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What caused me to write about ACF?

Before talking about ACFs, in advance, I'd like to refer to activated carbons
(AC) which are the root of activated carbon fibers (ACF). ACs are the products of
social demands. They are useful for refining materials, catalysts, the withdrawal of
solvents, pollution countermeasures, and the adsorbency of medical supplies. The
industrial history of ACs started in the late 18th century and in time, human beings
came to scientifically recognize the adsorbility of ch.ar. The gas adsorption
phenomenon! and the decoloranity of the char2 was studied, and these
technologies were utilized for the technique of sugar refinement. However,
systematic studies on the adsorption properties had not been started until the
middle of the 19th century, when the first study of the production of AC to
produce the drinkable water was done (Lipscomb3, 1862) resulting in our a‘t:ility
to get clean water easily at present. At the same time, air cleaning was examined by
using activated carbons (Stenhouse4, 1872), and the mask was produced by using
activated carbons. The examination of gas adsorption of the vapors of organic
compounds was carried by Hunter5 in 1865, who was one of the pioneers in the
study of the gas adsorption. He had found that carbon from the endcarpe of
coconut had the greatest absorbility among different activated carbons.

Recently, new activated carbons in the form of fibers named "Activated carbon
fiber (ACF)" have been produced industrially. There are some ACFs which are
separated pitch based, phenol resin based, poly-acrylic based, and cellulose based
fibers, due to differences in pristine carbons. It is surprising to note that ACF's

industrial products made in JAPAN account for more than 90% of the world's



total. Pitch based ACFs mentioned in this thesis have also originated in Japan.
They were developed by Osaka Gas Corporation Ltd. and produced by Adore in
1986. ACF shows a higher adsorption speed and more excellent adsorption ability
compared to former existing ACs. Another interesting factor of ACFs is its fiber
form. The accepted forms of ACs have been granular powder carbons, and other
properties besides adsorption have not been investigated and worked on.
HoWever, we expect further findings on the transport properties to ACFs which
one is one of its several unknown characteristics of ACFs. Regarding the
conduction mechanism and magnetic properties of carbon fibers (CF), especially,
the relationship between the extension of microdomains by graphitization and the
transport properties of CFs has been studied, and is explaiqed in the text. We are
- now able to obtain ACF, and investigate its electronic properties. ACFs have a
porous structure not found on CFs which will enable us to find new properties
caused by the porous structure. What are the second and/or third outstanding
features of ACFs demanded from the next age? Some possible answers to this
question are going to be suggested in this thesis. |

ACEFs retain a lot of new propertieé which are not found in other materials. I am
impressed by the fact that many of the ACFs in industtial products have their
origin and their development in Japan, and I feel honored as a Japanese scientist to

have had the opportunity to uncover certain characteristics of ACF.

Kawasaki, Kanagawa

December 1995 . Atsuko Nakayama
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Part I

General Introduction



I-1 The Back Ground of The Geometrical Structures

There are many kinds of carbons which are classified by the difference in

production processes. Carbon blacks®, evaporated carbon films’, anthracite

carbon powderss, glassy caerns9, activated carbonslo, carbon fibers (CF)H,
and activated carbon fibers (ACF) mentioned as follows are typical carbons. They
show unique phenomena observed in conductivities!?, ESR spectrals,

1

photoconductivities!#, and magnetresistance!® reflecting their respective

disordered structures not observed in graphite which has the ideal two dimensional
structures. ACFs are one of the most modern materials in carbons. There are
different kinds of ACFs determined by their respective precursors such as
cellulose, pitch, polyacrylnitoril, and phenol. In particular, I have some interests
and expectations in the point of the magnetic and the electron properties of ACFs,
because of the highly disordered carbon materials with huge specific surface éreas
within their structure.

A total structure model of ACFs is shown in Fig. 1. ACFs consist of an

assembly of many micrographites which are in turn composed of disordered stacks

of three to four graphene sheets with a dimension of ca. (20-30A)2. These provide

16,17,18

a microporous structure with ca. 10A micropores. The details are

mentioned in the following part. The pore structure of ACFs attracts considerable
attention due to high adsorptive activity, because one of its remarkable features is

the enormous specific surface areas (SSA) ranging from 1000 to 3000 m2/g. The



manufacturing process called "activation" gives rise to the porous structure,
resulting in making SSA larger than other materials. The magnitude of SSA of
~3000 m?/g exceeds the theoretical upper limit of SSA, which is 2630 m2/g

interpreted for a single layer of adsorbed molecules covering both surface of a
single layer. It means that ACF has another gas-adsorption site in addition to the
surface of graphene sheets.

The classification of the geometrical structure on ACF is summarized in Fig. 2.

ACF structure is sorted out into textural structure and pore structure

approximately. Textural structure is composed by 7 bonding structure consisting

of micrographites and ¢ bonding structure corresponding to the dangling bonds

. and the bridges in order to link with micrographites as shown in Fig. 2 (a). Taking
into account the differences of the functions shown in each part, ACF is
characterized with inner structure and surface structure containing electrically active

dangling bonds such as free radicals and electron attracting and/or donating

groups, and electrically non-active dangling bonds like o-bonding hydrocarbons

expressed in Fig. 2 (b). ACF, where more than 40% of the constituent carbon
atoms face to the surface!®, and though being solid, are very sensitive to gas

adsorptions®,

What is the basic sense of micrographites in ACFs? These are one of the
amorphous carbons, and do not have an ordered structure like graphite, however,

the results of X-ray diffraction give a broad peak of (002) which determines the

stacking height of the graphene sheets!S. The stacking height of the graphene



sheets composing of the micrographite is determined at ca. 1nm by using the peak
width of (002) deflection. This result means that the micrographite consists of

three to four graphene sheets. Micrographites are also found by transmission

electron microscope observations (TEM) 18 Figure 3 shows transmission electron

micrographs of pitch based ACF1000 and 3000 taken by M. Endo?®. There are

the black color area as well as the white color area in TEM photographs, which are
recognized as micrographite and the micropores, respectively. Many ordered
micrographite consisting of the domain sized ca. 100 A are found in ACF1000.
However, ACF3000 has few ordered micrographites, and the domain sizes (ca.
30~40 A) are smaller than that of ACF1000. Since th magnitude of SSA of
-ACF3000 is larger than that of graﬁhite, the number of adsorption site and the pore
structure of ACF3000 are different from those of ACF1000, resulting in the
difference of the randomness in the configuration for micrographites. Thus, the

- structure of ACF3000 is supposed to be fundamentally different from that of
ACF1000. Frankline?! and Otani?? modeled the structures of carbons having the

crystallites shown in Fig. 4, which are referred to consider the difference of the
randomness in structures between ACF3000 and ACF1000. There are two kinds
of structural models of carbons which are graphitizing carbon having a two-

dimensional orientation and non-graphitizing carbon having a three-dimensional
orientation. Jenkins et al.23 and Ban et al.?* pointed out that the essential

composition of disordered three-dimensional network structure in non-graphitizing
carbons consists of carbon ribbons which get twisted and tangled each other. We

focus the difference of the SSA which are produced by the activation of ACF



pristine samples in order to explain the difference of randomness of ACF
structures, and propose to adopt the magnitude of SSA as one of the criterions to

judge whether one ACF is the graphitizing carbon or non-graphitizing carbon. The
magnitude of SSA of a completely two dimensional graphene sheet is 2630 m2/g

which is assumed as a threshold between graphitizing carbons and non-
graphitizing carbons. If the value SSA of ACF is snialler than threshold, the
structure is decided to be two dimensional-like. The structure of ACF having larger
SSA than threshold occurs the production of the multilayers of adsorption
molecules because a volume by unit mass of a micropores is larger than that of a
slit between graphene sheets. Randomness of the orientation of micrographites,
which is the origin of the micrographites, generates the three dimensional structure
of ACF. Judging from not only the threshold of SSA but also TEM photographs,
it is supposed that ACF1000 is more easily graphitized by heat-teratmnet than
ACF3000.

The pore structure of ACF is connected with the micrographite Structure and
the domain structure of micrographite, and it is important to consider the pore
structure of ACF in order to understand the properties of ACF. In addition to the

measurement of the micrographite size, the pore size is approximately estimated by
measuring TEM photographs at 10 A to 100 A which are distributed Widelyls.

The difference of the values of SSAs is characterized by the sizes and the
distributions of the pores. In Fig. 3, white color area of ACF3000 is larger and
more widespread than that of ACF1000. It means that the difference of vthe
magnitude of SSAs directly appears at the degree of the growth of the pore

structures. The classification for the surfaces and the pores of the adsorbents



decided by TUPAC at 1972 is shown in Fig. 525, The surface of the adsorbent is

sorted out on the outer surface and the inert surface composed by the inert walls of
the pores. In the case where size of the pore diameter is larger than 500 A, itis
named "macropore" which plays the role of transport pores in order to admit and
diffuse the adsorbate. The pores in the range of 500 to 20 A are named "
micropore". Pores smaller than 8 A are called "sub-micropore" and/or "ultra-
micropore". The adsorption site's model for the foreign molecules is estimated

from the results of gas adsorption and the X-ray diffraction which shows structural

changes of micro-graphites by gas adsorption, and the micro structure of the

micropores is analized?®. The stacking of graphene sheets consisting of

micrographite is disordered, and the distance between the layers of the
micrographite is about 3.5 A which is larger than that of the graphite (~3.35 A).

The introduction of H,O molecules in ACF makes higher ordered stacking of
micrographites, which is caused by the interaction between H,0 molecules and the

micrographite. Introduction of N, gas also changes the interlayer distance with
smaller amount of packing fraction than that of H,O leecule16. The difference of

the packing fraction between H,0 molecule and N, molecule is expressed by the

micro structure of the micropores as shown in Fig. 6. The shape of the micropore
of ACF is not of the slit type but of the wedge type16. H;0 molecule shows
polarity, and is adsorbed to the edge parts of the micrographite wherein surface

functional groups showing hydrophobicity exist, resulting in intercalate in the

interlayers. However, N, molecules is non-polar molecule and adsorbs to the



bottom of the wedge type pore where the larger adsorption energy of N; molecules
is made by the intermolecure interaction between nitrogens and carbons. So N

molecules changes the orientation of the layers easily. Recently, Kaneko et al. had
determined the adsorption isotherm of helium on ACFs at 4.2 K?7. It was found

that the micropore volumes estimated by the helium gas adsorption isotherm are

greater than those obtained from the nitrogeﬁ adsorption isotherm at 77 K by
20~50% 16. The excess amount with the measurement of micro pore volume by

using helium molecules is reflected in the presence of ultra micropores which
cannot be assessed by nitrogen molecules. The difference between the amount of
adsorbed helium and nitrogen is more significant in the pitch based ACF., The
average micropore size determined By the nitrogen adsorption is estimated at 0.8,
1.0 and 0.4 nm for ACFlOO-O, 2000 and 3000, réspectively. The excess
adsorption amount of helium proves the presence of ultra micropores which makes
us presume that the micrographites have the partially closed wedge-shaped pores

and/or interstitial cages as shown in Fig. 6.

The surface structure of ACF is characterized with the dangling bond havingrc

bonding structure. In general, the surface structure of carbons is searched by the
thermal desorptionzs, the chemical analysis”, and electron spectroscopy30. The

edge of a crystallite is covered with the functional groups like oxides of

hydrocarbons. The modeled molecular structure of functional groups as the surface
oxide is thought to be "cromene" typed structure3! shown in Fig.7. The carbon
atom shows non-polarity. The interaction between the carbon atoms facing to the

surface and adsorbents is influenced by dispersion force??, and the carbon surface



shows hydrophobicity. The result of the adsorption of H2O molecules labeled by

the tritium to the graphite shows that the H,O molecules selectively adsorb on the
parts of ages of micrographites 33 and two or three H,O molecules per one site of

the dangling bond adsorbs on the functional group consisting of activated
hydroxide and perfectly desorbs by pumping for 15 hours with heating at 100°C.

The proportion of functional groups in the total surface area is estimated at about
5%34 and non-active surface amounts to 95%. Activated carbons, carbon blacks,

and carbon fibers having the micrographite crystals seem to have common surface
structures, so it is supposed that £he same former surface structure applies to that
of ACFs.

The geometrical structure of ACF is understood by the diffraction and numerous
experiments of gas adsorptions as mentioned above. However, there are some
unknown points about material properties of ACF. For example, gas adsorption of
ACF is a reversible reaction which means physisorption. It is a strange and
unbelievable phenomenon that the structural change of the micrographite does not
cause chemical bonding between surface atoms and adsorbate. The property of
ACEF is characterized by the surface, the nanoscaled particle, the disordered
structure, and the pore structure, and ACF is one of the "coexistent composite”

with some kinds of functions which are very interesting.



I-2 Ma;gnetic and Electronic Properties of Carbons
i Two Dimensional Graphite Model |

The electronic properties of the micrographite composing ACF structure are
based on the two-dimensional graphite model in this thesis, which is caused by
ACF structure consisting of micrographite. Stacking of graphene sheets

composing micrographite is not regular and unlegitimate along c-axis, and the
average interlayer distance is ca. 3.5A16 which is larger than twice of van der

Waals radius, and the interlayer interaction of micrographite is negligible.
Therefore two-dimensional graphite model is enough to explain the electronic state
of ACF.

Two-dimensional graphite model is explained as follows. Graphite consists of
layered compounds having stacking structure of two dimensional graphene sheets

nan

shown in Fig. 8. The bonding length between the nearest two carbon atoms "a" in

a graphene sheet is 1.42A caused by sp2 hybrid orbital and the magnitude of the

resonance integral of m-orbitals between the nearest neighbor carbon atoms.Three

dimensional structure of graphite is composed by alternate layer stacking of
~ graphene sheets having different configuration of the unit cell in ab-plane along c-
axis. The interlayer distance of graphite is 3.35A caused by a weak covalent Bond
whose magnitude of interaction is one tenth in comparison with that of the intra-

plane interaction. Therefore the electronic properties of graphite is dominated by &

electron in the ab-plane. The theoretical calculation for m-band model of two



dimensional graphite by Wallace3® and the linear combination of atomic orbitals

(LCAO) approximation about polycyclic compounds regarded as graphite by

1.36

Coulson et al.™ point out that graphite is the zero gap semiconductor shown in

Fig. 9 (a). The two dimensional model of graphite is used in two carbon atoms

whose m-electrons fill the first Brillouin zone consisting of a hexagon. The

magnitude of density of states is estimated by the following equation;

N(E) =8IE| / 3my,%a’ (1)

where N(E) is the density of states (DOS), E is the energy, and Yy is the magnitude

of the resonance integral between m-orbitals of the nearest neighbor carbon atoms

on a graphene sheet. Hdwever, judging from the stacking effect of graphene
sheets, we can see three dimensional graphite model having the interlayer
interaction of graphite whose electronic state is shown in Fig. 9 (b). ® and n*
bands are split by the interlayer interaction, and these bands overlap each other at
the peripheries of Fermi energy level, which compose two kinds of Fermi surfaces
having the same number of electrons and holes. Therefore graphite is semimetal
from the view point of the three dimensional graphite model.

ACF is explained by two dimensional graphite model pointing out that the value
of DOS at the Fermi energy level N(Ef) equals 0, however, judging from the
conduction behavior of ACEF, it is indispensable to consider the electronic state at

the peripheries of the Fermi energy level. There is some conflict in this model.

10



More details and discussions are mentioned in PART IV.

11



ii Hopping Conduction Mechanism in Non-Crystalline Materials

The crystalline materials have ordered structure whose electrons move as the -
periodic wave functions. However, the random system and/or the amorphous
system as non-crystalline materials have many kinds of random potentials. If the
magnitude of the fluctuation of kinetic energy of electrons is smaller than the
potential energy, the magnitude of the overlap between the nearest atoms is
smaller, and the elecfrdns tend to be trapped at the bottoms of deeper potentials.
This phenomenon is called "the localization of electrons" which are activated at
higher temperatures, and the hopping conduction occurs in these system. Judging
from the ACF structure consisting of an assembly of micrographites, we can
ascertain ACF is also composed by random structure with random potential, and it
is supposed that hopping conduction between micrographites playing a role of
metallic islands is occured by thermal activation process. In this section, the two

dimensional random structure like ACF is focused, and the two dimensional
variable range hopping mechanism is explained as follows™’.
At the electron localization points in the system, the wave functions of the

electrons attenuate in accordance with the function of exp (-r/€), where & is the

localization length, and r is the distance from the localizing point of the electrons.

The probability of overlap between the wave functions of the adjacent

micrographitic domains departed with the length r is in proportion to exp (-21/§).

Moreover, the occurrence of a hopping event requires the thermal activation which

is related to the difference in the potential energies of hopping electrons AE. Thus,

12



the hopping conductivity ¢ is expressed by the following equations;

C=0,exp|—20r— @)

ﬁ]’

where Gy is constant. AE depends on DOS at Fermi energy level N(Er) and the

dimensionality of the transport system. In the random network system of metallic

microdomains having two dimensionality, AE is expressed by following equation.

1
AE =

=— 3
nr’N(E,) ®

The optimum of hopping length r in order to have the ‘maximum of the hopping

probability is estimated from the minimum of the term — 20 — kl_T X 2—1—— ,
r ' N(E,)

and in this case r is obtained as equation (4);

1

1 ;
4

r=|——
nN(EF)ockT

Therefore, equation (2) is rewritten by the variable range hopping formula in the

temperatures as given by the following equation;

T, \+
0'=0'0exp[[——,l—,-] ) (5)

Here Ty is expressed by

13
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T,=————, 6
* EPIN(E, )k ©

where k is the Boltzmann constant. Thus the value of DOS at the Fermi energy

level N(EF) in the case of 2D VRH is estimated.

14



ili Graphitization And 6-Trap Model Of Carbons

It is difficult to analyze the geometrical structure of carbons like ACF directly.
However, we can ascertain the geometrical structure indirectly by utilizing heat-
treatment. The study of heat-treatment effects of carbons provides very important
information in addition to modelling the electronic and the geometrical structure of
amorphous carbons which have many kinds of bondings.

Carbons cause structural change by heat-treatment, and their electron states vary

drastically. If the pristine structure of some carbon consists of graphitizing carbon,

graphitization starts at heat-treatment temperature (H.T.T)=1000~1300°C3 8, and
the electronic state changes to metallic state at 2800°C. The electronic properties of

a soft carbon had been investigated by Morosowski et al. about forty years ago3 7
and the change in electron structure going with graphitization process is clarified.

The results of H.T.T dependence of the electrical resistivity and Hall coefficient of

a soft carbon are shown in Fig. 10%. The samples heat-treated below 1000°C

show semiconductivity. H.T.T. dependence of the resistivity shows the transition
from the insulator to the semiconductor below H.T.T.=1000°C. This is explained

38, 40

by the "o-trap mechanism of a soft carbons shown in Fig. 11. On heat-

treating carbons, the functional groups are removed from the edge of
micrographies, and the unsaturated 6-bondings remain. The n-electrons contained
in the carbons are trapped by the unsaturated ¢-bondings, and the same number of

holes are generated in the valence band, resulting in positive Hall coefficient. The

15



sample heat-treated above 1000°C has many more number of electrons trapped by

unsaturated 6-bondings than that below 1000°C. The Fermi level moves to the

lower energy level of m-band, resulting in the negative carriers. The magnitude of

resistivity in the H.T.T. range from 1000°C to 2200°C shows little change. In this
temperature range, the generation of impurities like the dangling bonds decreases

and the graphitization of crystallite progresses. The number of electrons trapped by

the o-band decreases, and the magnitude of the mean free path of the carriers
increase because of enlargemént of the size of crystallites. Thus the Fermi level
shifts near the top of the ®-band, resulting in positive carriers. In the temperature

range between H.T.T=2200°C and 3000°C, resistivity decreases again. It means

that the upper edge of © band and lower edge of ®* band overlap by interplane

interaction with ordering of three dimensional stacking, and that supplying the

conduction electrons to the  and * band changes to the negative Hall coefficient.

Thus graphitization of various carbons is explained by the c-trap model, so that

the electronic properties of carbons are described inclusively. Further, the

electronic change in ACF1500 (SSAzlSOOmz/g) with heat treatment is also

explained by the o-trap mechanism, which has been proven by the experiments of

thermoelectric power of the ACF1500 heat-treated at 1000°C to 2800°C41,

Consequently, it has been found that ACF1500 is one of the graphitizing

carbons?1,

16 .



iv.  ESR Study of Carbons

In this section, ESR studies of graphite and some carbon fibers (CF) are taken
up as referencé for the ACF study. Graphite and CFs have conduction electrons
and/or dangling bonds which are able to be measured as ESR signals, therefore,
we.are able to get structural and electrical information like the spin density, the
magnitude of the magnetic inter:action between the spins and so on from the ESR
spectra.

The ESR signal of the conduction electron of graphite shown in Fig. 12 had
been measured by Wagoner et al. (1960) 42 and is called Dysonian curve®® which

has unsymmetrical line shape. The Dysonian signal has originated from the

attenuation of the microwave amplitude and the phase shift which are caused by the
high conductivity of the sample. The conductivity of a graphite is 0=2X10'* Scm’!

(in-plane conductivity), therefore, the microwave for the ESR measurement
attenuates by the screening effect of the conduction electrons, and is not able to

penetrate from the surface to the inside of graphite, which is called "the skin
effect”. The magnitude of the skin depth is estimated by d=c/ q[ 2nmo , where J is
the skin depth of the microwave in the sample, c is the light velocity, ® is the
frequency of the microwave, and ¢ is the conductivity of a sample. The skin depth

for the graphite is estimated at §~10* cm. Therefore, the ESR signal of graphite

gives information of surface spins because of high conductivity. Further, the

graphite shows anisotropy with parallel and perpendicular direction against the

17



graphite ab-plane, which is expressed by g-values g || and g, respectively. g
has no temperature dependence, and the magnitude is g | =2.0026 which is similar
to the g-value of the free electron. However, the value of g =2.0495 at room
temperature is larger than that of g, and show the temperature dependence
showing the decrease with increasing temperature, which is reflected by the band
structure at the Fermi energy level. As mentioned in section I-2-i, for the electron
structure of graphite, the conduction band and the valence band degenerate at the
edges of each bands, and their degenerated level is near by the Fermi energy level,
resulting anomalous g-value shift. Thus, the ESR spectrum of graphite gives
microscopic properties generated from high conductivity and anisotropy.
Recently, ESR measurement is focused due to the view point of the

characterization of properties and the domain structure of CFs which have a lot of

42, 44

possibilities as new industrial materials. Jones and Singer investigate the

heat-treatment effect of pitch-based and PAN (polyacrylonitorile)-based CF by

ESR method spectra which show drastic change by heat-treatment as shown in
Fig.13 (a). The spin density increases with the increase in temperature up to 800°C
through the increase of the number of dangling bond spins. And above 800°C, the
line width increases with the reduction of the hopping rate of conduction electrons
between microcrystals because of the enlargement of the size of a microcrystal by
| heat treatment. The ESR line shape of PAN-based carbon fibers heat-treated at

3000°C is shown in Fig.13 (b). The type of line shape is similar to the Dysonian
type43 which is assigned by the conduction electron spins of graphite. The g-value

of PAN-based CF shows the anisotoropy which means formation of the ordering
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of microcrystals in CF by heat-treatment has taken place. The micrographene plane
consist of microcrystals which is parallel to the axis of CF, and the vertical
orientation on the carbon axis consists of disordered arrangement of the
microcristals. Further, they explain the problem of the transverse motional
averaging in CF from the ESR line shape and the anisotoropy of the g-value. If
they spend their entire spin lifetime within a single domain, the ESR spectrum will
be the sum of individual ESR signal from domains of different orientations with

respect to the magnetic field. On the other hand, according to another PAN-based
CF measured by Robson et al 45, small domain CF is explained as follows. If the

transverse domains are so small that a given spin sees essentially all possible
crystallite orientations during its life, a time-averaged g-value results

g,=(g,6+86)/2, where g1gand g g are g and g | for graphite. This is to

say that the magnitudes of domains of CFs reflect the ESR spectra generated from
their conduction electrons. |

Thus,the use of ESR measurement is appropriate for understanding the micro
structure and properties which are not distinguished by another measurements
through the combination of the analysis of the heat-treatment effect with the
structural change of CFs. According to the structural similarity between carbons
and a graphite, the magnitudes of the conductive domains of carbons are able to be

estimated from their ESR line shapes.

I-3 Sample Preparation and Characterization
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In present experiments, we have employed pitch-based ACF1000, ACF2000,
and ACF3000 whose specific surface areas (SSA) are 1000, 2000, and 3000 m2/g

respectively. The development for the production of CF had been started by Osaka
Gas Co., and the development research for the manufacturing process of ACF
made from coal tar pitch was carried out by joint development between Osaka Gas
Co., Ltd. and Unitika who established AD'ALL Ltd.. They produce ACFs as final
products made from specially prepared pitch supplied from Osaka Gas Chemical

Co., Ltd..
The production process of pitch based ACFs is shown in Fig. 14 45 The

‘technical points for the production of pitch based ACFs is expressed as follows; 1)
Preparation of spinnable pitch made from coal tar, 2) Molten spinning of pitch, 3)
Infusibility of the pitch fiber, and 4) Activafion of the fiber made on infusibility.
For process 1, the molecular design of ACF based on the chemical synthesis was
considered through the know-how of the infusibility. For process 2, | the
calculation based on the theory of molten spinning was used for the problem
related to the difference of temperature dependence on the viscosity between pitch
and raw materials of the synthetic fiber. Infusibility in process 3 is the
transformation by heat-treatment of the pitch fiber under the oxidized atmosphere.
The infused pitch fiber is able to endure against the activation process. Activation
in process 4 is the process for producing innumerable pores by heat-treatment at
higher temperature of infused pitch fiber under inert gas atmosphere.

The details of the production of ACF are explained as follows. ACF pristine
samples made from spun fiber after the precursors started from petroleum pitch

have undergone an antiflammable process at 300°C in air. In the activation process,
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the fibers were carbonized at 800 to 1200 °C in the presence of CO, or water

vapor. In this process, the highly porous structure of ACF was made by depriving
carbon atoms from the precursors through oxidization reaction. The magnitude of

SSA was measured by adsorption isotherms of Nj at 77 K and CO; at 195 K.

The theoretical carbonization yield of the precursor of ACF is 93%. The

chemical formula of ACF is estimated at [Ci24Hgo NO]n~46. The theoretical

carbonization yield of pitch based ACF is higher than other ACFs as shown in

Table 1.

Basic physical properties are summarized in Table 2 47 and the distribution of

the pore size of ACF is shown in Fig. 15 48 These data are measured by the

nitrogen gas adsorption method at low temperature by using automatic gas

adsorption equipment.
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I-4 Object of This Study

ACFs are lmicroporous carbons with huge SSAs ranging from 700 to 3000
m2/g, and have random structures consisting of an assembly of the micrographites

as mentioned in Part I-1. The ACEF structure has been mainly investigated by gas
adsorptions, along with structural analysis as X-ray diffractidn, and the structural
model had been added each time until now when the new experimental results were
obtained. However, it is difficult to understand the micro structure of ACFs by
only these method. In order to understand the micro structure of ACFs, it is
necessary to investigate the electronic and magnetic properties of ACFs. In
addition, if gas adsorption properties are explained from the view point of variation
of the electronic and magnetic properties, further more detailed structures of ACFs
and their gases adsorptions states are able to be modeled.

~ In this thesis, in order to explain the micro structure and the properties
generated by the microstructure from the view point of the classification of micro
structure, the contents are separated by three parts which are composed of
"Dangling Bonds'" (in Part II), "Pore Structure" (in Part III), and
"Micrographite and Network Structure' (in Part IV).

In Part II,\ in order to clarify the basal solid state properties and the structure,

the magnetic susceptibility and ESR spectra for pitch-based ACF3000 (SSA ~
3000m?/g) are mentioned. In addition, the effects of the presence of oxygen,

helium or iodine and of the application of various heat treatments are explained.
thus, the Figure of the dangling bond is clarified.

In Part III, a novel microporous structure of ACF3000 is explained from the
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view point of magnetic relaxation. It is a new aspect for the estimation in the
analysis of the porous structure. In addition, an anomalous spin-lattice relaxation
behavior of the dangling bond spins affected by gases adsorption of the various
gases is explained. Specifically, helium gas induces a remarkable condensation in

ACEF, and the existence of ultra micropores in ACF is confirmed.
On the other hand, ACF1000 and ACF2000 with SSA=1000 and 2000 m2/g :

are focused in Parf IV, and electrical conductivity and magnetic susceptibility have
been investigated in order to clarify the relation between the electronic properties
and the structure of ACF héving a random network of the micrographites. The
electrical conductive mechanism and its effect against gas adsorptions are
‘explained, thereby clarifying the electron structure of ACF. The relationship
between the density of state of ACF and the value of the orbital diamagnetic
susceptibility explain the inner micrographite structure.

Thus, further details of the micro and macro structure of ACF are identified,

which are summarized in Part V.
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Fig. 1 The model structure of activated carbon fiber.
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(a) Micrographite

Textural structure Pore structure

(b)
o -bonding structure bonding structure
(c)
Inner structure Micrographite

K :
Dangling. /

x

Surface structure

Fig. 2 The classification of the geometrical structure of ACF.
(a) Textural structure and pore structure.
(b) ®-bonding structure and 6-bonding structure of textural structure.
(¢) Inner structure and Surface structure.
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(a-1) | (a-2)

(b-2)

10 nm 10 nr

Fig.3 TEM photographs of ACF1000 (a-1) and ACF3000 (b-1), and the digitized
TEM images for ACF1000 (a-2) and ACF3000 (b-2) by Endo at 1992.
(Ref. 20)
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(a

Slit-type pore :I

(b)

Wedge-type micropore

Fig. 6 The pore types and the model of the gas adsorption site of ACF.
(Ref. 15) (a)The slit-typed pore shown in the inter layer compounds
like graphite. (b)The wedge-type micro pore shown in ACF.
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(a) Phenil group (b) Carbonyl group, quinone group

NGO
|
OH NS0
(c) Carboxyle group (d) Absorute carboxyle group
o o
Il
OH + |+2 0 C\
(o] - I /O
fi
OH )
(e) y-Lactoyl group

Fig. 7  The structural model of surface oxides on carbons. (Ref. 29.)



Carbon atom

Unit cell

Fig. 8 The crystal structure of a graphite. A rhombohedron
drawn by the dash lines indicates a unit cell containing
two A-type carbon atoms amd two B-typecarbon atoms.
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Fig. 9 The electronic structure model for (a) a graphene and (b) a graphite.
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Fig. 10 (a) Electrical resistivity of a soft carbon at room temperature as a function
of heat-treatment temperature, and (b) Hall coefficient for a soft carbon at
room temperature as a function of heat-treatment temperature. (Ref. 37)

36



Energy

\\\\\\\\\\\\\\\\\

Eg \., ‘ > EF
j // /}é;fff/bﬁ Region of?
% //:/f/f///f/f/ff,f /,°X9£":‘E 'z

0

Fig. 11
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A sketch of a simple band model proposed by Morozowski as a
functiono heat-treatment temperature forthe o-trap model to
qualitatively explain the electrical resistivity and Hall coefficient.
The in-plane crystallite size L, for bulk heattreated carbons is

indicated. Room temperature data are from Morozowski for bulk
carbons (full line) and fromRobson et al. for PAN fibers (dotted
line). (Ref. 37) The dotted line denotes the Fermi energy level (Eg)

The band model where the electron state is marked by "?" indicates
that Bz moves from the valence band (for Typ= 1500°C) to the

conduction band (for Tyr= 1500°C), and means tha uncertainty of
the band structure.
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ESR spectrum of graphite. (Ref. 40)
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Fig. 13 (a)  The relationship between heat treatment temperature for the

preparation of CFs and the ESR signal intensity. (Ref. 43)
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Fig. 13 (b) Normalized experimental ESR spectra of PAN based CF withthe
fiber at O and 90° to the magnetic field. Areas under the
corresponding line shapes are equal. Signal-to-noiseratio of 90°

spectrum was very poor due toextreme anisotropy broadening.
(Ref. 42)
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Coal tar

............. Purification/distillation
polycondensation

Spinnable pitch

------------- Molten spinning of pitch

""""""" Infusibility

] Activation

Activated carbon fiber

Fig. 14 The flow chart of the production process for pitch based ACF.
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Table 1 The theoretical carbonization yields of ACFs. (Ref. 46)

Theoretical carbonization

Base raw materials | Chemical formula yield [%]
Cellulose [CoH10051n 44.4
PAN [C3NH3], 67.9
Phenol [C63Hs5011]n 76.6
Pitch [C124HgoNOJ, 231
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Table 2 Basic physical properties of pitch based ACF. (Ref. 47)

ACF1000  ACF1500  ACF2000
SSA (m?/g) 1000 1500 2000
Pore radius (A) 8 9 9
Pore volume (ml/g) 0.5 0.8 1.1
Acetone adsorption (wt%) 20 33 45
Iodine adsorption (mg/g) 1300 1500 1800
Modulus of elasticity (kg/mm?2) 700 500 350
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Fig. 15 A distribution of the poresfor pitch based ACF. (Ref. 14)

44



Part 11

Dangling Bond



II-1 Introduction

The dangling bonds which are indispensable when explaining the properties

of materials having random and/ or amorphous structure are worth of notice for the
study of the properties of ACFs. In particular, ACF3000 with SSA ~ 3000 m?%/g
has a lot of micropores, and consists of a more disordered structure than other
ACFs with SSA ~ 1000 to 2000 m2/g, resulting in a lot of dangling bonds which

give the spins.
Concerning the spin centers of carbons, usually, two kinds of structural models

as the spin centers are considerable as shown in Fig. 1. One is an unpaired electron

within a broken o-bond generated by severing of the 6-bonding such as C-C or C-

H1. In the case of that the spin species are the broken 6-bonds, the spin centers are

localized at the peripheries of crystallites or on the functional groups. Another

model is an unpaired 7-electron spin center like the m-electron free radical observed

in aromatic rings delocalized in the crystallite?. These spin center models were

found by investigating the heat-treatment effects of the ESR spectra observed in
carbons, activated carbons, and another kinds of organic compounds. Every

carbon shows the maximum spin concentration under the heat-treatment at'600°C,

which were explained by the spin models mentioned above?. Thinking from the -

electron model, heat-treatment above 600°C results in the recombination of broken

o-bonds going with the growth of the crystallite, and the frequency of the

recombination of ¢-bonds is larger than that of the generation of c-bonding,
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resulting in the decrease of unpaired electrons. According to the m-electron model,

unpaired m-electrons are not generated until the crystallite's size enlarges to a

certain extent by heat-treatment. In addition, at the same time, the generation of

unpaired T-electrons makes electron pairs, resulting in the decrease of spin

concentration.
The spins contained in carbons composed by hydrocarbons are sensitive not
only to the heat-treatment but also to the gas adsorption. Introducing of oxygen gas

to carbons causes the change of the intensity and the linewidth of the ESR
spectrum?. These phenomenon is reversible between before and after introducing

the oxygen gas, and the evacuation of oxygen gas regenerates the previous state.

Two cases to explain the reversible oxygen adsorption effects of the ESR spectra
are proposed as follows® 6. One is the case that peak-to-peak line width increases

with decreasing the peak-to-peak height by increasing of the oxygen gas pressure,
resulting in the constant of the intensity. And another case is that the constant line
width and the decrease of the peak-to-peak height originates from the decrease of
the intensity by the increasing of the oxygen gas pressure. The former shows the
enlargement of the spin-spin relaxation rate, and the latter shows the disappearance
of the spins with the weak chemisorption of the oxygen gas.

As mentioned in the following section, the ESR spectrum of ACF3000
indicating localized dangling bonds is sensitive to heat-treatment and gas

adsorption, though the ESR signals of dangling bonds are not obtained in other
ACFs. In short, only ACF3000 is able to give electronic information of dangling

bond spins by the ESR method. For this reason, ACF3000 has been chosen as the
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sample in order to investigate dangling bond spins.

In order to investigate the properties of dangling bond spins, the ESR method
and the Iheasurements of magnetic susceptibility are utilized. Their results of
pristine ACF3000 are compared to those of gas adsorbed samples and heat-treated
samples, and the characters of dangling bonds are summarized from the view

points of gas adsorption effects and heat-treatment effects.

I1-2 Experiments

Every sample preparation is carried by the evacuation below 10~ Torr for 12

hours at rodm temperature. One sample is used for one series of experiments of
gas adsorption effect and/or heat-treatment effect, because of avoiding the sample
dependence.

The sample preparation for the gas adsorption effects is as follows. The oxygen
pressure dependence of the ESR signals was observed by varying the oxygen gas
pressure every 10 Torr up to 90 Torr, after pumping. The sample introduced 10
Torr nitrogen gas was also prepared. Iodine doping was made by exposing
samples to iodine vapor at room temperature for 2 hours after evacuation. The
sample preparation for the heat treatment effects is as follows. The sample for the
ESR spectra is heated by every 50 °C up to 700 °C for one hour with pumping.

The samples used for the magnetic susceptibility measurements were heat-treated at
several temperatures from 200 °C to 800 °C under a vacuum of 10-3 Torr for 8
hours after the evacuation at room temperature for 3 hours. The sample for the

mass spectra was pumped in advance for 2 hours below 107 Torr by using 10 mg
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ACF3000 because of removing moisture.

The ESR measurements have been carried out in the X-band region at a

frequency v~9.4 GHz by using the microwave power of 1 mW where there is no

saturation effects, and the g-values are calibrated by a, o-diphenyl-B-picryl

hydrazyl (DPPH). The sample mass in the ESR tube for every sample was
adjusted on the order of 0.5 mé because of the adjustment of the Q-value. All
measurements are carried at room temperature. The magnetic susceptibilities of
heat-treated samples were measured by an automatic magnetic pendulum between
4K and 300K. The thermal desorption for the mass spectra is carried out every 10

°C upto 770 °C with the heating speed of 10°C / min.
I1-3 Results and Discussion

ESR spectra of ACF3000 is shown in Fig. 2 for the sample in air and in

vacuum. ACF3000 pristine sample gives a broad ESR signal with a line width AH

=800G and the g-value gz2‘.05 in ambient atmosphere. However the evacuation of
an ESR sample tube generates a narrow signal with AH=40G and g=1.99
superposed upon the broad signal whose line shape and the g-value hardly change

before and after the evacuation. The change in these ESR spectra is reversible

. between adsorption and desorption of air. The spin concentration of the narrow
signal is estimated at 10!° /g which is the same order as other carbon materials 37,

In order to find out the source of the narrow signal, the oxygen gas and the

nitrogen gas are introduced in the sample, because the change in the naﬁow signal
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between adsorption and desorption of air is supposed to mean that the oxygen gas
or the nitrogen gas being of the components of air causes the change in the narrow
signal. The profiles of the ESR signal are shown in Fig. 3 for the sample with
different O, pressures. The oxygen gas pressure dependence of peak-to-peak
height and line width of the narrow signal are shown in Fig. 4. The intensity df
the narrow signal does not change with the increase of pressure, while the line
width is drastically broadened by the dipole-dipole interaction between
paramagnetic spins of oxygen molecules and spins observed in the narrow signal.
Héwever, the broad signal is not affected by the oxygen gas. The line shape
becomes the same as the spectrum in the ambient atmosphere by the introduction
of 90 Torr oxygen gas. The introduction of nitrogen gas does not change either the
narrow signal or the broad signal shown in Fig. 5. According to the experimental
results which indicate a delicate effect caused by oxygen gas on the narrow signal,
the narrow signal is assigned to dangling bond spins located around the periphgries
of micro-pores.

In order to confirm the assignment of the narrow signal to dangliﬁg bond spins
by other experiment and clarify the assignment of the broad signal, the ESR
spectrum of iodine doped sample is measured. Iodine doping modlifiels both the
narrow signal and the broad one shown in Fig. 6. The narrow signal disappears
completely, while the intensity of the broad signal is reduced by about one order of
magnitude. This finding suggests that the formation of the bonds between dangling
bonds and iodine atoms brings about the extinction of the magnetic moments at the
dangling bonds. The decréase in the broad signal is related to the increase of the
skin effect due to high conductivity achieved by charge transfer betvlveen ACF3000

and iodine, since the introduction of iodine also affects the Q-value of an ESR
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cavity, suggesting an enhancement of the electrical conciuction. From these results,
the narrow signal and the broad signal are respectively assigned to isolated
dangling bond spins at the peripheries of the micrographites and conduction 7-
electrons with the mixing of dangling bonds electrons directly connected to the nt- |
system.

On the relation between a distribution of dangling bond spins and the ACF
structure, the dangling bond spin state is modeled through the interpretation of
ESR spectrum of ACF3000. The magnitudes of the line width for both the narrow

signal and the broad signal are about 10 to 100 times larger than that of ordinary

carbons aSsigned to be dangling bond spins and the conduction m-electron
spins*’. To check the ESR line shape, the ratio AHpy, / AHy, is calculated, where

AHpy and AHp, are a half-height linewidth of the differential peak and a peak-to-

peak linewidth of an ESR spectrum, respectively. Purely Gaussian and Lorentzian
line shapes give the values 1.92 and 2.40, respectivelyl®. In the case of

ACF3000, the ratio shows 2.2 for the narrow signal and 2.3 for the broad signal,
which are nearly Lorentzian type line shape. Consequently, it.'is supposed that
exchange interaction works for both the broad and narrow signals. From the
estimation of dangling bond spin concentration assigned to the narrow signal, the
mean distance between the dangling bond spins is calculated at 40 A which is too
distant to realize exchange interaction. Therefore, it is suggested that the
distribution of the dangling bond spins is inhomogeneous. The analysis of the line
shape shows Lorentzian features in the whole oxygen pressure range investigated,

suggesting the pressure of exchange interaction between oxygen spins and
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dangling bond spins. Here, in order to extract information on the correlation
between the adsorption state of oxygen molecules and the behavior of the narrow
ESR signal, we investigate adsorption isotherm of oxygen molecules. From the

analysis of the isotherm explained in Part III and the density of ACF3000

(~1.7g/cm?), the mean value occupied by an oxygen molecule is estimated at ca.

82000 A3, which corresponds to the mean distance of ca. 30 A between oxygen
molecules. This is comparable to the mean distance between the dangling bond
spins obtained the spin concentration of ~101° /g. If we assume that the adsorbed

oxygen molecules are distributed homogeneously in micropores whose peripheries
have attached dangling bond spins, the average distance is deduced to be ca. 30 A,

which corresponds to the dipolar width of AHg;, ~ 1G taking into account the

relation AH ;, ~ Ho, -ud/r3 where Mo, and p, are the magnetic momentous of

dip

oxygen molecule and dangling bond. Contrary to this, the increase of the linewidth
is one order of magnitude larger than that estimated here. Moreover, the line shape
having Lorentzian features indicated the presence of exchangé interaction between
the oxygen spin and the dangling bond spin, while the ESR saturation curve under
oxygen gas, which will be presented in Part III, showé the behavior of a
homogeneous spin system, suggesting evidence on the presence of the eXchange
interaction. In addition, the adsorption isotherm of oxygen molecules has a
different trend from that of other gaseous materials which are considered to be
accommodated as physisorbed species. Consequently, it is concluded that the
-absorbed oxygen molecules are distributed inhomogeneously and attached to the ’

dangling bond sites through weak chemisorption.
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Next, the reflection of the heat-treatment on the structure and magnetic

properties of the dangling bonds is analyzed by examining the heat-treatment
effects of ACF3000. Figure 7 shows ESR spectra of an ACF3000 sample heat-
treated at various temperatures. The heat-treatment temperature dependence of the
peak-to-peak height and line width of the narrow signal are shown in Fig. 8 . In
the temperature range aﬁove 100°C, the narrow signal shows the decrease of the
peak-to-peak height and the broadening of the peak-to-peak line-width with
increasing heat-treatment temperature. Finally it almost disappearé about 350 °C.
The height of the broad signal starts decreasing and the line shape is deformed
above 400 °C. The Q-value of the ESR cavity is also depressed at the same time.
This means that heat—tfeatment makes the electronic properties more conductive.
Then the observation of signais above 700 °C becomes very difficult because of the
decreasing Q-value.

The results of magnetic susceptibilities of heat-treated samples at 200 °C to 800 |
°C are shown in Fig. 9. The absolute values of the susceptibilities increase with
increasing heat-treatment temperature. Every susceptibility obeys the Curie law at

low temperatures, while the other component with a weak temperature dependence

is emphasized above about 40K. The observed susceptibilities of ACFs Y gps
consist of four kinds of components;

Yobs = XC + %T + Xcore * Xorb | [1]
where X is the Curie term, ) is a weak temperature dependent spin paramagnetic

term, Xcore i the Pascal diamagnetic term and oy is the orbital diamagnetic term.

The magnitude of the diamagnetic component which consists of ¥ core and Yorb is
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given by -0.8X10°® emu/g, from the measurements of the diamagnetic
susceptibility by Kaneko et al.11, Table 1 presents the heat-treatment temperature

dependence of ¥ops, X, and XT.

For the spin concentration of c, it is estimated at 2.8 X 101%/g for the non heat-

treated sample. Comparing the magnitudes of their spin concentrations estimated in

xc with those in the ESR intensity, the spin species given by ¢ correspond to the

spins originating from the ESR narrow signal. The dangling bond spin

concentration N ¢ increases with increasing heat-treatment temperature. Remarkable

enhancements of N ¢ are shown below H.T.T = 200°C and above H.T.T = 600°C,
and the increase of N ¢ between 200°C and 600°C is very weak. The increase in ¢

means that new dangling bonds are generated by the heat-treatment, taking into
account the experimental results of mass spectroscopy which are discussed in the
next paragraph.

We discuss the results of the enhancement of the spin paramagnetic components

X1 The increase of yops With increasing of heat-treatment temperature is mainly

based on the increase of spin density of dangling bond spins, and this

phenomenon is mainly appears in the component of yc. However, not only ¢ but
also yr increases by heat-treatment above 600°C, which contributes to an

enhancement of y(qs. According to the ESR spectra above H.T.T.=400°C, both

line shapes of the narrow signal and the broad signal changes. They mean that the

structure and the electron state of the micrographite is modified, which is
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supported by the more shallow Q-dip of heat-treated sample, meaning higher

conductivity than that of the pristine sample. There are two possibilities concerning

the cause of the enhancement of ¥t with heat-treatment: (1) the generation of

dangling bond spins directiy connected to the micrographite having strong
interactions with m-conduction electrons on the micrographites; and (2) the

enhancement of the Pauli paramagnetism with increasing of the density of state at

Fermi energy level. For (.1), the weak temperature dependent . is considered to
be reflected in the n-éonduction electron spins obsérved by the broad ESR signal.
It is considered that ¥, is not changed by the present heat-treatments, since heat-
treatment below 1300 °C is not effective for the graphitization of ACF12,

Therefore, the increase in Yops in the high temperature range is ascribed mainly to

the enhancement of the spin paramagnetic components ¥t. This implies that the

decomposition of functional groups generates dangling bond spins which are
directly connected to the micrographites and have strong interactions with

conduction electrons on the micrographites. For (2), it is supposed that one of the

causes of the increase of YT by a heat-treatment is an enhancement of Pauli

paramagnetic susceptibility (pau;) With increasing the conductivity. And assuming
the existence of the density of state (DOS) at Fermi energy level (Ep) for

ACF3000, the temperature dependence of ‘xT shown at higher temperature means
the temperature dependence of DOS in the case of Er=kT, and ¥pay; shows the

temperature dependence. By Fujita et al.14, the results of their theoretical
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calculation indicates that the edge structure of the micrographite influences DOS at
Fermi energy level. According to the mass spectra, it is supposed that the edge

structure of micrographites changes by heat-treatment above H.T.T.=800°C, and

these results support the interpretation of enhancement of ypy;; by heat-treatment

above H.T.T.=800°C.

The mass spectra support the analysis of the ESR spectra and the magnetic
susceptibilities of the heat-treated samples, and inform the molecular structures of
the fqnctional groups and the dangling bonds. The mass spectra for ACF3000 are
measured to characterize the thermal desorption and decomposition processes up to
800 °C as shown in Fig. 10. They give structural information related to functional
groups attached to a network of the micrographites. We observed anomalous
changes in the mass spectra at about 150 °C and 650 °C in the process. Species
with mass numbers 17 and 18 are desorbed in the temperature range below 200 °C,
which are expected to correspond to OH and H,O, respectively, assoqiated with
adsorbed gaseous materials HoO in ACF. The decrease of the peak-to-peak height
and the increase of the line width of the narrow ESR signal shown in the
temperature range between 100°C and 200°C (see Fig. 8) are imaged as follows.
The dangling bond spins at the Iperipheries of micropores are bared by the
desorption of HyO adsorbed in micropores with heat-treatment around 150°C as
indicated in mass spectra, énd the dipole-dipole iﬁteraction between the ﬁearest
neighbor dangling bond spins works more effectiVely due to the induced structural
deformation. In short, it is supposed that the change of ESR narrow signal at

150°C is generated by the structural change through the desorption of H,O and

CO, gases adsorbed in micropores. Small angle scattering of x-ray diffraction of
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ACF indicates the peak-shift at lower angle by the water desorption from ACF,

and Kaneko et al. points out the structural change of the micrographites and the
micropores!3. Above 400 °C, the mass number 28 has the largest intensity of all

the mass numbers observed in this measurement. The behavior of the spectrum of
mass number 28 is able to be interpreted as follows. The bondings of the
hydrocarbons and functional groups as the surface oxides at the peripheries of
rnicrogr,aphjtes are broken by heat-treatment above 400°C, resulting in removing of
CyHy and CO. According to the ESR spectra showing asymmetric line shapes and
the reduced Q-dip above H.T.T.=400°C mentioned in Fig. 7, the desorption of the
molecules with mass number 28 causes the structural change of micrographites,
resulting in the change of the electrical properties of ACF. The heat-treatment
modifies thé disordered structure of micrographites and makes the structure more |
regular, giving rise to an enhancement in electrical conductivity, although the
temperature range in the present experiment is too low for graphitization. It is
expected that hew dangling bonds are made after the decomposition process of
functional groups above 400 °C and the number of dangling bond spins become
enhanced.

Finally, we comments on the graphitization of ACF. The graphitization process
of Carbon fibers occurs in the temperature range between 1300°C and 3000°C,
usually. However, the present result on the behavior of dangling bond spins
proves that the precursor process for the graphitization already sfarts below

H.T.T=1300°C.
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11-4 Summary

The properties of the dangling bonds are investigated in pitch-based
ACF3000. ESR spectra and magnetic susceptibility show the presence of two
kinds of spins which are isolated dangling bond spins and n-conducttion electron
spins in micrographites. The dangling bond is reactive to the gas adsorption and
the heat treatment, and their effects to the dangling bond are sensitively reflected in
the magnetic properties. The oxygen molecule is selectively adsorbed at the
peripheries of the dangling bonds. The iodine molecule attacks not only the
dangling bond but also the ®-electrons, resulting in the change of the electronic
structure of ACF3000. Namely, chemical are generated between the dangling
bonds and the introduced iodine atoms, and the charge transfer from the &-
electronic system to iodine atoms strongly enhances conductive nature of ACF.
The heat treatment up to 800 °C is mainly effective to the change in the boundary
structure of micrographite as the increase of the number of the dangling bonds,
which is supported by mass spectra between room temperature and 800 °C. In
addition, in this temperature range, graphitzation does not start apparently.
However, the precursor for the graphitization process already starts in this

temperature range.
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(a)

Fig. 1 The structural models of the spin centers. (a) The dangling bond
model based on an unpaireed electron within a broken c-bonds.
(b) An unpaired m-electron spin center model like the w-electron
free radical observed in aromatic rings delocalized in the
crystallite.
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Fig.2 ESR spectra of ACF3000 measured (a) in air and (b) in vacuum at

room temperature. The arrow shows the position of g=2.00.
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Fig. 3 ESR spectra of ACF3000 at room temperature, (a) in vacuum (b) in oxygen
gas atmosphere (oxygen pressures are 10, 20, 30, 40, 50, 60, 70, 80, 90,
and 152 Torr). The arrows show the position of g=2.00.
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Fig. 4 Change in the narrow signal through introduction of oxygen gas
at room temperature. (a) the peak-to-peak height vs. O, pressure.

(b) the peak-to-peak line width vs. O, pressure.
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Fig. 5 ESR spectum of ACF3000 in 10Torr nitrogen gas at room
temperature. The ESR spectrum of evacuated sample is also shown
for comparison. The arrow shows the position of g=2.00.

-

3360 +2500G

X10

Fig. 6 ESR spectrum of iodine doped ACF3000 at room temperature. The
arrow shows the position of g=2.00. The ESR spectrum of the
sample with no iodine is already shown in Fig 5. The height of this
spectrum is scaled up ten times comparing with Fig. 5.
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Fig. 7 ESR spectra of ACF3000 heat-treated at room temperature to 700°C.
Every spectrum is measured at room temperature. The arrow shows
the position of g=2.00.
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Fig. 8 Changes in the narrow signal through heat treatment. (a) The
peak-to-peak height vs. heat treatment temperature. (b) The
peak-to-peak line width vs. heat treatment temperature.
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Fig. 9 Magnetic susceptibilities of ACF3000 heat-treated at 200 °C

to 800 °C.
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Fig. 10 Mass spectra of ACF3000 measured by thermal desorption.
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Part II1

Pore Structure



1H-1 Introduction

There are many kinds of porous carbon materials which adsorb large amounts
of gases. ACFs exhibit superior molecular adsorption properties associated with
their microporous structure, which give rise to large SSAs. Assuming that the

adsorbed molecules cover both surfaces of a single graphite sheet, SSA is

estimated at 2630m2/g ! which is the theoretically achieved upper limit. However,

the magnitude of SSA~3000 m?/g of ACF exceeds SSA~2630 m?/g. This implies
that adsorbed gaseous molecules form a condensed state in the micropores. The
micropore is provided by an assembly of many micrographites comprising
disordered stacks of three to four graphene sheets with a dimension of ca. 20 A X
20 A. The micropore size is estimated to be about 10 A 2. Although ACFs are
solids, they are sensitive to any gases, because they have a lot of micropores and
more than 40% of carbon atoms constituting ACF face to the surface 3.

The ESR technique provides useful tool for the investigation of the
microstructure of carbon materials4-6. According to the ESR and magnetic
susceptibility measurement, ACF3000 has ca.~1019 /g dangling bond spins at the
peripheries of the micrographite. They are electrbnically localized from the
micrographites, because the ESR signal of these dangling bond spins with the line
width of 40 G is independent of another one of the conduction electron spins with
line width of 800 G generated from the micrographite. The ESR siénal of the
dangling bond spins is found to be easily modified by the presence of adsorbed

oxygen gas for ACFs which was discussed in Part IT 7,8. This suggests that the
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dangling bond spins can be used effectively to probe the detailed micropore
structure. This section demonstrates that the presence of ultra micropores in
ACF3000 is confirmed not only by the adsorption isotherm but also by the ESR
measurement which shows anomalous spin-lattice relaxation behavior induced by
helium gas. In addition, it is clarified that the gases adsorbed at room temperature

form the condensed state in the micropores and the ultra micropores.
HI-2 Experiments

In this experiment, pitch-based ACF3000 was employed, and He, Ne, Ar, Hy,
N,, and O, gases wefe used as the guest gases. The sample preparation is carried
out as follows. For the gas adsorption isotherm measurements, ACF sample was
preliminary evacuated below 10-3 Torr at room temperature for 12 hour in ‘

advance. The same sample was used for all the ESR measurements with different
gases, becéuse of avoiding the sample dependence of ACF, In the series of the
ESR measurements, the sample used in a measurement with a kind of gas was
evacuated before it was used for the next measurement with the different gas. In
the ESR observation, we focus on the narrow signal with the line width of 40 G
assigned to the dangling bond spins in order to investigate the spin-lattice
relaxation of dangling bonds in reiation to the adsorption of various gases. The
microwave power dependence of ESR spectra was measured up to 200 mW in X-
band region at room temperature for the estimation of the spin-lattice relaxation
time with each gases. To estimate the magnitude of the effective\ pressure of

adsorbed gases inside pores, the adsorption isotherms were investigated at room
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temperature by the gravimetric method. The gravimetric adsorption apparatus is

shown in Fig. 1. The amount of adsorption is determined after degassing of the
adsorbent up to 1075 Torr at room temperature, and the measurement is carried till

the gas adsorption attains to the equilibration state. Using this equipment, we can

measure the weight uptake with the resolution of 0.001mg.
I11-3 Results

The saturation curves, which give the microwave power (q) dependence of the
ESR intensity (I), are shown in Fig. 2 for ACF3000 adsorbing 10Torr of He, Ne,

Ar, Hj, Ny, and O, gases. The evacuated sample shows a deviation from the

linear I vs. 4/-5 relation above 1mW. In the weak microwave power region , the I

Vs. A/E plots for 10Torr pressure of various gases and vacuum show a similar

behavior. However, with increasing q the ESR intensities except that for helium.
gas are saturated and decrease with further increase of q.The curve has a long tail
on the high power side after passing through a maximum point of the intensity.
This feature suggests that the saturation of the intensity takes place above 1 mW,
and that the saturation curve behaves as an inhomogeneous spin system except that
for oxygen gas. All samples adsorbing gases show a much larger microwave
power for the saturation than that of the evacuation sample. Particﬁlarly, the
sample with 10 Torr helium gas does not show any saturation up to 200 mW
which is the upper microwave power limit of the ESR spectrometer. The oxygen
gas introduced-sample shows a different ESR saturation curve from the sample

with other gases. This saturation curve is characterized by a homogeneous spin
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system which shows a steep drop of intensity on the higher power side of the

intensity peak?. Figure 3 illustrates the I vs 4/_6 plots for the sample with various

He pressures taken at room temperature. The plots show less saturated behavior on
the increase of He pressure. The sample with 10 Tosr helium gas does not show
any saturation up to 200 mW which is the maximum power available for ESR
machine. |

The adsorption isotherms of He, Ar, N,, and O, gases are investigated at room
temperature, whose results are used for the estimation of the effective pressures of
adsorbed gases ihside pores. Here, we show how to estimate the effective
pressure, and then exhibit the behavior of effective pressure for the investigated
gases. In the gas adsorption experiments, the gas introduced in the pores is
condensed, resulting in a big difference between atmospheric pressure outside
ACF (apparent pressure) and effective pressure inside pores (Pesr). Assuming that

the gas behaves as identical gas in the micropores, P in micropores is calculated

on the basis of the equation of state for ideal gas. The total volume of the

micropores in ACF (V pore) is expressed by the difference between the volume of

ACF (Vacr) and that of the total micrographite entity ACF (Vg)6,

M M
pore=VACF_Vg= ACF+£5 [1]
| i T d |

g

\%

where M pcris the mass of ACF used in this measurement, and d ocp is density of

ACF (dacr=1.7 g/cm3). For the density of the total micrographite entity, we

employ the density of regular graphite dz=2.25 g/cm?. Then the effective pressure
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Petrin micropores is approximated by using the equation of gas state as follows;

pore

m, | RT .
Peﬁ_ [Mad ] Vv ’ [2]

whe;,re m,g and My are the observed weight uptake and molecular weight for the
introduced gas, respectively. The effective pressures inside the micropores are
shon in Fig. 4 as a function of the apparent pressures of several gases. On
introducing 10 Torr helium gas into ACF, the effective pressure becomes 80atm,
which is the tremendous enhancement, that is 6000 times larger than the apparent
pressure. The adsorption of other gases yields effective pressure in micropores that
are two orders of magnitudes smaller than that of helium. The large condensation
of helium gas at room temperature is the exceptional feature in the gas adsorption
in microporous materials that has never been found, and this finding suggests that

a novel molecular sieve effect is expected in helium-ACF system.
-4  Discussion

The spin-lattice relaxation time T} is analyzed for the samples adsorbing the
gases from the results of the ESR/saturation measurements. T is obtained from
the saturation method by using T; of 1,1'-diphenyl-2-picrylhydrazyl (DPPH) as

the reference materials as follows 19,

2

9 pppH(0.75) ] T, peru ' .

T = >4 . 3
: [ 90.75) T, 3]

where qpppr(0.75) and q(o.75) denote the magnitudes of microwave power at which
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the intensities (I) for DPPH and ACF become 0.75 X I, respectively. T pppy
and T'; are the spin-lattice relaxation times for DPPH and ACF, respectively, and
the value of Ty pppy=6 X 10 sec is employed!?. T, is estimated from peak-to-

peak line width of the corresponding ESR signal. The values of T estimated from

eq.[1] are listed in Table 1 for the samples with several different kinds of gases
used in the experiment. In addition, the spin lattice relaxation rates of the helium
introduced-sample are estimated and figured out as the function of the helium gas
pressures as shown in Fig. 5. These results clarify that the gas adsorption governs
the spin-lattice relaxation mechanism of the dangling bond spins in micropores.
Notably, the helium gas has an exceptionally strong effect on the spin-lattice
relaxation rate.

What kind of mechanism is responsible for anomalously enhanced spin-lattice
relaxation process in the sample with helium gas? To clarify the mechanism is the
main theme of this section. Before doing this, we briefly discuss the feature of the
other gases.

As alfeady mentioned above, the sample adsorbing 10 Torr Hy, Ny, and Ar
gas show almost identical saturation behavior at room temperature. The relaxation
rate of these sample are larger than that of the evacuated sample, although they are
considerably smaller than that of the sample with helium gas. The increase of gas
pressure from 10Torr to 760 Torr gives little change in ESR saturation behavior

for the samples with Ar and/or N, gases. This suggests that the introduced gases

are almost saturated in the micropores above 10Torr, while the oxygen gas
introduced-sample shows a different ESR saturation curve from the sample with

other gases. This saturation curve is characterized by a homogeneous spin system
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which shows a steep drop of intensity on the higher power side of the intensity
peak!¥, The difference of the saturation curve between the oxygen gas-introducing

sample and the sample with other gases comes from the different in the gas

adsorption state in ACF, and that oxygen molecules are weakly chemisorbed on
the dangling bond spins”. Since the behavior of the adsorption of each gas in ACF

is expécted to be reflected in the spin-lattice relaxation rate, ESR provides a
complementary information on the adsorbed state in ACF to the results obtained
from other experiments.

What is the factor in gés adsorption in ACF? It is known that gaseous materials
having larger polarizability are more stabilized with larger enthalpy of adsorption.

The magnitude of enthalpy of adsorption in ordinary gas adsorption systems varies

on the order of He < Ne <H, < O3 < Ar < Ny 1}, This suggests that helium is

least stabilized in micropores among the gases investigated, in disagreement with
the present experimental findings. In other words, the trend related to the enthalpy
of adsorption is not applicable to the helium adsorption in ACF micropores. Next,
we compare the molecular size of the introduced gases which is expected to play an
important role in the adsorption in the micropore. Table I shows the comparison of
the molecular size. Comparing the molecular size to the trend in the gas adsorption
observed in the present experiment, only the smallest size helium shows the
exceptionally large condensation in the micropores. These experimental results

provide evidence of the presence of ultra micropores which can accommodate only

helium atoms with the smallest diameter of 2.57 A12, and the dangling bond spins

are considered to be found mainly in the ultra micropores 2. Considering the
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reflection of thé effective pressure to gas adsorption of ACF, the existence of ultra
micropores could be a significant feature in the gas adsorption in ACF. Taking into
account the anomalous large condensation of helium, the strong enhancement in
the spin-lattice relaxation rate is considered to originate from the collisional process
between helium atoms and dangling bond spins. -

Next, we discuss the spin-lattice relaxation mechanism with the helium
collisional process in order to clarify the strong enhancement in the spin-lattice
relaxation rate in helium adsorbing ACF. In an ordinary graphite system, the spin-

lattice relaxatibn takes place through the phonon process where the acoustic
phonons with the sound velocity of 2 X 10 cm/sec'3 assist the relaxation from the
spin system to the heat reservior. As mentioned in Part 1, ACF consists of the
network of micrographitic domains with the dimension of La® = ca. 20 A%

Therefore, the finite size effect of the micrographitic domains makes the phonon

dispersion be discrete with the energy separation of h (21/L,)v,~240K, resulting

in the appearance of the activation energy in the phonon exbitation process.
Therefore, the phonon assisted spin-lattice relaxation mechanism becomes
ineffective in ACF. This means that the helium collisional process can contribute to
the spin-lattice relaxation process. Here, we analyses the enhancement in the spin-

lattice relaxation rate in helium adsorbing ACF on the basis of the theory developed
by Sugiharal4. Interaction between a dangling bond electron and electrons of a

helium atoms is expressed in terms of the electric dipole-dipole interaction;

3(R ‘R -r;) }

’ 2
v(r, rl,rz,R)—;—g { = [4]
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where r is the coordinate of the dangling bond electron; rq, r; the coordinates of the

electrons of a He atom; and R vector connecting the helium atom and the carbon
atom related to the dangling bond (see Fig. 5(a)). The wave functions of the
‘dangling bond and the n-electron shown in Fig. 5(b) are given by eqgs.[5] and[6],

respectively,

¢‘g’=71—?; {Waut /2 Wy . [5]

0=y, | [6]

The presence of the spin-orbit interaction induces a slight admixture of the opposite
spin-state in the dangling bond spin states, resulting in the modification of the

wave functions as given in the following equations,

0, =0, +ecos20¢,°, [71
0,=0¢,%+ecos200,°, [8]

where T and | denote the spin states for up and down spins, respectively, and

: [9]

l>|>’l

1
*=76

A'is the energy difference between ¢‘® and ¢, and A is the mean value of the

spin-orbit coupling for carbon 2p-state.
The spin-lattice relaxation rate, which is related to the transition probability in

the spin flip process of the dangling bond spin, is given by the effective spin
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reversal Hamiltonian Hegr involving the electronic states of the dangling bond and

the helium electrons which interact to each other through the electric dipole-dipole

interaction,

(T, g|Halls )

= T (0007 1V1010,°) (00,0, 1V10,,0,°) B ;=B )", [10]
=1,1j .

where ¢® and ¢;® are the ground state 'S and the excited state 'P for a helium

atom;
(P(g)("l’rz)#(P1s(r1)(91s(rz)X(S=O)a [11]
1
(pj(e)(rl ’r2)=ﬁ [(Pls(r1 )P (r3) + @i (1) )<P1s(r2)]x(s=0), [12]

j=x,‘ y, z and y(S=0) is the spin singlet state,
E,,-E,, ~E('P)-E('S)=AE~2leV. | [13]

Using eqs. [4]-[13], the spin-lattice relaxation rate is expressed by the following

equation;

1 27 '
T=2x=0F [ KIH R |V K[ £8Eg, —~Eg )W, [14]
1 K, K'

where K denotes the momentum of a helium atom, fi the Boltzmann distribution

function and W the probability of the p,-state being vacant. Ey, ,,, fx, and the

wave function ®k are given by
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. °ﬁ2 2 1 iKR
E =E . 7UzH, Ex=77K", @ =—=¢"",
k1~ EgFHp K= M K= 75 €
2 372
fo=Ac K A—Sn[ nh ] n: number density of He atoms [15]
K ’ 2Mk,T | ° :

After the calculation is carried out, the explicit expression of the spin-lattice

relaxation is obtained as follows.

[16]

where n, M and R are the number density, the mass of a helium atom and the

-~ minimum distance at which a helium atom approaches to a dangling bond,

respectively. p is the factor given by p=A/A. I denotes an integral associated with

helium atom and J corresponds to the dangling bond electron expressed by

following equations,

I=[ 0,02y (1)dr, J= [y, (XY, (1)dr, [17]
where @15(r), @,, (r) are the wave function for 1s and 2p, states for a helium atom,

and i, (r) are T-electron wave function of the dangling bond spin. We have no

definite information on the electronic structure of the functional groups, which give
rise to the dangling bond spins.Then the 2s and 2p-states corresponding to carbon

atom are employed to obtain J and p. To estimate eq. [16], the following value are
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employed;

n=1.85X 102! /em3 (for Pegr=10Torr), M=6.7X 1024 g,
AE=21eV, T=300K, p=4 X 103,

1J=0.52a9? (ag is Bohr radius),
R=3A, W=0.2. _ [18]
Then we obtained the value of the spin-lattice relaxation rate at Pog=10Torr and

T=300K, T =10 sec’!, which is in good agreement with the observed value for

the sample adsorbing 10Torr helium gas. The above discussion suggests that the
helium atoms with the smallest diameter (2.57A) accommodated in the ultra
micropores effectively work to enhance the spin-lattice relaxation in the dangling

bond spin system through the helium collisional process.
- III-5 Summary

Using the dangling bond spinsﬂ as a testing probe, the ESR spin-lattice relaxation
rates T1"! is investigated for ACF3000 in the presence of the He, Ne, Ar, H,, Ny,

and O, gases in order to clarify the pore structure and the properties originating

from the pores, and the mechanism for the anomalously enhanced spin-lattice

relaxation process in the sample with He gas is discussed by using the results of

gas adsorption isotherms. T1"! s are almost identical among ACFs adsorbing

foreign gases with different molecular weight and size except helium and oxygen.

The finding that the T s for diatomic molecules are identical to those for inert gas
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atoms suggests that the internal degrees of freedom such as rotations and

vibrations do not participate in the acceleration of T1"!. In the case of oxygen

adsorption, the ESR §aturation curve behaves as a homogeneous spin system,
different from the behavior of the curves in other gases. This suggests that the
adsorbed oxygen molecules form weak covalent bonds to the dangling bonds in
micropores.

In particﬁla‘r, heliufn gas is found to cause a marked enhancement in the spin-lattice
relaxation rate. In addition, extraordinarily strong condensation of helium gas
occurs in the pore even at room temperature. This anomalous phenomenon proves
the novelty of the structure of micropores in ACF having ultra micropores, which
can accommodate only smallest diameter helium atoms. The extraordinarily strong
condensation of helium gas in the ultra micropores has never been reported before
and are prodigious from the point of physysorption phenomena in microporous
materials. Anomalous helium-gas-induced spin-lattice relaxation is explained by
the collision of the helium gas governed by electric dipole-dipole interaction which
was discovered for the first time as a new spin-lattice relaxation mechanism. This
is realized by the remarkably large helium gas condensation at room temperature in

microporous materials.
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Fig. 5. The plot of spin-lattice relaxation rate Tl'l vs. helium pressure for the

dangling bond ESR signal. The sample witth 10 Torr helium gas does
not show any saturation up to 200 mW which is the maximum power of

the ESR machine, so that the lower limit for Tl'l was estimated by

assuming that the saturation occurs at 200 mW, and was illustrated as
"1 " in this graph. The solid line is a guide for the eye.
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Fig.5 (a) The model of the dangling bond attacked by a helium atom. The arrow
denotes the dangling bond spin. r is the coordinate of the dangling bond
electron, ry and r, the coordinates of the electrons of a helium atom, R the

vector connecting a helium atom and the carbon atom related to the dangling
bonds.

(b) (x', y') represents the graphitic plane and z'-axis is parellel to magnetic
field. (x', y')-plane is the same as (X, y)-plane. A m-orbital and a dangling
bond orbital of carbon atom are represented by p and AN 3+ 2px1),

respectively.
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'Part IV

‘Micrographite and Network Structure



V-1 Introduction

Recently, various studies have been carried out to obtain information on the

ACEF network structure in relation to the origin of their magnetic and electronic
properties. X-ray diffraction 1, Raman spectra 2, transmission electron micropore
observations 3 and gas adsorption 4 were investigated. Kaneko et al. modeled the
ACEF structure which is an assembly of many micrographites forming disordered
stacks of three to four graphene sheets with a dimension of ca. 20 X20 A 25 The

transport properties provide information on the electronic structure related to the

network of micrographitic domains. The resistivity, whose magnitude at room

temperature ranges 2 X 10 3Qm ¢ and on the same order for phenol-based carbon

fibers 7, is explained in terms of two dimensional variable range hopping (2D

VRH) related to disordered structural network of metallic micro-graphitic domains.
The heat-treatment of ACFs at high temperatures1300 - 2800 °C reduces the

magnitude of randomness in the structure and induces a strong modification of the

electronic structure 8 which is explained by "the o-trap mechanism" proposed by

Morozowski  mentioned in details in Part IL. The functional groups are removed
from the marginal regions of the micrographites on heat-treating the samples,

resulting in the generation of o-type dangling bonds. In this process, conduction
m-electrons are trapped by unsaturated ¢-bondings, and consequently the same

number of holes are generated in the valence n-band. Thus, the number of carriers

at the Fermi level changes with heat-treatment, and the magnitude of the mean free
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path of carriers increases with enlargement of the size of crystallites above heat-
treatment temperatures of 2800 °C.
ACEF structure consists of the network of the micrographites governing the

electronic and magnetic properties, so that the edge structure of micrographite is
supposed to give an electronically important rolel?, ESR and the magnetic

susceptibility measurements are helpful in understanding the micro structure at the
peripheries of the micrographite. In particular, the combination of ESR and gas
adsorption measurement provides information on the interaction between the

introduced gaseous molecule and the dangling bond spin, and the structural
modification of the micropores generated by gas uptakell. The investigation of the

dangling bond spin ESR signal under oxygen atmosphere reveals the formation of
weak bounding between oxygen molecules and dangling bond spins in the
micropores.

As mentioned above, recent works have been devoted to the understanding
of the solid state properties of ACFs related to the disordered microporous network
structure. However, there is little knowledge about the structure of the
micrographiﬁc domain itself, and the effect of gas adsorption on the solid state
properties has not been well understood. Furthermore, the role of the network
structure in a micrographite has not been proved from the view point of electronic
and magnetic properties of ACF.

In this section, the network structure governing conduction mechanism of ACF
is discussed through the experimental results of electrical conductivity.
Furthermore, details of micrographites composing the network structure is

‘estimated from the results of magnetic susceptibility and electrical conductivity.

94



IvV-2 Experiemnts

In current experiments, we employed pitch-based ACF with SSA=1000
and 2000 m?%g (ACF1000 and ACF2000).

Electrical conductivities for ACF1000 and ACF2000 were measured by the
direct current four-prove method from 30 K to 285 K. Four electrical contacts
were achieved by sandwiching an ACF fiber between four grafoil pieces and a

quartz plate having four electrodes of evaporated gold films. In order to determine

the absolute value of the electrical conductivity G, scannning electron microscopy
(SEM) was used for the measurement of the fiber diameters. Gas adsorption
effects for electrical conductivities were investigated for oxygen gas and nitrogen
gas which were introduced into the sample of ACF1000. The specially deSigned
cell shown in Fig. 1 was used for the measurement of electrical conductivity in the

atmosphere of nitrogen gas or oxygen gas. The sample was heated at 200 °C and
~107 Torr before introducing gas into the cell. 700 Torr nitrogen gas or oXygen

gas was introduced at room temperature.
The magnetic susceptibilities were measured in temperature ranging from 4 K to

300 K using an automatic magnetic pendulum in the applied field H=1T.

IvV-3 Results

Temperature dependences of electrical conductivities ¢ are shown in Fig.2 (a)

for ACF1000 and ACF2000 in the whole observed temperature range. The
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temperature dependences of conductivities show semiconductive behavior with
similar characteristics between ACFIOOO and ACF2000. Discontinuous changes in
the plots observed above ca. 150 K are associated with changes in contact
resistance at the interface between sample and electrodes which were generated by

thermal contraction. The absolute values of conductivities of both ACF1000 and
ACF2000 at room temperature are estimated at 4.5 and 7.5 Scm™l, respectively, by

using fiber diameters obtained from SEM results as shown in the photograph of
Fig. 3. The fiber diameters are estimated at 18 um for both ACF1000 and
ACF2000 samples. The SEM photographs show that the cross sections of the

fibers are rather regular rounds having a smooth surface.

Figure 2 (b) shows the plots of In(c/0:) vs T-13 below ca. 80 K for

ACF1000 and ACF2000. According to the result shown in Fig. 2 (b), the

conductivity obeys exp {— (Ty/T) 13 } dependence at low temperatures below 80K

where Ty is estimated at 2.0 X 10* K for both ACF1000 and ACF2000. Figure 2

(c) shows Inc vs 1/T plot above 180 K, which suggests that conductivity is

dominated by the thermal activation process exp(-AE/kT) in the higher temperature
range. From the results shown in Fig. 2 (c), AE is estimated at 60 to 80 meV on
average for 3 samples for both ACF1000 and ACF2000, which is in semi-

quantitative agreement with the activation energy AE~44 meV obtained by the ESR
measurement of ACF3000 having SSA=3000 m?/g!2. The analysis of temperature

dependence of conductivities will be carried out in relation to the electronic state in
"Discussion".

In order to investigate the influence of gas adsorption on the transport property
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of ACF, time dependence of the resistivities of ACF1000 is measured under
oxygen gas or nitrogen gas atmosphere at room temperature. In Fig. 4, time
dependences of the variation rates of the resistivities are plotted before and after the
introduction of 700 Torr nitrogen or oxygen gas at room temperature. The
introduction of nitrogen gas makes the resistivity increase by less than 1 % in 200
min. The increase is saturated in about 50 min. Meanwhile, for oxygen gas, a
steep resistivity increase is observed in the first 10 min and the total resistivity
increase réaches ca. 3.5% for 200 min. The details about the adsorption states of
these gasés are mentioned in "Discussion".

The temperature dependence of magnetic susceptibilities of ACF1000 and
ACF2000 are shown in Fig. 5. The susceptibilities for both ACF1000 and
ACF2000 show diamagnetic behavior at high temperatures above about 20-30 K

while they obey the Curie-Weiss law at low temperatures similar to the behavior of

ACF3000!1, The observed magnetic susceptibility of ACF 7y, consists of the
following components,

Xobs=XCFHXPaulitXorb+Xcores [1]

where ¥ c is the Curie-Weiss component of localized spins, Ypau); is the Pauli
paramagnetic component for conduction electrons, Yo iS orbital diamagnetic
component, and Ycore is the Pascal diamagnetic component. The observed
magnetic susceptibility ¥ops below 40 K gives the Curie-Weiss component ¥ ¢
having localized spin concentrations N¢=2.2x101? /g and N¢=3.3x10'9 /g i‘n the

antiferromagnetic molecular field of Weiss temperature 6=-0.6 K and 6=-1.3 K
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for ACF1000 and ACF2000, respectively, as summarized in Table 1. The
component of ¢ is thought to be caused by the dangling bond spins being at the
peripheries of the micrographitic domains. The obtained spin concentrations are

about the same to spin concentration of ACF300011. This suggests that the
dangling bond spin concent;ation does not depend on the value of SSA among

ACF1000, ACF2000, and ACF3000 samples. The core contributions Ycore are
estimated at Ycore = -5.6 X 107 emu/g for both ACF1000 and ACF2000 on the

basis of the’ composition [C124HgoNO],13 using Pascal rule. For the analysis of

the Pascal diamagnetism, we assume the mean structure of ACF, which is
described in terms of the aromatic part having 36 benzene rings and the remaining

aliphatic bridging part, taking into account the composition and the micrographitic

domain size of ACF. The contributions of ¥ payuii and Xorb Will be estimated in the

next section, as summarized in Table 1.
IV-4 Discussion

We extracted information on the electronic structure of ACF from the analysis
of the conductivity. The density of states (DOS) at the Fermi level N(Ep) in the
case of 2D VRH is estimated as follows. Judging from the random structure of
ACF composed of an assembly of micrographites, it is assumed that the electrons
are locaiized on metallic micrographites, and the hopping conduction occurs

between micrographites by thermal activation process. Around the marginal region
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of the micrographites, the wave functions of the electrons attenuate in accordance
with the function of exp(-1/£), where € is the localization length, so that the overlap
between the wave functions of the adjacent micrographitic domains is in proportion

to exp(-2r/€). Moreover, the occurrence of a hopping event requires the thermal

activation which is related to the difference in the potential energies of hopping

eleétrons AE between the adjacent micrographitic domains. Thus, the hopping

conductivity ¢ is expressed by the following equation;

-20r—

)

G =0,exp

AE
kT P

where o is constant!4. AE depends on DOS at the Fermi energy level N(Ef) and

the dimensionality of the transport system of ACF. In the random network system
of metallic microdomains having two dimensionality, conductivity expressed in
eq.(2) is rewritten by the variable range hopping formula as given by the following

equation;

O0=0,exp [(—%J% ] (3)

Here T is expressed by

27

= 4
E*nIN(E )k @

T,

where k is the Boltzmann constant. As shown in "Results", the manner of

temperature dependence observed below 50K is explained in terms of the two-
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dimensional variable range hopping (2D VRH)14, taking into account the two
dimensionality of the micr;)graphite network structure of ACF. The in-plane size of
a micrographite L, in ACF is estimated at L,~25 A from Raman spectral’3. The
range where electrons enable to move coherently on ACF is limited within a

micrographite domain which is regarded as a metallic island as shown in FIG. 6,

and the conduction electrons are scattered at the boundaries of micrographites.

Therefore, if we assume & to be the in-plane size of a micrographite £~25 A, DOS

is estimated at N(Eg) = 8 X 10!7 eV-Im2 for both ACF1000 and ACF2000. This

suggests th'flt ACF1000 and ACF2000 have almost the similar electronic structure,
taking 'ipto account the similar behavior of magnetic susceptibilities for both
samples which will be mentioned later. The presence of the finite density of state a
Er implies that the impurity band is located around E, since the intrinsic band
structure of graphite is explained in terms of the zero gap semiconducter with no

density of states at Ep as shown in Fig. 7.

Now, we discuss the relation between the micrographite network structure and
the two-dimensionality in the electron transport observed in the present
experiment. In general, there are two kinds of micrographitic carbons; one is
graphitizing carbon with two dimensional orientation of micrographites, and the

other is nongraphitizing carbon with random orientation of micrographites

proposed by FlanklinelS. In the case of ACF, according to the X-ray diffraction

analyses! and Raman spectra?, it has been found that ACF consists of an

assembly of 2D-micrographites. The result of the diamagnetic susceptibility

suggests that the ACF sample heat-treated at 1500 K to 3000 K is well
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graphitized®, with two dimensionally preferred orientations of micrographites.

Judging from the structural information, ACF is classified to be in the former

category, and it is supposed that the micrographites are linked to each other by the

o-bondings extending to the two dimensional directions, and that the micrographite

network has the disordered structure having two dimensionality to some extent.
So, it is reasonable that the VRH mechanism observed below 50 K is explained on

the basis of two dimensionality of the micrographite network structure. And the

electrons hop between micrographites in two dimensional directions through the o-

bonding bridges which give the overlap of the wave functions between adjacent
: mjcroy‘graphites.
Next we discuss the relationship between gas adsorption and a conduction

mechanism for ACF. Non-active nitrogen gas is known to induce the structural
change in the micrographite of ACF16, In the case of nitrogen gas adsorption at

165 K, the interlayer distance between graphitic sheets decreases by 6% when

nitrogen gas is introduced, even though the amount of nitrogen gas is less than 5%
of the saturated amountl6. The change of the interlayer distance of the

micrographite is explained by the relation between the structure of ACF and the
adsorption site of the nitrogen molecules. The micropore of ACF is characterized
by the wedge-type pore, so that nitrogen molecules can easily enter into the wedge-
type pore through a wide-open entrance at the side surface of the micrographite as
shown in Fig. 8 (a). Adsorption of nitrogen gas changes the micropore shape from
the wedge-type to the slit-type which causes a slight expansion of the ACF

network structure. The conductive pass connected between micrographites existing
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before nitrogen gas adsorption are cut by reorientation of the micrographites after
nitrogen gas adsorption. Therefore, the change in stacking structure affects the
network structure between the micrographites, and results in an increase in
resistivity by nitrogen uptake. In the case of adsorption of oxygen gas, the
adsorption site is supposed to be different from that of nitrogen gas. According to

the ESR spectra assigned to the dangling bond spins existing at the peripheries of
micrographites!!, the change in the ESR signal by introducing oxygen gas

suggests'the formation of weak covalent bonds between the dangling bonds and
oxygen molecules. Namely, in the case of oxygen gas adsorption, the ESR
saturation curve behaves as a homogeneous spin system, different from the

behavior of curves in nitrogen gas showing trends for. inhomogeneous spin -
system1”. In addition, the adsorption isotherm for oxygen at room temperature has

different behavior patterns from that of inert gases including nitrogen gas, which

reveals evidence for the formation of weak chemical bondings. The adsorption of
water vapor is informative in the explanation of oxygen gas adsorption to ACF16,

since the adsorption manner of water molecule is supposed to be similar to that of
oxygen molecule, from the trend of chemical activity. Water molecule is gradually
introduced into the parts in which the functional groups are located, and the
structural change in micrographite is not induced until water molecules are
adsorbed in the interlayer space of micrographites, thus changing the orientation of
micrographites. Therefore, the steep change of resistivity at the beginning of
adsorption is considered to be associated with the formation of weak covalent
bonds with oxygen, which induces not only the charge transfer between oxygen

molecules and micrographite but also the structural change. The structural change
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model is summarized in Fig. 8.
Finally, we analyze the electronic structure from the results of magnetic

susceptibilities and conductivities, and attempt to obtain information on the

geometrical structure of micrographites itself. The values of ¥pay for both
ACF1000 and ACF2000 are calculated at 1.1X 10°7 emu/g from Ypauli =
2up2N(Eg) by using N(Eg) whose values are obtained from the variable range
hopping conductivity. After subtracting the values of %c, Xpauli and Ycore from the
observed susceptibility Y obs, W€ obtain the contributions of Y4, for the samples

having randomly oriented micrographite planes; -3.9 X 10”7 emu/g for ACF1000

and -3.5 X 1077 emu/g for ACF2000. The value of the orbital susceptibility ¥ orbs/

in the field applied perpendicular to the graphitic plane is obtained to be -1.2 X 10-6

and -1.1 X 10® emu/g for ACF1000 and ACF2000, respectively, by multiplying
by 3, since the graphitic microdomains are randomly oriented. The observed

absolute values of Yo for ACF1000 and ACF2000 are one order of magnitude
smaller than the value (/omn=-8 X 10® emu/g) for graphite having the infinitely

extended planar structure of condensed polycyclic aromatic hydrocarbon!8. The
component /o for graphite originates from the delocalized m-electrons on the

infinite graphite plane. Therefore, the fact that ACF has smaller orbital

diamagnetism than graphite proves that the micrographitic domain in ACF has a

finite size. Subsequently, the magnitude of ¥/ of ACF is compared to other
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condensed polycyclic aromatic hydrocarbons having finites size and graphite fine
particles. The magnitude of the orbital diamagnetic susceptibility for graphite fine
particles having a domain size of 50 A is reported to be -0.5 X 106 emu/g!®
which is not - so different from that of ACF, despite the fact that the grain size of
these fine-particles is larger than that of ACF. It means that in spite of the
entangled appearance of ACF fibers, the micrograhpites of ACF are well
graphitized in comparison with the grain of graphite fine-particles. Here, we
compare the estimated value of the orbital diamagnetic susceptibility with that of
condensed afomatic hydrocarbons consisting of N benzene rings, in order to get

information on the structure of the micrographitic domains. The relation between

the number of benzene rings N and the value of o, for polycyclic aromatic

compounds is shown in FIG. 9 after the data in literatures1®. From the /o vs N

plot, we obtain the empirical relation expressed by the following equation;

=—4.7—15><-1-11-. | 4

7 log XOrb

Using eq. (5), the magnitude of %y for condensed polycyclic aromatic

compound with N=36, which is considered to correspond to the average structure

of the micrographite in ACF, Yo is expected to be -8.0X 10°% emu/g which is

about eight times larger than the experimental results for ACF1000 and ACF2000

as shown in Table 1. The cause for the difference between them is thought to be as

follows. The deviation from the expected value of ¥ory for model polycyclic

aromatic compounds implies the presence of a distortion and/or defects in the
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micrographite which depresses the effective size of the T-electronic system in the

micrographite. Again, by use of eq. (5) the number of benzene rings N which
corresponds to the observed value of /o, is estimated at N=12 and N=11 for the
effective sizes of the n-eiectronic systems in ACF1000 and ACF2000,
respectively. The magnitude of /o is correlated to the degree of the
delocalization of m-electrons in the graphite sheet, indicating the extent of the plane

structure. Therefore, the experimental finding reveals that the graphene sheet of

ACEF is deformed with some degree of nonplanarity caused by defects and

distortions of in-plane structure. Analogous observation is reported in carbon

ribbons. x}/orb of a polyacrylonitrile-based carbon fiber (PAN-CF) and benzene

derived carbon fiber (BDF)2! is explained by the folded ribbon model, that is the

micro-folded layer structure, proposed by McClure and Hickman?22. ACF does

not have periodically fplded graphene sheets like carbon ribbons, however,
according to the present results, the micrographite in ACF has nonplanar structure
with defects like crators on the moon surface. We have two possible reasons why
the micrographite has a nonplanar structure. One is that the degenerate n-electronic
structure of graphite is solved due to the presence of defects. Another is that the
presence of functional groups attached to graphitic microdomains causes steric

hindrance, resulting in the generation of nonplanarity in graphitic micro domains.
IV-5 Summery

Transport and magnetic properties of pitch-based ACF1000 and ACF2000 with
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SSA~1000 and 2000 m?/g are investigated in order to get information on the

micrographite network structure and the internal structure of the mocrographiﬁc
domain having the size of ca. 20 A. The tempefature dependence of conductivities
for both ACF1000 and ACF2000 are described in terms of the two-dimensional
variablé range hopping mechanism, whose behaviors are extrapolated to the

ordinary thermally activation hopping conduction with the activation energy E ;=60

~ 80 meV in the higher temperature range. The dimensionality of the transport
properties of ACF is supposed to be caused by the specific network structure of

micrographitic domains which are linked to each other through bridges composed

of G—bondi_ng carbons. Assuming that the localization length is regarded to be equal

to the domain size, the densities of states at the Fermi energy level are estimated at
N(Ep)~10'8 eV-'m2 for both ACF1000 and ACF2000.

Introduced nitrogen gas or oxygen gas changes the electrical conductivity,
which is caused by a change in the micrographite network structure. In addition to
the structural modification by the introduced gas, oxygen affects the electronic

_structure of ACF through the formation of weak chemical bonding between
dangling bonds énd oxygen molecules.
The magnetic susceptibilities fof both ACF1000 and ACF2000 show the Curie-

Weiss temperature dependent susceptibility below 40 K, which suggests the
presence of 101%/g localized magnetic moments associated with dangling bond
spins attached to the peripheries of micrographite. The orbital diamagnetic

susceptibilities ¥//o:, of ACF1000 and ACF2000 were estimated at -1.2 X 107

emu/g and -1.1X 107 emu/g, respectively, which are about one order of
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magnitude as small as that expected for the condenced polycyclic aromatic
hydrocarbons having the same number of benzene rings to the average number of
benzene rings of ACF1000 and 2000. This proves that the graphene sheet of ACF
_is deformed with some degree of ﬁonplanarity caused by defects and distortions of

the in-plane structure.
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Fig. 1. The glass cell for the measurement of electrical conductivities
for the gas adsorbing sample.
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Fig. 2 (b). Plots of In(c/c,,) vs T-13 in the low temperature range

below about 80K.
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Fig. 2 (¢) Plots of In (6/c,. ) vs T-! in the high temperature range above

about 180K. Discontinuous changes in the plots obtained above
ca. 150K are associated with the changes in contact resistance at
the interface between the sample and the electrodes which were
generated by thermal contraction.
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Fig. 3. Scanning electron microscopy (SEM) photograph of the cross
section of pitch based ACF1000 (1?/g).
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Fig. 4 Time dependence of the variation rate of the resistivity for ACF1000
adsorbing 700Torr Ny gas (&) and 700 Torr Oy gas (O) at room

temperature. The vertical axis represents the percentage of the
variation rate of the resistivity p. pg is the value of the resistivity at

t=0 which shows the starting point of the gas adsorption.
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Fig. 5 Temperature dependence of magnetic susceptibility for
ACF1000 (O) and ACF2000 (@).
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Fig. 6 Metallic islands and these network structure. One micrographite
-corresponds to the metallic island of ACF. m-bondings
composing micrographites are connected by the bridges of o-
bondings consisting of the edge structure of micrographites.
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The electronic structure of ACFs.
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Fig.8.  Gas adsorption model of ACF. (a) The micropore of ACF is
characterized by the wedge-type pore. (b) Adsorption of nitrogen gas
changes the micropore shape from the wedge-type to the slit-type which
causes a slight expansion of the ACF network structure.(c) Oxygen
molecule is introduced into the parts in which the functional groups are
located, and forms the weak covalent bonds with dangling bonds.
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The relation between the number of benzene rings N and the value of
the orbital diamagnetic susceptibility X4, for condensed polycyclic

acomatic compounds. ACF1000 (N=10) and ACF2000 (N=11)
'marked with (O denote the position corresponding to the
experimentally obtained orbital susceptibility for ACF1000 and
ACF2000, respectively, whilel with N=36 corresponds to the
number of benzene rings for the average structure of the
micrographitc domain in ACF. The data for polycyclic compounds
denoted by @ are referred from ref. 20. N=11 and N=10 mean that
the observed values of yorb correspond to the orbitalsusceptibilities
of the compounds with 11 and 10 benzene rings for ACF1000 and
ACF2000, respectively.
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Part V

General Conclusion



Pitch based activated carbon fibers (ACF) are microporous carbons with hugé
specific surface areas (SSA) ranging from 700 to 3000m2/g, and have random

structures consisting of an assembly of the micrographites with a dimension of a
ca. 20 X 20A. Magnetic and electronic properties of ACFs were investigated by the

measurements of the ESR spectra, the magnetic susceptibility, and the electrical
conductivity. In addition, their results of pristine samples are compared to that of
gas adsorbed samples and heat-treated samples. Then the characters of dangling
bonds, pore structures, microfraphites and their network structure which
characterize properties of ACFs are summarized in this thesis. In addition to the
introduction of ACFs, preparations and characterizations of ACF samples supplied
from Osaka Gas Chemical Co., Ltd. are introduced in Part I. One of remarkable
processes in the sample preparation is a activation process which produces huge
SSAs of ACFs, resulting in pores, micrographites, and dangling bonds.
Properties determined by dangling bonds are clarified by magnetic
measurements of ACF3000, which are summarized in Part II. Not only ACF3000
pristine sample but also heat-treated sample are investigated by the measurements
of ESR spectra and magnetic susceptibility in order to investigafe the spin species
within ACF3000. In addition, mass spectra in the range of room temperature to
800°C are observed to obtain a structural information of dangling bonds.
ACF3000 has isolated dangling bond spins and conduction electron spins, and
linewidthes of ESR spectra show 40G .and 800G, respectively. The magnetic
susceptibility of isolated dangling bond spins obeys the Curie law, and that of
conduction electron spins shows a weak temperature dependence. respectively.

Heat-treatment of ACF removes functional groups in the micrographites, and
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modifies disordered structure of micrographites, resulting in the more regular
stacking of micrographites. However the temperature below 800°C does not occur |
the graphitization. Enlargement of the magnetic susceptibility of ACF3000 by heat-
treatment below 800°C shows the increase of the number of new dangling bond
spins after the decomposition process of functional groups above 400°C or the
precursor of gfaphitization process, resulting in the enhancement of the value of a
weak temperature dependent spin paramagnetic component.

Properties originated from pore structure are clarified from the ESR spin-lattice
relaxation rate T ;-1 for ACF3000 in the presence of the He, Ne, Ar, Hy, N5, and
O, gases by using the dangling bond spins as a testing probe, which are
summarized in Part ITII. We found the enhancement of the spin-lattice relaxation
rate induced by the collisional process of the gas atoms to the dangling bonds

where T1-1 s are almost identical among ACFs adsorbing foreign gases with

different molecular weight and size except helium and oxygen. The finding that the

T1-1s for diatomic molecules are identical to those for inert gas atoms suggests that

the internal degrees of freedom such as rotations and vibrations do not participate

in the acceleration of T1-1. In the case of oxygen adsorption, the saturation curve

behaves és a homogeneous spin system, different from the behavior of the curves
in other gases. This suggests that the adsorbed oxygen molecules form weak
covalent bonds to the dangling bonds in micropores.

In particular, helium gas is found to cause a marked enhancement in the spin-lattice
relaxation rate. In addition, extraordinarily strong condensation of helium gas
occurs in the pore even at room temperature. This anomalous phenomenon proves

the novelty of the structure of micropores in ACF having ultra micropores, which
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can accommodate only smallest diameter helium atoms. The extraordinarily strong
condensation of helium gas in the ultra micropores has never been reported before
and are prodigious from the point of physysorption phenomena in microporous
materials. Anomalous helium-gas-induced spin-lattiée relaxation is explained by
the collision of the helium gas governed by electric dipole-dipole interaction which
was discovered for the first time as a new spin-lattice relaxation mechanism. This
is realized by the remafkably large helium gas condensation at room temperature in
micfoporous materials.

To get information on the micrographite network structure and the internal
structure of the mocrographitic domain, transport and magnetic properties of pitch-
Based ACF1000 and ACF2000 with SSA~1000 and 2000 m2/g are investigated
are summarized in Part IV. The temperature dependence of conductivities for both
ACF1000 and ACF2000 are described in terms of the two-dimensional variablg
range hopping mechanism, whose behaviors are extrapolated to the ordinary

thermally activation hopping conduction with the activation energy E,=60 ~ 80

meV in the higher temperature range. The dimensionality of the transport
properties of ACF is supposed to be caused by the specific network structure of

micrographitic domains which are linked to each other through bridges composed

of o-bonding carbons. Assuming that the localization length is regarded to be

equal to the domain size, the densities of states at the Fermi energy level are

estimated at N(Ep)~1018 eV-1m-2 for both ACF1000 and ACF2000. Introduced

nitrogen gas or oxygen gas changes the electrical conductivity, which is caused by
a change in the micrographite network structure. In addition to the structural

modification by the introduced gas, oxygen affects the electronic structure of ACF
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through the formation of Weak chemical bonding between dangling bonds and
oxygen molecules. The magnetic susceptibilities for both ACF1000 and ACF2000
show the Curie-Weiss temperature dependent susceptibility below 40 K, which
suggests the presence of 1019/g localized magnetic moments associated with

dangling bond spins attached to the peripheries of micrographite. The orbital

diamagnetic susceptibilities ¥/or, of ACF1000 and ACF2000 were estimated at -

1.2 X107 emu/g and -1.1 X 10-7 emu/g, respectively, which are about one order of

magnitude as small as that expected for the condenced polycyclic aromatic
hydrocarbons having the same number of benzene rings to the average number of
benzene rings of ACF1000 and 2000. This proves that the graphene sheet of ACF
is deformed with some degree of nonplanarity caused by defects and distortions of

the in-plane structure.
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