Advanced Materials Science
and Engineering of Carbon

RHEMEEFES5TE

[B] Michio Inagaki [*] Feiyu Kang [H] Masahiro Toyoda [H]Hidetaka Konno

(33

1

T
§

R ikt

Nk



Advanced Materials Science
and Engineering of Carbon

FERABMERESTE

[E] Michio Inagaki [#] Feiyu Kang [H]Masahiro Toyoda [H]Hidetaka Konno

-

let '
§
o)t

Ay b by § L
NS T

~- :,\ :3‘.?'.. .
o 1o EE
o

AEXRFH AR

it =



MRFE . @ HE. |NFEHBIE: 010-62782989 13701121933

BB L% B (CIP) ¥ &

S BB B R 2% 5 T # = Advanced materials science and engineering of carbon: ¥ X /(H)fEiH#

REE., Jbm: BEKFEHR, 2013
ISBN 978-7-302-34717-0

1. ®%~ 0. O/ M. Om—#MEE¥—%3Lx . ©TB321
o B R A E B8 CIP 8B B+ (2013)55 294175 5

HERE: O W™
HE&t: RE
BEEX: TH=
WEMH: K A
HAR& 1T W% K% R
) #ik . http://www. tup. com. cn, http://www. wgbook. com
2l Hh: EEFEERZFPRE A B B % : 100084
i B #. 010-62770175 - BF  M: 010-62786544
RS EERSE: 010-62776969, c-service@tup. tsinghua. edu. cn
R E®: 010-62772015, zhiliang@ tup. tsinghua. edu, cn
% &: =M EEGDRARAR
2] . 2EFEBIE
FF Z . 190mm X 235mm Ep  #¢. 28
it x:20134F 12 A% 1R Ep M 2013 512 A %1 K E R
£ #:180.00 7@
=S . 048704-01



Preface

Carbon materials, the targeted materials of the present book, are very important in
many fields of science, engineering, and technology, and so papers reporting on
“carbon material” are published in journals in a wide range of specialties. Even
focusing ona specific subject—forexample, carbon nanotubes, template carbonization,
anode materials for lithium-ion batteries, and so on—huge numbers of scientific
papers are published. Therefore, the search of related references published in journals
without omission is an onerous and time-consuming task. Naturally, it is not easy to
provide a comprehensive overview of a particular subject within the science of carbon
and cover the whole range of material released. That is what makes it so challenging;
and above all, comprehensive summary and review of the published results are
remarkably helpful to many people and vital to further development of the field.

In the present book, the authors attempt to give summaries and reviews on
selected themes concerning carbon materials, based on the material and information,
as much as is obtainable to us. Principal results in advanced materials science and
engineering of carbon materials are reviewed with reference to a vast number of
papers published in scientific journals. The book is organized into 17 chapters,
including the introduction in Chapter 1. Chapters 2 to 10 are focused on issues of
formation and preparation of carbon materials, and Chapters 11 to 17 cover different
applications. In Chapters 2 and 3, carbon nanotubes and graphene are reviewed, with
emphasis on their formation. Processes with specific procedures and the resultant
carbon materials are reviewed in Chapters 4 to 10: they cover carbonization under
pressure; graphitization under high pressure, including stress graphitization; glass-
like carbons, with special attention to their activation and graphitization; template
carbonization to control morphology and pore structure; carbon nanofibers prepared
via electrospinning; carbon foams creating new applications; and nanoporous carbon
membranes including carbon fiber webs. In Chapters 11 to 17, carbon materials used
in specific fields are reviewed: electrochemical capacitors; lithium-ion rechargeable
batteries; photocatalysis; spilled-oil recovery; adsorption of hydrogen, methane, vol-
atile organic compounds, and metal ions; highly-oriented and highly-crystalline
graphite, emphasizing its high thermal conductivity; and isotropic high-density
graphite, emphasizing its nuclear applications.

To understand the advanced science and engineering of carbon materials, a wide
range of fundamental knowledge in the field of carbon materials is essential; that is,
knowledge of aspects such as carbonization, graphitization, intercalation, and so on,
in addition to basic knowledge of chemistry, physics, biology, and other subjects. For
readers’ convenience, it is recommended to consult Carbon Materials Science and
Engineering: From Fundamentals to Applications, published by Tsinghua University
Press. The book will supply fundamental knowledge on carbon materials and help in
the understanding of the broad range of topics in the present book.

It would give great pleasure to the authors if the content of this book can provide
useful information which may be used to inspire the readers to new research directions.
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CHAPTER

Introduction

Carbon materials have always played important roles for human beings; for example,
charcoals as a heat source and adsorbent since prehistoric times, flaky natural graph-
ite powder as pencil lead and soot in black ink in the development of communication
techniques, graphite electrodes in steel production, carbon blacks for reinforcing tires
in the development of motorization, graphite membrane switches making computers
and control panels thinner and lighter, carbon fibers for reinforcing plastics, high-
purity graphite blocks in nuclear reactors, compounds of graphite with fluorine in
lithium primary batteries, graphite in lithium-ion secondary batteries. Many carbon
materials have been developed and more will be developed in the future. They are
widely used from the home to the industrial setting.

In Figure 1.1, some examples of applications of catbon materials are illustrated,
in order to show how widely they are used, although listing every application is not
possible here. In the aircraft and aerospace fields, carbon-fiber-reinforced plastics are
used in body parts. In automobiles, carbon-fiber-reinforced carbons are used in brakes;
carbon/metal composites in brushes; carbon blacks in tires; and activated carbons to
create comfortable space in the car, and also in the canister to save gasoline and to avoid
air contamination. In the building and civil engineering fields, carbon-fiber-reinforced
concrete is successfully used in buildings and bridges exposed to sea water to avoid
erosion by salts. Carbon fibers are used for reinforcing the piers of expressways. In
electronic devices such as computers and mobile phones, carbon materials are used in
power sources as electrodes of primary and secondary batteries, and conductive graph-
ite sheets printed on polymer films are used as switches and conducting Ieads, helping
to make the devices greatly lighter and thinner. To produce semiconductors for elec-
tronic devices, like silicon single crystals, carbon/carbon composites for heaters and
high-density graphite for crucibles and susceptors are essential. Carbon materials also
find their way into sustainable energy development: the blades of windmills consist
of carbon-fiber-reinforced composites. To stabilize the varying electricity produced
by windmills and solar cells, lithium-ion rechargeable batteries and electrochemical
capacitors are essential devices, both using carbon materials as electrodes. Electric
conductive carbon rods and carbon blacks support the development of primary batter-
ies. Compounds of graphite with fluorine, graphite fluorides, improve the performance
of primary batteries, and the reaction of lithium intercalation/deintercalation into the
galleries of graphite is greatly furthering the development of lithium-ion rechargeable
batteries. In addition, carbon nanotubes and fullerenes are promoting the development
of nanotechnology in various fields of science and engineering.
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FIGURE 1.1 Carbon Materials Supporting Our Lives

Carbon materials are predominantly composed of carbon atoms, only the sin-
gle element, but they have widely diverse structures and properties. Diamond has
a three-dimensional structure, graphite has a two-dimensional nature, while carbon
nanotubes are one-dimensional, and buckminsterfullerene, Cg, is zero-dimensional.
Fullerenes behave as molecules, although other carbon materials do not. Graphite is
an electrical conductor and its conductivity is strongly enhanced by AsFjs intercala-
tion, becoming almost comparable to that of metallic copper, whereas diamond is
completely insulating. Diamond, the hardest material, is used for cutting tools, and
graphite is so soft that it can be used as a lubricant.

1.1 Classification of carbon materials

Classification of carbon materials has been done on various different bases; for
example, the chemical nature of the carbon-carbon bonds (structures), the production
procedure, structural change at high temperatures, nanotexture, and time of
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appearance [1,2]. Carbon materials have been named from different viewpoints.
Structurally, they can be divided into diamond, graphite, fullerenes, carbynes, glass-
like carbons, etc., and by production procedure into artificial graphite, intercalation
compounds, activated carbons, carbon/carbon composites, etc. In Figure 1.2, some
representative carbon materials are shown. Those in bold italics are listed in relation
to carbon families classified on the basis of carbon-carbon bonds, together with some
information on the diversity in each family.

Based on the nature of the carbon-carbon bonding, four carbon families have
been defined and named after representative carbon materials: the diamond family
constructed by C-C bonds based on sp? orbitals, the graphite family with bonds based
on planar sp? orbitals, fullerenes on curved sp? orbitals, and carbynes on sp orbitals.
In the graphite and fullerene families, the two & electrons per one carbon atom have
a pronounced influence on the properties.

Commonly known carbon materials are shown in Figure 1.2. Most carbon materi-
als that have been produced on an industrial scale belong to the graphite family. The
fundamental structural unit is a stack of layers of carbon hexagons, i.e. graphite-
like hexagonal carbon layers. These hexagonal carbon layers have strong anisotropy
because of strong covalent bonding due to sp? orbitals in the layer, but weak bonding
of van der Waals force between nt electron clouds of stacked layers.

When these layers are large enough, they stack with specific regularity: ABAB
stacking results in graphite crystals belonging to the hexagonal crystal system [3]
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and ABCABC stacking results in graphite crystals belonging to the rhombohedral
crystal system [4]; the latter crystals being in metastable phase under atmospheric
pressure. When the layers are too small, there is no stacking regularity even though
they stack in parallel. The structure, where layers are just stacked without regular-
ity, cannot be called graphite and has been named furbostratic [5]. It is known to be
common in various layered compounds, such as clays. Turbostratic stacking is also
metastable under normal conditions, around room temperature under atmospheric
pressure, and it is thought to be stabilized by the presence of hydrogen and other
foreign atoms, which bond to carbon atoms located at the edges of the layers and also
by dangling bonds with neighboring layers.

The spacing between two layers that stack without regularity (turbostratic
stacking), is larger than that of graphitic stacking. Interlayer spacing of graphite
crystals has been accurately determined to be 0.3354 nm [6]. Interlayer spacing
of turbostratic stacking is reported to be 0.344 nm [7], but now it is understood
not to be a unique value, because of the presence of foreign atoms at the edges of
layers. A turbostratic structure is commonly observed after the carbonization of
many carbon precursors, because carbonization occurs at temperatures as low as
700-1300 °C. By heat treatment at higher temperatures, carbon layers grow in both
directions, parallel to the layers (increase in the crystallite size La) and perpendicu-
lar to the layers (increase in the thickness of parallel stacking, which is measured
as crystallite size Lc). This crystallite growth was known to depend strongly on
carbons prepared at low temperatures, and it was proposed to classify carbons into
two groups, graphitizing and non-graphitizing carbons [7], later named graphitiz-
able and non-graphitizable carbons [8] or soft and hard carbons [9]. However, this
classification into graphitizing and non-graphitizing is not critical, mainly because
carbon materials with a variety of nanotextures have been developed and they show
very different behaviors under high-temperature treatment.

During crystallite growth, the average interlayer spacing, usually measured by
X-ray powder diffraction analysis, increases gradually with increase in heat treat-
ment temperature, so that graphitic stacking with the spacing of 0.3354 nm occurs
randomly in the crystallite with turbostratic stacking, as shown schematically in
Figure 1.3 for a certain moment during heat treatment.

The development of graphitic stacking (graphitization degree) can be determined
exactly by the probability of incidence in neighboring layers P,, which can be done
by Fourier analysis of the X-ray powder pattern [10]. Since the procedure to deter-
mine P; is not simple, however, the average interlayer spacing, d;y,, is often used as
a convenient parameter for the graphitization degree, which can be measured from
the diffraction angle of 00/ diffraction lines. In Figure 1.4, change in the average dyy,
with heat treatment temperature is shown for different carbon materials, demonstrat-
ing how widely the behavior of carbon materials varies.

From measured dy,, different parameters, such as p and g, have been proposed
to evaluate the graphitization degree, by making various assumptions [7,11,12].
However, the value dy, itself is now used as a measure of graphitization degree,
often coupled with the crystallite sizes of Lc, La, and Lc(112). The specifications for



