marccd

detector.

Sorption experiments Nitrogen sorption experiments were carried out at 77 K

using a Tristar 3000 machine from Micromeritics and a Autosorb-1 machine from Quan-

tachrome. The latter one was used for micropore analysis and Krypton sorption experi-

ments. Evaluation of the obtained data was done by using classical BET, BJH and NLDFT

models. For micropore analysis, 35 points at relative pressures p / p0< 0.1 were recorded

during the adsorption process.

The software Autosorb-1 (V. 1.52) was used for the evaluation of the isotherms. Dif-

ferent NLDFT models were applied, depending on the evaluation of the adsorption and

desorption branch. Cylindrical pores and silica as adsorbent were assumed for evaluation

of the adsorption branch. Slit-like and cylindrical pores and carbon as adsorbent were as-

sumed for evaluation of the desorption branch. A carbon model for the adsorption branch

was not available. Krypton sorption experiments were carried out at 77 K, assuming

nitrogen as adsorbate and cylindrical pores.

Samples were degassed at 150 ◦C for several hours before measuring.

Electron microscopy (EM) The SEM instrument used in this work was a LEO

1550-Gemini from LEO GmbH, Oberkochen, with an acceleration voltage from 0.1kV to

30kV and a magni�cation between 20 and 900.000. Non conductive samples were sputtered

with gold.

A EM 912 Omega machine from Carl-Zeiss, Oberkochen (acceleration voltage 120kV,

magni�cation 80-500.000) was used in this work for TEM. Samples were measured on

carbon coated copper grids (400 mesh).

HRTEM / EELS measurements were made by Dr. Jens-Oliver Müller at the Fritz-

Haber-Institute, Berlin.

Raman spectroscopy Raman spectra were obtained using a confocal Raman mi-
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croscope CRM-200 from WITec, Germany. A diode-pumped green laser (λL = 532 nm)

was used for the measurements. The beam intensity was reduced to prevent thermal dam-

age of the samples. Samples were �nely grinded and pressed to pellets prior measurement.

Elemental analysis (EA) A Vario EL Elementar instrument from Elementar

Analysensysteme, Germany was used to determine the content of carbon, hydrogen, sulfur

and nitrogen in the samples.

Thermogravimetric analysis (TGA) Thermogravimetric analysis were made

using a TG 209 F1 machine from Netzsch. Samples were measured in Al2O3 crucibles and

nitrogen or oxygen gas �ow (15 ml / min).

Conductivity measurements The speci�c sheet resistivity was measured by a

four-probe method using a digital multimeter Keithley 2000.

Carbonization procedure Carbonization at temperatures ≤ 1000 ◦C was carried

out under nitrogen �ow in a chamber kiln (N7/H) from Nabertherm GmbH, Germany.

Some samples that were carbonized at 1000◦C were further heat treated at higher tem-

peratures. A vacuum oven from HTM Reetz GmbH, Germany was used for carbonization

at 1500◦C (heating rate of 10 K / min, plateau 1.5 h). Graphitization at 2500 ◦C (heating

rate of 20 K / min, plateau 3 h) was conducted under He using a Labmaster FP20 from

Thermal Technology.
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7.4 List of abbreviations and symbols

BET Brunauer, Emmett, Teller SAXS small-angle x-ray scattering

FA furfuryl alcohol SEI solid electrolyte interface

HPLC
high-pressure liquid

chromatography
SEM scanning electron microscopy

HTT high temperature treatment STA starch

MP mesophase pitch SUC sucrose

NA naphthol TEM
transmission electron

microscopy

NLDFT
non-local density functional

theory
THF tetrahydrofuran

PANI polyaniline TGA thermogravimetric analysis

PR phenolic resin VC vinylen carbonate

PS polystyrene WAXS wide-angle x-ray scattering

Table 7.5: List of abbreviations.

a3 average interlayer spacing σ1, σ3 disorder parameter

La average layer size ε1 strain parameter

a3,min

minimum of interlayer

spacing
η homogeneity of the stacks

Lc average stack height u3

root mean square displacement of

a layer in the direction

perpendicular to the layer plane

caused by thermal motion

κa

polydispersity of the chord

length
cn

concentration of non-organized

carbon

κc

polydispersity of the stack

height
q parameter of preferred orientation

lcc average C-C bond length κR polydispersity of the radii

a, c hexagonal lattice constant l chord length

N
number of graphenes each

stack

p/p0 relative pressure θ scattering angle

s scattering vector ν C-Rate (charge / discharge rate)

V voltage and pore volume I intensity

Table 7.6: List of symbols.
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7.5 List of publications, patents and presenta-

tions

Publications

• Wide-angle x-ray scattering (WAXS) and structural analysis of non-

graphitic carbon; P. Adelhelm, B. Smarsly, M. Antonietti et al.; (in

preparation)

• Hierarchical macro /- mesoporous carbon monoliths by a simple replica-

tion technique using mesophase pitch as carbon precursor ; P. Adelhelm,

B. Smarsly, M. Antonietti et. al. (in preparation)

• Generation of hierarchical meso-/macroporous carbon from mesophase

pitch by spinodal decomposition with polymer templates; P. Adelhelm,

L. Chuengchom, M. Antonietti, B. Smarsly, Y. Hu, J. Maier; Adv.

Mater.; (submitted)

• High electroactivity of polyaniline in supercapacitors by using hierarchi-

cally porous carbon monolith as support; L.-Z Fan, Y.-S. Hu, J. Maier,

P. Adelhelm, B. Smarsly, M. Antonietti; Adv. Funct. Mater., 2007; (in

press)

• Synthesis of hierarchically porous carbon monoliths with highly ordered

microstructure and their application in rechargeable lithium batteries

with high rate capability ; Y. Hu, P. Adelhelm, B. Smarsly, S. Hore, M.

Antonietti, J. Maier; Adv. Funct. Mater., 2007; (in press)

• Synthesis and characterization of SiC materials with hierarchical poros-

ity obtained by replication techniques; K. Sonnenburg, P. Adelhelm, M.

Antonietti, B. Smarsly, R. Nöske, P. Strauch; Phys. Chem. Chem.

Phys., 2006, 8, 3561
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Patents

• Synthesis of porous carbon with adjustable hierarchical porosity by tem-

plating of carbon precursors with linear hydrophobic polymers; Markus

Antonietti, Bernd Smarsly, Philipp Adelhelm, Karin Cabrera; DPA Nr.

EP: 06011198

• Herstellung graphitischer Kohlensto�e mit hierarchischer Porosität und

deren Einsatz als Anode in Batteriematerialien mit höchster Speicher-

dichte und verbesserter Lade/Entladecharakteristik ; Markus Antonietti,

Bernd Smarsly, Philipp Adelhelm, Joachim Maier, Sarmimala Hore,

Yongsheng Hu; DPA Nr. EP: 06018886

Presentations

• Li-Insertion in hierarchical macro-mesoporous carbon monoliths; Car-

bon 2007, International Carbon Conference, Seattle, July 2007

• Synthesis of hierarchical macro-mesoporous carbon by spinodal decom-

position; Carbon 2007, International Carbon Conference, Seattle, July

2007

• Structural changes in non-graphitic carbon during carbonization: Eval-

uation by a novel approach model for the wide-angle x-ray scattering ;

Carbon 2006, The International Carbon Conference, Aberdeen, July

2006

• New mesoporous carbons - Synthesis and Applications; International

Symposium on Inorganic Interfacial Engineering, Stockholm, June 2006

• Mesoporous carbon monoliths - A high performance material for various

applications; ENERCHEM Meeting, October 2005

Award

• Brian Kelly Award 2007 from the British Carbon Group.
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