. HOKKAIDO UNIVERSITY

Title Intercalation Reactions into Graphite followed by Potenial and their Application to Battery
Author (s) Norio, Iwashita
Degree Grantor biEEKE
Degree Name B (I=)

Dissertation Number 30555

Issue Date 1992-03-25
DOI https://doi.org/10.11501/3060659
Doc URL https://hdl. handle.net/2115/49793
Type doctoral thesis
File Information 000000249605. pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




1’5 & W@f}; by’

 and their Ap P cation to_ gamry

T A QEITT A

.—«-.lp.. -q—i---..u.—--n.




Intercalation Reactions into Graphite

followed by potential

and their Application to Battery

Norio IWASHITA




Content

Abstract iin BogTiBhi Sain- it setiin miam et S et oo o oo i it R S b e i e
Abstract 140 Japaiess i reanasasas i Sede o el o S S R S e R e s

Chapter 1: Introduction
1:1.-Corbon materials srec-titeshisocsharaimabinmomns o oo ol mm s e oo
1.2; Graphite intercalation Compounds i (GICE )| =S=amdndiuissn smmm e mmmm s
T2 Lu - BRODE DISTOPY . se=sefm e iainn e i e o i s el o e 6 i e
1:2+2, FE1ABEIT LCATION & = o st i o et ot o i 5 ik i
L8 STENCTENTG NS Sa mrien s e s ireioe el i s 36 e o i o ) i s
Y@l STNTNGEINI == P e o s s o e st btk o e o 5 i
T3 APPLICATION DF GICE oot o s it i s et o i e o ot v i o e
18,1 FURGEION | —om s n e msimt i ot o e i i o, ot e e o e S 5
1.3.2. Application of GICs to secondary batteries ----------------—-
4., Purpose of the present work -----—------- -
5. Construction of the present thesis ------——---
References ----------———mmmmmmm -

Chapter 2: Characterization of structure and texture on carbon materials
%L THEPOUUETION vt m i i i i € i S e i o

2.2. Experimental -t m e e e e e e i b e i
Gy ROBUEBEE riro i s o il o i e orm ool o ol oA B o o el iy b e e e e
4«3:1. Texture Seen DY MICTOSCODY « o= e i e s ot s o
2.3.2. X-ray crystallographic parameters ---------=—---cceeee————-
2.3.3. Relations among X-ray parameters -------—-—-—-—---—-c———

2.3.4. Relations between magnetoresistance and X-ray parameters ----
24, DIBCUSEIONIL 5o icion s s i oo o s oo o o o e o i e e o o A 5 e S i

2.4.1. Effect of texture on graphitization of carbon materials -----
2.4.2. Effect of texture on :

relations among graphitization parameters ------------—---

2.5, SUMMBTY " = s s o S s S i oo oo o o o 1 i o e 04 e o

RelOreNCes o s mmm e o o o i i i i i o i o e

Chapter 3: Potential change during intercalation of sulfuric acid into
graphite by chemical oxidation

3.1. Introduction -—--=——-mreccmmm e e e st e e
3.2. Experimental ----—-=--—-mmmmm e
o8 ROBULTLE o o e o o o i i e e i s e o 0 e s
3.3.1. Oxidation by nitrie acid -------=--—ccmrmemccr e
3.3.2. Oxidation by potassium permanganate ----------------cc——-
3.3.3. Electrolysis with galvanostatic oxidation ------------ee--
3.3.4. Formation of H,80,-GICs in diluted sulfuric acid ------------

3.4, DisCUSSION ————m—mmm e o

IV

W O O o b

11
13
12
15
16
17

19
20
27
27
30
35
38
48
48

49
53
53

55
55
57
57
60
64
64
69




3.4.1. Formation process of HESO SRR IC I - p- St pE e il

3.4.2. Overcharging process for the stage-1 Mo 30 SGICH St
3.4.3. Effect of dilution of sulfuric acid

on the formation of HyS0,-GICs by chemical oxidation ----

3.5, SUMMATY o mm e e e e e e e e e e e e e e e e e e e

ROLoTBDOEE L e =S S e s ry e ronim i e s b e S et o i o

Chapter 4: Effect of host carbon materials on intercalation behavior

4.1. Introduction --------—c—c—mmm o
4.2. Experimental -----------—emmmmm o
4.2.1. Potential measurement ---------————m—mmmmmm e
4.2.2. Simulation of potential change ------—------""---c——-
4.3. ReSULLS ~rmmrmme e e e s e e e e e e e e e

4.3.1. Potential change during intercalation of sulfuric acid
into various carbon materials by chemical oxidation ---

4.3.2. Potential change during electrochemical intercalation
of sulfuric acid by galvanostatic oxidation ---
4.3.3. Simulated potential curves ------------mmmmmmmmm
4.4. Discussion -——=————--mmm -
4.4.1. Effect of host material on intercalation of sulfuric acid ---
4.2.2. Effect of reaction rate on intercalation behavior ------———---
4.4.3. Criterion for intercalation reaction on host material -------
4.5. Summary -—----———m=mmmm e
References ----—--=—-—-—mmmmmmm -

Chapter 5: Electrochemical reduction of GIC with sulfuric acid
synthesized by chemical oxidation and its application
to lead-sulfuric acid battery
5.1. Introduction ---====——cmmmmm
2. Experimental ---------c—mmmmmm e
3. Results ---------- - ————
5.3.1. Potential change during
electrochemical reduction of Habl sGLOR- Sssitnisios smmatnigs
5.3.2. Repetition of nitric acid oxidation
and electrochemical reduction ------—----------
5.3.3. Effect of amount of nitric acid on electrochemical reduction
5.3.4. Effect of host material on electrochemical reduction --------
5.3.4. Construction of lead-sulfuric acid battery ------------------
5.4. DiscuSSion —==——mmm e
5.4.1. Potential change during galvanostatic reduction -------------
5.4.2. Repetition process of nitric oxidation
and electrochemical reduction ------—------—--—-
5.4.3. Application to lead-sulfuric acid battery --------------o-—-
5.5. Summary —----mmmm e

80
81
81
83
86

86

101
105




RELOTENOOE mr s som i o o i e i ok o 0 i v o e o e 146

Chapter 6: Exchange reaction of metal-chlorides for metal-hydroxides in
graphite gallery

Gl IRLrOodue TEOH | s mscein S et it frctr St Sl e i s s s i e 147
EXROTIMENTAL ) o r o et e e i s e it f iy o oy it 5 el R o ot o gl o 148
6:2.1. Synthesis of chloride-GIL8 —i-——ormrrosrmemrmmn o o s 148
6.2.2. Electrochemical treatment of chloride-GICs

and characterization of treated samples ------- 148

Bed  MOBNLLE "~ o mrte et i o e o o o ot o o o o T 5 A 5 151
6.3.1. Structure and composition of chloride-GICS ---—----------—w-- 151
6.3.2. Electrochemical treatment of chloride-GICS ---—-----------uu- 153
Discussion -—----——csmmrm oo e e e 166

6.0 SHMMATY === s mraio s i miim S i s i e s o i B 2.8 .7 e o o g o i e e 191
References -—----rmc-ecommmmm e e e et s e s e S s e 172

Chapter 7: Application of GICs with metal hydroxides
to alkaline secondary battery and its performance

7.1. Introduction --------———cm—mmm - 174
7.2. Theory of charge and discharge reactions

on nickel hydroxide electrode ----------"--cc——— 175

7.3. Experimental ------------mmm 179

7.3.1. Preparation of hydroxide-GIC electrode ------—-—-------occ—- 179
7.3.2. Determination of activation energies for charge and

discharge reactions on the hydroxide-GIC electrode ------ 179

7.3.3. Discharge performance under a large current density --------- 181

7.4. Results ------—-------m———————————— - 181

7.4.1. Activation energy for charge and discharge reactions -------- 181

7.4.2. Discharge performance on hydroxide-GIC electrode ------------ 183

5. DISCUSSION —===— == o 184

SUMMA Y — = m oo e e 186

References -------------------"-- - 186

Chapter 8: Conclusion

8.1. Conclusion for the present work -----=-——-—-mmmmmmmmm 188
B.2. ProSpect =r-—smscc o oo s o o S e o i e e i e S 190
8.2.1. Potential measurement --------—----mmm—mm 190
8.2.2. Effect of host carbon material on intercalation ------------- 3191
8.2.3. Graphite intercalation compounds with metal hydroxide ------- 192
8.2.4. Application to battery -------—=—-—-mmmmmm 193
References -------———-——mmmmm 194
List of Publication ----------mmmmmm - 195
Acknowledgment




ABSTRACT

Potential of graphite during intercalation of sulfuric acid
by chemical oxidation was found to increase to positive direction
in stepwise, which corresponded to the change in stage structure
of graphite intercalation compounds with sulfuric acid (HZSO4—
GICS) . It was shown that the intercalation behavior of sulfuric
acid into graphite by chemical oxidation could be followed by in-
situ measurement of potential.

From the potential change, the intercalation process of
sulfuric acid by chemical oxidation was found to be fundamentally
the same as that by electrochemical oxidation. The
intercalation reaction is divided into two processes; charging of
host carbon layers corresponding to potential increase and
transformation of stage structure in the gallery of carbon layers
showing the plateau on the potential change.

The potential increase of carbon material in sulfuric acid
by chemical oxidation is limited by equilibrium potential, which
depends strongly on the activities of each chemical species in
the solution. The effect of dilution of sulfuric acid on the
formation of H,504-GICs could be explained in term of the balance
between upper limit of saturated potential of chemical oxidation
and onset potential for each stage structure.

The crystalline structure and texture of various carbon
materials were characterized with X-ray powder diffractometry,
measurement of electronic properties and high-fidelity scanning
microscopy, in order to help understanding of the intercalation
behavior. The relations among the structural parameters
measured and texture of carbon materials were discussed. It was

shown to be important to relax some strain on hexagonal carbon

layer planes in order to proceed graphitization. Whether the




strain in carbon layers can be removed during heat-treatment at
high temperatures 1s strongly influenced not only by its starting
material, but also its texture.

The intercalation of sulfuric acid into the host with high
graphitization degree was found to proceed easily. On the other
hand, the host with turbostratic structure could not be
intercalated with sulfuric acid. Thus, the host must have
certain degree of graphitization in order to from H,S0,-GICs. A
structural criterion on the host for the intercalation was found
to have the crystallite size along the c-axis of more than 20 nm.
A electronic criterion on the host seemed to have a positive
value of magnetoresistance at room temperature.

For the electrochemical decomposition of HZSO4—GICS
synthesized by chemical oxidation in sulfuric acid solution with
an excess amount of nitric acid, a large amount of electric
quantity was needed, much larger than theoretical value. This
result was explained by the fact that the chemical oxidation to
H,S0,-GICs in sulfuric acid solution with nitric acid, which
remained in the solution, occurred together with the
electrochemical reduction of H,S04-GICs.

The overall rate of intercalation of sulfuric acid by
chemical oxidation depended not only on the amount of oxidant
added, but also on the structure and texture of host carbon
materials. As the result, the electric quantity for de-
intercalation from H,S0,-GICs synthesized by chemical oxidation
depended strongly on the texture of the hosts.

The graphite formed by electrochemical reduction of HZSO4—
GICs was chemically oxidized by opening the circuit and again
sulfuric acid was able to be intercalated into the gallery of
graphite, accompanying the increase in potential. Based on the

chemical charging and electrochemical discharging, a battery was

II




constructed by using graphite and lead metal as positive and
negative electrodes, respectively. The battery showed high
performance with an open circuit voltage of about 1.4 V, well-
defined piateau in the discharge and larger capacity than
theoretical one.

The graphite intercalation compounds with metal hydroxides
(hydroxide-GICs) were synthesized through a galvanostatic
oxidation of GICs with corresponding chlorides in an alkaline
medium. The amount of nickel hydroxide formed in the graphite
gallery could be followed by measuring electric quantity during
discharge. Since the exchange reaction of chloride for
hydroxide took place at the edge of graphite layers, the nickel
efficiency of the original GIC prepared from the host with small
flake size was higher than the compound from large size.

The hydroxide-GIC could be applied to positive electrode of
alkaline secondary battery. Activation energies for charge and
discharge reactions on the hydroxide-GIC electrode were measured
from the dependence of potential change after opening the circuit
on temperature. The hydroxide-GIC had a surpassing discharge
performance with low activation energy for discharge reaction,
compared with the conventional electrode of nickel hydroxide
mixed with graphite. This high performance is due to structure
of hydroxide-GIC, in which a layer of nickel hydroxide is
sandwiched in between conductive carbon layers, and electrons are

easily transferred from intercalates to host carbon layers.
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CHAPTER 1

Introduction

1.1. Carbon materials

The carbon element, C with atomic number 6, is crystallized
into diamond, graphite and carbyne, and in additional to those
crystallines a variety of forms with disturbed structures are
known. Recently, a new form of pure solid carbon has been
synthesized consisting of spherical Cgp and Cro Mmolecules
(fullerenes) [1-1]. These fullerenes have attracted the
attention of scientists as a quite new carbon material.

The crystal structure of graphite is shown in Fig. 1-1. In
the hexagonal net of carbon atom, each carbon atom is bound to
three neighboring carbon atoms by strong covalent bond ( O bond)
of sp2 hybrid orbital. One of four valence electrons
forms 7 bond and is equally resonated in the layer plane. The
interaction force between layer planes is so weak that it has
been said van der Waals force. The ABAB..¢« sequence of
parallel stacking of layer planes is the most common in natural
graphite, of which crystal belongs to the hexagonal system. The
unit cell of graphite is shown in Fig. 1-1 by bold line. The
lattice constant along the a-axis, a, is 0.2456 nm and one along
the c-axis, Cy s is 0.6708 nm, which is twice of the spacing

between two adjacent layer planes (interlayer spacing, Eboz, is

038354 nm). Another sequence of layer stacking in graphite,
ABCABC++++ , (rhombohedral modification) is found in the samples
experienced severe shearing stress. The structure, in which

graphite-like layer planes stack in parallel but rotate randomly
about their normal, is called "turbostratic" one. The
interlayer spacing 3602 in this turbostratic structure has been

to be 0.344 nm [1-2].




Fig. 1-1 Structure of graphite.

Carbon materials, which are prepared by pyrolysis of various
organic substances (carbonization), usually at 1300-1500°C,
consist of elemental domains with turbostratic stacking of
graphite-1like layers with as small diameter as 1-1.5 nm, in which
the number of layers stacked is only 2-3 [1-3]. By heat-
treatment at above 2000°C, turbostratic structure in carbons
gradually changes towards the graphite structure, i. e., three-
dimensional ordering of layers and the growth of crystallites
occurs (graphitization).

Inagaki [1-4] proposed a classification of "microtexture" of
carbon materials on the basis of the scheme of orientation of
graphite-1like layers, as reproduced in Fig. 1-2. Each carbon
material has different microtexture, in other words, different
ways of aggregation of the elemental domains. This microtexture

of carbon materials is known to govern their graphitization
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behavior at high temperatures. To characterize the carbon

materials prepared from different precursors and by different
processes, their structure and microtexture have to be exactly
understood. As a consequence, various properties, e. g.
electronic, magnetic, mechanical, chemical, etc., of carbon

materials is known to depend on their structure and microtexture.

1.2. Graphite intercalation compounds (GICs)

Graphite can be intercalated with many species, atoms, ions,
molecules as well as coordinated ions, into its interlayer space
between carbon layer planes by keeping its layer structure. We
call these compounds as graphite intercalation compounds (GICs).

Since Schaffautl [1-5] firstly reported the synthesis of
GICs with sulfuric acid in 1841, GICs have attracted interests of
many scientists, other intercalation compounds of clays and
sulfides do. These GICs are considered to be one of ways to
develop the functionality of carbon materials. So far, more
than hundreds of GICs had been synthesized.

Intercalation into graphite is able to produce numerous
compounds with different novel properties which can be obtained
neither from host graphite materials nor from guest materials
(intercalate), and provides us a great possibility to find out
fundamental engineering materials required for development of
advanced technologies. Furthermore, the intercalation process
itself is interesting for chemists as a special reaction, as will
be discussed later, and also the products GICs are good targets

for physicists to study on two-dimensional phenomena.

1.2.1. Short history

The history of study on the graphite intercalation compounds

Seems to be roughly divided into three periods, according to




Inagaki [1-6]; before 1974, from 1974 to 1987 and after 1987.

In the first period, attentions were paid mainly on the synthesis
of new GICs using various kinds of reagents by different
techniques. A lithium primary battery using one of GICs,
graphite fluoride, was commercialized in 1974 [1-7]. In 1976,
Vogel, et al [1-8, —-9] reported that AsF;-GIC showed electrical
conductivity higher than that of metallic copper. It was an
epoch in the science and technology of GICs. During the second
period, a number of chemists and physicists have done a 1lot of
works on the synthesis, structure, properties and also
applications of GICs. In recent few years, people have started
to be interested and to work much more, more than anytime before,
on the related problem to the applications of GICs, associated
with energy and environment problems. Many works are carried
out in order to find host carbon materials and intercalates

suitable for the application for GICs.

1.2.2. Classification

Graphite intercalation compounds can be divided into two
classes, ionic and covalent compounds, according to the nature of
bonding between carbon layers and intercalated species.

Graphite fluorides and graphite oxide belong to covalent
compounds. The ionic GICs, in which charge transfer occurs
between host and guest (intercalate), are further classified
into donor-type (electrons are given from guest to host) and
acceptor-type (electrons from host to guest) compounds. in
Table 1-1, various guest materials which have formed GICs are
summarized, according to this classification.

In addition, the residue compounds which are formed from the

decomposition of GICs and contain certain amount of guest

Species with random arrangement in interlayer space between




carbon layers (gallery), may considered as an another kind of

GICs 1n extensive meaning.

Table 1-1 Classification of graphite intercalation compound.

Bond State of charge Example of intercalates
type of intercalate

Li, Na, K, Rb, Cs,

Ca, Sr, Ba,

Mn, Fe, Ni, Co, Zn, Mo,
donor-type Sm, Eu, Yb,

K-Hg, Rb-Hg,

K—NH3, Ca—NH3, Eu—NH3, Be-NH3,
K-THF, H-NH5, K-DMSO, K-DME,
ionic Cs-acethylene.

Brz, 0L, 1B, IF5,

CuClZ, FeClz, FeCl3, NiClz, AlClB, SbCls,
ASFS, SbF5, NbF5, XeF5, '
acceptor-type CrO5, MoOg,

Zn(NOa)z, Cu(NOB)z,

HNOg4, HoSO,, HC104, HgPOy,

Ni(OH)z, Fe(OH)s, Cu(OH)z,

Clo, , PFg , BF, .

covalent graphite fluoride, graphite oxide.

1.2.3. Structure

a) Along the c—-axis (Staging)

GICs are characterized by a stage structure, in which the

intercalate layers are distributed periodically in the gallery of




carbon layers. A stage—-n structure indicates that two

neighboring intercalate layers are separated by (n-1) carbon

layers, as shown in Fig. 1-3. Stage structure 1is characterized
by identity period along the c-axis, Eor which is determined with
X-ray powder diffractometry. The spacing of intercalated carbon

layer is defined as dl, and the thickness of intercalate as Ad.

These parameters are related with each others, as follows;

d; = Ad + 0.3354 , T
I, = @34 0:8354+(n~1) , A
= Ad+ 0.3354'n , [in nm]

where 0.3354 nm is interlayer spacing in graphite structure and n
stage number.

The model for describing the stage structure of GICs, which
is widely accepted now, 1is so-called Doumas-Herold model [1-10],
in which each gallery contains certain number of islands of
intercalated species and they are arrayed in perpendicular
direction (c-axis direction) to form stage structure. In Fig.
1-3, the classical and Doumas-Herold models for different stage
structures are compared. In the Doumas-Herold model, the carbon
layers are pleated, as shown in Fig. 1-3(b), which is a point for
controversy.

The formation of stage structure (staging phenomenon) has
been studied by statistical thermodynamics [1-11, -12] and
explained by electrostatic and elastic interactions. Between
charged intercalate layers, there exists electrostatic repulsive
interaction, which seems to be a main motive force for staging.
As a result of the electrostatic energy calculation on a

continuum model by Thomas-Fermi equation, it was suggested that

at a certain chemical potential, internal energy of intercalates
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is minimized by a certain arrangement of intercalates in the

gallery of graphite with equal spacing, and also there is an
important range of chemical potential that reflects the stability
of the stage structure [1-12]. An alternative motive force for
the staging is a repulsive elastic strain due to the separation
of gallery of graphite by the intercalation [1-13]. For a stack
of intercalate islands in an infinite graphite medium, the
elastic interaction is repulsive, which is relaxed by the
rearrangement of intercalate so that internal energy is
minimized. The stage structure of equilibrium compound as well
as the evolution process 1in stage structure in a specified
reaction system might be related to the internal energy and

chemical potentials between products and reactants.

b) In-plane

In the in-plane arrangement of intercalates in the gallery
of graphite, three cases have been found [1-14];

1) an ordered intercalate structure commensurate with
hexagonal carbon layer, such as GICs with potassium metal (KC8
and KCZ4).

2) an ordered intercalate structure but incommensurate with
carbon layers, e. g. GIC with iron chloride (FeCl3—GIC).

3) a disordered liquid-like intercalate layer, as in the case

of GICs with acids.

1.2.4. Synthesis

The methods for synthesis of GIC are divided into reactions
of gaseous, liquid and solid phases of guest material with host

graphite.

a) Gaseous phase reaction




The classical two-bulb vapor method is the most frequently

used for the synthesis of GICs with metal chlorides and alkali
metals, by placing host graphite and guest are separately in a
reaction ample, as shown schematically in Fig. 1-4. Usually,
the graphite site 1is kept at a temperature (Tg) slightly higher
than that of guest site (Tm). In this method, it is easy to get
the compounds with well-defined stage structure and composition
by controlling precisely the reaction conditions, temperatures of

T, and Tm of two bulbs and reaction time.

g
The GICs with bromine are formed by contacting with bromine
vapor to graphite at room temperature, of which composition

depends on partial pressure of the bromine vapor.

-

Host Guest
graphite (intercalate)

REEC

Fig. 1-4 Scheme of reaction ampoule for two-bulb method.

b) Liquid phase reaction

The intercalation into graphite by the reaction with liquid
phase of an intercalate is further classified into chemical and
electrochemical ones.

A typical example of chemical intercalation is the formation

10




of GICs with nitric acid (HNOS—GICS); the stage-2 of HNO3-GIC 1is

synthesized by immersing a host into fuming nitric acid at room
temperature. A group of Inagaki [1-15, -16] established the
procedure for the synthesis of GICs with different metal
chlorides by using molten salts of corresponding chlorides.

In an organic solvent, e. g. propylene carbonate (PC),
nitromethane (NM), dimethylsulfoxide (DMSO), etc., anions (0104',
PFG— and BF4') and cations (alkali and alkaline earth metal
ions) are known to intercalate by electrochemical polarization
of graphite electrode to cathodic and anodic directions,
respectively.

The GIC with sulfuric acid (HZSO4—GICS) can be synthesized
by either chemical or electrochemical oxidations. The latter
has been used by many authors, because stage structure and
intercalation reaction are easily controlled by electric current
and electrochemical potential of graphite electrode. In the
former, an oxidant (HNOB, KMnO, , etc.) must be added into
sulfuric acid with high concentration. However, there has been
no quantitative comparison between these two oxidations, which is

one of purposes of the present thesis.

c) Solid phase reaction

Guerard, et al. [1-17] synthesized the GICs with lithium by
compressing a mixture of graphite with lithium metal and by
annealing at 200°cC. By this method, GICs with alkaline earth

metals (barium, strontium, etc.) were also synthesized [1-18].

1.3. Applications of GICs
1.3.1. Function of GICs
A lot of novel properties may be expected from various kinds

of GICs. On the functions of GICs, several excellent reviews

11




have been published [1-6, -19]. According to these reviews,

the possibilities of applications of GICs are summarized into
five fields in Table 1-2; highly-conductive materials, electrode
materials for batteries, catalysts for organic synthesis,
materials for hydrogen-storage and isotope-separation, and others
such as exfoliation of graphite, electrochromism, etc.

These applications are based on the following functions of
GICs [1-18:]:

1) creation of a new function by the formation of GICs
(highly-conductive materials and electrochromism).

2) efficiency enhancement of functions of guest materials by
the formation of GICs (electrode materials for batteries and
catalysts for organic synthesis).

3) creation of functional space by the formation of GICs
(materials for hydrogen-storage and isotope-separation).

4) function created by intercalation and de-intercalation
processes (electrode materials for batteries and exfoliation of
graphite).

Of those possibilities, the practical success has been
achieved in lithium battery using graphite fluorides as positive
electrode material and in the production of exfoliated graphite.

In despite of fascinating possibilities as shown in Table 1-
2, the applications of GICs still has not shown much development.
One of the reasons is a lack of sufficient properties for the
severe requirements from the advanced technologies, particularly

the lack of stability and reproducibility of properties of GICs.

1.3.2. Application of GICs to secondary batteries
The applications of GICs for electrode materials of primary
and secondary batteries have been reviewed [1-6, -20]. The

electrochemical reactions occurring on the electrode are

1




Table 1-2 Functions of graphite intercalation compounds [1-6].

1. Highly-conductive materials
HNO3, SbF5, Ast,
CuClz, FeC13, Fz,
K-Bi, residual Bry.

Combinations between host
graphite and intercalates

2. Electrode materials in batteries

Primary battery

(CE)p, (CoF),, graphite oxide,

Fz, CoClz, TiF4, ete.

Secondary battery
HyS0,, Ni(OH)Z, Mn(OH)z, HF.

Thermocell
Brz, HNO3.

Efficiency enhancement of
function of intercalates

Intercalation and de-inter-
clation processes

3. Catalysts for organic synthesis
Li, K, H-Hg, K—FeCls, SbF5,
Brz, HZSO4, HNO3, ete.

Efficiency enhancement of
function of intercalates

4. Materials for storage and
isotope-separation of hydrogen
K, Rb, Cs.

Creation of functional
space in intercalation
compounds

5. Others
Exfoliation of graphite
HZSO4, HNO3, FeC13,
K-THF, Na-THF

Thermal energy storage
MnClz—NH3

Electrochromism
Li-DMSO

Intercalation and
de-intercalation
processes
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summarized in Table 1-3, by showing both a general scheme and a

specific example for each type. 1In most cases, intercalated ions
are often solvated, although the solvating molecules are not
shown in the formulae. The secondary batteries used GICs can be
divided by the function of GICs into two types; in one type
active material for battery is held in the gallery of graphite
and in the other intercalation and de-intercalation reactions are

regarded as charging and discharging, respectively.

Table 1-3 Electrochemical reactions on the electrodes in battery
with graphite intercalation compounds.

pos —

General formula Examples
CalB S0 O & + B CoNi(OH), «——— C_NiOOH + H' + e~ (1)
DC& e CAFD de Li CoFeCly «— " C FeCl, + mLi* + e~  (2)
CA + B T CAB + e C.FeCl, +# TL™ = € Felly # e (3)
BC AT T IO K % e B FEY0" T eoelg, dieT (4)
DC, Tl 42 B Lde LiC, < BT, o i i (5)

The first three reactions in Table 1-3 belong to the former
type, and the GICs used (CnA and CnAB in general formulae) must
be stable in air, because they have to be synthesized before the

construction of batteries. In the reactions (4) and (5) in

Table 1-3, on the other hand, the intercalation and de-

intercalation reactions of an anion (acceptor-type) and cation

14




(donor-type) for the graphite electrode are used for battery

reaction, in the latter type. The reaction (4) is used as the
positive electrode (cathode) and the reaction (5) as the negative
one (anode). For the latter type battery, the rates of
formation and decomposition processes of GIC is an important
factor for battery performance, which depends strongly on the
host material employed. On negative electrode of lithium
secondary battery having high energy density (reaction (5)), for
example, it has been reported that the intercalation and de-
intercalation reactions of 1lithium ions in propylene carbonate
(PC) into turbostratic carbon showed better performance than that

into graphitic one [1-21].

1.4. Purpose of the present work

In-situ observation during intercalation reaction into
graphite is powerful to study the chemistry of intercalation into
carbon materials. Transformation of stage structure, diffusion
behavior of intercalate into graphite, change of resistivity and
expansion along the c-axis accompanied by intercalation has been
studied with in-situ measurements of X-ray powder diffractogram
[1-22, -23], weight, electrical resistivity [1-24, -25, -26],
and size [1-27].

Since graphite itself is a conductive material, reactions of
graphite in electrolyte, which are either electrochemical or
chemical processes, can be followed by measuring electrochemical
potential.

The purpose of the present work is the intercalation
reaction of sulfuric acid into various carbon materials and
exchange reaction of metal chloride for metal hydroxide in
graphite gallery are followed by in-situ measurement of

potential. From the measurements of potential, intercalation
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process, influence of host material on intercalation behavior

and battery performance of GIC electrodes were discussed. The
host carbon materials used were characterized with high-fidelity
scanning electron microscopy, X-ray powder diffractometry and
magnetoresistance measurement, and the relations between these
structural parameters were discussed in the relation to the

texture in micrometric scale of host carbon materials.

1.5. Construction of the present thesis

The present thesis consists of eight chapters.

In Chapter 1, a general introduction was given on carbon
materials and graphite intercalation compounds, and the purpose
and construction of the present thesis were described.

The experimental, results and discussion were explained in
detail in the following six chapters.

Chapter 2: The crystalline structure and texture of variousuﬁ
kinds of carbon materials were characterized with high-fidelity
scanning electron microscopy, X-ray powder diffractometry and
magnetoresistance measurement,Ain order to understand their
intercalation behaviors. The relations among structural
parameters measured were discussed.

Chapter 3: The intercalation of sulfuric acid into graphite
by chemical oxidation was followed by measuring potential of
graphite electrode. The potential change during the chemical
intercalation was compared with the one during electrochemical
intercalation.

Chapter 4: Various kinds of carbon materials were used as
the host for graphite intercalation compounds with sulfuric acid
(HZSO4—GICS). The effect of host carbon material on the

intercalation behavior was discussed by measuring potential
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during the chemical and electrochemical oxidations.

Chapter 5: The electrochemical reduction of Hy,80,-GICs
synthesized by the chemical oxidation was followed by measuring
potential, and compared with the compounds synthesized by
electrochemical oxidation. The intercalation by chemical
oxidation and the de-intercalation by electrochemical reduction
were applied to lead-sulfuric acid battery.

Chapter 6: The GICs with metal hydroxides (hydroxide-GICs)
were electrochemically synthesized from the GICs with metal
chloride (chloride-GICs). The confirmation and mechanism for
the exchange reaction of chloride for hydroxide in the gallery of
graphite were discussed on the basis of results with measurement
of potential, cyclic voltammetry, X-ray powder diffraction and X-
ray microprobe analysis.

Chapter 7: The hydroxide-GICs were applied to alkaline
secondary battery. The charge and discharge reactions on the
hydroxide-GIC electrodes are followed by measuring potential.
The performance of charge and discharge reactions on the
electrodes was studied by measuring activation energies for both
reactions. A possibility of discharge under a large current
density was discussed.

Chapter 8: The conclusions of the present work were given.
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CHAPTER 2

Characterization of structure and texture of carbon materials

2.1, Introduction

Carbon materials are characteristic to have a strong
dependency of properties on their structure and texture, which
also depend definitely on staring materials. There 1s a
remarkable effect of the structure and texture of host materials
on intercalation reactions and on various properties of graphite
intercalation compounds, and it has been reviewed by Inagaki [2-
1 18 It 1is 1important to characterize structure and texture of
host carbon materials for the comprehensive understanding of the
intercalation chemistry. However, the effect of host materials
on intercalation has not been clarified yet.

Average 1interlayer spacing, magnetoresistance, laser Raman
intensity, etc. have been used as parameters of the degree of
graphitization for carbon materials [2-2], assuming their
definite dependence on the degree of graphitization. Exact
relations between these parameters and degree of graphitization
have not been clearly understood, but these relations can
reasonably be supposed to depend strongly on the texture of
carbon materials.

In the present chapter, the crystalline structure and
texture of various kinds of carbon materials are characterized
with high-fidelity scanning electron microscopy, X-ray powder
diffractometry and measurement of magnetoresistance, Hall
coefficient and electrical resistivity, in order to help
understanding of the intercalation behavior in the following

chapters. The relations among the structural parameters

Mmeasured are discussed.




2.2. Experimental

The samples were selected in a variety of structure and
texture, listed in Table 2-1 with their codes used in the
present thesis; four kinds of flaky graphite (group code: Flaky,
series code: NG, KG, AG, and PI), different cokes with different
heat-treatment temperatures (HTT’s) (group code: COKE, series
code: PV, PC, GL and CB), high-density isotropic carbon blocks
with different HTT’s (IS), two kinds of pyrolytic carbon blocks
commercially available and their heat-treated samples with
different temperatures under different pressures (group code:
PyC, series code: SSG and PYR), commercial glass-like carbon
(GC), mesophase-pitch-based carbon fiber with different texture
in their cross-section and with HTT’s (group code: MPCF, series
code: KOA, I, P, A and B) and vapor-grown carbon fibers with
different fiber diameters and different HTT’s (group code: VGCF,
series code: OVCF, NVCF, LDQG). Many of these samples were used
as host materials for intercalation in the following chapters.

High-fidelity scanning electron microscopic (SEM)
observation was made for selected samples under the acceleration
voltage from 2 to 5 kV by using microscope with thermoionic
electron gun. The fractured cross-section of the specimen was
prepared by cooling it down to liquid nitrogen temperature [2-9].
No metallization of the fractured surface for the SEM observation
was made.

X-ray diffraction measurement was performed on the
pulverized samples mixed with high purity silicon powder as an
inner standard. Average interlayer spacing (dgg,) which is a
half of the lattice constant along c-axis (co) was determined
from 002 or 004 diffraction line, and lattice constant along a-
axis (ao) from 110 line, the crystallite sizes LC(OOZ) and

L.(004) along c-axis from half-maximum width of 002 and 004
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Table 2-1 The carbon samples used

Group Series Sample Description Supplier and/or
code code Code Literature
| Flaky natural graphite with .
Flaky NG  NG400 average size of 400 um. Nippon Kokuen Co.
NG46 & 46 um. o
NG5 o 5 ,le. “
Kish graphite grown from molten
KG KG iron and purified at 2300°C in Prof. Hishiyama
a flow of freon.
AG KS15 Artificial graphite powder from
LONZA Co. average size of 8 um.
Graphite film prepared from
R polyimide "NOVAX" at 3000°C
- The coke prepared from polyvinyl-
hPEE aia chloride and heat-treated at 3000°C.
PC  PC18 Pitch coke heat-treated at 1800°C. Ref. [2-12]
PC20 « at 2000°cC. 2
PC22 - at 2280°cC. 7
PC24 z at 2480°C. z
PC27 z at 2700°cC. z
PC30 # at 3000°cC. ps
Coke from coal tar (Grate .
G GL18 Lakes Co.) heat-treated at 1800°cC. Ref. [2-12]
GL20 2 at 2000°cC. %
GlL22 < at 2280°C. %
GL24 z at 2480°C. >
GL2Y 2 at 2700°C. +
GL30 < at 3000°cC. z
Coke B heat-treated at 1700°C
CB CB17 Py Ref. [2-13]
CB19 2 at 1900°C for 3 hours. ~
CB21 ~  at 2100°C for 1 hour. 1
CB22 z at 2200°C for 3 hours. 2
CB23 ~ at 2300°C for 1 hour. 5
CB25 2 at 2500°C for 1 hour. <
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Group Series Sample Description Supplier and/or
code code Code Literature
COKE CB Coke B heat-treated at 2600°C 3
CB26 PRy Ref. [2-13]
CB28 > at 2800°C for 3 hours. -
CB30 .~ at 3010°C for 3 hours. >
High-density isotropic carbon g
IS L LEas block heat-treated at 880°C. Prel: pakal
IS10 Z at 1000°cC. 7
IS15 v at 1500°cC. %
IS18 s at 1800°cC. 7
1S23 - at 2300°c. -
1526 =~ at 2600°C. “
1529 > at 2900°cC. &
PyC SSG SSGAS Pyrolytic carbon block as-deposited. Toyo Tanso Co.
SSG25 z heat-treated at at 2500°C. -
SSG28 z at 2800°cC. “
SSG30 2 at 3000°C. )
Another rot of pyrolytic carbon
PYR PYRAS block as-deposited. Toyo Tanso Co.
% . heat-treated by HIP ~Z
FrhabiE < at 2500°C-1900 kgf/cm2.
PYR28-10 7 at 2800°C-1000 kgf/cm?. %
PYR28-19 4 at 2800°C-1900 kgf/cm?. %
PYR32 2 heat-treated at 3200°C. o
Glass-like carbon powder
e GC GCl2 heat-treated at 1200°C.
GC20 ~ block heat-treated at 2000°C. Tokai Carbon Co.
GC30 % at 3000°C. -
Mesophase-pitch-based carbon fiber heat-
MPCF KOA KOA-R treated at 3000°C, of which texture is Koa 0il Co.
radial with wedge and diameter is 8 ~10 um.
Mesophase-pitch-based carbon fiber heat-
I I-1-28 treated at 2800°C, of which texture is Ref. [2-19]
radial with wedge and diameter is 16 um.
I-1-30 7 at 3000°c, ~ 19 um. o




Group Series Sample Description Supplier and/or
code code Code Literature
Mesophase-pitch-based carbon fiber heat-
MPCF I [-2-28 treated at 2800°C, of which texture is Ref. [2-19]
radial and diameter is 14 um.
I-2-30 = at 3000°C, -~ 14 um. 2
1-3>26 % at 2600°C, of which texture is x
doubly-textured and diameter is 11 ym.
I-3-30 o at 3000°C, + 11 um. 2
v at 2600°C, of which texture is o
1-4-26 is concentric (onion-like) and diameter
is 11 ym.
1-4-30 “ at 3000°C, ~ 11 um. -
p P-120 Mesophase-pitch-based carbon fiber
(AMOCO Co.)
A A30 Mesophase-pitch-based carbon fiber
heat-treated at 3000°cC.
A A33 “ at 3300°cC.
B B30 Mesophase-pitch-based carbon fiber
heat-treated at 3000°C.
B B33 3 at 3300°C.
Vapor-grown carbon fiber heat-treated at Showa
VGCF OVCF OVCF30 3000°C, of which texture is concentric Denko K. K.
| (annual-ring) and diameter is 8 ~13 um.
Vapor-grown carbon fiber as-grown, of Showa
NVCF NVCFAS which texture is concentric (annual-ring) Denko K. K.
and diameter is 0.1~1 um.
NVCF10 -~ heat-treated at 1000°C, ~ 0.1~1 um. ™
NVCF23 ~ at 2300°C, -~ 0.1~1 um. p
NVCF28 p at 2800°C, - 0.1~1 um. .
NVCF30 & at 3000°C, ~ 0.1~1 um. o
Vapor-grown carbon fiber as-grown, of NKK
LDG  LDGAS which texture is concentric (annual-ring) Corporation

and diameter is 2 um.




Group Series Sample Description Supplier and/or

code code Code Literature

: Vapor-grown carbon fiber heat-treated at NKK
VGCF LDG LDG20 at 2000°C, of which texture is concentric Corporation
(annual-ring) and diameter is 2 ym.

LDG20H “ at 2000°c, ~ 2 um. 7
LDG22 o at 2200°c, - 2 um. ~
LDG22H - at 2200°C, 2 um. ©
LDG25 z at 2500°Cc, - 2 um. >
LDG25H z at 2500°C, 2 um. z
LDG28 z at 2800°Cc, - 2 um. 2
LDG28H ol at 2800°c, > 2 um. s

lines, respectively, and the crystallite size La(llo) along a-
axis from that of 110 line by the conventional method [2-3].
Probability of the nearest neighbor layers having the graphitic
relation (Pl)’ i. e., graphitization degree, [2-4, -5] was
determined by Fourier anaiysis of 10 and 11 diffraction profiles
which were measured by a step-scanning technique with 0.02° step
and 30 s accumulation (denoted hereafter as Pl(lo) and Pl(ll),
respectively). Probabilities of hexagonal and rhombohedral
stackings of the second neighbor layers (PABA and PABC’
respectively) were calculated from the Fourier coefficients for
10 and 11 diffraction lines.

A magnetoresistance effect means the change in the

electrical resistivity of a conductor with magnetic field.

Magnetoresistance Q&P/P) is defined by

‘AP/F = Ff(B) = F(O)]<F(0), (2-1)
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where P(B) and p(O) are the resistivities p in a magnetic field

B and zero, respectively. (Ap/fn was measured at 1liquid
nitrogen temperature in magnetic fields up to 1 T with direct
immersion of the specimens into cpolant [2-6]. From the
dependence of (AP/P) on magnetic field direction in the plane
perpendicular to the current direction of the specimen, the

maximum absolute value of magnetoresistance (Ap/p) and minimum

max
absolute value (AP/P)Tmin were determined. The other minimum
absolute value of magnetoresistance (AP/P)TLmin was also
determined in the plane including the current direction and the
one for (AP/P)maX' The sum of these three (Ap/p) values was
defined as the average crystallite layer plane transverse

magnetoresistance, (AP/P)CT’ which is positive for graphitic

structure but negative for turbostratic one, being a parameter

for graphitization [2-6, -T7]. The ratios of (AF/F)Tmin and
(AP/P)TLmin to (AP(P)maX gave the anisotropy ratio rq and Iqp,
respectively.
(AP/P)CI' = (AP/P)max o 2 (AP/F)Tmin"*' (AP/P)TLmin {2=20
rp = (AP/P)rmin/ BP/P)max (2-3)
rer, = (Ap/P)rimin/ AP/P)max (2-4)

A rectangular of specimen with five—-ears was adopted to
measure Hall coefficient. When electrical current is flowing
along the longitudinal direction of the specimen (x-direction)
and magnetic field is applied perpendicular to the surface of the
specimen (z-direction), an electric voltage is generated across
the width of the specimen, i. e., perpendicular to the plane
defined by electrical current and magnetic field direction in y-
direction in rectangular coordinate. This phenomenon is known

as Hall effect. Hall coefficient, Ry is defined by the
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following equation;

Vit
= : : (2-5)
B«1

where Vy 1is Hall voltage, t thickness of specimen, B magnetic
field and I electric current. The direction of VH depends
carrier species, 1. e. electrons or holes. In the present
experimental configuration, \@I is measured to be positive for
holes and negative for electrons. The Ry was measured at
liquid nitrogen temperature in magnetic field up to 1 T [2-8].
For the Ry measurement, a strip-shaped specimen was needed so
that only limited number of samples could be used.

For the samples measured Ry, electrical resistivity, P’ was
determined by a direct current four terminal method at 1liquid
nitrogen temperature.

From (AP/P)cr’ RH and P—values, the concentration and
mobility of carriers in the samples were calculated. It has
been known that turbostratic carbon having (AP/P)Cr < ‘0 and
graphitic’one having (AP/P)Cr > 0 is associated with one-carrier
and two-carrier conductions, respectively [2-7]. In the case of
one-carrier conduction, the Ry-value 1is positive for hole
conduction but negative for electron conduction as described
above, and concentration and mobility of carriers can estimated

from RH— and P—Values by the following equations [2-8];

= n.e-,[,t . (2“6)

1
P
RH = —-—-—-———- ) (2_7)

where n is the carrier concentration, M the mobility, and e the

elementary electric charge (e = 1.6 X 1071° ).
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In graphitic carbon, two-carrier conduction must be assumed

pecause of positive value of (AP/P)cr' If carrier
concentrations of electron and hole (ne and ny, respectively)
were assumed to be equal with each other, i. e., n = ng, = ny,
mobilities of electron and hole (ﬂe and Uy, respectively) could

be determined by the following equations [2-8];

1
— = e s (H, ¥y (2~8)
P
1 (he - Hp)
R : : (2-9)
n-.e (ﬂe + ﬂh)
(Ap/P) oy = Mo My - BZ (2-10)

where B is magnetic field.

2.3. Results
2.3.1. Texture seen by microscopy

SEM micrographs of the sample SSG30 are shown in Fig. 2-1.
In the basal plane of the pyrolytic carbons prepafed by cleaving,
pebble structure is observed and remained even after the heat-
treatment at 3000°C (Fig. 2-1(a) and (b)). Consequently, some
strains on carbon layer planes corresponding to the pebble
structure are clearly seen on the edge plane in the fractured
surface of the sample SSG30 (Fig. 2-1(c) and (d)).

SEM micrographs of the texture in the cross-section of the
sample group of mesophase-pitch-based carbon fibers (MPCF) are

shown in Fig. 2-2. Radial texture in the fibers KOA-R, I-1 and

=2, and concentric texture (onion-like texture) in the fibers
I-4 are clearly seen. The fibers KOA-R and I-1 have an open
wedge. The opening angle of wedge in the fiber KOA-R (Fig. 2-

2(a)) is larger than the one in the fiber I-1-30 (Fig. 2-2(b)),
though the HTT is the same as 3000°C. In the fibers I-3, radial

2¢




Fig. 2-1 SEM micrographs of the sample SSG30.




Fig. 2-2 SEM micrographs of the cross—-sections of mesophase-

pitch-based carbon fibers.




texture can be recognized, particularly at the center of the

fiber. A different radial texture from that in the center can
be observed even in the edge part (Fig. 2-2(d)). Therefore, the
texture in micrometric scale of this fiber was classified as
doubly-textured in Table 2—1. The I-series are mesophase-pitch-
based carbon fibers are prepared from the same precursor pitch,
but have different textures in their cross-sections.

SEM micrographs of the sample group of vapor-grown carbon
fibers (VGCF) are shown in Fig. 2-3. Concentric texture (annual-
ring texture) are clearly seen on the cross-sections of the
fibers. Although the fibers NVCF were too thin to observe their
cross—sections, these series seemed to have the same concentric
texture as other fibers in the VGCF-group. It is characteristic
for these fibers to be observed polygonization of the fibers
after high temperature heat-treatments (Fig. 2-3(a), (b), (e),
(£) and (g)).

2.3.2. X-ray crystallographic parameters

Numerical data of crystallographic parameters by X-ray
powder diffraction on the samples used are listed in Table 2-2.
For flaky natural graphite powders with large size (NG400 and
NG46) and kish graphite (KG), hkO diffraction profiles (i. e.,
100 and 110) could not be observed by a conventional alignment of
goniometer. However, they are reasonably assumed to have the
graphitization degree of 1.0 (P1 = 100 On the other hand, the
flaky natural graphite powder with small size of 5 pum (NG5)
shows the P,-value of about 0.95, a little lower than 1.0. This
Pl—value seems to be due to the introduction of stacking disorder
during severe pulverizing process, which also reflects on the
appearance of rhombohedral stacking [2-2]. This difference in

Pi-value among the NG-series can be considered to be smaller in
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Fig. 2-3-1 SEM micrographs of vapor-grown carbon fibers.




e

NVCF30

Fig. 2-3-2 SEM micrographs of vapor-grown carbon fibers.




Table 2-2 Crystallographic parameters of the carbon materials used

sample  P;(10) Py(11) Pyps Pupe dggy Lo(002) L,(004) a, L,(110)
code [nm] [nm] [nm] (nm] [nm]
NG400 =7 Sa R l=s 0.3355  -- 360 -- --
NG46 o RET PR e 0.3355  -- 200 -~ -~
NG5 0.97 0.93 0.69 0.17  0.3355 -- 270 0.2460 240
KG -- - - - 0.3354  -- -~ - -~
KS15 0.85 0.8 0.53 0.21  0.3359 140 107 0.2463 170
NOVAX30  --  0.75 --  -- 0.3355 300 130 -- --
PV-17 0.86 0.81 0.67 0.16  0.3360 -- 120 0.2460 140
PC18 - 0.11 -  -- 0.3436 10 5 -- --
PC20 - 0.4 -= - 0.3425 18 11 0.2452 14
PC22 - 0.1 -= == 0.3415 36 14 -~ --
PC24 0.51 0.45 0.13 0.08  0.3381 51 26 0.2460 48
PC27 0.57 0.57 0.18 0.10  0.3377 55 38 0.2459 51
PC30 0.69 0.65 0.27 0.14  0.3369 66 42 0.2462 59
GL18 --  0.07 -  -- 0.3431 11 7 -~ —-
GL20 0.20 0.17 0.05 0.04  0.3429 18 10 0.2457 8
GL22 0.23 0.20 0.06 0.04  0.3416 30 17 0.2456 21
GL24 0.45 0.44 0.11 0.06  0.3390 23 13 0.2460 41
GL27 0.58 0.58 0.19 0.12  0.3375 50 26 0.2460 49
GL30 0.68 0.67 0.29 0.12  0.3371 69 35  0.2460 63
CB18 0.10 0.12 0.00 0.00  0.3430 14 8 0.2450 12
CB20 0.15 0.15 0.07 0.01  0.3425 27 15  0.2452 15
CB21 0.44 0.42 0.14 0.08  0.3384 47 29 0.2459 41
CB22 0.39 0.27 0.07 0.03  0.3405 40 22 0.2460 29
CB23 0.52 0.52 0.28 0.09  0.3369 74 40  0.2461 60
CB25 0.60 0.58 0.27 0.02  0.3363 96 68  0.2465 61
CB26 0.58 0.56 0.25 0.04  0.3367 78 63  0.2461 80
CB28 0.64 0.66 0.42 0.04  0.3362 101 87  0.2462 82
CB30 0.77 0.73 0.48 0.11  0.3361 120 112 0.2460 111
1508 - - = - 0.3497 3 -- -~ --
1510 - —— = - 0.3493 3 -~ -~ -=
1815 - - = - 0.3446 7 -~ -~ -=
1518 0.12 0.10 0.00 0.00  0.3431 18 5 -~ -~
1523 0.50 0.45 0.16 0.07  0.3376 42 27  0.2459 55
1526 0.60 0.53 0.21 0.08  0.3371 50 30  0.2461 67
1829 0.71 0.66 0.28 0.10  0.3364 70 36 0.2460 104
SSGAS 0.24 0.23 0.14 0.07  0.3421 23 10 0.2457 11
88G25 0.54 0.51 0.14 0.08  0.3374 50 27  0.2465 63
55G28 0.58 0.62 0.46 0.14  0.3362 180 84 -- -~
$5G30 0.73 0.71 0.48 0.22  0.3359 200 120 -- --

——




———

sample  P;(10) P;(11) Pyps Papc '8002 L,(002) L,(004) ag L,(110)
code [nm] [nm] [nm] [nm] [nm]
PYRAS 0.17 0.11 0.10 0.06 0.3421 59 14 0.2457 15
PYR25-19 0.57 0.53 0.12 0.06 0.3379 50 19 0.2464 58
PYR28-10 0.70 0.68 0.41 0.16 0.3357 170 120 - e
PYR28-19 0.71 0.70 0.47 0.12 0.3357 170 140 S 2L
PYR32 0.72 0.76 0.49 0.15 0.3355 240 200 - -
GC12 - - - -- 0.3682 1 s e =
GC20 — 0.06 -- s 0.3528 2 e - o
GC30 - 0:00. == - 0.3480 3 e - S
KOA-R 0.53 0.52 0.28 0.04 0.3368 46 29 0.2463 86
T21=28 045 0.37 0:19 0.0D 0.3371 35 18 0.2457 64
I=1-80 0.40 0.41 0.25 0.04 0.3368 49 32 0.2462 82
1=2-24 0.26 0.25 0.09 0.01 0.3401 17 9 0.2455 20
1-2-30 0.34 0.30 0.10 0.03 0.3385 24 12 0.2460 40
1-3-26 0.29 0.28 0.10 0.01 0.3395 18 10 0.2457 23
143-380 0.39 0.32 0.12 0.01 0.3380 27 13 0.2460 45
1-4-26 0.25 0.26 0.10 0.01 0.3392 18 10 0.2459 29
1-4-30 0.36 0.35 0.13 0.04 0.3379 27 14 0.2459 56
P-120 0.41 0.43 0.19 0.05 0.3374 47 20 -- -
A30 0.32 0.34 0.13 0.03 0.3382 25 15 ~= o
A33 0.40 0.39 0.18 0.00 0.3376 30 16 = e
B30 0.35 0.38 0.16 0.02 0.3376 30 — — —
B33 0.44 0.42 0.17 0.04 0.3371 33 2 R s
OVCF30 0.70 0.80 0.55 0.25 0.3360 200 115 0.2461 160
NVCFAS 0.07 -0.05 0.00 0.00 0.3458 5 S — -
NVCF10 0.07 0.04 0.00 0.00 0.3461 4 e e -
NVCF23 0.20  0.18 0.04 0.03 0.3416 22 14 0.2455 18
NVCF28 0.33 0.34 0.16 0.03 0.3372 30 20 0.2461 42
NVCF30 0.38 0.37 0.15 0.10 0.3368 45 23 0.2458 60
LDGAS 0.05 0.06 0.00 0.00 0.3457 5 i s —
LDG20 0.25 0.25 0.06 0.04 0.3397 32 16 0.2459 29
LDG20H 0.23 0.18 0.03 0.02 0.3421 26 13 0.2455 24
LDG22 0.57 0.58 0.24 0.15 0.3369 62 39 0.2462 50
LDG22H 0.35 0.26 0.07 0.02 0.3396 36 20 0.2458 32
LDG25 0.70 0.69 0.38 0.19 0.3362 134 91 0.2466 104
LDG25H 0.56 0.57 0.29 0.12 0.3376 74 61 0.2463 67
LDG28 0.70 0.70 0.35 0.20 0.3362 175 99 0.2462 123
LDG28H 0.69 0.66 0.34 0.15 0.3366 82 66 0.2462 70
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comparison with large change in P,-value in other groups of the

samples. Therefore, only the difference in the NG-series 1is
their average particle size.

By heat-treatment at high temperatures, usually above
2800°C, the groups of cokes (COKE), isotropic carbons (IS) and
pyrolytic carbons (PyC) showed relatively high P,-values.
These groups are defined as graphitizable carbon or "soft
carbon". On the other hand, the graphitization degree in the
group of glass-like carbons (GC) is very low, even after the
heat-treatment at 3000°cC. Thus, the GC-group have been
classified into non-graphitizable carbon or "hard carbon".

In the group of MPCF, the sample KOA-R which has radial
texture with open wedge gives the highest P,-value. The fiber
I-1-30, radial texture with open wedge, also has rather high
degree of graphitization among the fibers in I-series, which is
also shown by other X-ray parameters. However, the fiber I-2-
30, which has the radial texture without open wedge, shows
rather low graphitization degree. The fibers I-3-30 (doubly-
textured) and I-4-30 (concentric texture) are graphitized better
than the fiber I-2-30.

The P;-value of the fiber NVCF28 which is as thin as less
than 1 um is 0.34, much smaller than that of the fibers LDG28
and LDG28H with diameter of 2 um. The P;-value in the fiber
OVCF30 with average diameter of 10 um is the highest among the
VGCF-group.

2.3.3. Relations among X-ray parameters

The relations between graphitization degree, P,, and average
interlayer,spacing, 5002, on the carbon samples used are shown in
Fig. 2-4. The Eboz—value decreases with increase in the P,-

Value and then approaches to the one for natural graphite (5002 =
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0.3354 nm).

Previously, Bowman, et al. [2-10] and also Noda, et al. [2-

11] reported the linear relation between P, and Eboz;

d002 = 0.3354-P; + 0.344'(1-P1) : (2-11)

as shown by a dashed line in Fig. 2-4. They derived this
relation on the basis of rather small number of experimental
points for limited kinds of samples, cokes and carbon blacks, and
also by assuming the Eooz—value of 0.344 for the ideal
turbostratic structure. Almost all experimental points obtained
in the present work, except for the samples GC20, GC30, NVCFAS,
NVCF10, LDGAS, PC18, and GL20 , are located below the dashed line
(Eqn. (2-11)), in other words, the decrease in Eooz—value of all
carbon samples with heat-treatment is faster than the increase in
P,-value expected from Egqn. (2-11). The relation depends
strongly on the kinds of carbon samples used. In the MPCF- and
VGCF-groups, for example, the relation shows the strongest
downward curvature, i. e., the development of graphitic stacking
(increase in Pl—value) is retarded in comparison with the
approaching of aooz—value to graphite. The relation for the
COKE-group 1is relatively close to the dashed 1line. Below the
Pl—value of 0.5, the PyC-group shows the closest relation to the
dashed line, but becomes far above 0.5; the sample PYR32 has the
P,-value of only 0.76, although the aboz—value is as small as
0.33556 nm.

For the samples with low graphitization degree (P1 e ¢ KW S b
the aboz—values more than 0.344 nm are observed, but they show
certain relation to P,-value. This result show that the carbons
0f which Pl—values are as small as zero can have interlayer
Spacing larger than 0.344 nm, even more than 0.353 nm. The

Crystallite size of carbon, of which the P,-value is close to
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zero, 1s too small to be determined, as shown by broadening of

diffraction lines. This result seems to suggest that a quite
non-graphitized carbon (P1 = 0) has rather non-periodic stacking
of carbon hexagonal layer planes. A

In Fig. 2-5, the crystallite sizes La(llo), LC(OOZ) and
LC(004) are plotted against the Pl—value. The crystallite size
along the a-axis, La(llo), grows gradually with development of
graphitic structure. For the samples in MPCF-group and NVCF-
series, rapid increase in La(llo) was observed in a range of
graphitization degree between 0.3 and 0.5 (Fig. 2-5(a)). The
LDG-series shows the similar relation to the COKE-, IS- and PyC-
groups. On the other hand, a unique relation seems to be
obtained between Pi and either crystallite size along c-axis
LC(OOZ) or LC(OO4) independent of carbon samples (Fig. 2-5(b) and
(c)).

The relations between 5602 and crystallite sizes are shown
in Fig. 2-6, on the abscissa aboz—value decreasing from left to
right, in order to have a correspondence to Fig. 2-5. In the
relations of LC(004) VS. 5002, characteristic plateaux are
observed, which are different on the sample COKE-, PyC- and MPCF-
groups (Fig. 2-6(c)). Below the aboz-value of around 0.338 nm,
L,(004)-value rapidly increases, no differentiation of the sample
groups being possible. The similar relations of Lb(ooz) VS.
aboz were obtained, plateaux depending on the groups and a rapid
increase in L (002) below dygp-value of 0.338 nm (Fig. 2-6(b)).
The relation of L,(110) vs. Eboz seems to be unique, regardless

Oof the kind of carbon materials (Fig. 2-6(a)).

2.3.4. Relations between magnetoresistance and X-ray parameters
The plots of magnetoresistance (AP/P)Cr against X-ray
Parameters, P;, dypp and L (110), on the samples in COKE-, PyC-
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and MPCF-groups (CB-, SSG-, PYR- and I-series) are shown in Fig.

o Numerical data of magnetoresistance parameters are listed
in Table 2-3. In the relation of (AP/P)cr VS. Pl’ (Ap/p)cr—value
changes 1its sign from negative to positive at the Pl—value of
around 0.5 for almost all carbon samples used, except the MPCF-
group which shows the transition from negative to positive at Pl
= 0.3 (Fig. 2-7 (a)). The relations of positive (Ap/p)cr
against Eboz and La(llo) (Fig. 2-7(b) and (c), respectively) are
independent of the carbon samples used and can be approximated by
one curve. The sign changes of (Ap/p)cr—value are observed at
the Eboz—value of around 0.338 nm and at the La(llo)—value of
around 50 nm, respectively. The negative (AP/P)Cr-value seems
to depend on the carbon sample; the pyrolytic carbons giving
relatively low value of negative (Ap/p)Cr in comparison with
COKE- and MPCF-groups. However, the definite discussion is
difficult because of the lack of the experimental points.

The plots of electrical resistivity and Hall coefficient
against X-ray parameters, Py and Eooz, are shown on the COKE- and

PyC-groups (PC-, GL-, SSG- and PYR-series) in Figs. 2-8 and -9,

respectively. The numerical data of resistivity P and Hall
coefficient RH are listed in Table 2-4. The P—value decreases
with the development of graphitic structure. The changing

behavior of P with P, or EOOZ is quite different between the
COKE- and PyC-group; the decrease in p—value is retarded for the
PyC-group from that for the COKE-group, but the PyC-group gives
much lower P—value at high Pl-value than the COKE-group does.
The largest positive Ry-value was observed at P;-value of around
0.2 and at Eooz—value of around 0.342 nm. The change of sign in
Hall coefficient Ry from positive to negative is observed at P, =
0.5 and at Eooz = 0.338 nm, which correspond to the respective

Point for the sign change of Q%P/P) regardless of the kind of

e’
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Table 2-3 Magnetoresistance data on the carbon materials used at
liquid nitrogen temperature (77 K) in the field of 1 T.

Sample (Ap/Plpax AP/Plrpin BP/Plrimin  BP/Pler | i
code [%] [%] [%] [%]
Pczo:1 -0.20 - X 3 - oo
PCZZ*i ~0.40 3 4 5 S =
PC247 1.00 L L . s i
PC2T, ; 1.90 . < - i =
PC30 7.50 > - & s a».
GLZOii -0.20 - - . s .
GL22, | ~0. 40 . . 4 = 3
GL24, ; 0.30 ’ 4 = o e
GL2T, | 2.10 - 2 . £ gl
GL30 4.00 - . 8 <% s
CBl7:§ -0.10 ~0.06 -0.18 -0.18 0.57 0.15
CB19, 2 ~0.35 -0.22 -0.05 -0.62 0.62 0.15
CB22, 2 -0.67 -0.18 -0.07 -0.92 0.27 0.11
CB24,, 2 1.20 0.34 0.05 1.59 0.28 0.04
CB26, 2 10.93 4.26 1.31 16.50 0.39 0.12
CB28, 2 20.62 10.52 1.86 33.00 0.51 0.09
CB30 49.44 15.33 5.93 70.70 0.31 0.12
SSGAS ~3.24 -0.69 -0, 38 ~4.,32 0.21 0.12
SSG25 4.59 0.23 0.23 5.06 0.05 0.05
$5G28 155.88 2.99 3.30 162.17 0.02 0.02
SSG30 354 .44 6.08 6.08 366.59 0.02 0.02
PYRAS ~2.80 -0.71 -0.41 -3.92 0.25 0.15
PYR25-19  1.73 0.02 0.04 1.80 0.01 0.03
PYR28-10 616.44 10.52 12.33 639.59 0.02 0.02
PYR28-19 346.99 7.40 6.32 360.71 0.02 0.02
PYR32 823.46 14.03 11.61 849.09 0.02 0.01
1-1-28 1.77 1.19 0.03 2.99 0.67 0.02
1-1-30 7.38 5.02 0.05 12.45 0.68 0.01
1-2-28 -0.178 -0.66 ~0.02 ~1.46 0.85 0.03
1-2-30 0.29 0.09 ~0.01 0.37 0.8 -~
I-3-26 -0.58 -0.53 ~0.04 <315 0.92 0.06
1-3-30 0.54 0.32 -0.01 0.85 0.60 -
1-4-26 ~0.56 ~0.50 ~0.02 ~1.08 0.89 0.04
1-4-30 0.24 0.12 -0.01 0.35 Gogss v




(10°¢ Qm)

sample (AP/P)pax AP/Plrmin AP/P)rimin AP/Pler I'p 'L

code [%] [%] [%] [%]
LDG20 -0.33 s ] i g 73
LDG22 0.39 Y- o 1 ok ¥
LDG25 23.40 o ey 2l v o
LDG28 25 .80 = 2.4 ve B 2%,
5sGAs*3 4.67 0.13 0.25 5.05 0.03 0.05

*1: From Ref. [18].
*2: From Ref. [19].
*3: Data at room temperature, will be discussed in Chapter 4.
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Table 2-4 Resistivity p, Hall coefficient Ry, carrier concent-
ration n and mobility u of the carbon materials used
at liquid nitrogen temperature (77 K).

Sample P Ry n y7)
code [10% Q.m] [107 m3/c1  [10724 m™ 3] [m2/v-s]
Pczo: 8.0 2.30 27.17 0.029
PC22 4.9 4.60 13.59 0.094
PC24) 2.2 0.20 10.42 0.100
PC27, 2.8 ~0.40 8.09 0.138
PC30 2.5 ~1.00 4.55 0.274
GL20: 9.7 2.70 23.15 0.028
GL22} 3.8 4.82 12.97 0.128
GL24} 3.5 0.97 10.58 0.055
GL27} 2.3 -0.05 9.38 0.145
GL30 2.3 -0.65 6.78 0.234
SSGAS 8.63 16.60 3.77 0.192
SSG25 4.43 .. k5 3.13 0.225
SSG28 1.32 ~7.16 1.82 1.273
SSG30 0.75 -2.53 2.17 1.915
PYRAS 8.49 15.50 4.03 0.139
PYR25-19 7.84 -0.76 2.97 0.134
PYR28-10 0.50 -2.38 2.46 2.529
PYR28-19 1.14 -3.22 1.44 1.899
PYR32 0.38 -2.37 2.81 2.652
*: From Ref. [18].
carbon materials. The change of RH with P1 or Eooz is very

similar between the COKE- and PyC-group, but the absolute values
of RH for the COKE-group are always smaller than those for the
PyC-group.

The numerical data of carrier concentration n and mean‘
Square root of mobility s, defined as J = /iy M., are also listed
in Table 2-4. Since the samples PC20, PC22, GL20, GL22, SSGAS
and PYRAS had the negative (AP[P)cr—value and the positive Ry-
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value, n and ﬁ were calculated by assuming the one-carrier (hole)
conduction. The other samples were regarded to have the two
carriers, holes and electrons.

The plots of concentration n and mobility ﬁ of carriers
against P;-value are shown on the four sample series in Fig. 2-
10. These sample show general trends of n and ﬁ with Pl—value;

for Pl—value below 0.2 and above 0.5, the concentration n

Tl e e e A R W
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=)

4 =t :

h ; 107! |- =

: 4 i g

i O o e KA I ool Wik, L o [ A
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Fig. 2-10 The plots of (a) carrier concentration n and
(b) mobility u against graphitization degree P,
on the COKE- and PyC-groups.
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decreases and the mobility ﬁ'increases with the increase in Py

value. Between the Pl—value of 0.2 and 0.5, where the
conduction type changes from one-carrier to two-carrier systems,
concentration and mobility look like not to change in great
extent. At the Pl—value of about 0.7, the carrier concentration
shows a minimum on the PyC-group (1.82 X 1024 m’3). For the
COKE-group, the minimum could not show clearly, because of their
low graphitization degrees. The PyC-group shows a larger

mobility and a smaller carrier concentration than the COKE-group.

2.4. Discussion

2.4.1. Effect of texture on graphitization of carbon materials
There has been evidence that the graphitizability of a

carbon is strongly influenced by the degree of bending of

hexagonal carbon layer planes in texture [2-14]. Thus, the

carbon materials with plate-like morphology can be graphitized

easily. However, carbons in which the layer planes are highly%

curved tend to remain turbostratic and are only partially
graphitized even after high temperature treatment, glass-like
carbon being a typical example. |

The graphitization degree of the I-series fibers, which are
prepared from the same precursor pitch, depends on the texture in
their cross-sections; the fiber I-1-30 having radial texture with
open wedge shows the highest P,-value among the series. This
result suggests the importance of the presence of an open wedge
for graphitization, which may relax the strain due to
Crystallite growth in the cross-section of fibers during high
temperature treatment. The opening of the wedge was observed to
increase after the heat-treatment at high temperatures and also
large smooth flakes were observed under SEM, as shown in Fig. 2-

2(b). From this discussion, it is reasonable that the fiber
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KOA-R having the largest opening of wedge shows the highest

degree of graphitization among the group of MPCF (Fig. 2-2(a)).
The group of VGCF with concentric texture in their cross-
section shows the dependence of graphitization on their
diameters. Speck, et al. [2-15] calculated the change of free
energy with graphitization from the cylindrical geometry of the
vapor—-grown carbon fiber. In other words, the release of
strain energy in the transformation from a curved carbon layers
to a flat ones could be estimated from the radius of curvature
of layer planes in the fiber. As the result of the theoretical
calculation, the larger diameter of carbon fiber showed the lower
energy needed for graphitization. This result can be supported
by the present experiment that the higher P,-value is obtained in

the fiber with the larger diameter.

2.4.2. Effect of texture on relations among graphitization
parameters

The graphitization degree, Py, in fact, is estimated as a
deviation from the structure from ideal graphitic one which has
three-dimensional stacking of the hexagonal carbon layer planes.
Thus, the P,-value is a volume fraction of graphitic structure in
a carbon material. On the other hand, average interlayer
spacing, 5002, is an average distance of between carbon layers,
which is calculated from the Bragg angle of either 002 or 004
diffraction lines. Since 002 diffraction lines are observed as
higher and sharper line profile for graphitized carbon than for
turbostratic carbon. Therefore, a well-graphitized region
strongly reflects on the aboz—value determined from the observed
Profiles. Even though turbostratic structure partially remains
In a carbon material of which the major part is graphitic

Structure, it is reasonably supposed that turbostratic structure
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can not reflect on the aboz—value, but can reflect on the Py

value. This 1is the reason for the downward deflection of the
observed relation of '&002 vs. P; from the hypothetical linear
relation.

Empirical calculations for the relation between P, and EOOZ
had been studied by many authors [2-16, -17, -18]. They did not
take into account of the fact that there is inhomogeneity even
interlayer spacing in most of carbon materials. As the
graphitization process, e. g. above the Pl—value of 0.5, the
possibility that the graphitic staking extends to whole
crystallite, giving strong reflection on 002 diffraction 1lines,
increases and results in low aooz—value. Consequently, a
remarkable downward deflection from the linear relation. Such
inhomogeneity is reasonably supposed to depend strongly on the
texture of carbon material.

The PyC-group, which has a strong orientation of carbon
layers, showed the aooz—value close to graphite after high
temperature heat-treatment. Under SEM observation, it was
obviously observed that certain strain remained on carbon layers
in these samples corresponding to the pebble structure, even
after graphitization, as shown in Fig. 2-1. Because of the
strain, graphitic structure of the sample heat-treated at high
temperature seems to be incomplete, i. e., the Pl—value does not
reach 1.0. This prediction agrees with the positions of the PyC-
group in the relation of 5002 vs. P;.

The micrographs of the cross-section of the carbonized
fiber I-1-12 and the graphitized fiber I-1-28 (radial texture
With wedge) with high-resolution transmission electron microscopy
(TEM) is shown in Fig. 2-11 [2-19]. Some strain on the
oriented layer planes of the cross-section in the fibers is

Observed as "zig-zag" layers separated by boundaries. Each
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TEM micrographs of the oriented region in the
cross-section of (a) the carbonized fiber
I-1-12 and (b) the graphitized fiber I-1-28
[2-19].




oriented region forms a grain. The transversal size of oriented

region did not change after high temperature treatment (Fig. 2-
11 (b)) Therefore, the strain of carbon layers in the cross-
section .could not be released even after high temperature
treatment, so that the volume fraction of graphitic structure in
the fiber dose not increase remarkably. However, the oriented
region is graphitized, which reflect on aooz—value, as discussed
before. Consequently, the MPCF-group shows the strongest
downward deflection in the relation of Eboz vs. P; (Fig. 2-4).

On the other hand, it was observed that the longitudinal
size of the oriented region which was a major part of the fiber
was graphitized and its size grew along fiber axis [2-19]. This
anisotropy for the crystallite size along a—-axis between
transversal and longitudinal in the oriented region is
interpreted by axial orientation in the carbon fiber. The MPCF-
group shows rapid crystallite growth along a-axis, as observed on
the relation of La(llo) vs. Py (Fig. 2-5(a)), in comparison with
other samples. It seems to be explained by the fact that the
crystallite can grow easier along the fiber axis than in the
cross—-section. Because the present technique for X-ray powder
diffraction can not be distinguished between crystallite size
along the fiber axis and the one in the cross-section, the
overall crystallite size is measured to be larger.

The relations of LC(OO4) and LC(OOZ) vs. P, are independent
of carbon samples used, probably due to no appreciable effect of
Ssample texture on crystallite growth along c-axis.

Magnetoresistance, (AP/P)cr’ value is mostly defined by the
electrical carrier motion in the hexagonal carbon layers and
hence is sensitive to the size of carbon layers and also to the
Presence of imperfections in the layers [2-7]. Therefore, it 1is

reasonable that the (AP/P)Cr—Value shows a unique relation with
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La(llo), as shown in Fig. 2-7(c). The relation of (AP/P)Cr vE.

5002 seems to be a unique, but is not definite because the region
of aooz—value corresponding to positive (Ap[p)cr—value is limited
in small range (0.3380 < 6602 < 0.3354 nm). The relation of
(AP/P)cr vs. Py for the MPCF-group is different from that for the
COKE- and PyC-group, which can be understood by the same

interpretation as the case of the relation of La(llo) vs. Py.

2.5. Summary

The experimental results suggest the importance of the
relaxation of some strain on hexagonal carbon layer planes for
graphitization. Thus, whether strain in a carbon material can
be removed during heat-treatment at high temperatures is strongly
influenced not only by its starting material, but also by its
texture.

The graphitization degree P, was a volume fraction of the
graphitic structure in a carbon material, but the averagek
interlayer spacing 5002 was affected by a well-graphitized
region. Between these two parameters, P1 and Eooz, therefore,
an exponential relation was observed on the basis of a number of
experimental points on various carbon samples. The
magnetoresistance was found to have certain relation with the
crystallite size of carbon layers Ly, regardless of the kind of
carbon. The relation between degree of graphitization and other
graphitization parameters depended strongly on the kind of carbon
materials.

An effect of the structural characteristics of host carbon
material on intercalation reaction of sulfuric acid shall be

discussed in Chapter 4.
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CHAPTER 3

Potential change during intercalation of sulfuric acid

into graphite by chemical oxidation

3.1. Introduction

There are two methods for synthesis of graphite
intercalation compounds with sulfuric acid(HZSO4—GICs); chemical
and electrochemical oxidations. In the case of the latter, it
has been known that potential curve against electric quantity
during intercalation of sulfuric acid into graphite by
galvanostatic oxidation is shown to increase in stepwise. The
potential curve has been quantitatively studied by many authors.
Metrot [3-1,2] discussed the potential curve observed on the
electrode of a highly oriented pyrolytic graphite (HOPG) by using
a two-capacitor model. On the other hand, the former method has
been used as the simplest one for synthesis of H,50,-GICs and
industrially employed for the production of exfoliated graphite.
The oxidants used for the synthesis of HZSO4—GICS are HNOB, Cr03,
KMnO4, Pboz, etc. [3-3]. However, there has been no quantitative
comparison between these two methods.

In the present chapter, the intercalation of sulfuric acid
by chemical oxidation with nitric acid and potassium permanganate
is followed by measuring the potential of graphite electrode.
The potential change during the chemical intercalation is
compared with the one during electrochemical intercalation. The
formation process of H,S0,-GICs and effect of dilution of

Sulfuric acid are discussed by using the potential changes

obtained.

3.2. Experimental

Flaky natural graphite powders with average size of 400 um
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(sample code: NG400) were used as host material. The graphite

electrode and test cell used are schematically shown in Fig. 3-1.
In order to measure potential, the graphite powders of 50 mg were
held between plastic plates (30 X 30 mmz) with platinum wire as a
supporting electrode (Fig. 3-1(b)). The electrode of Hg/HgSO4
with Luggin capillary was adopted as a reference. 50 cmS of
sulfuric acids with different concentrations (10, 14 and 18
mol/dm3) and that with 18 mol/dm3 plus dissolved sodium nitrite
(NaNOz) were used. Nitric acid (13.8 mol/dm3) and potassium
permanganate (powders), KMnO,, were used as chemical oxidants to

synthesize the GICs.

Luggin
capillary Pt wire
//A// \\\\
host graphite
N, gas (50mg)
plastic film l <§§§§§
\\\§>J' Ty 2

N

e

M / | i
ey

X

Hg/HgSO, plastic plate
reference

electrode

(a) (b)

o O

graphite electrode

Fig. 3-1 Scheme of cell assembly.

(a) Electrochemical cell, (b) Graphite electrode.




The test cell was covered with a plastic film to prevent

absorption of moisture in air by sulfuric acid and also kept at
constant temperature of o e by using a bath with ice-water
mixture. The sulfuric acid solutiqns were bubbled by nitrogen
gas and also magnetically stirred.

The potential of the working electrode with time after the
addition of certain amount of an oxidant was continuously
recorded. Characterization of the synthesized H,S04-GICs was
carried out with X-ray powder diffractometry by preventing the
decomposition in a polyethylene bag.

By immersing a graphite electrode into sulfuric acid, the
potential gradually increased and saturated at a certain value
after 20 hours, probably due either to the adsorption of HoS0,
molecules on the surface or to the change in work function of the
graphite electrode. Therefore, after making sure that the
potential of graphite electrode became constant (usually after 20
hours) , an oxidant was added into the sulfuric acid and the
measurement of potential change was started.

For comparison, electrochemical synthesis of H,S0,-GICs by
galvanostatic oxidation was also carried out in exactly the same
cell, except that a counter electrode of platinum plate (10 X 10

mmz) was inserted in the cell.

3.3. Results
3.3.1. Oxidation by nitric acid

The curves of potential against reaction time in H,504 of
18 mol/dm3 are shown in Fig. 3-2, when nitric acid is used as a
chemical oxidant. The molar ratios of HNOg4 to carbon are 16.6,
3.3, 0.33 and 0.17, respectively. X-ray powder patterns of the

Sample electrodes oxidized up to the points a to e in Fig. 3-2

are shown in Fig. 3-3.
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Fig. 3-2 Potential changes of graphite electrode with
reaction time 1in H,S0y4 of 18 mol/dm3 by
chemical oxidation with nitric acid.

HNO3/carbon (in mole) = 16.6,
—————— : 3.3, —+»—: 0.33, —/—: 0.17.

The potential increases to positive direction in stepwise.

A plateau at a potential around 0.9 V is characteristic.

Additionally, faint plateaux can be recognized around 0.7 and 0.6

V.

The rate of potential changes and the potential reached after

58




B e
N
msoo 4 ({1800 B . B

2)200 wsoo | @eoo 4 (@s00 1| T
5§ a4
¥ AR E
| o= o
(1)700 Tl (2)900 4 (1800 4@ . mwm m -
cl S
| (1)700 (1)700 < 2 %2 % 3
i N’ g +hb + M
o o =g O
o < & e o o~
o g (€)900 g4 g8 a
(LEOQ (1)€00 < £S5 6T
i (2)700 ] ~ $L 85
O 2 (5 g P
(£)S00 =4 @ "o o
A v g a. ~ 0 o
(1)Z00 Z) €00 o (©) i
£0 700 o~ e

_ sualA (1) 200 Emoo lﬁb\\\\ & .m g ¥

3] £m>oa XE .
£ & O
1R G WO
«
x 5 © 0 m m m
A o N > o

3-3

%ﬁmﬁ@ﬁﬂ

Fig.




long reaction time (saturated potential) depend on the amount of

nitric acid. In the solutions with HNO3/carbon = 16.6 and 3.3,
the potential rapidly increases to 1.1 V and then is saturated.
In the former, it is too quick to make clear the plateau at 0.9
v. The products at the potential of 1.1 V are always the stage-1
compound (Fig. 3-3a and c). All diffraction lines observed are

indexed by using the 1identity period along the c-axis, I of

C?
0.80 nm. The sample oxidized up to the point b (on the plateau
at 0.9 V) is a mixture of the stage-1 and -2 structures (Fig. 3-
3b), giving I, = 0.80 and 1.14 nm, respectively. In the solution
with HNO3/carbon = 0.33, however, the value of saturated
potential of the sample electrode is a little less than 0.9 V,
and the final product at the point d is the stage-2 compound with
L.'= 114 nonm (Plgu3~3d). At the point e, the stage-3 compound
with I, = 1.47 nm is obtained.

In the blank test using a platinum electrode, which was
unreactive to sulfuric acid, its potential increased instantly
after adding nitric acid up to 1.1 V and then became constant.

Therefore, the stepwise increase in potential of graphite
electrode is due to the intercalation of sulfuric acid into
graphite. The most pronounced plateau around 0.9 V is produced
by the transformation from the stage-2 to -1 structures. The
value of the saturated potential of 1.1 V in the cases of
HNO3/carbon = 16.6 and 3.3, being added excess amount of oxidant,
Sseems to be an upper limit of saturated potential by the addition

0f nitric acid (with concentration of 13.8 mol/dm3) into H,80, of

18 mol/dm3.

3.3.2. Oxidation by potassium permanganate
The potential changes by the addition of potassium

Permanganate in H,SO, of 18 mol/dm3 are shown in Fig. 3-4. The
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relative amounts of added potassium permanganate to carbon are

3.3 and 1.5 and 0.33 in molar ratios. X-ray powder patterns at
the points £ to h in Fig. 3-4 are shown .in Fig. 38-5.
characteristic plateaux in the potential changes around 0.9, 0.7
and 0.6 V are also observed. The compound on the plateau at 0.9
v (at the point g) is a mixture of the stage-1 and -2 structures
(Pig..3-5g); exactly the same as the case of nitriec acid. The
plateau at 0.6 V appears more distinctly than that in the case of
nitric &cid; The value of saturated potential by adding small
amounts of oxidant (KMnO4/carbon = 0.33) is below 0.5 V, so that
the final product at the point h is a mixture of unreacted
graphite and the compounds with undefined high stage numbers
(Fig. 3-5h). On the plateau at 0.6 V, the stage-3 structure was
detected. Therefore, the plateau at 0.6 V seems to correspond to
the stage transformation from high stage (seemingly stage-4) to
stage—-3 structures.

Even if the oxidant having more than KMnO4/carbon = 1.5 is
added, some amount of the oxidant undissolves and the rate of
potential increase does not change, suggesting that the potential
increase depends mostly on the solubility of potassium
permanganate into HZSO4 of 18 mol/dms. The saturated potential
of 1.3 V in the case of KMnO4/carbon = 1.5 and 3.3 seems to be
the upper 1limit of saturated potential by the addition of
potassium permanganate powders into H,80, of 18 mol/dm3, and this
value is higher than that by nitric acid. I, of the stage-1
compound finally obtained after attaining the upper 1limit of
Ssaturated potential (at the point f) was 0.79 nm, slightly
Smaller than the same stage compound obtained by nitric acid (the
bPoint a and ¢ in Fig. 3-2).

Precipitates with red-brown color were produced in the

Solution after formation of the stage-1 compound. The as-
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Fig. 3-4 Potential changes of graphite electrode with
reaction time in H,SO, of 18 mol/dm3 by
chemical oxidation with potassium permanganate.

KMnO4/carbon (in mole) = 3.3,
------ : 1.5, —.——: 0.33.

Precipitates was amorphous, but the ones heat-treated up to
1000°C in nitrogen atmosphere were identified as Mng,0, from its
X-ray powder pattern. From the weight change during heat-

treatment with thermogravimetry and from the differential thermal
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analysis curve, the as-precipitates were supposed to have the

composition of MnOg.
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chemical oxidation with potassium permanganate.
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point on the potential curves in Fig. 3-4.




3.3.3. Electrolysis with galvanostatic oxidation

The curve of potential against electric quantity during
galvanostatic oxidation in sulfuric acid of 18 mol/dm3 with 200
UA (4 mA/g-carbon) is shown in Fig. 3-6. For comparison, the
observed curves during chemical oxidation in H,50, of 18 mol/dm3
are shown 1in the same figure. Characteristic plateaux,
distinctly at 0.9 V and faintly at 0.7 and 0.6 V, are observed on
all potential changes. By X-ray powder diffraction, the plateaux
at 0.7 and 0.9 V by the galvanostatic oxidation was also
confirmed to correspond to the transformation from the stage-2 to
-1 compounds and from the stage-3 to -2 compounds, respectively.
The plateau at 0.6 V corresponded to the formation of the stage-3
compound. Although the potential changes in three cases in Fig.
3-7 were too fast to show the plateaux corresponding to all stage
transformations between high stages, it is reasonable to suppose
that the plateaux observed during chemical oxidation have the
same potential values as those during galvanostatic oxidation.
In other words, the chemical oxidation raises the potential of
graphite in sulfuric acid and the intercalation of sulfuric acid
occurs at the same potential values as the galvanostatic

oxidation.

3.3.4. Formation of H,S0,-GICs in diluted sulfuric acid

The potential changes during chemical and galvanostatic
oxidations, and X-ray powder patterns for the compounds obtained
after reaching the upper limit of saturated potential in H,S0, of
14 and 10 mol/dm3 are shown in Figs. 3-7 and 3-8, respectively.
In the chemical oxidation process, enough amounts of oxidant was
added to reach the upper 1limit of potential in each concentration
of sulfuric acid.

The final product obtained by galvanostatic oxidation at the
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potential of, 1si8s Ve ity HZSO4 of 14 mol/dm3 is a mixture of the

stage-1 and -2 structures (the point i in Fig. 3-7). By diluting
sulfuric acid from 18 mol/dm3 to 14 nml/dm3, therefore, the
onset potential for the formation of the stage-1 compound seems
to shift from 0.9 up to 1.2 V. In addition, the sample finally
obtained by galvanostatic oxidation in Hy,S0, of 10 mol/dm3 was a
single phase of the stage-2 compound (the point 1 in Fig. 3-8),
and the potential oscillates around 1.2 V before saturation.
The oscillation was related with oxygen evolution on the platinum
current feeder [3-4]. The onset potential for the stage-1
compound seems to increase above 1.4 V in HZSO4 of 10 mol/dm3.

On the other hand, the upper 1limit of saturated potential by
potassium permanganate oxidation decreased with dilution of
sulfuric acid from 18 to 14 and 10 mol/dm3; Y3 to 250 oand 1,05
V, respectively. The products at these potentials were the
stage-1 (the point f in Fig. 3-5), stage-2 (the point j in Fig.
3-8), and stage-3 (the point m in Fig. 3-8), respectively. This
result is consistent with the increase of onset potential for
stage transformation in HZSO4—GICS with dilution of sulfuric
acid. The upper limit of saturated potential by nitric acid
oxidation also decreased with dilution of sulfuric acid and stage
structure of final product became a higher stage number. The
product at upper 1limit of saturated potential of 0.9 V by nitric
acid oxidation in H,80, of 14 mol/dm3 was a mixture of the stage-
2 and -3 structures (the point k in Fig. 3-7). In H,S04 of 10
mOl/dm3, the potential slightly increased during chemical
oxidation with nitric acid and, even at the upper limit of the
Potential of 0.6 V, no intercalation of sulfuric acid was
detected (the point n in Fig. 3-8).

The present results agree with the experimental fact that

the formation of H,S0,-GICs by chemical oxidation gets the more
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difficult in the more dilute sulfuric acid [3-5]. In the

following section 3.4.3, effect of dilution of sulfuric acid on
the formation of HZSO4—GICS will be discussed more
quantitatively.

The potential change during chemical oxidation with nitric
acid in HoS04 of 18 mol/dm3 plus dissolved sodium nitrite of
0.29 g (NaNOz/HNO3 = 1.0, in molar ratio), was almost the same
as that in the sulfuric acid solution with nitric acid. The
upper limit of saturated potential was at 1.05 V, which was
slightly lower than that in the sulfuric acid solution without
the addition of NaNO,, and the final product at the saturated

potential was the stage-1 compound.

3.4. Discussion
3.4.1. Formation process of H2804—GICS

For the formation of GICs, both donor and acceptor-type
compounds, electron transfer between carbon layers and guest
materials (intercalates) has to be accomplished. In the case of
acceptor-type compounds, for example H,SO4-GICs, electrons have
to be extracted from the layers of host graphite either by
electrochemical or by chemical oxidations. According to Metrot
[3-1, -2], as a consequence of extraction of electrons, an
electrical double layer on interface between graphite electrode
and electrolyte (interfacial capacitance) is formed, and the
Potential of host graphite is raised as proved experimentally in
the present work. The extraction of electrons from carbon layers
s defined as charging process.

When the potential of the host graphite reached at a
Specific value, which is expressed by threshold potential, the
intercalation of bisulfate ions takes place, accompanying neutral

Sulfuric acid molecules. Consequently, the Fermi level of energy
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pands of host graphite is depressed [3-1, -2]. The potential is

kept constant during intercalation until the completion of each
stage structure, which is observed as the plateau in the curves
of potential against the electric quantity or reaction time, as
shown 1in the previous figures. During the potential plateau,
stage structure 1is transformed by intercalation of additional
sulfuric acid and by its rearrangement to lower stage one, which
is defined as stage transformation process. Therefore, a
mixture of stage-n and stage-(n-1) structures is observed on the
plateau. A mixture of the stage-1 and -2 structures, for
instance, is observed on the distinct potential plateau at 0.9 V
in H,S04 of 18 mol/dm3 The potential value of transformation to
each stage structure, showing the potential plateau, is expressed
by onset potential for each stage. In Fig 3-9, the terms of
these processes during the intercalation reaction of sulfuric
acid into graphite are shown on a representative curve of
potential change with reaction time by nitric acid oxidation.
During galvanostatic oxidation, electrons extracted from the
host graphite flow to the counter electrode and are consumed by
hydrogen evolution. During chemical oxidation, however, nitrate
or permanganate 1ions pull out electrons from host graphite and
reduce themselves. Permanganate ions, Mno4", seemed to be
reduced and then to precipitate as amorphous MnOg. On nitrate
ions, the reduction to HNO, seemed to be highly probable, which
was soluble in sulfuric acid. So the following equations for

each oxidants may be written;
NO;~ + 3H' + 287 ———> HNO, + H,0 , (3-1)
— i —
MnO,” + 2H" + e~ —> MnOg{ + H,0 , (3-2)

Where e~ has to come from the host graphite, in other words, the
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Fig. 3-9 Representative potential change during intercalation
of sulfuric acid into flaky natural graphite by
chemical oxidation with nitric acid in HyS04 of
18 mol/dm3.

extraction of electron from the host graphite. In the synthesis

of H,S0,-GICs by chemical and electrochemical oxidations,

therefore, only the difference is how to consume the electrons
eXxtracted from host graphite.

In the present results, the saturated potential reached by

Chemical oxidation depends on a relative amount of oxidant to

carbon. It is reasonable to assume that the value of saturated
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potential is related to the equilibrium potential given by
Nernst’s equation. The equations for two oxidants used can be

expressed as follows;

3

E = EO + — -+ 1n ’ (3-3)
2F 8HNO, * 2H50
2
e AMno,~ & Ht
F 4Mno3 * 2H50

where E, is standard potential for each reaction, R gas constant
and F Faraday’s constant. The equilibrium potential, E, depends
strongly on the activities a;j of each chemical species i in
reducing reaction (Eqns. (3-1) and (3-2), respectively). When a

small amount of oxidant is used for chemical oxidation of host

graphite 1in sulfuric acid, activity of reduced product, aHNOZ
for example, 1is high in comparison with that of the remained
oxidant, aNog. " and so equilibrium potentials determined by

Eqn. (3-3) must be low. The value of saturated potential by a
small amount of oxidant was actually low, and high stage
compounds were obtained, as experimentally shown in Figs. 3-2,
=&y ~4; and =5 When excess amount of oxidant is used, activity

aNos— is still high in comparison with aHNOZ’ so that the
equilibrium potential must be high. Actually the saturated

potential reached to the value of upper limit for each oxidant
and consequently low stage compounds were obtained. At the
Saturated potential reached by chemical oxidation, the
intercalation reaction of sulfuric acid into graphite 1is
€quilibrated.

The present experiment suggests that there is an upper limit

of saturated potential, even if an excess amount of the oxidant
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is used. In other words, there is a limit of oxidation depending

on the oxidant. This upper 1limit of saturated potential also
depends on the concentration of sulfuric acid on. It is probably
explained also by Eqgqns. (3-3) and‘(3—4). In diluted sulfuric

acid, the activity of water, aHZO’ is so high that a value of

upper limit of saturated potential lowered.

In Fig. 3-10, the upper 1limit of saturated potential for
nitric acid oxidation and the onset potential for stage-1
structure are plotted against the relative amount of NaNO, to
HNO5; added into the sulfuric acid solution with 18 mol/dm3.
The upper 1limit of potential decreases with addition of NaNO,,
but only slight even with the addition of equal equivalent of
nitrite to nitric acid (NaNOz/HNOS/carbon = B33 200, Onset
potentials for the stage-1 structure of HZSO4—GICS seem to have
no relation with the addition of NaNO,. These experimental
results might suggest that the co-existence of NaNO, in sulfuric
acid dose not have any effect on the activity of nitrous acid,

aHNoz’ in Eqn. (3-3). However, it is necessary to take into

account the presence of a counter ions, Na+, in the system in the

present case.

3.4.2. Overcharging in the stage-1 Hy,S0,4-GICs

The upper 1limit of saturated potential observed in HZSO4 of
18 mol/dm3 by either nitric acid or potassium permanganate are
higher than the onset potential for stage-1 of HZSO4—GIC, as
shown in Figs. 3-2 and -4. Therefore, the charging of carbon
layers is continued even after the completion of the formation of
stage-1 structure and consequently the potential increases up to
the upper 1limit of saturated potential for each oxidant. This
fact corresponds to so-called "overcharging process" which has
been pointed out in electrochemical oxidation [3-6] and it is

Teported to cause a slight decrease in identity period along the
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of the stage-1 compound with increasing potential

c-axis; I
[3-7].

In the present work, the value of I. for the stage-1

C’

compound obtained by permanganate oxidation was slightly smaller
than that obtained nitrate oxidation. These experimental results
agree with the fact that potassium permanganate gives a higher
upper limit of saturated potential than nitric acid, the former
giving higher degree of overcharging to the stage-1 compound.
The experimental result by Daioh and Mizutani [3-8] states that

I. of stage-1 compound differs slightly depending on the kind of

c
oxidant that can be explained by taking account of the difference

in upper limit of saturated potential with oxidant.

3.4.3. Effect of dilution of sulfuric acid on formation of H,S0,-
GICs by chemical oxidation

On the basis of the present results 1in different
concentrations of sulfuric acid, the effect of dilution on the
formation of H,SO4,-GICs by chemical oxidation can be
quantitatively discussed on the basis of the following two facts.
By electrochemical methods, firstly, the onset potentials for
stage transformation in H,50,-GICs are known to increase with
dilution of sulfuric acid, being pointed out by different authors
[3-9, -10, -11], and also shown in the present work. Secondary,
the potential of graphite by chemical oxidation increases up to
an upper limit of saturated potential, which is found to depend
On the oxidant used, even if an excess amount of oxidant is
added. The upper limit of potential is also shown experimentally
to decrease with dilution of sulfuric acid.

In Fig. 3-11, the onset potentials for each stage structure,
determined by galvanostatic oxidation, are plotted against the

molarity of sulfuric acid by open marks, which are shown to be
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jinear [3-11]. 1In the same figure, the upper limit of saturated
potential for nitric acid and potassium permanganate in three
different concentrations of sulfuric acid are also plotted by
solid marks.

In order to synthesize the stage-1 compound, for example, we
have to give high potential to host graphite than onset one for
stage-1 compound (open circles in Fig. 3-11). By chemical
oxidation, we can have only the potential lower than the upper
limit of saturated potential (solid marks in Fig. 3-11). 22§ ¢
HZSO4 of 18 mol/dm3, therefore, the stage-1 compound can be
synthesized by chemical oxidation with both nitric acid and
potassium permanganate, because solid marks for two oxidants are
well above the open marks in Fig. 3-11. In 10 mol/dms, however,
only stage-3 compound can be obtained by potassium permanganate
oxidation, but not by nitric acid, as is clear from in Fig. 3-11.
The X-ray diffraction studies on the GICs obtained agree with
these predictions.

Therefore, all of the experimental results on the formation
of H,S04-GICs 1in different concentrations of sulfuric acid by
using different chemical oxidants can be understood from the
relation between onset potentials for each stage structures and

upper limits of saturated potential for each oxidants.

3.5. Summary

The present results lead to the conclusion that the
intercalation process of sulfuric acid into graphite by chemical
Oxidation is fundamentally the same as that by electrochemical
0xidation. The potential of graphite electrode increases by the
Cha-I‘ging of carbon layers. When it reaches an onset potential
for each stage structure, which depends strongly on the

‘Oncentration of sulfuric acid, the intercalation of sulfuric
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scid proceeds. From the potential change, the intercalation

reaction 1is divided into two processes; 1) charging of carbon
layers corresponding to potential increase and 2) transformation
of stage structure in the gallery of graphite showing the plateau
on potential change. Therefore, the intercalation behavior into
host graphite by chemical oxidation can be followed in situ by
measuring the potential.

The oxidation of graphite by chemical oxidation, in other
words, the potential increase of graphite, is limited by
equilibrium potential, which 1is given by Nernst’s equation of
oxidant used and also depends strongly on the activities of each
chemical species in the solution. The relation between upper
limit of saturated potential of the oxidant used and onset
potential for each stage structure governs the intercalation of
sulfuric acid into graphite in sulfuric acid solution by chemical
oxidation.

Various experimental results published on the intercalation
of sulfuric acid into graphite by chemical oxidation can be
explained by monitoring of the potential change. The present
concept, potential increase with the charging of carbon layers
and consequent stage transformation by the intercalation, can be
applied for understanding the intercalation reactions into

various host carbon materials.
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CHAPTER 4

effect of host graphite materials on intercalation behavior

4.1. Introduction

On intercalation reaction into graphite, sample shape and
degree of graphitization of host material have been shown to give
strong influences. In the intercalation of bromine, for
instance, the threshold pressure [2-1, -2] and the reaction rate,
which was 1interpreted by diffusion of guest material
(intercalate) [2-3, -4], were studied on the effect of host
materials. The host materials used in these studies, however,
were natural graphites produced at various places and pyrolytic
carbons with different heat-treatments. In the electrochemical
intercalation of sulfuric acid, a remarkable effect of host
graphite was shown by using different hosts, for example, cokes
and carbon fibers [4-5, -6]. However, the effects of crystalline
structure, texture and also sample morphology of host carbon
materials on intercalation were not understood well.

In Chapter 3, the intercalation of sulfuric acid into
graphite by chemical oxidation was found to be fundamentally the
Same process as that by electrochemical oxidation, on the basis
of the measurement of potential change during the reaction. The
effect of dilution of sulfuric acid on the formation of graphite
intercalation compounds with sulfuric acid (H,S0,-GICs) could be
®Xplained in term of the balance between saturated potential of
chemical oxidation and onset potential for stage structure. The
Measurement of potential has an advantage to follow in situ the
intercalation behavior of sulfuric acid into various kinds of
host materials by chemical and electrochemical oxidation.

Metrot, et al. [4-7, -8] quantitatively discussed the

Curve of potential versus electric quantity during
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clectrochemical intercalation by galvanostatic oxidation of
sulfuric acid into highly oriented pyrolytic graphite (HOPG), and
proposed a model involving two series of capacitors.

In the present chapter, various kinds of carbon materials,
which are characterized in Chapter 2, are used as the host for
}%SO4~GICS. The effects of crystalline structure, texture and
particle size of host materials on the intercalation behavior of
sulfuric acid are discussed by measuring potential during the
chemical and galvanostatic oxidations. The simulation of the
potential change 1is also carried out on the basis of the two-

capacitor model and is compared with the curves obtained

experimentally.

4.2. Experimental
4.2.1. Potential measurement

The group code and sample code of carbon materials used are
listed in Table 4-1. The graphitization parameters and texture
of these samples were listed already in Table 2-2. The samples
were selected in wide ranges of structure, texture and particle
size; flaky graphites with different sizes (Flaky-group: NG-
series, KG, PI), different cokes with different heat-treatment
temperatures (HTT’s) (COKE-group: PV-, PC- and GL-series), two
kinds of pyrolytic carbons with different graphitization degrees
(PyC-group: SSG- and PYR-series), glass-like carbons (GC-series),
Mesophase-pitch-based carbon fibers with different textures in
their cross-section and with different HTT’S (MPCF-group: KOA-
and I-series) and vapor-grown carbon fibers with different fiber
diameters (VGCF-group: OVCF and NVCF-series).

Either a carbon powder or a bundle of carbon fiber (length
°f 10 mm) of 50 mg was held between plastic plates with platinum

Vire as a supporting electrode, as already shown in Chapter 3
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(Fig. 3-1(b)). The electrochemical cell used was the same one

as the previous (Fig. 3-1(a)).

Table 4-1 Carbon samples used in the present chapter

S

Flaky—group COKE—-group
NG400, NG5, PV-7, PV-7A¥,
KG, pPC18, PC20, PC22, PC24, PC27, PC30,
NOVAX30, GL18, GL20, GL22, GL24, GL27, GL3O0.
PyC-group GC—-group
SSGAS, SSG25, SSG28, SSG30, GCl12, GC30.

PYRAS, PYR25-19, PYR28-10, PYR28-19, PYR32.

MPCF-group VGCF-group
KOA-R, OVCF30, NVCF30.
I-1-28B, 1-1-30, I-2-28, 1I-2=30,
I-3=268, 1-3=30, "I-4-26, '1-4=30,

* : prepared by pulverizing PV-7 in a mortar.

In all experiments, sulfuric acid of 18 mol/dm3 (50 cm3)

wWas used as electrolyte. Nitric acid of 13.8 mol/dm3 (1 cm3)
Was used as chemical oxidant to synthesized the GICs. The molar
ratio of nitric acid to carbon was 3.3. For comparison,

electrolysis with galvanostatic oxidation was carried out with
different current values in the same cell. The detailed
Conditions and procedure for experiment were exactly the same as
those described in the previous chapter.

Characterization of the H,S0,-GICs synthesized was carried
‘ut with X-ray powder diffractometry by preventing the
deComposition in a polyethylene bag and with high-fidelity
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scanning electron microscopy (SEM) after the sample was washed by

wvater repeatedly and dried at room temperature.

4.2.2. Simulation of potential change

The 1intercalation of sulfuric acid into HOPG by
galvanostatic oxidation with a very small current value gives
rise to a characteristic quasi-equilibrium curve of potential
against electric quantity, E = f(Q), where E is the potential of
graphite electrode and Q the accumulated electric quantity per
unit mole of graphite. The idealized potential change is shown
in Fig. 4-1 [4-8]. The steep rise of potential corresponds to
the charging of host carbon layers by oxidation, while the
plateau to the transformation from stage-n to stage-(n-1)
structures of GIC by additional intercalation of sulfuric acid,
as already discussed in Chapter 3. The close succession of
steep potential increases and plateaux for high stages results
in the seemingly straight segment AB on the potential curve in
Fig. 4-1. On the potential curve, there are the following
features;

1) the starting points B, C and D for charging of graphite
layers in each pure stage compounds appear to be aligned with the
threshold point A for the start of intercalation (threshold
potential).

2) the electric quantity corresponding to the points B, C and
D is nearly inversely proportional to the corresponding stage
Number.

3) the slopes BE, CF and DG for charging processes seem to
Converge on the same point () on the ordinate.

4) since two successive stage structures are in equilibrium
during the stage transformation process, it is reasonably assumed

that potential is kept constant, i. e., dE/dQ = O.
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Fig. 4-1 Curve of potential against electric quantity
observed during galvanostatic intercalation
of sulfuric acid of 18 mol/dm® into HOPG [4-8].

Metrot, et al. [4-7, -8] explained the slopes of steep
increases on the curve of potential vs. electric quantity, dE/d4Q,

from these features, as follows;

dE n 1
AL - —_—  — ; (4-1)
dQ CA CF




where Cj, is defined as internal interfacial capacitance, Cp as

Fermi level lowering capacitance and n is a stage number of
}%804—GIC. The unit of capacitance, F (Farad), is equivalent
to C/V (Coulomb/Volt), being an inverse of the slope in the
potential vs. electric quantity curve. The numerical values of
these capacitances on HOPG electrode were reported to Dbe
Cy, = 3.0 X 10° F/mol and Cp = 6.2 X 10° F/mol [4-8].

Therefore, a potential change, AE, of graphite electrode
charged by an electric quantity, AQ, can be approximated by the

following equation;
AE = {(charging)-A + (stage transformation)-Bj}-z}Q : (4-2)

where A and B are the ratios in which AQ is consumed to the
charging and stage transformation processes, respectively, and
A+ B.=s 1, If the two processes proceed individually during the
intercalation of sulfuric acid (A = 1, B = 0 during the charging
and A = 0, B = 1 during the stage transformation processes), the
stepwise increases in potential are obtained, as shown in Fig.
d=1.

As mentioned in Chapter 3, when the potential of a host
reaches at onset potential for a certain stage structure,
additional intercalation of sulfuric acid begins and the stage
structure starts to be transformed to lower stage one. In other
words, the transformation from a stage to the next can occur only
when the electrode reaches to certain potential (onset
potential). On the other hand, the charging process is
independent of potential value. In the intercalation of
Sulfuric acid, it seems to happen that a certain part of
Charging process is overlapped to the stage transformation

Process. The potential change with electric quantity during the
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galvanostatic intercalation of sulfuric acid is simulated by

varying the relative ratio of both processes, i. e., by changing
the consumption ratio of electric quantity to the charging
process,»the ratio A in Egqn. (4-2), during the stage
transformation process.

The simulation was carried out as follows;

1) A certain electric quantity, at first, was consumed for the
charging of graphite layers until the potential of host electrode
reaches a threshold value for intercalation of sulfuric acid.

2) During the stage transformation process to the stage-n
compound, a certain amount of electric quantity was consumed for
the charging of the stage-n compound.

3) After the stage-n compound was completely formed, the
potential increased up to the onset value for the further
intercalation to the stage-(n-1) compound (by the charging
process).

4) The processes 2) and 3) was repeated until the formation of
the stage—-1 compound.

5) After the formation of the stage-1 compound, potential
increased up to the saturated potential by the charging process.

The threshold and Saturated potential values obtained in
Chapter 3 were employed for the simulation. The onset potential
values for each stage structures and the electric quantity needed

for the formation of the stage-1 compounds were referred from the

Previous reports [2-9, -10].
4.3. Results

4.3.1. Potential change during intercalation of sulfuric acid

into various carbon materials by chemical oxidation

a) Flaky samples




The curves of potential against reaction time during

chemical intercalation of sulfuric acid into the samples NG400,
NG5, PV-7, PV-TA, KG and NOVAX30 are shown in Fig. 4-2. On the
potential change in the samples NG4QO of which average particle
size is 400 um, well-defined plateaux corresponding to the
transformation to the stage-3, stage-2 and stage-1 structures
from respective higher stages are observed around 0.6, 0.7 and
0.9 V, respectively. Any appreciable plateau except around 0.9
vV was not observed on the potential change of the sample NG5
which has small particle size as 5 um (Fig. 4-2(a)), although
the overall rate of potential increase is almost the same as the
case of the sample NG400.

In the case of the sample PV-7, the potential is found to
increase in stepwise (Fig. 4-2(b)). The sample PV-7A, which was
prepared by pulverizing the sample PV-7 in a mortar, does not
show a potential plateau at 0.6 V. In other words, the
potential plateau at 0.6 V in the sample PV-7 disappears by
pulverization.

BET surface area for nitrogen gas of the samples NG400, NG5,
PV-7 and PV-7A is 1.06, 18.75, 0.16 and 1.99 mz/g, respectively.
The disappearance of potential plateau by pulverizing the sample
seems to be resulted from the decrease in particle size, as
detected by the extension of surface area.

The samples KG and NOVAX30, which are the largest flake in
the flaky samples used and the graphitized carbon film (10 X 10
mmz), respectively, show stepwise increase in potential, being
similar to the case of the sample NG400 (Fig. 4-2(c)). The
sample NOVAX30 was so thin (about 11 um) and light (2 mg) that
molar ratio of oxidant to carbon could not be reduced less than

33.3, being 10 times larger than other experiments. Although

Overall rate of 1increase in potential observed on the sample
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Fig. 4-2-2 Potential changes of the flaky carbon samples
with reaction time during chemical intercalation
of sulfuric acid,

(c) KG and NOVAX3O0.

NOVAX30 1is much faster than those on the other samples, well-
defined potential plateaux could be observed, as shown by an
enlarged figure.

All of the samples in Flaky-group were transformed to the
stage-1 compounds at the saturated potential, which had identity
Period along the c-axis, I,, of 0.80 nm. After the
intercalation, color of these samples changed from black to blue,

but any visible crack was not generated on the surface of these

Samples.




p) Fiber samples

The potential changes with reaction time during the chemical
oxidation of the fiber samples KOA-R, OVCF30 and NVCF30 are shown
in Fig. 4-3.

For the fiber sample KOA-R, having radial texture with open
wedge, and the samples OVCF30 and NVCF30, having concentric
texture (annual-ring texture), the potential increases with
oxidation more rapidly than for the samples in the Flaky-group,
and any potential plateau is not observed up to the saturated
potential value of 1.1 V (Fig. 4-3(a)). In the fiber NVCF30, a
"over-shot" phenomenon is observed; once the potential increases
beyond the saturated potential and then decreases to around 1.0
V. After oxidized for 80 hours, the all samples could be
transformed to the stage-1 compounds, which had I. = 0.80 nm.

After the stage-1 compounds synthesized from the samples
KOA-R, OVCF30 and NG400 were electrochemically reduced, as will
be discussed in the next chapter, sulfuric acid was intercalated
again into the samples. The potential changes during the
intercalation into the samples NG400 and KOA-R in second time
were almost the same as those in the first time. 1In the case of
the sample OVCF30, however, the potential plateau corresponding
to the transformation from stage-2 to -1 structures became clear
during the second intercalation, as shown in Fig. 4-3(b).

The SEM micrographs of the fibers KOA-R, OVCF30 and NVCF30
after the chemical intercalation of sulfuric acid are shown in
Fig. 4-4. In the fiber KOA-R, a crack in its cross-section and
fiber fractured along the fiber axis are observed after
intercalation (Fig. 4-4(a) and (b), respectively), but its radial
texture is reserved. In the fibers OVCF30 and NVCF30, on the

Other hand, fractures along the fiber axis appear clearly on the
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Fig. 4-4 SEM micrographs of the samples KOA-R, OVCF30 and
NVCF30 after intercalation of sulfuric acid.
(a) and (b) KOA-R, (c) and (d) OVCF30,
(e) and (f) NVCF30.




fiber surface after intercalation (Fig. 4-4 (c¢), (d), (e) and

(f)), and their concentric texture looks to be destroyed. The
fracture of concentric texture and characteristic exfoliation of
a graphitized vapor—-grown carbon fiber were observed in graphite
ternary intercalation compound with potassium and
tetrahydrofurane [4-11].

The potential changes of the mesophase-pitch-based carbon
fibers in I-series with reaction time during the intercalation
are shown in Fig. 4-5. In the figures, the stage numbers
determined from X-ray powder patterns of each sample oxidized for
1, 5 and 40 hours are indicated. All fibers heat-treated at
3000°C are transformed to the stage-1 compounds (IC = 0.80 nm).
The fiber I-1-28, which has a radial texture with open wedge, is
transformed to the stage-1. For the fibers I-2-28, I-3-26 and
I1-4-26 which have negative values of magnetoresistance (Table 2-
3), however, no diffraction lines due to the intercalation
compounds are detected on their powder patterns, suggesting no
intercalation of sulfuric acid into these fibers even after the
oxidation for 40 hours.

Regardless of HTT, the potential of the fibers I-1, I-2 and
I-3 increases rapidly up to around 0.9 V and then increases
gradually. On the fibers I-1-28, I-1-30, I-2-30, and I-3-30, a
over-shot phenomenon is observed. The fiber I-4-30 having
concentric texture (onion-like texture), in contrast, does not
show any over-shot phenomenon and gives a stepwise potential
change, with two distinct plateaux at 0.6 and 0.9 V. The same
series of the fiber heat-treated at a low temperature (I-4-26)
dose not show any distinct plateau, but no over-shot phenomenon
On its potential change.

The stage numbers of 3000°C-treated fibers oxidized for 1

and 5 hours are also indicated on the potential curves in Fig. 4-
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numbers of the intercalation compounds formed.
(a) fibers heat-treated at 2600 ~2800°C,
(b) fibers heat-treated at 3000°C.
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B LD ) The intercalation of sulfuric acid into the fiber I-1-30,

which has the highest graphitization degree among the I-series
fibers (P; = 0.41), proceeds with the fastest rate; the stage-2
compound (IC = 1.14 nm) being obtained even after 1 hour reaction
and a mixture of the stage-2 and -1 structures after 5 hours.
In the other three fibers, the stage-3 (IC = 1.47 nm) and -2

compounds are observed after 1 and 5 hours, respectively.

c) Samples with different graphitization degree

The potential changes of the pyrolytic carbons heat-treated
at different temperatures (SSG-series) with reaction time during
the chemical intercalation are shown in Fig. 4-6. The stage
numbers determined with X-ray powder diffractometry are also
indicated on each curves. The enlarged potential changes in the
beginning are shown in Fig. 4-7.

On the potential changes, a faint plateau for the formation
of stage-3 compound and a distinct one corresponding to the
transformation from the stage-2 to -1 structures are observed
around 0.6 and 0.9 V, respectively. In the sample SSG25,
however, the potential plateaux are not apparent, as compared
with other samples. In Fig. 4-7, it is found out that the rate
of potential increase and threshold potential for the
intercalation of sulfuric acid depend on HTT of the samples.
For the sample SSGAS, the threshold potential is the highest, but
the potential increase is not the fastest among the series of
samples. Consequently, the potential plateau in the sample
SSGAS is observed around 0.9 V, which is lower than potential
Value for the sample SSG25. The sample SSG30 with the highest
graphitization degree among the SSG-series shows the lowest

threshold potential for the intercalation on the potential

Change.




In the PYR-series, the situation of potential change was

gimilar. The stage-1 compounds (Ic = 0.80 nm) were formed from
all samples in PyC-group after 50 hours, even from the samples
SSGAS and PYRAS which have the lowest graphitization degree among
the SSG- and PYR-series, respectively.

Potential (V vs. Hg/HgSO,)
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Fig. 4-6 Potential changes of the pyrolytic carbon samples

in SSG-series, heat-treated at different

temperatures, with reaction time during chemical

intercalation of sulfuric acid.
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Fig. 4-7 The enlarged potential changes of the SSG-series
with reaction time during chemical intercalation

of sulfuric acid in the beginning.

The potential changes of the coke samples in PC-series with
reaction time during the intercalation are shown in Fig. 4-8.
X-ray powder patterns of the samples in PC-series oxidized for 40
hours are shown in Fig. 4-9. The potential curves may be
divided into two families with respect to HTT, above and below
2400°C.

For the samples heat-treated at high temperatures (PC24,

PC27 and PC30) the potential is found to increase in stepwise
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Fig. 4-8 Potential changes of the coke samples in PC-series,
heat-treated at different temperatures, with reaction
time during chemical intercalation of sulfuric acid.

(a) cokes with high HTT’s, (b) cokes with low HTT’s.
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(Fig. 4-8(a)). The potential plateau corresponding to

transformation to the stage-1 structure in the sample PC30 is
clearly observed at 0.9 V. The onset potential for the stage-1
compounds tends to decrease with the increase in graphitization
degree.

For the samples with low HTT, on the other hand, obscure
plateaux are observed at a potential between 0.8 and 1.0 V, of
which value decreases with the decrease in HTT. It has to be
mentioned here that the potential value for the plateaux is lower
than the onset potential for stage-1 compound in the sample PC24
(Fig. 4~-8(b)).

The same behavior of the potential curves with HTT was
observed on the coke samples in GL-series.

For the samples PC18, PC20, GL18 and GL20, no diffraction
lines due to the intercalation compounds are detected on their
powder patterns, probably these hosts can not be intercalated
with sulfurlc scid. The samples with high HTT’s are
transformed to the stage-1 compounds (IC = 0.80 nm) after the
oxidation for 40 hours (Fig. 4-9).

The sample group of glass-like carbons (GC), even the one
heat-treated up to 3000°C (GC30), could not be intercalated with
sulfuric acid by chemical oxidation. However, the powder sample
GC12 which has the lowest graphitization degree among the samples
used 1is observed a potential plateau around 0.6 V for a short
time (Fig. 4-10). The potential of the block sample GC30
quickly increased up to 0.9 V, and then saturated at 1.0 V.
The carbon 1s band in X-ray photoelectron spectrum for the sample
GC30 after chemical oxidation showed a tailing toward high
binding energy. The intensity ratio of oxygen 1s to carbon 1s

bands changed from 0.127 to 0.625 with the oxidation.
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Fig. 4-10 Potential changes of the glass-like carbon
samples with reaction time during chemical

intercalation of sulfuric acid.

4.3.2. Potential change during electrochemical intercalation of
sulfuric acid by galvanostatic oxidation
The potential changes during intercalation of sulfuric acid
into the sample NG400 by galvanostatic oxidation with 0.4, 1.0
and 2.0 mA are shown in Fig. 4-11. On the curves of potential
against electric quantity (Fig. 4-11(a)), the potential increase

in the charging process becomes steep and the slope on the stage
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(a) potential versus electric quantity,

(b) potential versus reaction time.

(1 mAh = 3.6 C)
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transformation process becomes apparent with the increase in

current value; 1n particular, the plateau around 0.6 V
corresponding to the formation of the stage-3 from higher stage
structures almost disappears in the case of 2.0 mA. The onset
potential for the stage-1 compound increases with the increase in
current. The increment in the onset potential for the stage-1
structure is almost the same one in the saturated potential for
overcharging, probably due to overvoltage with the increase in
current value. If the potential of the sample NG400 electrode
was plotted against reaction time, the potential increased
rapidly and the plateau became obscure with the increase in
current value. Thus, the effect of current value on the
intercalation of sulfuric acid clearly appears on the curve of
potential versus reaction time.

The curves of potential versus electric quantity during the
intercalation into the samples NG400, KOA-R and OVCF30 by
galvanostatic oxidation with 0.4 mA are compared in Fig. 4-12.
The overall rate of potential increase in the samples KOA-R and
OVCF30 1s almost the same as the case of the sample NG400,
although the fiber samples show rapid increase in potential
during the chemical intercalation (Fig. 4-3(a)). For the fiber
samples, the potential plateau at about 0.9 V, corresponding to
the transformation from stage-2 to -1 structure, is also detected

on the potential vs. electric quantity curves.

4.3.3. Simulated potential curves

The changes of potential with electric quantity obtained by
the simulation are summarized in Fig. 4-13. The curve simulated
by assuming completely independent charging and stage
transformation processes (Fig. 4-13(a)) is exactly the same as

the idealized curves reported in the previous paper [4-8] shown
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Fig. 4-12 Potential changes of the samples NG400, KOA-R
and OVCF30 during galvanostatic intercalation of
sulfuric acid with 0.4 mA. CIE WA = 3.6 T

in Fig. 4-1. With the increase in consumption ratio A of
electric quantity to the charging process, (see Egn. (4-2)), the
potential plateau corresponding to the stage transformation
Process becomes obscure (Fig. 4-13(b) and (c)). For the ratio A
above 0.8, plateau is difficult to be recognized, and the
Potential increases quickly until the saturated potential (Fig.
4-13(d), (e) and (f)).

During transformation from stage-n to -(n-1) structures,
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where two structures (stage-n and -(n-1)) coexist, the volume

fraction of stage-(n-1) structure in the compound increases with
the additional intercalation of sulfuric acid, so that the
rearrangement of intercalates in the gallery of graphite seems
to become difficult. It is reasonably assumed that the
consumption ratio A to the charging process gradually increases
with proceeding of the each stage transformation process. In
practice, the curve simulated by assuming that the consumption
ratio increases from A = 0 at the beginning to A = 1 at the end
of the each transformation (Fig. 4-13(g)) is similar to the
curves observed by galvanostatic intercalation into the sample

NG400 (Fig. 4-11(a)).

4.4. Discussion
4.4.1. Effect of host material on intercalation of sulfuric acid
Overall intercalation reaction of sulfuric acid into
graphite can be divided into two processes; charging of graphite
layers and transformation of stage structure in the gallery of
graphite. The charging and stage transformation processes are
differentiated as the increase and plateau of potential during
intercalation of sulfuric acid, respectively, as already
mentioned in Chapter 3. The potential change during the
intercalation of sulfuric acid could be simulated by varying the
reaction rates between the charging and stage transformation
processes. The effect of host material, such as its particle
size, texture and degree of graphitization, on intercalation
behavior is discussed by taking into account of these two

processes.

a) Effect of particle size

The charging of graphite layers reasonably supposed to
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proceed preferentially at the edge of graphitic layers,

particularly in the case of chemical oxidation. Thus', the
charging process 1s reasonably supposed to depend on the edge
surface area. On the other hand, the transformation from high
to low stage structures in the gallery of graphite is associated
with the intercalation of additional sulfuric acid and also with
rearrangement of guests. Therefore, it is reasonably expected
that the stage transformation process depends on particle size or
crystallite size of graphitic structure.

The potential changes during intercalation into the Flaky-
group samples (NG400, KG, and NOVAX30) and powder sample PV-7,
which relatively 1large particle size, showed well-defined
plateaux corresponding to the stage transformations. Since
these flaky samples have high degree of graphitization and large
flake or particle size (i. e., small edge surface area), it is
reasonable that charging process 1is slow, and so well-defined
stepwise potential increases are observed. For the samples NG5
and PV-7A with a large surface area, on the other hand, the
charging and stage transformation processes would not be
distinguished on the potential changes, probably because of both
processes proceed quickly. The disappearance of the potential
plateau was shown by simulation when the electric quantity of
only 20 % was consumed to the charging process during stage
transformation process (Fig. 4-13(c)). Therefore, relative rate
0f the charging process seems to be sensitive for the potential

change during intercalation of sulfuric acid.

b) Effect of texture

The samples PV-7 and OVCF30 have equal values of
graphitization degree, Py, which are 0.81 and 0.80, respectively.

The comparison between the potential changes of these samples
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shows the effect of texture of host materials on intercalation

pehavior clearly, Dbecause the fiber OVCF30 has characteristic
concentric texture, but the sample PV-7 is powder.

The mesophase-pitch-based carbon fibers KOA-R, I-1, I-2 have
radial textures in their cross-section. The texture of the
fibers I-3 is classified as doubly-textured, because of a little
difference between the edge and center regions, as already shown
in Chapter 2, but the fundamental arrangement of layers in the
cross—-section is radial in micrometric scale. In the fibers
having radial texture, therefore, the edge surface of graphite
layers, where charging process easily proceeds, are reasonably
supposed to be exposed to the sulfuric acid solution with oxidant
in high possibility, being higher than in the fibers I-4 and also
VGCF-group with concentric texture. This is the reason why the
potential increases so rapidly, and probably as a consequence, no
plateaux corresponding to stage transformations are observed in
these fibers with radial texture (Figs. 4-3 and -5). The
charging process in the fiber I1-4-30 was relatively slow probably
because of its concentric texture, so that potential plateaux
corresponding to the transformation to the stage-3 and stage-1
compounds were observed around 0.6 and 0.9 V, respectively (Fig.
4-5(b) ).

On the simulation curve in which the consumption ratio to
the charging process is larger than that to stage transformation
process (A > 0.5), the potential plateau also disappeared (Fig.
4-13(e) and (f)). The disappearance of potential plateau by
rapid charging process can be supported from the simulation.
Even though no potential plateaux were observed, the
transformation of stage structure was proved by X-ray powder
Patterns on the I-series fibers, as shown in Fig. 4-5(b).

During intercalation, host material must be expanded along

108




the c-axis; in the case of sulfuric acid, from 0.3354 nm for

graphite to 0.80 nm (about 2.4 times). If the stage-1 compound
is formed from the fiber sample OVCF30 having concentric texture
(annual—rihg texture) and average diameter of 10 um, the most
outer carbon layer plane of the fiber have to be about 75 wum
(& 2L42XK L 30X . )

Average values of Young’s modulus and tensile strength of
the fiber OVCF30 are 220 and 2 GPa, respectively [4-12]. Thus,
the fiber OVCF30 has so high modulus that its concentric carbon
layers may not be stretched by expansion along the c-axis
accompanied with intercalation. Therefore, the rapid potential
increase in the fiber sample OVCF30 seems to be interpreted by
the fact that the intercalation of sulfuric acid is very much
limited because of the constraint by its annual-ring texture.

Fujii [4-9] was found out that intercalation reaction of
sulfuric acid by galvanostatic oxidation could not proceed under
the compression from 1 to 10 GPa. The strength of the carbon
layers has almost the same order as pressure that the
intercalation reaction is prevented, although stress directions
on the both cases are different. In order to proceed the
intercalation, this annual-ring texture must be fractured.
Actually, such a fracture was observed on the fibers OVCF30 and
NVCF30 along the fiber axis after intercalation, as shown in Fig.
4-4(c) (d) (e) and (f). As a consequence of the fracture, the
constraint for intercalation into the sample OVCF30 could be
partially removed, and the potential plateau corresponding to
stage transformation appeared on potential change during the
intercalation in second time (Fig. 4-3(b)).

In the case of the fiber NVCF30, the effect of fracture of
concentric texture was not observed apparently on potential

change during the chemical intercalation, probably because it was
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so thin.

However, a remarkable effect of the repetition of

intercalation and de-intercalation was observed with cyclic

voltammetry with a very slow scanning rate

(5 mV/min);

peak due to the intercalation of sulfuric acid increased with the

increase in the cycle number and onset potential of the

peak
shifted toward low value by repetition of cycle (Fig. 4-14).
15 &
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Fig. 4-14 Cyclic voltamograms of the sample NVCF30 in HZSO4 of

18 mol/dms. Scanning rate of 5 mV/min.
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For the fiber KOA-R having radial texture with open wedge,

although fracture along the fiber axis was observed after
intercalation (Fig. 4-4 (a) and (b)), radial texture was
fundamentally reserved. As the result, the potential behavior
during the intercalation dose not change by repetition of
reaction. On the other hand, the samples in Flaky-group seems
to be easy for the expansion along the c-axis accompanied by

intercalation, because any visible crack was not observed after

intercalation.

c) Effect of degree of graphitization

In Fig. 4-7, it was pointed out that the threshold potential
for the intercalation of sulfuric acid decreased with the
increase in graphitization degree, P,, of pyrolytic carbons.

In Fig. 4-15, the threshold potential values are plotted
against Pl—value on the samples which were allowed to form the
stage—1 compound. The relation is approximated by a straight
line, except for the samples PC22, GL22, SSGAS and PYRAS. The
flaky samples NG400 and KG, which are assumed to have Pl—value of
1.0, showed the threshold potential of 0.35 V.

According to Harrabh, et al. [4-13], threshold potential
for the intercalation of sulfuric acid was interpreted by a
balance between the interfacial tension between -host graphite
electrode and sulfuric acid, which is as a function of potential,
and the work per unit surface area of the host, which is needed
for separating carbon layer planes by intercalation of sulfuric
acid [4-14]. In other words, when potential of host reaches the
threshold value, the interfacial tension corresponds to the work
for the separation of carbon layer planes. It 1is reasonably
supposed that the interfacial tension and the work separation of

carbon layer planes in host carbon material depends strongly on
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of sulfuric acid and graphitization degree, Py, on
the host samples.

the graphitization degree. The electrical double layer
capacitance in between carbon electrode and sulfuric acid tends
to increase with the increase in graphitization degree [4-15].
The interfacial tension, which is estimated by twice integral of
the double layer capacitance against potential, also seems to
increase with the increase in graphitization degree, even at the
Same potential value. Therefore, the present result that the
threshold potential for the intercalation of sulfuric acid
decreases with the increase in graphitization degree, as shown in

Fig. 4-15, is qualitatively interpreted by the dependence of
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interfacial tension on graphitization degree, although a

dependence of the work for the separation of carbon layer planes
on graphitization degree is not understood yet.

The samples showed low threshold potential, for instance the
samples with large particle size in Flaky-group (Fig. 4-2), gave
not only low onset potential, but also a distinct potential
plateau corresponding to the transformation of stage structure.
The formation of stage structure (staging) in graphite
intercalation compounds has been interpreted by coulomb repulsion
force between 1ionized 1intercalates (electrostatic interaction
model)[4-16, -17] and by relaxation of elastic strain on carbon
layers, being introduced during intercalation (elastic
interaction model)[4-18].

In relation with the electrostatic interaction, since the
charge created on the carbon layers by intercalation has to move
on the layers during the stage transformation, it 1is reasonable
that the stage transformation depends on the motion of electric
carrier on the carbon layers, i. e., mobility of carrier in host
carbon: The mobility increases with the increase 1in
graphitization degree, as already shown in Chapter 2 (Fig. 2-10).

Sakai, et al. [4-19] was found out that the graphitized
carbons showed remarkable quasi-plastic deformation, but the
non-graphitized carbons an elastic behavior during indentation
test. Relating with elastic interaction, this result suggests
that it is easy for host carbons with high graphitization
degree to relax elastic strain on the carbon layers associated
with the intercalation by plastic deformation, i. e., gliding
Process of carbon layers.

Due to high mobility of carrier on the carbon layers and
also to easy relaxation of strain, therefore, the host with high

graphitization degree is easily intercalated with sulfuric acid
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and the intercalates are easily rearranged in the gallery of

graphite. As a results of easy intercalation, low onset
potentials and apparent plateaux corresponding to stage
transformations are observed on the potential change.

During the chemical oxidation of the samples PC18, PC20 and
gcl2 (Figs. 4-9 and -11), the obscure potential plateau was
observed, in despite of these samples could not be intercalated
with sulfuric acid. Since such samples with a 1low
graphitization degree show a large electrical resistivity
(Chapter 2), it is reasonably supposed that the oxidation with
nitric acid is localized at the surface of samples.

By electrochemical oxidation of a carbon material in
sulfuric acid solution, it has been known that oxides is formed
on its surface [2-20, -21]. In the present result, it was shown
for the sample GC30, which was not intercalated with sulfuric
acid, that the relative intensity of oxygen 1s peak to carbon 1s
one with XPS 1increased after the chemical oxidation with nitric
acid, probably due to the formation of oxide on the surface.

The obscure potential plateau observed at around 0.9 V in
the samples PC18, PC20 and GCl1l2 seems to be based on the
formation of the oxides on the these surfaces. The
intercalation into the samples SSGAS and PC22 seems to occur
together with the oxidation of their surface during the chemical
oxidation, because these samples showed rather low threshold
potentials than the value expected from the linear relation in

Fig. 4-15.

4.4.2. Effect of reaction rate on intercalation behavior
In the case of intercalation of sulfuric acid by
galvanostatic oxidation, the reaction rate is controlled by the

Current value, which 1is one of the merits for the study on
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formation of HZSO4—GICS by electrochemical method. However,

the effect of reaction rate (current value) on the potential
change 1s remarkably observed on the curve of potential versus
reaction time rather than that of potential versus. electric
quantity, as shown in Fig. 4-11(b).

In the chemical intercalation by nitric acid oxidation, on
the other hand, the reaction rate is not constant for the
oxidation and its absolute value can not be known. However, it
was shown in Figs. 3-2 and also in 4-2(c) that the reaction rate
in the chemical intercalation depends on the amount of oxidant;
the overall rate of the potential changes and the time reached
the saturated potential increase with the increase in amount of
oxidant added. As discussed in the previous section, the
fiber samples KOA-R and OVCF30 showed quick increase in potential
(Fig. 4-3), due to their radial and concentric textures,
respectively. In the case of the galvanostatic intercalation
into these fibers and the sample NG400 (Fig. 4-12), obvious
difference in overall rate of their potential changes was not
observed.. Therefore, not only the amount of oxidant, but also
structure and texture of the host material give certain influence

on the reaction rate in the case of the chemical intercalation.

4.4.3. Criterion for intercalation reaction on host material

For acceptor-type intercalates, for instance sulfuric acid,
bromine and metal halides, rather limited host materials such as
natural graphite and pyrolytic carbons heat-treated at high
temperatures have been used. Only a few works on the
electrochemical intercalation of sulfuric acid [4-5, -6] were
Performed by using the host with a wide range of structure, but
there was no discussion on the criterion of host structures. In

the present work, a number of carbon materials were employed as
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host for intercalation of sulfuric acid. Fig. 4-15 shows that

intercalation of sulfuric acid into host with lower
graphitization degree became difficult, and sulfuric acid can not
intercalate into carbons with the P,-value lower than O0.1.
There must be a criterion for intercalation reaction of sulfuric
acid on graphitization degree of host carbon material. Here,
therefore, the structural and electronic criteria for
intercalation of sulfuric acid are discussed on the basis of
structural characteristic described in Chapter 2 and
intercalation behavior studied in this chapter.

In Fig. 4-16, the plot of crystallite size along the c-axis,
LC(OOZ), against the degree of graphitization, Py, is reproduced
from Fig. 2-5(b) for the part of P; < 0.86. In this figure, the
samples which are intercalated with sulfuric acid are indicated
as open marks and those not intercalated as solid ones with the
sample codes. It is clearly shown that the samples with
L,(002)-value less than 20 nm are not intercalated with sulfuric
acid. This result points out that an enough thickness of carbon
layers (above 20 nm) needs for intercalation of sulfuric acid.

The simple models of band structure for turbostratic and
graphitic carbons (simple two band model [4-22]) are
schematically shown in Fig. 4-17. The conduction and valence
bands are separated in turbostratic carbons (Fig. 4-17(a)), but
overlapped in graphitic carbons (Fig. 4-17(b)). Since Fermi
level in the turbostratic carbon places at the upper part of the
valence band, its conduction is governed by holes. On the other
hand, in the graphitic carbons, Fermi level places at the middle
0f the overlapped regions of the two bands, and the carriers are
electrons and holes. In most graphite intercalation compounds,
except graphite fluoride with covalent bonding, certain amount of

Charge transfer occurs between intercalate (guest) and host
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graphite. They are classified into donor-type (electrons are

given from guest to host) and acceptor-type compounds (electron
from host to guest). Thus, in the case of HZSO4—GIC (acceptor-
type), electrons must be transferred from host to sulfuric acid.
The graphitic carbon has electrons which are able to donate to
sulfuric acid. However, the turbostratic carbon has no
electrons. Therefore, the criterion for the intercalation of
sulfuric acid on host carbon material must be defined by

electronic structure of the host.
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Fig. 4-17 Band structures for carbon materials (simple two
band model [4-22]).
(a) turbostratic carbon, (b) graphitic carbon.

(nht: hole, e : electron)
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In Fig. 4-18, the relation of (Ap/p)

max at 77 K vs. P, is
reproduced from Fig. 2-6(a) for P, < 0.6 and again the
intercalated samples are differentiated by open marks from those
not intercalated marked by solid. Some of the samples having

-value, which means

pl—value below 0.3 showed negative (AF/P)max

that a major structure is turbostratic, are not intercalated, but

others are done. All samples having positive (AP/P) -value,

max
which means that a major part is graphitic, could be
intercalated with sulfuric acid. Therefore, the (AF/F)max_value
does not 1look 1like to be a criterion of the host for the
intercalation of sulfuric acid, though it is determined from the
band structure of the host.

Here, it is worthy to note that, at room temperature, the

sample SSGAS has a positive (AP/P) -value, as shown by dashed

max
line in Fig. 4-18. It suggests that the band structure of this
sample is more or less similar to that illustrated in Fig. 4-
17(b) at room temperature, due to thermal excitation of electrons
to the conduction band. Unfortunately, the room temperature
values of (AP/P)max for other samples were not reported in the
literatures. Further studies on the intercalation behavior in
relation with the magnetoresistance of the hosts will be fruitful

for the determination of the electronic criterion for the

intercalation.

4.5. Summary

The present results lead to the following three important
points.

1) The intercalation behavior of sulfuric acid by chemical
Oxidation depends strongly on structure, texture and particle
Size of host carbon materials. The effect of hosts on potential

Change during the chemical intercalation could be explained on
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the basis of the competition of reaction rates between the

charging of carbon layer planes in the host and the
transformation of stage structure in the gallery of graphite.
The charging process corresponding to the increase in potential
is strongly influenced by the area of edge surface of graphitic
structure. The stage transformation process showing plateau on
the potential change easily proceeds in the host with high
graphitization degree.

2) The overall rate of intercalation of sulfuric acid by
chemical oxidation depends not only on the amount of oxidant
added, but also on the structure and texture of host carbon
material. Although absolute value of reaction rate for the
chemical intercalation was not known, relative rate could be
estimated from overall rate of the potential change with reaction
time.

3) The host must have certain degree of graphitization in
order to form graphite intercalation compounds with sulfuricu
acid. A criterion on host structure for the intercalation is to
have the crystallite thickness along the c-axis, LC(OOZ), of more
than 20 nm. Because the intercalation reaction involves charge
transfer between host and intercalate (guest), there must be a
criterion on electronic structure of host for the intercalation.
From the present results, the positive magnetoresistance

(AF/F)maX at room temperature is expected to be a criterion.
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CHAPTER 5

Electrochemical reduction of GIC with sulfuric acid synthesized
by chemical oxidation and its application to

lead-sulfuric acid battery

5.1 Introduction

Graphite intercalation compounds with sulfuric acid (HZSO4—
GICs) were applied to the production of exfoliated graphite [5-
1], to the reagent of organic reaction [5-2], and to the
precursor of graphite oxide, which have been used as positive
electrode of lithium primary battery [5-3]. The formation of
HZSO4—GICs by electrochemical oxidation and decomposition of the
GICs by electrochemical reduction, in other words, intercalation
and de-intercalation for graphite, can be considered to be charge
and discharge reactions for a secondary battery, respectively.
Fujii [5-4] attempted to apply H,S04,-GIC to a secondary battery,
in which a pyrolytic carbon heat-treated at 3000 °C was used as
positive electrode, a copper metal as negative electrode and a

suifuric acid of 12 mol/dm3

as electrolyte. It showed high
performance with an open circuit voltage of about 1.5 V, high
efficiency of electric quantities between charge and discharge
close to 100 % and long life cycle for repetition of charge-
discharge more than 6500 times.

In Chapter 3, the intercalation of sulfuric acid into
graphite by chemical oxidation was quantitatively discussed by
measuring potential. From the potential changes, the
intercalation by chemical oxidation was found to be
fundamentally the same process as the electrochemical one.

In the present chapter, electrochemical reduction of HZSO4—

GICs synthesized by chemical oxidation is followed by measuring

Potential, and compared with the one for the compounds
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synthesized by electrochemical oxidation. The effects of amount

of oxidant added and host graphite material on the
electrochemical reduction is also discussed on the basis of the
potential change. The electrochemical reduction of HZSO4—GICS

is applied to lead-sulfuric acid battery.

5.2 Experimental

Flaky natural graphite powder with average flake size of
400 pum (sample code: NG400) was mostly used as the host
material. In order to study the effect of host carbon material
on the electrochemical reduction, different carbon materials were
selected mesophase-pitch-based carbon fiber having radial texture
with open wedge (KOA-R), vapor-grown carbon fiber having
concentric texture (OVCF30), both of which were heat-treated at
3000°C and pyrolytic carbons heat-treated at different
temperatures (SSGAS, SSG25, SSG28 and SSG30).

The host material of 50 mg was held between plastic plates,
as already shown in Fig. 3-1(b), and the test cell was used the
same one as Fig. 3-1(a). A platinum plate (10 X 10 mmz) and
lead metal sheet (5 X 30 mmz) were used as counter electrode in
the cases of measurement of potential on host electrode and of
testing of battery performance, respectively.

In all experiments, sulfuric acid of 18 mol/dm3 (50 cm3) was
used as electrolyte. Nitric acid (13.8 mol/dm3) and potassium
bpermanganate (powder) were used as oxidant. After reaching the
saturated potential by chemical oxidation either with nitric acid
Or potassium permanganate, the galvanostatic reduction of HZSO4—
GICs synthesized was carried out with either 0.4 or 4.0 mA in the
Sulfuric acid solution containing oxidant. The detailed
Condition and procedure for chemical oxidation were exactly the

Same as those described in the previous chapter, except that

124




temperature in the cell was controlled at 25 °cC.

Characterization of the HZSO4—GICS formed was carried out

with X-ray powder diffractometry by preventing the decomposition

in a polyethylene bag.

5.3 Results
5.3.1. Potential change during electrochemical reduction of
H,S0,-GICs

The curves of potential versus electric quantity during
galvanostatic reduction with 0.4 mA of H,S0,-GICs synthesized
from the sample NG400 by galvanostatic oxidation and by chemical
oxidation with potassium permanganate (KMnO4/carbon = 3.3) are
shown in Fig. 5-1. On these potential changes, characteristic
potential plateaux are observed at around 0.75 and 0.45 V, which
correspond to the transformation from the stage-1 to -2
structures and the decomposition of the stage-3 compound,
respectively. The potential plateau corresponding to the
transformation from the stage-2 to -3 structures is not clearly
observed on the potential change. The electric quantity for de-
intercalation of the H,S0,4-GIC synthesized by galvanostatic
oxidation (galvano-GIC, solid line in Fig. 5-1), i. e., the
electric quantity needed for the potential decrease down to 0.2
V, which is rest potential of the original graphite electrode, is
about 80 mAh/g-carbon, smaller than the theoretical quantity for
the formation of the stage-1 H,S0,4-GIC (93 mAh/g-carbon) [5-5].

In the GIC synthesized by potassium permanganate oxidation
(manganate-GIC, dashed line in Fig. 5-1), on the other hand, the
electric quantity for de-intercalation is 130 mAh/g-carbon, which
1s much larger than that measured in the galvano-GIC and also
larger than the theoretical one.

The curve of potential versus electric quantity during
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galvanostatic reduction with 0.4 mA of Hy,S0,-GIC prepared from

the sample NG400 by nitric acid oxidation (nitric-GIC) in the
molar ratio, HNO3/carbon, of 3.3 is shown in Fig. 5-2. The
electric Quantity for de-intercalation of the nitric-GIC is
14,000 mAh/g-carbon, which corresponds to 175 times larger than
that in the galvano-GIC. It is also characteristic that the
potential plateau at around 0.8 V corresponding to the
decomposition of the stage-1 compound stays so long time up to
about 10,000 mAh/g-carbon, and shows even gradual increase 1in
potential. On the other hand, any potential plateau at around

0.45 V 1is difficult to be observed on this potential curve.

5.3.2. Repetition of nitric acid oxidation and electrochemical
reduction

After the complete decomposition of the nitric-GIC by
galvanostatic reduction with 0.4 mA (the potential decreased down
to 0.0 V), the potential of the graphite electrode began to
increase again by opening the circuit and finally reached at 1.05
V, which was almost the same value as the saturated potential by
nitric acid oxidation in the first run. The potential changes
with time during nitric oxidation and with electric quantity
during galvanostatic reduction of the sample NG400 electrode are
shown continuously in Fig. 5-3. When the potential reaches at
0.0 V by galvanostatic reduction, the the curves return to the
time "O" on the figure of potential vs. time (left-hand side in
Fig. B8-3), 1 s, start point of nitric acid oxidation. The
first reduction needs so large electric quantity that the
bPotential curve only in the beginning is shown on the figure.
The stage numbers determined with X-ray powder diffractometry in

an additional experiment are also indicated in the same figure.
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Fig. 5-3 Potential changes of NG400 during repetition of
chemical oxidation with nitric acid and galvanostatic
reduction with ‘the current of 0.4 mA. (1 mAh = 3.6 C)

At the saturated potential of 1.05 V in the second cycle,
the stage-1 compound is formed, being similar to the first cycle.
This result suggests that the second potential increase is based
on the intercalation of sulfuric acid by nitric acid oxidation.
On the second increase in potential, three potential plateaux
corresponding to the transformations to the stage-3, to the
stage-2 and to the stage-1 structures from each higher stage ones
are observed at 0.5, 0.7 and 0.85 V, respectively, which are a

little lower than those on the first increase.
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It is shown for the potential increase at third cycle that
the increase in potential becomes slow and it saturates at 0.8 V,
on which the stage-2 structure is observed on X-ray powder
pattern.

The amount of electric quantity for de-intercalation
remarkably decrease with the repetition of the cycle of nitric
acid oxidation and galvanostatic reduction; the quantities for
the first, second and third cycles are 14000, 120 and 65 mAh/g-
carbon, respectively. This decrease in the electric quantity
seems to be consequent upon the fact that potential plateau
becomes obscure with the repetition.

After galvanostatic reduction in the third cycle, the

increase in potential by opening the circuit becomes very slow

(dotted line in Fig. 5-3). So, the same amount of nitric acid
as the first cycle (HNO3/carbon = 3.3) was added into the
electrochemical system. The potential changes with time by the

oxidation and with electric quantity by the galvanostatic
reduction, after the addition of nitric acid again, are shown in
Fig. 5-4, with the stage numbers determined by X-ray powder
diffraction.

After the addition of nitric acid again, the potential of
electrode rapidly increases up to 1.05 V and the stage-1 compound
is formed. The amount of electric quantity for de-intercalation
also increases up to 900 mAh/g-carbon. However, potential
values showing the plateaux decrease down to about 0.7 and 0.3 V.
By opening the circuit after the reduction, the potential also
increases and then saturated at 0.85 V. The stage-2 compound is
formed at the saturated potential.

The potential changes with time during nitric acid oxidation
and with electric quantity during galvanostatic reduction, when

electric current value is altered from 0.4 to 4 mA, are shown in
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chemical oxidation with nitric acid and galvanostatic
reduction with the current of 0.4 mA, after adding of
nitric acid in the system used in Fig. 5-3 again
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Fig. 5-5. The amount of electric quantity for the de-
intercalation with a current of 4 mA is extremely small, down to
about 100 mAh/g-carbon, but it dose not almost decrease with the
repetition of chemical oxidation and electrochemical reduction.
As shown in Fig. 5-5, more than 20 cycles of electrochemical
discharging and chemical charging could be performed by using the

current of 4 mA.
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5-5 Potential changes of NG400 during of chemical oxidation
with nitric acid (HNOS/carbon = 3.3) and galvanostatic

reduction with the current of 4 mA. (I mAh = 8.6 C)

Such phenomenon that after the electrochemical reduction of

the nitric-GIC increased again the potential of host electrode

Wwas also observed by opening the circuit on the way during
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galvanostatic reduction.

This phenomenon was observed in the case of the nitric acid
oxidation (nitric-GIC), but not in the cases of potassium
permanganate (manganate-GIC) and galvanostatic oxidations

(galvano-GIC).

5.3.3. Effects of amount of nitric acid on electrochemical
reduction

The curves of potential versus electric quantity during
galvanostatic reduction of H,S0,-GICs, which are synthesized from
the sample NG400 by chemical oxidation with nitric acid
(HNO3/carbon = 3.3, 6.6 and 16.6), are shown in Fig. 5-6. For
comparison, the potential change during galvanostatic reduction
of the galvano-GIC is also shown in the same figure.

In the case of the galvano-GIC, the potential plateau due
to de-intercalation becomes unclear with the increase in
reduction current value from 0.4 to 4 mA. ‘As the result, the
amount of electric quantity for de-intercalation decreased from
80 to 60 mAh/g-carbon, which is smaller than that of the nitric-
GIC in the molar ratio HNOS/carbon of 3.3 (100 mAh/g-carbon).

For the nitric-GICs, on the other hand, the potential
plateau at around 0.8 V is apparently observed with increase in
the amount of nitric acid added. The potential changes during
the galvanostatic reduction of the nitric-GICs in the molar
ratios HNOB/carbon of 6.6 and 16.6 become almost constant at 0.25
and 0.45 V, respectively. The amount of electric quantity for
de-intercalation seems to increase with the increase in the
amount of nitric acid added, as shown in Fig. 5-6, although is is
not determined in the present work because of so long reduction

time more than 3 months.
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5.3.4. Effect of host material on electrochemical reduction

The potential changes during galvanostatic de-intercalation
(4 mA/50 mg-carbon) of H,S0,-GICs prepared from the fiber samples
KOA-R (radial texture with open wedge) and OVCF30 (concentric
texture) by chemical oxidation with nitric acid (HNO3/carbon -
3.3) are shown in Fig. 5-T7. For comparison, the reduction curve
of the nitric-GIC prepared from the sample NG400 is shown in the
same figure. The electric quantity for de-intercalation of the
nitric-GIC prepared from the fiber OVCF30 is about 500 mAh/g-
carbon, larger than that from the sample NG400. As already
shown in Fig. 4-2(b), after the de-intercalation of the GIC
prepared from the fiber OVCF30, the potential showed to increase
in stepwise by opening the circuit. The nitric-GIC prepared
from the fiber KOA-R, which gave a rapid increase in potential
during chemical intercalation (Fig. 4-3(a)), shows that the
largest amount of electric quantity for the de-intercalation is
needed among three host samples. In the case of the galvano—GIC~L
prepared from these samples, however, the smallest amount of
electric quantity for the de-intercalation was observed in the
fiber KOA-R.

The potential changes during galvanostatic de-intercalation
(4 mA/50 mg-carbon) of H,50,-GICs prepared from the samples in
the SSG-series by electrochemical and chemical oxidation
(HNOS/carbon = 3.3) are shown in Fig. 5-8(a) and 8(b),
respectively. In H,50,-GICs prepared by electrochemical
oxidation (Fig. 5-8(a)), the current value for the de-
intercalation is too large to observe potential plateaux
corresponding to the stage transformations. The electric
quantity for the de-intercalation is the larger for the sample
heat-treated at the higher temperature. However, it has to

Pointed out that the electric quantity for the sample SSG30 is
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5-7 Potential changes during galvanostatic reduction
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136




Potential (V vs. Hg/HgSO4)

Fig.

5-8

Electric quantity (mAh/g-carbon)
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the current of 4 mA) of H,S04-GICs prepared from the
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and (b) chemical oxidation with nitric acid
(HNOB/carbon =-353): (1 mAh = 3.6 C)
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much smaller than the theoretical value (93 mAh/g-carbon).

For the de-intercalation of the nitric-GICs, a large amount
of electric quantity is needed, much larger than the theoretical
value. For the samples SSG28 and SSG30, potential plateau
corresponding to the transformation from stage-1 to -2 structures
is apparently observed at around 0.65 V. The electric quantity
for the de-intercalation in the sample SSGAS, which has the
lowest graphitization degree, 1is the largest among the samples in
SSG-series.

The electric quantity for the de-intercalation of sulfuric
acid was found to depend on graphitization degree and texture of
host material, even in a sulfuric acid solution with the same

amount of oxidant.

5.3.5. Construction of lead-sulfuric acid battery

Based on the experimental results described above, a battery
is constructed by using graphite as positive electrode, and lead
metal as negative electrode, which is the same construction as
the lead-sulfuric acid battery. In Fig. 5-9, the discharge
curve with a current of 0.4 mA is shown on the battery
constructed by using the sample NG400 as host graphite and by
adding nitric acid into the battery system (HNO3/carbon S W
The open circuit voltage of the battery is about 1.4 V. During
discharge, well-defined plateau is observed. Even beyond the
theoretical electric quantity which needed for the formation of
the stage-1 H,S0,-GIC (93 mAh/g-carbon), voltage of the battery
keeps on 0.85 V. In the battery constructed, therefore, larger
capacity than the theoretical one can be obtained.

By discharging above the electric quantity of 3 mAh (60
mAh/g-carbon), an oscillation is observed on the discharge curve.

This oscillation behavior is not observed on the measurement of
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Fig. 5-9 Discharge curve with the current of 0.4 mA for

a battery constructed by positive electrode of
H,50,4-GIC, synthesized by chemical oxidation
with nitric acid (HNO3/carbon = 3.3), and lead
negative electrode. (1 ‘mARh = 8.6°C)
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potential change of graphite electrode (Fig. 5-2).

The voltage of battery could be also recovered to 1.4 V by
just opening the circuit. On the potential change of the
graphite electrode during discharge of the battery, the potential
plateau corresponding to the decomposition of the stage-1
structure did not stay long time, in comparison with the
potential measurement by using platinum electrode as counter

electrode (Fig. 5-2).

5.4. Discussion
5.4.1. Potential change during galvanostatic reduction

The intercalation of sulfuric acid into graphite by chemical
oxidation was found to be associated with a potential increase
due to the extraction of electron from host carbon layers, 1i. e.,
oxidation with oxidant, as already discussed in Chapter 3. At
the same time with oxidation of the host, the oxidant molecules

have to be reduced by the electron extracted from the host;

NOsT  # SHT, %267 —= BNO, & 0, (5-1)

MnO,~ + 2H' + e ——> MnOg} + H,0 . (5-2)

For electrochemical reduction of H,S0,-GICs synthesized by
chemical oxidation in sulfuric acid solution with an excess
amount of oxidant, a large mount of electric quantity was needed,
in comparison with the case of the GIC synthesized by
electrochemical oxidation. The electric quantity for de-
intercalation from the GICs synthesized by nitric acid oxidation
(nitric-GICs) decreased with the increase in electric current
Value during the galvanostatic reduction from 0.4 to 4 mA, in
Other words, the increase in reaction rate of the de-

intercalation (Fig. 5-5). With the increase in amount of nitric
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acid added, however, the electric quantity for the de-
intercalation increased (Fig. 5-6). As already discussed in
Chapter 4, relative reaction rate of the intercalation of
sulfuric acid increased with the increase in amount of oxidant.
Therefore, the present result that a large amount of electric
quantity was needed for electrochemical reduction of H,S50,-GICs
synthesized by chemical oxidation seems to be explained by the
competition between the chemical oxidation to H,S0,4-GICs in
sulfuric acid solution with the oxidant and the electrochemical
reduction of H,S504-GICs.

The fiber sample KOA-R having radial texture with open wedge
showed rapid increase in potential during the intercalation by
chemical oxidation (Fig. 4-3(a)), because of its radial texture,
as discussed in Chapter 4. The increase in potential during
the chemical intercalation into the sample KOA-R was more rapid
than those into the samples OVCF30 and NG400. In other words,
the sample KOA-R was easily oxidized. Consequently,
electrochemical de-intercalation of H,S0,4-GIC prepared from the
fiber KOA-R by chemical oxidation needed larger amount of
electric quantity than those from the samples OVCF30 and NG400
(Fig. 5-7), because a large part of de-intercalation was
compensated by the intercalation even during electrochemical
reduction.

On the potential change during galvanostatic reduction of
the nitric-GICs prepared from the samples SSG28 and SSG30, the
plateau at around 0.65 V, which corresponded to the
transformation from the stage-1 to -2 structures, was clearly
observed, though this plateau was not observed on the potential
change in the galvano-GICs. The appearance of well-defined
Plateau is due to the fact that a relative rate of de-

intercalation is lowered by chemical oxidation. A large amount
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of electric quantity was needed for electrochemical de-

intercalation of the nitric-GICs prepared from the samples SSG25
and SSGAS, because these sample showed rapid increase 1in
potential during intercalation by chemical oxidation (Fig. 4-8),
in other words, were oxidized easily.

These effects of host carbon materials on " the
electrochemical reduction of H,50,-GIC synthesized by chemical
oxidation, therefore, can support the fact that potential change
during electrochemical de-intercalation for HZSO4—GICS prepared
by chemical oxidation is explained by the competition of reaction
rates between chemical oxidation in sulfuric acid with oxidant

and electrochemical reduction of HZSO4—GICs.

5.4.2. Repetition process of nitric acid oxidation and electro-
chemical reduction

The difference in the electric quantity for the de-
intercalation of sulfuric acid between the nitric- and manganate-
GICs seems to be consequent upon ability of oxidation to host
carbon in. sulfuric acid of 18 mol/dms. Nitric acid could be
quickly oxidized host even in the same amount of addition. For
example, in the case of molar ratio of oxidant/carbon = 0.33, the
oxidation by nitric acid resulted in the formation of the stage-2
compound (Fig. 3-2), but potassium permanganate oxidation in a
high stage compound (Fig. 3-4).

Nitrous acid (HNOZ), which is product of reduction of nitric
acid (Eqn. (5-1)), in sulfuric acid solution may be re-oxidized
to nitric acid on platinum counter electrode, i. e., reverse
reaction in Eqn. (5-1). On the other hand, the reduction
reaction of permanganate ions (Eqn. (5-2)) has to be
irreversible. Since it is reasonably supposed that nitric acid

re-oxidized on platinum electrode contributes again to chemical
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oxidation of graphite, potential plateau at 0.8 V corresponding

to the transformation from the stage-1 to -2 structures during
the galvanostatic reduction with 0.4 mA at first time is extended
and a large amount of electric quantity for the de-intercalation
is needed (Fig. 5-3).

In the case where a battery was constructed by using graphite
and lead metal as positive and negative electrodes, respectively,
on the other hand, potential difference between both electrodes
was 1.4 V. It shows that the potential of lead electrode shows
more negative than that of graphite. During discharge of the

battery, the following reaction occurs on lead electrode;

2= » PbSO, + 2e . (5~3)

Pb + SO,

Nitrous acid as the reduced product is not re-oxidized on the
lead electrode. As the result, the potential plateau
corresponding to the decomposition of the stage-1 compound did
not stay long time in the discharging of the battery.

Since host graphite 1s oxidized by a small amount of nitric
agid, even if the nitric-GIC is electrochemically reduced to
graphite, the graphite is chemically oxidized when the circuit
is opened and again sulfuric acid is able to be intercalated into
the gallery of graphite, accompanying the incréase in potential.
In fact, charging by chemical oxidation and discharge by
electrochemical reduction of the nitric-GIC can be repeated
(Figs. 5-4 and -5).

The electric quantity for the de-intercalation by
galvanostatic reduction with 0.4 mA decreases with the repetition
0f nitric acid oxidation and electrochemical reduction cycles.
The lowering of electric quantity for the de-intercalation is
Probably due to evolution of nitric acid on platinum electrode to

the outside of the system. Since electrolysis time in the case
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of 4 mA is shorter than that in 0.4 mA, it is reasonably supposed

that the evolution of nitric acid on platinum electrode is a
small amount. Consequently, more than 20 cycle can be
repeated. Even though nitric acid was evolved from the
electrochemical system, by adding nitric acid into the system
again, both the potential of graphite electrode and the electric
quantity for the de-intercalation returned to be original values.
This experimental result is again consistent with the fact that
potential change during the electrochemical de-intercalation of
Hy80,4-GICs prepared by chemical oxidation was explained by the
competition of reaction rates between chemical oxidation in
sulfuric acid with oxidant and electrochemical reduction of

5.4.3. Application to lead-sulfuric acid battery

Based on the cycle of chemical oxidation of graphite and
electrochemical reduction of H,S0,-GIC, a battery could be
constructed. A well-defined plateau on the discharge curve was
observed, and larger capacity than the theoretical value was
obtained (Fig. 5-9). Above the electric quantity of 3 mAh
(60 mAh/g-carbon), an oscillation was observed on the discharge
curve. Since this oscillation behavior has never been observed
on the measurement of potential changes of graphite electrode
(for example, Fig. 5-2), it 1is reasonably supposed that this
oscillation is due to the formation of lead sulfate on lead metal
electrode (Eqn. (5-3)). In order to prevent this oscillation,
sulfuric acid as electrolyte has to be diluted. However, the
formation of H,50,4-GICs by chemical oxidation becomes difficult
with dilution of sulfuric acid, as already discussed in Chapter
3. To improve the battery performance, therefore, there is two

ways, either to get high surface area for lead negative electrode
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or to find out an oxidant which can be formed the HZSO4—GIC in a

diluted sulfuric acid.

A well-defined potential plateau during the
electrochemical de-intercalation is not be necessarily obtained
on Hy,S0,-GIC prepared from the host with high graphitization
degree, as discussed in section 5.4.1.. In order to apply this
cycle of chemical oxidation of graphite and electrochemical
reduction of HZSO4—GIC to a battery, there must be a suitable
host carbon material. Probably such host 1s susceptible to
chemical oxidation and easily intercalated or de-intercalated
with sulfuric acid.

It is worth while to note that, in the battery attempted,
any electric power dose not need to the charging process at all,
and that there is no self discharging. Therefore, the battery

seems to be is useful as urgent electric source.

9.9. Summary
When graphite intercalation compounds with sulfuric acid
synthesized by chemical oxidation were electrochemically

decomposed in sulfuric acid solution in the presence of an excess

amount of nitric acid, a large amount of electric quantity was
needed, much larger electric quantity than that expected
theoretically for the de-intercalation. This experimental

result was explained by the competition in reaction rate between
chemical oxidation of host graphite to H,S0,-GICs and
electrochemical reduction of H,S0,-GICs in sulfuric acid solution
with nitric acid. The electric quantity for de-intercalation
depended strongly on the host carbon material, because structure
and texture of the host give the influence on overall reaction
rate of intercalation by chemical oxidation.

In the case of nitric acid oxidation, even though H,S04-GICs
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was electrochemically reduced to graphite, the graphite was
chemically oxidized by opening the circuit and again sulfuric
acid was intercalated into the gallery of graphite, accompanying
the increase 1in potential. More than 20 cycles of chemical
oxidation and electrochemical reduction were performed with 4 mA
discharge current.

Based on this reaction cycle, i. e., chemical charging and
electrochemical discharging, a battery constructed by using
graphite and lead metal as positive and negative electrodes,
respectively. During discharge of the battery, a well-defined
plateau was observed and larger capacity than theoretical one was

obtained.

References

5-1 P. Schaufauetl, J. Pracet. Chem., 21, 155 (1841).

6=2 J. Bertin, H., B. Kagan, J. L. Luche.and R. Setion, J._ Am.
Chem. Soc., 99, 8113 (1974).

5-3 Ph. Touzan and R. Yazami, J. Power Source, 14, 99 (1985).

5-4 R. Fujii, Report of Gov. Ind. Res. Inst., Osaka, No.. 353,
PP 2T =80;

5-5 B. Bouayad, H. Fuzellier, M. Lelaurain, A. Metrot and
F. Rousseaux, Synth. Met., 7, 325 (1983).

146




CHAPTER 6
Exchange reaction of metal chlorides for metal hydroxides

in graphite gallery

6.1. Introduction

Flandrois, et al. [6-1, -2] used graphite intercalation
compounds with nickel chloride (NiCl,-GICs) as a starting
material for the positive electrode (cathode) of an alkaline
secondary battery and obtained a GIC with nickel hydroxide by
repetition of the charge-discharge process in alkaline medium.
The exchange reaction of nickel chloride for hydroxide was
followed by measuring paramagnetic susceptibility of nickel
during charge-discharge cycle. However, mechanism for the
exchange reaction in graphite gallery is not clear yet.

In order to synthesize the NiClz—GIC, the addition of
chlorine gas above 800 kPa and prolonged heating at a temperature
between 490 and 700°C were required [6-3]. A group of Inagaki
[6-4, -5, -6] developed a new process to synthesize the ternary
intercalation compounds of graphite with different metal
chlorides (chloride-GICs) by using a mixture of different metal
chlorides, for examples the mixtures of NiCl2 with FeCl3 and
CuCl,. In this process, chloride-GICs were obtained under mild
conditions, i. e., at low temperatures in a short time without
any intentional addition of chlorine gas. The compounds obtained
were rather stable in air and even in boiling water.

On the other hand, nickel hydroxide synthesized by exchange
reaction is electrochemically active material. Therefore, the
amount of nickel hydroxide formed from chloride can be followed
by electrochemical process, for instance measurement of
potential.

In the present chapter, the GICs with metal hydroxides
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(hydroxide-GICs) from the chloride-GICs are synthesized by

electrochemical treatment with galvanostatic oxidation and
repetition of charge-discharge cycle. For comparison, non-
electrochemical treatment of chloride-GICs is also examined.
The confirmation and mechanism for the exchange reaction of metal
chlorides for hydroxides in graphite gallery are discussed with
the measurement of potential, cyclic voltammetry, X-ray powder

diffractometry and X-ray microprobe analysis.

6.2. Experimental
6.2.1. Synthesis of chloride-GICs

Flaky natural graphite powders with average flake size of
400, 46 and 5 um (NG400, NG46 and NG5, respectively) were used
as the host materials for GICs. The mixtures of graphite powder

and metal chlorides (graphite/NiClz/FeCI3 = 30710/ and =

30/5/5, and graphite/NiClz/CuC12 = 30/10/7 in mole) were heated

up to 1209 in a glass ampoule for 2 hours under vacuum in order
to dry the mixture, and then the ampoule was sealed. The
synthesis of the chloride-GICs was carried out at a temperature
between 400 and 550°C for 3 days. The sample code, host
graphite used, molar ratio in the starting chloride mixtures and
reaction temperature are summarized in Table 6-1. NiClz—FeCl3
and NiClZ—CuCI2 systems are classified as the sample code Ni-Fe
and Ni-Cu, respectively. The chloride-GICs synthesized were
separated from unreacted metal chlorides by washing repeatedly

with 1 mol/dm3 hydrochloric acid.

6.2.2. Electrochemical treatment of chloride-GICs and charac-
terization of treated samples
The electrode and cell assembly for the electrochemical

treatment and for electrochemical characterization with cyclic
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Table 6-1 Synthesis condition for GICs with metal chlorides.

Sample Host Molar ratio Reaction
code graphite (graphite/NiClz/FeCls) temperature

Ni-Fe-1 NG400 30/10/17 550 °C
Ni-Fe-2 NG46 30/10/7 550 °C
Ni-Fe-3 NG400 30/ 5/5 400 °c

(graphite/NiClz/Cu012)

Ni-Cu-1 NG400 30/10/7 550 °C
Ni-Cu-2 NG5 30/10/17 550 °C

voltammetry is schematically shown in Fig. 6-1. The chloride-GIC
powders of 0.5 g were held in between two plastic plates
(50 X 50 mmz) with a supporting electrode of platinum wire. Many
small holes (1.5 mm in diameter) were drilled to make the GIC
contact with electrolyte. A thin filter papers was required in
order to avoid GIC powders falling through these holes. The
counter electrode was a platinum wire and a Hg/HgO electrode with
Luggin capillary as the reference. Aqueous solutions of
potassium hydroxide of 7 mol/dm3 and of potassium sulfate of 0.5
mol/dm3 were used as the electrolyte.

Galvanostatic oxidation of the chloride-GIC electrode was
carried out with 2 mA. The charge-discharge process was repeated
by constant currents of 0.2, 2 and 8 mA. The charging time was
determined from electric quantity to be oxidized all nickel ions,
which is active material for positive electrode of alkaline
secondary battery, in the chloride-GICs. The terminal discharge
potential was set at 0.2 V. The potential change during charge-

discharge cycle and discharge capacity on the GIC electrode were
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Fig. 6-1 Cell assembly.
(a) Scheme of the GICs electrode,

(b) Scheme of electrochemical cell.
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measured.

The changes of structure and composition of the GICs after
electrochemical treatment were studied with X-ray powder
diffractometry and X-ray microprobe analysis (XMA).

Besides the electrochemical treatment, the exchange reaction
of chloride for hydroxide was also attempted by non-
electrochemical treatment. The powder of chloride-GIC was
immersed into aqueous solution of potassium hydroxide of 7
mol/dm3 for 3 days without electrolysis, being stirred

magnetically.

6.3. Results
6.3.1. Structure and composition of chloride-GICs

The X-ray powder patterns for five chloride-GICs synthesized
are shown in Fig. 6-2. The stage number, chemical composition
and nickel content in these GICs are summarized in Table 6-2.
The samples Ni-Fe-1 and Ni-Fe-2 obtained from
graphite/NiClz/FeCl3 = 30/10/7 has the stage-2 structure. The

identity period along the c-axis, I was 1.283 nm. The samples

c?
Ni-Cu-1 and Ni-Cu-2 synthesized with NiClz—CuCl2 system has the
stage-1 structure with I, = 0.942 nm. In the samples Ni-Fe-2 and
Ni-Cu-2 prepared from graphite powder with small particle size,
the 002 line of graphite appears on the powder patterns, which is
produced probably by decomposition of GICs during washing with
hydrochloric acid. The sample Ni-Fe-3 is a mixture of the stage-
1 (Ic = 0.943 nm) and -2 structures (Ic = 1.279 nm). The
observed Ic—values for these ternary GICs agreed with those
reported for binary GICs with each metal chlorides.

The SEM micrographs and the distribution of each elementals

on a flake of samples Ni-Fe-1 and Ni-Cu-1 by XMA are shown in

Fig. 6-3 (a) and (b), respectively. In the sample Ni-Fe-1,
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every element, nickel, iron and chlorine, distributes

homogeneously in the flake. In the sample Ni-Cu-1, however,
heterogeneous distributions of copper and nickel are observed; a
large amount of copper at the center on the flake and nickel at
the edge. This heterogeneous distribution of metals in NiCl,-
CuCl, system was explained by difference in reactivity of both

metal chlorides with graphite [6-6].

Table 6-2 Characterization of GICs with metal chlorides

synthesized.

Chemical composition

Sample Stage CX(NiCIZ)y(FeCl3)Z Nickel content
code number X ¥ 7
Ni-Fe-1 2 11 .8 0.43 0.59 8.6 wt.%
Ni-Fe-2 2+QG 14.5 0.49 .54 8.4 wt.%
Ni-Fe-2 1+2 6.5 0.32 0.68 8.0 wt.%
Cx(NiCIZ)y(CuClZ)z
X y Z
Ni-Cu-1 0 § .4 0,61 0.39 17T.3 wt. %
Ni-Cu-2 1+G 22.4 0. 57 0.43 8.5 wt.%

6.3.2. Electrochemical treatment of chloride-GICs

a) Galvanostatic oxidation

X-ray powder patterns for the samples Ni-Fe-1, Ni-Fe-3 and
Ni-Cu-1 after galvanostatic oxidation with 2 mA for 80 hours in
KOH solution of 7 mol/dm3 are shown in Fig. 6-4. The patterns of
the samples Ni-Fe-1 and Ni-Cu-1 after galvanostatic oxidation

(Fig. 6-4a and c, respectively) are almost the same as those of
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Fig. 6-3 SEM micrographs and distribution of elements in the
flake of the original GICs.
(a) Ni-Fe-1, (b) Ni-Cu-1.
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6-4 X-ray powder patterns of GICs after galvanostatic
oxidation in KOH solution of 7 mol/dm3.

a: Ni-Fe-1, b: Ni-Fe-3, c: Ni-Cu-1.
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the original chloride-GICs, except the appearance of the 002
line of graphite, which is produced probably by partial
decomposition of the chloride-GICs during galvanostatic
oxidation, and the slight broadening of each diffraction lines.
The intercalated structure of the compounds was retained in major
part of the samples after galvanostatic oxidation. The Lo
values of the samples Ni-Fe-1 and Ni-Cu-1 after galvanostatic
oxidation are 1.283 and 0.944 nm, respectively. The original
sample Ni-Fe-3 1s a mixture of the stage-1 and -2 structures,
but the stage-1 structure disappears during galvanostatic
oxidation (Fig. 6-4b). All diffraction lines observed are
indexed by using I, = 1.280 nm, which is almost the same as
that of the stage-2 structure of chloride-GICs.

The energy spectra from XMA for a flake of these original
chloride-GICs and oxidized GICs are shown in Fig. 6-5. The
original samples show extremely strong Cl Ka line together with
Ni Kaa and Fe Kax or Cu Ka lines. On the other hand, the
compounds after galvanostatic oxidation have a very weak
Cl Kaa line, but only small changes in the Ni Ka , Fe Ka and
Cu Ko 1lines are observed. In the electrolyte used for the
galvanostatic oxidation, a large amount of chlorine ions was
detected by AgNO4 titration.

The elemental data on the sample Ni-Fe-1 after galvanostatic
oxidation and non-electrochemical treatment are summarized in
Table 6-3. By galvanostatic oxidation in KOH solution, a
decrease in chlorine content was observed, more remarkable with
the increase in treatment time, although the sample treated non-
electrochemically had almost the same elemental composition as
the original. The chlorine content in the GIC by galvanostatic
oxidation in K,504 solution, which is neutral medium, decreases a

l1ittle.
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Table 6-3 Chemical composition for the GICs after different

treatments.
Treatment process Composition [at.%]
Cl Fe Ni
Original sample Ni-Fe-1 80.51 10.84 8.65
for '10 h 60.88 22:311 I7 .01
Galvanostatic oxidation
by 2 mA in 7 mol/dm® KOH | for 40 h 48.87 29.37 21.76
for 80 h 26.89 42 .65 30.46
Galvanostatic oxidation by 2mA
in 0.5 mol/dm3 KZSO4 for 80 h 76 .55 13.18 10,27
Immersion into 7 mol/dm3
KOH for 3 days 80.51 11.08 81

In Fig. 6-6, the distributions of nickel and iron in a flake
of the sample Ni-Fe-1 after galvanostatic oxidation measured by
line analysis are almost the same as those before (Fig. 6-3 (a)).
The chlorine content is found to decrease extremely at edge part
and also at some defects of the flake.

The cyclic voltammograms on the samples Ni-Fe-1 and Ni-Cu-1
after galvanostatic oxidation in KOH solution of 7 mol/dm3 are
shown in Fig. 6-7. For the sample Ni-Fe-1, three cathodic peaks
at the potential values of 0.4, -0.05 and -0.9 V, except one due
to hydrogen evolution above -1.0 V, appear on the voltammogram.
Reversible anodic peaks, i. e., redox couple peaks are found at
0.4 and -0.9 V (Fig. 6-7a). Two redox couple peaks at 0.4 and

-0.45 V are observed on cyclic voltammogram in the oxidized
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sample Ni-Cu-1 (Fig. 6-7b). The redox couple peaks have never

been observed in the voltammograms of the original compounds.
The cyclic voltammograms on Ni(OH)z, Fe(OH)3 and Cu(OH)z are also
shown in the same figure. From comparison with these
voltammograms, the redox couple peaks at around 0.4 V can be
attributed to the redox reaction of Ni(OH)z (Eqn. (6-1)), the one
at around -0.9 V to that of Fe(OH)3 (Egqn. (6-2)) and the one at
around -0.45 V to that of Cu(OH)2 (Egqn. (6-3)). According to
Falk [6-7], the broad cathodic peak at around -0.05 V is due to

the reduction of oxygen adsorbed on the surface of the electrode

materials.
Ni(OH), + OH 5y - NiOOH + Hy,0 + e (6-1)
Fe(OH), + OH~ < X Fe(OH); + e~ (6-2)
Cu,0 + 20H  + Hy0 RSN 2Cu(OH), + 2e” (6-3)

b) Repetition of charge-discharge cvcle

The charge-discharge curves at the 1st, 5th and 20th cycles

of the sample Ni-Fe-3 are shown in Fig. 6-8. On the charge
curve in the 1st cycle, "over-shot" phenomenon 1is observed at
around 0.5 V. The discharge curve shows a plateau at 0.4 V,

which 1is exactly the same as the cathodic peak of Ni(OH)2 on
cyclic voltammograms (Fig. 6-7). From the comparison among the
discharge curves for 1lst, 5th and 20th cycles, the discharge
capacity is supposed to increase with the increase in the number
of charge-discharge cycle.

The change of capacity of the samples used are plotted as a
function of the cycle number in Fig. 6-9. The capacity on each
sample electrode increases linearly at the beginning of cycles,

but around 20th cycle it starts to saturate at specific value.

161




Potential (V vs. Hg/HgO)

2°
---——-—---”7
e
S .

punn @
—_—

0.0 1.0 2.0
0.0

Electric quantity (mAh/g)

Fig. 6-8 Charge-discharge curves of the electrode of
the sample Ni-Fe-3.

S OALLABL . s e ¢ SEh,
——+—— : 20th cycles.

162

1.0




Capacity (mAh/g)

1 | I

PV AVAW S AxA 1A VAVAVATESS S vAvAyAvAvArAYA
AYA '
“

40 AN Ni-Cu-1 _

Ni-Fe-3

60 80

Number of cycle

Fig. 6-9 Curves of capacity for the plateau at 0.4 V on

discharge curve against number of charge-discharge

cycles.
OrasNi—Fe=1; ® : Ni-Fe-2, s Ni=-Fe-3,
Lot 2N~ Cu-=1, A Ni-Cu-=2.

(1 mAh = 3.6 C)

163




The saturated capacities of each samples Ni-Fe-1, Ni-Fe-2, Ni-Fe-

3, Ni-Cu-1 and Ni-Cu-2 are 22.0, 27.0, 9.0, 45.0 and 29.0 mAh/g,
respectively. The increasing behavior and the saturated value of
capacity are found to depend strongly on the composition and
structure of the original chloride-GICs. The sample Ni-Cu-1,
containing the largest amount of nickel (17.3 wt.%) in the
original chloride-GICs, shows the highest capacity. In the
sample Ni-Cu-2 which are prepared from the host graphite with the
smallest particle size, a decrease of capacity is observed after
30th cycle, and then almost no capacity is detected after 70th
cycle.

X-ray powder patterns of the sample Ni-Fe-3 after different
cycles of the charge-discharge process are shown in Fig. 6-10.
Most of the stage-1 structure in the original sample disappears
after the first cycle (Fig. 6-10a). During the decomposition of
the stage-1 to stage-2 structure, iron ions have to be released
into the electrolyte. They were actually identified by
ultraviolet spectroscopy in the electrolyte used for the first
cycle. By repetition of the charge-discharge cycle, it is
observed that the diffraction lines of the stage-2 structure are
broadened, particularly those with high indices as 008. The
broadening of the diffraction lines is probably due to the
introduction of some stacking disorder in the stage structure.
After 50th cycle of charge-discharge, a remarkable decrease of
the Cl Ka 1line was observed on the XMA energy spectrum and
chlorine ions were detected in the electrolyte.

The possible number of charge-discharge repetitions of the
sample Ni-Fe-3 electrode was more than 300 cycles. Above 200
cycles, however, a slight decrease in capacity was observed,
which seemed to be due to partial decomposition of the GICs to

graphite, as detected by the appearance of 002 line of graphite
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d: after 200th cycle.
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in Fig. 6-10d.

The change of capacity of the sample Ni-Fe-1 with the
repetition, which is charged by different current values (0.2, 2
and 8 mA), is shown in Fig. 6-11. The electric quantity consumed
in the charging was constant (4 mAh), and the discharging was
carried out by a constant current of 2 mA. The increase of
capacity depends on the charging current value; the rate of
capacity increase is the fastest when the electrode is charged by

0.2 mA, which needs the longest electrolysis time.

6.4. Discussion

The present results of X-ray microprobe analysis suggest
that the chlorine content in the chloride-GICs decreases during
electrochemical treatment by galvanostatic oxidation in alkaline
medium, but not at all in neutral medium. The structure of
intercalation compounds after galvanostatic oxidation, however,
was kept almost the same as the original. Thus, nickel, iron and
copper ions are reasonably supposed to be retained in between
carbon layer planes. From electrochemical behavior with cyclic
voltammetry, these metal ions seem to form hydroxides.
Therefore, the metal chlorides intercalated into graphite are
converted into hydroxides by galvanostatic oxidation in alkaline
medium. In other words, metal chlorides are exchanged for the
corresponding metal hydroxides in the gallery of graphite.

Montmorillonite intercalated with nickel hydroxide could be
synthesized by titrating a sodium hydroxide solution into a
suspension of montmorillonite particles intercalated with nickel
ion [6-8]. Mechanism for the formation of montmorillonite
intercalation compounds with nickel hydroxide during titration of
the alkaline solution was investigated with potentiometry [6-9]

and X-ray powder diffractometry [6-10]. However, the hydroxide-
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GICs could not be synthesized by non-electrochemical treatment of
the corresponding chloride-GICs, and was only possible to be
obtained by galvanostatic oxidation in alkaline medium.

In the repetition of charge-discharge cycle, the charging of
chloride-GICs, which is the same process as the galvanostatic
oxidation, consists of two reactions; an exchange reaction of
chlorides for hydroxides (Eqn. (6-4)) and an oxidation reaction
of exchanged product Ni(OH)2 to nickel oxyhydroxide, NiOOH,
(reaction from left to light in Eqn. (6-1)). On the other hand,
discharging corresponds only to reduction of NiOOH to Ni(OH)z
(reaction from right to left in Eqn. (6-1)). As shown in Figs.
6-8 and -9, since the electric quantity for the discharging,
i. e. discharge capacity, increases with repetition of charge-
discharge cycle, the exchange reaction (Eqn. (6-4)) in the
charging seems to be a rate-determining step during charge-
discharge process. Therefore, it is reasonably supposed that the
amount of nickel hydroxide formed from chloride can be followed

by measuring electrical quantity during the discharge.

NiClz o | e Ni(OH)z -2l o L (6-4)

In the case of the charging with small current density for
long electrolysis time, a large capacity was obtained in the
beginning of cycles (Fig. 6-11). 1In other words, the amount of
nickel hydroxide formed from chloride depended on electrolysis
time, even under a constant electric quantity. This fact dose
not obey Faraday’s law. Although electrochemical oxidation of
chloride-GICs in alkaline solution is found to be essential for
the synthesis of hydroxide-GICs, the exchange reaction (Eqn. (6-
4)) itself is not an electrochemical one. During electrochemical

oxidation, oxygen gas is evolved (Egn. (6-5));
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40H™ —> 0, + H,0 + 4e” . (6-5)

With oxygen evolution in alkaline solution, water (Hzo) is
reasonably supposed to be produced on the surface of the GIC
electrode. It was observed by XANES and EXAFS that the metal
chloride in the chloride-GICs was formed MClg octahedra in the
graphite gallery [6-11]. For GIC with iron chloride in air, it
was reported that water diffused into the graphite gallery and
partial exchange of ligand in FeClg octahedra took place

according to following scheme [6-12];
[FeClg]l®™ + 4H,0 ——> [FeCl,(OH,),]* + 4cCl”. (6-6)

This [FeClz(0H2)4]+ octahedron in the GIC was detected by
Moessbauer spectrum [6-12]. In order to form iron hydroxide,
further exchange of ligand and also elimination of hydrochloric
acid from the octahedron seem to be needed.

During oxygen evolution in alkaline solution, water produced
on the surface of chloride-GIC electrode seems to diffuse from
the edge of the flakes into the graphite gallery and to exchange
ligands of MCl6 octahedra. The charging with small current
density for long time is advantageous for the formation of
[MClz(OH2)4]+ octahedra, because an enough time is needed for
water diffusion. If protons and chlorines were quickly
eliminated from the octahedra as hydrochloric acid into alkaline
solution, the metal hydroxide might be retained in the gallery of
graphite.

The maximum of efficiency for exchange of NiClz for Ni(OH)2
(nickel efficiency) is calculated from the saturated capacity and
nickel content in the original chloride-GICs and summarized on
all samples in Table 6-4. The saturated capacity does not depend

on the nickel content in the original chloride-GICs. The sample
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Table 6-4 Nickel content, saturated capacity and nickel

efficiency of the each sample.

Original Nickel Saturated Nickel
sample code content capacity efficiency
[wt.%] [mAh/g] [%]
Ni-Fe-1 8.6 22.0 45
Ni-Fe-2 8.4 27.0 70
Ni-Fe-3 8.0 9.0 29
Ni-Cu=1 ) R B 45.0 57
Ni~-Cu-2 8.9 29.0 5

Ni-Cu-2, prepared from the host with the smallest particle size
(sample NG5), shows the highest nickel efficiency (75 %) among
the samples used. In the sample Ni-Fe-2 synthesized from NG46,
nickel efficiency of 70 % is higher than that in the sample Ni-
Fe-1 synthesized from the host with large flake size (sample
NG400) . From the distribution of chlorine on a flake of the
samples after the galvanostatic oxidation (Fig. 6-6, for
examples), the exchange reaction of chloride for hydroxide in
the graphite gallery is found to proceed at the edge and also at
some defects of the flake, where water produced by galvanostatic
oxidation in alkaline solution seems to diffuse into the graphite
gallery. Since the host with small particle size has a large
edge surface area, it is reasonable that the samples Ni-Fe-2 and
Ni-Cu-2, prepared from the samples NG46 and NG5, respectively,
show higher rate of exchange reaction and also higher nickel
efficiency than the samples prepared from the sample NG400. In
the samples Ni-Fe-1, Ni-Fe-3 and Ni-Cu-1, showing low nickel

efficiency, the exchange reaction for hydroxide does not
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complete. In other words, the chloride-GIC is remained at the

center of a flake even after galvanostatic oxidation for 1long
time, due to probably the diffusion of water into graphite
gallery is limited by size effect.

The nickel efficiency in the sample Ni-Cu-1 is higher than
that in the sample Ni-Fe-1. This experimental result is
explained by the fact that a lot of nickel in the sample Ni-Cu-1
already existed at the edge of the flakes in the original
chloride-GIC, as shown in Fig. 6-3.

The thickness of intercalated metal hydroxide layers, Ad,
calculated from I.-values on the hydroxide-GICs is about 0.61 nm,
being the same as the one for metal chlorides layers in the
chloride-GICs. The crystal structure of metal hydroxides
belongs to CdIz—type, which consist of MI(OH)6 octahedron.
Therefore, it is reasonably supposed that the chloride ions on
MCl6 octahedra are displaced by hydroxyl ions during
galvanostatic oxidation in alkaline medium, and the monolayer of
metal hydroxides was sandwiched between conductive carbon layer

planes.

6.5. Summary

The GICs with metal hydroxides were synthesized through a
galvanostatic oxidation in alkaline medium from GICs with
corresponding chlorides. The amount of nickel hydroxide formed
from nickel chloride in the graphite gallery could be followed by
measuring electric quantity during discharge, i. e., by the
discharge capacity. The capacity depended strongly on the
composition of the original chloride-GICs and on the electrolysis
time. The nickel efficiency of the original GIC prepared from
the host with small flake size was higher than the compound from

large size. Water produced by galvanostatic oxidation in
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alkaline solution seemed to diffuse from the edge of the flake

into the graphite gallery. Consequently, the formation of
hydroxide-GICs is due to the exchange of ligand chlorides in MClg
octahedra for hydroxyl ions in the gallery of graphite.

In most commercial alkaline secondary batteries, graphite
powders are mixed with nickel hydroxide which acts as a positive
electrode material, in order to improve the electrical
conductivity of electrode. In the present GIC electrode, nickel
hydroxides, NiOOH and Ni(OH)z, are held in between carbon layer
planes to form graphite intercalation compounds, in which a
single layer of hydroxide is sandwiched by conductive carbon
layers. Although the capacity and nickel content of the GIC
electrode is 1low, there might a possibility of improving the
battery performance. The hydroxide-GICs will be used as a
positive electrode of alkaline secondary battery and its charge

and discharge performances will be discussed in the next chapter.
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CHAPTER 7
Application of GICs with metal hydroxides to alkaline secondary

battery and its performance

7.1. Introduction

In Chapter 6, it was mentioned that the metal hydroxides-
GICs (Ni(OH)z—Fe(OH)3— and Ni(OH)z-Cu(OH)z—GICs) were easily
prepared by electrochemical treatment of corresponding metal
chlorides-GICs (NiClz—FeC13— and NiClz—Cu012—GICs) in alkaline
medium.

In most commercial alkaline secondary batteries, graphite
powders are mixed with nickel hydroxide, in order to improve the
electrical conductivity of electrode. In the case of GICs with
metal hydroxides (hydroxide-GICs), nickel hydroxides (Ni(OH)2 and
NiOOH) are held in between conductive carbon layer planes and and
the compounds themselves are reasonably assumed to have better
electrical conductivity than graphite. Therefore, a battery in
which the hydroxides-GICs are used as electrode material is
expected to give better performance of charge and discharge
reactions than a conventional electrode of the mixture of nickel
hydroxide and graphite, for instance, discharge under a large
electrical current density.

In the present work, the charge and discharge reactions on
the electrode of hydroxide-GICs are followed by measuring
potential. The performance of charge and discharge reactions on
the electrodes is studied by measuring activation energies for
both reactions, which are assumed to be controlled by the
diffusion of protons in the nickel hydroxide crystals. A
possibility of discharge under a large current density is also

discussed.
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7.2. Theory of charge and discharge reactions on nickel hydroxide
electrode
The charge and discharge reactions on nickel hydroxide

electrode are expressed by the following equation;

charging
Ni(OH), + OH™ 2 = NiOOH + Hy,0 + e . (7=17
discharging

Yoshizawa, et al. [7-1] pointed out that the rate-
determining step of charge and discharge reactions was the
diffusion of protons in nickel hydroxide crystals, which shown
schematically in Fig. 7-1. During the charging, the gradient in
the activity of NiOOH is generated in the bulk of Ni(OH)2
electrode. In the case of discharge reaction, in contrast, the
activity gradient of Ni(OH)2 is produced in NiOOH electrode due
to diffusion of protons into electrode material. Thus, the
motion of protons in a nickel hydroxide electrode seems to affect
on the overvoltage in the charge and discharge reactions of Egn.
(7-1). Yoshizawa, et al. developed the theoretical formulae for
éharge and discharge reactions in the nickel hydroxide electrode,
in order to analyze the change of the potential with time after
opening the circuit during charging or discharging processes [7-
£},

Representative examples of potential changes during charging
and discharging processes on nickel hydroxide electrode are shown
in Fig. 7-2. In charging process, motion of protons in the
nickel hydroxide crystal, in other word, change of activity
gradient of NiOOH in the Ni(OH), bulk with time is expressed by

Fick’s secondary law in a plane sheet;

2
dayiooH 0“aNioon
= D- 2 . (7“2)
ot 0x
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Fig. 7-1 A scheme of the charge and discharge reactions
on a nickel hydroxide electrode.

(a) charge and (b) discharge reactions.

In the nickel hydroxide electrode, the boundary conditions of

Eqn. (7-2) are

Oay
NiOOH
aNjoom (X, 0) = O, D< = > by
0x %= 0
' E: O
NiOOH
aNjoon (©, t) = 0, D< > = 0, (7-3)
ox X = 0
aniooH (¥» ) = ayjoog (0, tg) = (aNiOOH)e )

where ¢ is an amount of product (NiOOH in charging process and

Ni(OH)z in discharging process) per unit time and unit surface

area of the electrode.

Nernst’s equation for Eqn. (7-1) is expressed by Eqn. {7~4);
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Fig. 7-2 Potential changes of a nickel hydroxide electrode

during (a) charging and (b) discharging processes.

177




RT %H,0 * @NiOOH
E = E + e w1l : (7-4)
G 30H™ * @Ni (0H),

Since high concentration of alkaline solution is used as
electrolyte, the activities of water and hydroxyl ions in the

solution, a and any—, are reasonably assumed not to change
HZO OH

during the charging and discharging.

By substituting the solution of Egqn. (7-2) into Eqn. (7-4),
the relation between the potential change and the diffusion of
protons can be formulated, where activities of nickel hydroxides

in the electrode are expressed by

®Ni(OH), * @Nioon = 1 (7-5)

A difference in potential, AE(t), between the potential Eg
at the moment of circuit opening (to) and that E(t) at any time t

during either charging or discharging is expressed by Eqn. (7-6).

F vIT-D

exp {AE(t) ST B R, (7-6)
| RT 2-¢
where
1
S(t) - ’
vt - te A to +‘/te
and
E, - E(t) ; in charging,
AE(t) ={ i i 3 3 g.
E(t) - E, ;5 1n discharging processes.

From Eqn. (7-6), diffusion coefficient of protons in the nickel
hydroxide electrode, D, can be determined, and then activation
energy for the proton diffusion is estimated from the dependence

of D on temperature [7-1].
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7.3. Experimental

7.3.1. Preparation of hydroxide-GIC electrode

The GIC with NiClz—FeCl3 and with NiClz—CuClz (exactly the
same as the samples Ni-Fe-1 and Ni=Cu~1 "in. Chapter .8,
respectively) were used as the original compounds for the
hydroxide-GIC electrodes. The chloride-GIC powders of 0.5 g
were held in between two plastic plates (20 X 20 mmz) with a
supporting electrode of platinum wire, as already shown 1in
Chapter 6 (Fig. 6-1(a)). For the synthesis of hydroxide-GIC,
galvanostatic oxidation of chloride-GIC electrodes in an aqueous
solution of potassium hydroxide of 7 mol/dm3 was carried out with

2 mA for 80 hours.

7.3.2. Determination of activation energies for charge and
discharge reactions on the hydroxide-GIC electrodes

The cell used for the measurement of activation energies of
charge and discharge reactions on the hydroxide-GIC electrodes is
shown schematically in Fig. 7-3. The hydroxide-GIC electrode was
covered with paraffin except for the small holes in plastic
plate, in order to make protons diffuse through the holes in a
plane. An aqueous solution of potassium hydroxide of 7 mol/dm3
was used as the electrolyte, and a Hg/HgO electrode as the
reference. The temperature of the cell was controlled at a
constant level (0, 10, 20, 30, 40 and 50°C) in a water bath.

After the GIC electrode was polarized by a constant current
of 5 mA for 10 minutes, as shown in Fig. 7-2, the circuit was
opened and the potential of the GIC electrode was followed by
being memorized into a computer through an analogue-digital
converter.

A diffusion coefficient, D, is supposed to be proportional

to the slope of the plot of exp {z&E(t)ﬁF/RT} against S(t)

g 5k




(Eqn. (7-6)). Because the value of ¢ in Egn. (7-6) was a cell
constant and unfortunately not known, the absolute values of D
would not be determined. However, ¢ seemed to be independent
of temperature, so that the activation energies for the charge
and discharge reactions on the electrode were able to be
determined from Arrhenius plot of D/¢>2 values, obtained from the
relation between exp-{z&E(t)-F/RT}. and S(t), against the

reciprocal temperature.

Pt GIC
electrode electrode
Hg/HgO
reference
electrode
LHLE
{ —
o)
o ¥
&O
'_-.é—

Fig. 7-3 Cell assembly.

180




7.3.3. Discharge performance under a large current density

In order to determine the possibility of discharging under a
large current density, discharging tests by different current
values (0.2, 2.0 and 20.0 mA) were also carried out at constant
temperature of 20°C. The potential was continuously recorded
during the discharge. For comparison, a pocket-type electrode
containing the mixture of nickel hydroxide with graphite powder
was prepared in the laboratory. The charging of the electrode
was performed under a constant current of 2.0 mA for 1 hour (210

mAh) .

7.4. Results
7.4.1. Activation energy for charge and discharge reactions

The relation between exp{j&E(t)-F/RT} against S(t) observed
on two hydroxide-GIC electrodes in both charging and discharging
processes was able to be approximated by a straight line, as
expected from Eqn. (7-6). The charge and discharge reactions on
these two hydroxide-GIC electrodes would be governed, therefore,
by the diffusion of protons in the nickel hydroxide, which was
sandwiched in between conductive carbon layer planes.

The Arrhenius plots of D/¢>2 values, obtained from the
slopes of the linear relations, against the reciprocal
temperature are shown in Fig. 7-4, and the values of activation
energy are summarized in Table 7-1. For comparison, the results
for a conventional nickel hydroxide electrode reported by
Yoshizawa, et al. [7-1, -2] are listed in the same table. The
activation energies for charge reaction on the hydroxide-GIC
electrodes are about 42 kJ/mol and almost twice as large as the
one reported on the conventional electrode. On the other hand,
those for discharge reaction on the GIC electrodes, 6.7 and 9.2

kJ/mol, are about a half of that for the conventional electrode.
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Fig. 7-4 Arrhenius plots of D/¢>2 values.
(a) Ni(OH)z—Fe(OH)3—GIC electrode,
(b) Ni(OH)z—Cu(OH)Z—GIC electrode.

Table 7-1 Activation energies for charge and discharge

reactions on various nickel hydroxide electrodes.

Activation energy [kJ/mol]

Electrode Charge Discharge
Ni(OH) ,~Fe(OH) 3—-GIC 41.8 6.7
Ni(OH) ,~Cu(OH) ,—GIC 42.3 9.2
Ni(OH), 20.9%1 13.4%1
Ni(OH), + Li” 16.3%2 15.1%2

*1: From Ref. [7-1].
*2: From Ref. [7-2].
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It has been known that the charge and discharge performances
on a nickel hydroxide electrode were improved with the addition
of a small amount of lithium ions into electrolyte [7-3].
According to Yoshizawa, et al. [7-2], this improvement was mostly
due to the decrease in activation energy for charge reaction and
increase in that for discharge reaction, as shown in the final
column of Table 7-1. For the hydroxide-GIC electrodes, however,
the increase in activation energy was observed for charge and the

decrease for discharge.

7.4.2. Discharge performance on hydroxide-GIC electrode
Discharge curves of two kinds of hydroxide-GIC and a

conventional pocket-type electrodes are shown in Fig. 7-5.

Potential (V vs. Hg/HgO)

Discharging electric quantity (mAh)

Fig. 7-5 Discharge curves of (a) Ni(OH)z—Fe(OH)S—GIC,
(b) Ni(OH),-Cu(OH),-GIC and (c) a conventional
nickel hydroxide electrodes.

078 MA, === = 2 0 WA,
s vt 2000 mA. (L mAn - = 3.8 C)
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In the case of the hydroxide-GIC electrodes, particularly the
Ni(OH)z—Fe(OH)3 system (Fig. 7-5(a)), each discharge curve shows
a well-defined plateau, even better than the pocket-type
electrode.

It is known that discharge potential in batteries decreases
with increasing current density, mostly due to increase in
overvoltage which is related to internal resistance for discharge
reaction on the electrode. In the case of electrode with small
internal resistance, the decrease of potential with increasing
current density is expected to be small extent.

An overvoltage is assumed to be small in the hydroxide-GIC
electrodes even under a large current density, in comparison with

the conventional pocket-type one.

7.5. Discussion

In the present results, the hydroxide-GIC electrode showed
better discharge performance than the conventional nickel
hydroxide electrode, probably due to the decrease of activation
energy for the discharge reaction. It seems to be related to
the structure of hydroxide—GICs, as shown schematically in Fig.
=8

Nickel hydroxide crystals, consisting of Ni(OH)6 octahedra,
have very low electrical conductivity. To improve the
conductivity, it was necessary to add high conductive material
such as graphite, or to make a solid solution with cobalt
hydroxide [7-4]. 1In the case of hydroxide-GICs, however, no
admixture was required because the layer of nickel hydroxide was
sandwiched between conductive carbon layer planes and their high
electrical conductivity.

In most graphite intercalation compounds, except graphite

fluoride with covalent bonding, charge transfer occurs between
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Fig. 7-6 Scheme of charge and discharge reactions on the

nickel hydroxide intercalated between graphite

layers.
(a) charge and (b) discharge reactions.

intercalated species (guests) and host graphite. They are
classified into donor-type (electrons are given from guest to
host) and acceptor-type compounds (electrons from host to guest).
The hydroxide-GICs belong to the latter. In Fig. 7-6, the
movement of electrons and protons during the charge and discharge
reactions in the hydroxide-GIC electrode are schematically shown.
The direction of the electron transfer for discharge reaction is
the same as the one of the charge transfer in acceptor-type
compounds. Therefore, the electron transfer from nickel
hydroxides to carbon layers seems to be easier than the opposite
one from graphite to nickel hydroxides. Indeed, the activation
energies of hydroxide-GIC electrodes were larger for charge
reaction and smaller for discharge one than those for both
reactions on a conventional nickel hydroxide electrode. That 18,

the resistance for discharge reaction on the hydroxide-GIC
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electrode becomes smaller. As a consequence of small resistance
of the discharge reaction, it may be possible to discharge under
a large current density on the hydroxide-GIC electrodes.
Influences of the co-existence of iron and copper 1ions 1in
nickel hydroxide electrode for the battery performance have been
reported [7-3, -5], iron causing stability in capacity during
repetition of charge-discharge cycle on the electrode, but copper
making discharge performance worse. In the present results,
however, the discharge performance of the hydroxide-GIC electrode
was 1improved even in Ni(OH)z—Cu(OH)2 system. The existence of
co-intercalated species, Cu(OH)z and Fe(OH)S, in the hydroxide-
GIC electrodes seems to have no appreciable effect on the

performance of electrode.

7.6. Summery

The present results lead to the conclusion that the metal
hydroxide-GIC electrode has a surpassing discharge performance,
compared with the conventional electrode of nickel hydroxide
mixed with graphite, having low activation energy for discharge
reaction. This high performance was reasonably supposed to be
due to the structure of hYdroxide—GIC, in which a layer of nickel
hydroxide was sandwiched between conductive carbon layers and
electrons seemed to be easily transferred from intercalated
species to host graphite. The existence of co-intercalated
species in the hydroxide-GICs, iron and copper hydroxides, which
have been used to make the synthesis of the original metal
chloride-GICs easier, has no appreciable effect on the discharge

reaction.
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CHAPTER 8

Conclusion

8.1. Conclusion for the present work
The present thesis leads to the following conclusions.

1) It was shown to be important to relax some strain on
hexagonal carbon layer planes in order to proceed graphitization.
Whether the strain in carbon layers can be removed during heat-
treatment at high temperatures is strongly influenced not only by
its starting material, but also its texture.

2) The graphitization degree P, was a volume fraction of the
graphitic structure in a carbon material, but the average
interlayer spacing 5002 was affected by a well-graphitized
region. Between P, and Eboz, therefore, an exponential relation
was observed and found to depend strongly on the texture of each
materials.

3) The intercalation behavior of sulfuric acid into host
graphite by chemical oxidation could be followed by in-situ
measurement of potential. From the'potential change, the
»intercalation'process of sulfuric acid into graphite by chemical
oxidation was found to be fundamentally the same as that by
electrochemical one. The intercalation reaction is divided into
two processes; charging of host carbon layers corresponding to
potential increase and transformation of stage structure in the
gallery of carbon 1layers showing the plateau on the potential
change.

4) The potential increase of carbon material in sulfuric acid
by chemical oxidation is limited by equilibrium potential, which
is given by Nernst’s equation of oxidant used and also depends
strongly on the activities of each chemical species in the

solution. The relation between upper limit of saturated
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potential of the oxidant used and onset potential for each stage
structure governs the stage structure of graphite intercalation
compounds with sulfuric acid (HZSO4—GICS) which finally reaches.

5) The intercalation behavior of sulfuric acid by chemical
oxidation depended strongly on structure, texture and particle
size of host carbon materials. The effect of host on potential
change during intercalation by chemical oxidation could be
explained on the basis of competition of reaction rates between
the charging of host carbon layers and the transformation of
stage structure in the gallery of graphite.

6) The host must have certain degree of graphitization in
order to form H,S0,-GICs. A structural criterion on the host
for the intercalation was found to have the crystallite thickness
along the c-axis, LC(OOZ), of more than 20 nm. A electronic
criterion on the host seemed to have a positive value of

magnetoresistance (Ap/p) at room temperature, in other words,
P/P

max
the host has the electrons which be transferred to sulfuric acid.

7) For the electrochemical decomposition of H,S50,-GICs
synthesized by chemical oxidation in sulfuric acid solution with
an excess amount of oxidant, a large amount of electric quantity
was needed, much larger than that expected theoretically. This
result was explained by the fact that the chemical oxidation to
H,S0,-GICs in sulfuric acid solution with the oxidant species,
which were remained in the solution, occurred together with the
electrochemical reduction of H,50,4-GICs.

8) The overall rate of intercalation of sulfuric acid by
chemical oxidation depended not only on the amount of oxidant
added, but also on the structure and texture of host carbon
materials. As a result, the electric quantity for the de-

intercalation from H,S04-GICs synthesized by chemical oxidation

depended strongly on the texture of host carbon materials.
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9) Even during electrochemical reduction of HZSO4—GICS, the
graphite formed by reduction was chemically oxidized by opening
the circuit and again sulfuric acid was able to be intercalated
into the gallery of graphite, accompanying the increase 1in
potential. Based on this reaction cycle, i. e., chemical
charging and electrochemical discharging, a battery was
constructed by using graphite and lead metal as positive and
negative electrodes, respectively. In the discharging of the
battery constructed, well-defined plateau and larger capacity
than theoretical one were obtained.

10) The graphite intercalation compounds with metal hydroxides
(hydroxide-GICs) were synthesized through a galvanostatic
oxidation in alkaline medium from GICs with corresponding
chlorides (chloride-GICs). The amount of nickel hydroxide
formed in the graphite gallery could be followed by measuring
electric quantity during discharge, i. e., discharge capacity.
The capacity depended strongly on the composition of the original
chloride-GICs and on the electrolysis time. The nickel
efficiency of the original GIC prepared from the host with small
flakelsize was higher than the compound from large size.

11) The hydroxide-GIC electrode had a surpassing discharge
performance, compared with the conventional electrode of nickel
hydroxide mixed with graphite, having low activation energy for
discharge reaction. This high performance is due to structure
of hydroxide-GIC, in which a layer of nickel hydroxide is
sandwiched in between conductive carbon layers, and electrons are
easily transferred from intercalated species to host carbon

layers.

8.2. Prospect

8.2.1. Potential measurement
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In the present work, the formation process of graphite
intercalation compounds with sulfuric acid by chemical oxidation
was followed by measuring potential of host carbon material in
situq Thus, the in-situ potential measurement can be applied
not only to electrochemical intercalation but also to chemical
one. Other intercalation process and the effect of host
carbon material on its intercalation behavior may be discussed on
the basis of potential change obtained. Particularly, the
relation between saturated potential by chemical intercalation
and onset potential for each stage structure of GICs 1is
thermodynamically discussed on intercalation reaction.

If the potential measurement is applied to the formation of
donor-type GICs, such as intercalation of potassium ions and
tetrahydrofurane (THF) by potassium-naphthalene complex [8-1],
the potential measurement becomes more powerful procedure in

order to study intercalation chemistry.

8.2.2. Effect of host carbon material on intercalation

The effect of host carbon material on intercalation of
sulfuric acid was kinetically discussed from the potential
change, i. e., on the basis of competition of reaction rates
between the charging of host carbon layers and the transformation
of stage structure in the gallery of graphite. The appearance
of plateaux on the potential change depended strongly on the host
used. Therefore, the potential measurement during intercalation
of sulfuric acid seems to be used for the characterization of
carbon materials.

With lowering the graphitization degree of hosts, the
intercalation of sulfuric acid became difficult, and the hosts
having below a certain graphitization degree could not be

intercalated with sulfuric acid. The value of threshold
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potential for the intercalation of sulfuric acid increased with

the decrease in graphitization degree of the hosts, as shown in

Fig. 4-15. This seems to be consequent upon a thermodynamic
effect of the hosts on the intercalation of sulfuric acid. In
the future, thermodynamic effect of host material on

intercalation reaction have to be studied.

Potassium has been known to intercalate into even the
carbons with turbostratic structure. A criterion for the
intercalation of alkali metal is not explained by simple
structural parameters of host carbon material. However, a
criterion for intercalation by electronic structure, as proposed
in Chapter 4, seems to be applied to donor-type GIC as well as
acceptor-type GIC. Because turbostratic carbons, which show
one-carrier conduction of hole (Fig. 4-17), can be transferred
its hole to alkali metal, in other words, can accept electrons
from the intercalates. Therefore, the characterization of host
carbon materials based on electronic properties, such as
magnetoresistance, is sure to help understanding the

intercalation phenomena.

8.2.3. Graphite intercalation compounds with metal hydroxide

GICs with nickel and iron hydroxides (Ni(OH)z-Fe(OH)g—GIC)
and with nickel and copper hydroxides (Ni(OH)z—Cu(OH)z—GIC) could
be synthesized by electrochemical oxidation of GICs with
corresponding metal chlorides in alkaline medium. Many kinds
of metal chlorides have been intercalated into graphite and so
different kinds of GICs with metal hydroxides may be able to be
synthesized through the same procedure as in the present work.

This may create a new field in the science and applications of

GICs.
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8.2.4. Application to battery

a) Lead-sulfuric acid battery

The lead-sulfuric acid battery constructed by using graphite
as positive and lead as negative electrode, as shown in Chapter
5, had well-defined discharge plateau and a large capacity, which
was larger than the amount expected theoretically. The
potential change during electrochemical discharge of H,S0,-GIC
synthesized by chemical oxidation depended strongly on host
carbon material. For the application of the electrochemical
discharge to a lead-sulfuric acid battery, a suitable host is
necessary to be obtained, which is susceptible to chemical
oxidation and is easily intercalated or de-intercalated with
sulfuric acid.

In the battery constructed, any electric power dose not need
for charging, and there is no self discharging. Therefore, the

battery is available to an urgent electric source.

b) Alkaline secondary battery

The maximum capacity on the GICs with metal hydroxides
(hydroxide-GICs) used in Chapter 7 was 45 mAh/g. The GIC with
nickel hydroxide (Ni(OH)z—GIC) synthesized by Flandrois, et al.
was 66 mAh/g [8-2]. Theoretically, nickel hydroxide electrode
has capacity of 290 mAh/g, but a commercialized electrode is
about 200 mAh/g. Although the capacity in the present
hydroxide-GIC electrode is rather low, there is a possibility for
the discharge under a large current density. The hydroxide-GIC
may replace the graphite powders which had been mixed with
positive electrode material as conductive material in most
commercial alkaline secondary battery, because it is not only

more conductive than graphite, but also contains active material

for the battery.
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