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Carbon is an old, and at the same time, a new material. Carbon plays the leading part in the practical design of Li-
ion secondary batteries, the most advanced secondary batteries, where as the negative electrode material it takes Li into
the internal structure during the charging. This guarantees the reliability and safety by preventing the dangerous deposi-
tion of Li metal. In responding to a strong demand of the high power capability, the author has developed several surface
modification methods.

This article describes the surface modification methods I have developed, together with several new findings in re-
lation to the behavior of Li in the interior and on the surface of carbon. The following items are described and analyzed:
(1) electrochemical reaction rate in relation to the battery reaction could be enhanced by surface modification such as (a)
a simple heating in vacuum, (b) mild oxidation, and (c) vacuum deposition of a metal film on the carbon surface with
such metals as Ag, Au, Bi, Cu, In, Pb, Pd, Sn, and Zn together with the oxidized ones. The cause of the enhancement was
studied on the basis of SEI (solid-electrolyte-interphase); (2) use of a single fiber electrode enabled us to find what really
occurs on the electrode surface, to determine the most reliable values of the Li diffusion coefficient in carbon; and to
prevent decomposition of propylene carbonate on graphite; (3) electrical contact was demonstrated as a key factor to re-
duce the initial charging irreversibility and to enhance the cycleability; (4) underpotential deposition of Li on the carbon
surface was pointed out; and (5) free movement of Li in metal at an ambient temperature was confirmed by the use of a
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bipolar cell.

In the final remarks I offer a new term of “carbon alloys” based on the nano-technology, which will be an attractive

material both in science and technology in the new century.

Carbon has been attracting human attention as one of the
most useful materials since our prehistoric time. Prehistoric
peoples painted black colored paintings on the walls of caverns
with charcoal formed after firing. Calligraphy has been writ-
ten with soot-ink that has a long life. Wood charcoal was uti-
lized for a mummy to avoid from its rotting in the tomb. The
most recommended electrode materials of fuel cells are car-
bonaceous materials. And now, fullerenes and nanotubes
found in soot are attracting the attention of a large number of
scientists and engineers.

Graphite is utilized not only in pencils and nuclear power
stations but also in Li-ion secondary batteries as the negative
electrode (anode) material. Trends of the battery technology
have changed drastically in the last decade of the last century,
especially as to the secondary batteries, i.e., a new comer, Li-
ion secondary battery, has achieved the top of the production
amount among all the secondary batteries in Japan. This is due
to the stimulation of new appliances in the IT technology field
such as portable telephones, laptop computers, handy cams,
etc. All of these portable appliances require high operating
voltage, high energy density, and high power density from

their power sources. The most promising battery responding
to such requirements is Li-ion secondary battery, since its
working voltage is as high as over 3 volts, the energy density is
over two times that of the other secondary batteries, and it can
be compatible for thin handy appliances as thin as less than 5
mm. The remarkable high performances of Li-ion secondary
batteries are characterized by utilizing carbonaceous materials
as the anode (negative electrode).

Since metallic Li has the most negative standard electro-
chemical potential (—3.045 V vs Hy/H")! we can make a high
working voltage battery by using Li for the anode, but this has
a critical issue when used in the secondary batteries. This is
due to the formation of a dendrite or moss structure of Li crys-
tal on the anode surface during the charging process. The crys-
tal is dangerous since it causes firing or explosion due to an in-
ternal short during the charging. Such a dangerous phenome-
non could have successfully been avoided by the use of car-
bonaceous materials for the anode active material. Carbon-
aceous material promote the tendency for Li to be inserted into
the interior structure upon negative polarization (battery charg-
ing) and to be reversibly released to the electrolyte upon posi-



22 Bull. Chem. Soc. Jpn., 75, No. 1 (2002)

tive polarization (discharging), whereby it causes no dendrite
formation during charging. Natural or artificial graphite is
mainly utilized in the commercial batteries in view of high per-
formance and reliability.>

In responding to the high power capability it is important to
enhance the rate of the electrochemical reaction. Bearing in
mind that the electrochemical reaction proceeds at the carbon
surface in contact with the electrolyte, we have attempted to
enhance the electrochemical reaction of Li insertion/extraction
by modifying the carbon surface. In this article the author
would like to show how the rate has been enhanced by the sur-
face modification, through which we have found out how fast
the Li moves in the carbon structure, and that Li atoms and/or
ions move freely even in solid metal at an ambient tempera-
ture.

Working Principle of Li-Ion Secondary Batteries

An important feature of Li-ion secondary batteries is that
the working principle is based on the mechanism of intercala-
tion of Li in the active materials of the anode and cathode (pos-
itive electrode). The schematic figure illustrating the working
mechanism is depicted in Fig. 1.} At the time of charging, Li*
in the electrolyte is intercalated into the interior of graphite in
the anode, and at the same time, Li intercalated in the interior
of LiCoO, (cathode active material) is deintercalated into the
electrolyte from the interior. This mechanism is quite unique
in that the amount of electrolyte can be minimized since the
reservoir of Li* is not the electrolyte but the active materials
themselves, which is in contrast to the cases of Ni/Cd and lead-
acid batteries.

Because it is similar to absorption phenomenon, which is a
physical phenomenon, the intercalation process is so smooth
that it gives rise to a high power charge/discharge capability.
As stated above, the intercalation prevents the deposition of
metallic Li on the anode, which satisfies the safety require-
ments. The use of a quite restricted amount of the electrolyte
allows us to pack a larger amount of the active materials in a
restricted volume of the cell container, resulting in an ampli-
fied capacity of the cell.

A number of studies have so far been conducted on the in-
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Fig. 1. Schematic model of the working mechanism of Li-
ion secondary batteries.
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sertion of Li in carbonaceous materials in connection with how
the electrolyte is in contact with the electrode surface.*!! Not
only graphite, whether it is natural or artificial, but also me-
sophase low temperature carbons, hard carbons, and even
nanotubes'? can accommodate Li in their interior structures al-
though the free energy of the accommodation differs depend-
ing on the structure.** The extreme accommodation capaci-
ty, i.e., the anode capacity, depends on the carbon structure.
The maximum capacity of graphite is determined by referring
to the final intercalation formula of C¢Li, which corresponds to
372 mAh/g of carbon. Basically, graphite has a single accom-
modation site, and Li intercalated in it reveals highly negative
and unaltered working voltage until fully discharged although
there is a fine structure in the discharging potential caused by
the transition of the accommodation stage.>*2¢ Different from
graphite, low temperature mesophase carbons have at least two
different accommodation sites giving rise to two different
working voltages on the discharging curve, but the capacity is
reported to be as high as over 800 mAh/g."**> Hard carbons
have a complicated structure with various sizes of cavities
where Li can be accommodated, giving rise to some larger ca-
pacity but the discharge potential is not fixed and the discharg-
ing rate is slow.”’~%

The high Li accommodation amount does not necessarily
mean high power discharging ability just like a large volume
dam having only a narrow strait gate. The high power charge/
discharge ability (high rate capability) is an important key to
performance, as well as the high capacity for the secondary
batteries. The high rate capability is brought about by the rap-
id electrochemical reaction rate, and the key factor is the state
of the electrode surface. The concept of solid/electrolyte/inter-
phase (SEI) introduced by Peled should be taken into consider-
ation for discussing the reaction rate.’*3* Any organic sub-
stance having oxygen in the molecular structure like the com-
mon solvents used in Li-ion batteries is anticipated to be re-
duced electrochemically at the extreme negative potential near
0V vs Li/Li". This means that the electrolyte is continuously
reduced during the charging of the battery. The actual situa-
tion, however, reveals no decomposition of the electrolyte pro-
vided that the choice of the electrode/electrolyte combination
is favorable. This is explained on the basis of the special passi-
vation layer formed on the carbon surface during the first
charging process. This special passivation layer is named SEI.
The nature of SEI is believed to be dependent on the nature of
the carbon surface. In an attempt to provide a high power ca-
pability, we have studied how to control the surface of carbon
by surface modifications.

Experimental

1 Materials. We selected carbon fibers as the test material
since this provides a simple test electrode requiring no binder, no
conductive additives, and no coating processes for electrode fabri-
cation. Thus we could avoid the interference of the additives,
electrode swelling and deterioration during the electrochemical
test. Melblon fibers produced at several heating temperatures (Pe-
toca Materials Ltd. made), were used as an integrated fiber felt or
a single fiber. The fiber sample most frequently used was a well-
graphitized fiber (Melblon 3100) whose specific surface area is
around 1 m*/g. The SEM images of the fibers with low and high
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top: medium magnification
bottom: high magnification

Fig. 2. SEM images of highly graphitized MCF carbon fiber (Melblon 3100).

magnifications are shown in Fig. 2. The mean diameter of the fi-
ber was 8.8 pm. In the case of the measurement with a single fiber
electrode two types of fibers were examined: a Melblon 3100 fiber
and a NF 410-3110 °C fiber which was produced by extruding the
fused pitch through a single hole (monofilament technique). The
mean diameter of the latter sample was 10 pm. The other me-
sophase fiber samples examined were those prepared by heating
the Melblon felt at 600, 700, 800, 950, 1000, and 1300 °C, respec-
tively. The obtained fibers were heated at 250 °C for 1 h in vacu-
um and, were used as the standard sample for comparison (later,
this is called the pristine sample).

The carbons examined other than the fiber samples were artifi-
cial graphite flakes (Timcal), and acetylene black powder, both of
these being used without further treatment.

2 Surface Treatment. The simple method performed for
the purpose of removing the contaminant adsorbed on the surface
was to heat the sample fibers at a desired temperature under a
pressure of 107> Torr for 2 h. This is considered to be effective to
remove contaminants such as moisture, oxygen, or surface hy-
droxy groups adsorbed on the carbon surface.

The second method, which is stronger than a simple heat-treat-
ment, is mild oxidation. The simple way is to heat the sample by
covering it with a sufficient amount of acetylene black powder in a
crucible at a desired temperature for a definite time. The more rig-
orous method is to control the partial pressure of oxygen during
the heating. This method is effective to remove the contaminants
more strongly adhered to the surface, or the passivation layer, by
burning them off. The temperature and time of the heat-treatment

were varied depending on the nature of the surface. A slight
weight loss of the sample was recognized after the mild oxidation.

The third method of the surface modification is the deposition
of a metal film on the carbon surface by vacuum evaporation. The
sample was mounted in an evaporation chamber and a metal film
was deposited by heating a boat containing a pure metal rod at a
temperature slightly higher than the melting point of the metal.
The thickness of the deposited metal film was controlled by moni-
toring the weight gain with a vibrating quartz crystal microbalance
mounted near the specimen in the vacuum chamber. The metals
examined were Ag, Au, Bi, Cu, In, Pb, Pd, Sn, and Zn. The purity
of the metals was 99.9% or over.

The fourth treatment is heating the sample covered with a 400
A thick Ag film in an low pressure atmosphere of oxygen. The
temperature and the time were adjusted depending on the effect of
the rate enhancement.

3 Fabrication of a Test Electrode. For an integrated fiber
felt sample, a 1 X 1 cm square felt slice with a thickness of 1 mm
was sandwiched with a 20 mesh folded Ni expanded sheet of larg-
er size and the rims were spot-welded at several points for tight
holding and used as the test electrode. A Ni wire was spot-welded
to the expanded sheet prior to sandwiching.

A single fiber electrode was fabricated with a 15 mm long Mel-
blon single fiber or NF single fiber by sticking it on the tip of a
rectangular Ni wire with a carbon conductive paste and the Ni
wire was fixed to a Teflon made electrode holder. The fiber elec-
trode was placed in a cylindrical Pyrex glass cell vertically.

4 Measurements. Electrochemical measurements were per-
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formed with cyclic voltammetry (CV), repeated constant current
charge/discharge (CC), and potential step chronoamperometry
(PSCA). The electrochemical cell for the felt sample was a three
compartment cylindrical Pyrex glass cell (15 mL) where pure Li
metallic foils were used as the counter and the reference elec-
trodes. In the case of a single fiber electrode, a two-electrode sys-
tem was adopted since the resistance overpotential could be ig-
nored due to the very low electrolysis current, less than 40 pA. A
rectangular piece of pure Li foil was placed vertically as the
counter electrode. CV, CC, and PSCA were conducted with a
Hokuto Denko Potentio-galvanostat Model HA-151 joined with a
function generator, Model HB-111.

The electrolyte used for the graphitized carbon was a 1:1 (v/v)
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) containing 1 M of LiClO,. The water contamination level
was less than 20 ppm. Pure propylene carbonate (PC) containing
1 M LiClO, was used for the carbon fibers prepared at low tem-
perature. All the measurements were conducted in a glove box
filled with dried argon gas at an ambient temperature.

SEM images were obtained with a JOEL SEM microscope
Model 5800 and "Li NMR measurements were done with a JEOL
ECP 300W spectrometer at 117 MHz. Static spectra were ob-
tained at 298 K using a single pulse sequence. 1 M LiCl aqueous
solution was used as an external reference for the chemical shift.
Ton flame atomic absorption analysis for the Li* concentration de-
termination was performed with a Japan Jarrel-Ash Atomic Ab-
sorption Spectroanalyzer Model AA-782.

Results and Discussion

1 Graphitized Pristine Sample. = The electrochemical
reaction occurring at the anode can be simply represented as
charge

nC + Lit +e 2

discharge

(Co)Li, ey

where (C,)Li means that one Li atom is intercalated in n atoms
of carbon in the graphite structure. The Li atom intercalated in
the graphite interlayer was proved to transfer its electron to
graphite to some extent and so it moves in the layer as a posi-
tive ion having a partial positive charge.**

The cyclic voltammograms (CVs) of a pristine piece of
graphitized sample fiber felt with two different potential scan
rates are shown in Fig. 3. The reduction current peaks (cathod-
ic peaks) near 0.2 V vs Li/Li" are attributed to the electro-
chemical intercalation of Li into the layers of graphite struc-
ture, and the oxidation current peaks (anodic peaks) near 0.3 V
are due to the electrochemical deintercalation (extraction) of
Li from the graphite structure. The CV obtained with a very
slow scan rate gave several well-separated sharp peaks on both
the cathodic and the anodic branches. The peak separation can
be well interpreted based on the difference in the free energy of
stage formation for different stages.>*2® In case that the elec-
trochemical reaction rates for each stage are fast enough to fol-
low the potential scan rate, a CV having a well-separated fine
structure is expected to appear, whereas in the case of the re-
verse situation, all the peaks will be merged together resulting
in one broad peak. Therefore, the degree of peak separation
under a constant scan rate is a good measure of the reaction
rate. Such will be shown in the case of the surface modifica-
tion. In regard to cycleability we can easily infer the degree of
the cycle life from the degree of degeneration of peak height of
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Fig. 3. CV of well-graphitized carbon fiber felt (Melblon
3100) with a different potential scan rates in EC/DMC
containing 1 M LiC10,.%
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Fig. 4. CV of a single fiber of well-graphitized carbon (Mel-
blon 3100, ¢ = 8.8 um) with different potential scan rates
in EC/DMC containing 1 M LiClO,*®.

the anodic peak during the repetition of the potential scan.

Figure 4 shows CVs obtained with a tiny single fiber elec-
trode whose surface area is as small as 107> cm® Well-defined
CVs that are very similar to those obtained with an integrated
fiber felt could be obtained, indicating that the study with a
single fiber electrode is reliable.*®

Reversible expansion and shrinkage of a graphitized fiber
during the Li insertion/extraction were first observed under a
microscope by Uratani.”’

In contrast to the well-graphitized carbon, a low graphitiza-
tion carbonaceous material formed at low temperature gave a
CV pattern different from that of the graphitized one, this is
shown in Fig. 5. Two broader peaks were revealed on both the
cathodic and the anodic branches, which could not be split into
a fine structure even with the slowest scan rate (Fig. 5 (B)).*
Features of the Li accommodation in the low temperature car-
bon will be discussed later in terms of the loose distribution of
the internal fine structure.

The XRD patterns of a mesophase well-graphitized carbon
fiber (Melblon 3100) and a mesophase low graphitization car-
bon fiber are compared in Fig. 6. The former shows two
sharp peaks at around 27 and 56° that are due to graphite struc-
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Fig. 5. CV of a disordered mesophase carbon fiber felt pre-
pared at 800 °C (Melblon 800) obtained in PC containing 1
M LiClO, with two different potential scan rates of 1 mV/s
(A), and 0.02 mV/s (B).*®
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Fig. 6. XRD of a mesophase well-graphitized carbon fiber
prepared at 3100 °C (a) and a mesophase low graphitiza-
tion fiber prepared at 800 °C (b).*®

ture comprised of graphene layers with parallel orientation,
whereas the pattern of the latter indicates that the solid is not
well crystallized but has tiny crystallites whose structures are
graphite-like.

2 Effect of Heat-Treatment in Vacuum.”**> A  simple
evaluation of the cycleability of the test material is to measure
the depression ratio of the peak height of the anodic peak dur-
ing a definite repetition of the charge/discharge based on the
initial peak height. For example, the anodic peak height of the
CV in Fig. 3 (a) decreases 10% within 20 repetitions of the
charge/discharge cycles, while the peak height decrease of the
1000 °C- prepared carbon (Fig. 7 (a)) within the same cycles is
21%, showing that the cycleability of highly graphitized fiber
is far better than that of a low temperature carbon fiber. In ad-
dition to the simple cycle behavior the initial charging behav-
ior differs also between the two carbons, which can be recog-
nized by comparing the two CV curves.
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Fig. 7. CVs (in PC containing 1 M of LiClO,) of a disor-

dered mesophase carbon prepared at 1000 °C before (a)
and after (b) the heat-treatment in vacuum.®

€3]
Q
Z
<
e
&
-
17,]
Z
<
-4
=
4000 3500 3000 2500 2000
WAVENUMBERS/cm-!

Fig. 8. FTIR difference spectrum of a mesophase carbon fi-
ber felt prepared at 1000 °C. The spectrum was obtained
by subtracting the spectrum of the heat-treated (950 °C) fi-
ber felt from that of a non-treated one.*

We examined the effect of heat-treatment. The 1000 °C
pristine sample was heat-treated at 950 °C for 1 h under the
vacuum pressure of 107> Torr. The resulting CV curve was
quite much improved both in cycleability and the initial charg-
ing behavior, as shown in Fig. 7 (b). The cause of the improve-
ment was examined on the basis of the surface contaminant.
Since the heat-treatment temperature is 50 °C lower than that
of the preparation temperature, a change in the internal struc-
ture is unlikely during the heat-treatment. The noticeable
change in the CV profile could be attributed to the removal of
the surface hydroxy groups by the heat-treatment.

The presence of the surface hydroxy group could be detect-
ed by FTIR. The FTIR difference spectrum shown in Fig. 8
was obtained by subtracting the FTIR transmittance spectrum
of the heat-treated sample from that of the pristine one. A
strong broad absorption band appearing at about 3400 cm™! in
the difference spectrum is reasonably assigned to the voy of
surface —OH groups which had been removed by the heat-
treatment. The presumption that the —OH group was on the
surface and not in the carbon interior could be verified by the
following results. The heat-treated sample exposed to the an-
odic oxidation in an aqueous sulfuric acid solution gave rise to
the presence of a large amount of —OH in FTIR, the corre-
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Fig. 9. CVs (in PC containing 1 M of LiClO,) of a disor-

dered mesophase carbon prepared at 1000 °C before (a)
and after (b) the heat-treatment at 600 °C for 5 min. Sam-
ple (a) was obtained by anodizing the sample (b) in Fig. 6
in an aqueous H,S0,.%

sponding CV being shown in Fig. 9 (a), but the profile of the
CV was converted into one very similar to Fig. 7 (b) after the
heat-treatment at 950 °C, the profile being shown in Fig. 9
(b).39

3 Mild Oxidation.**** The effect of mild oxidation is to
remove the surface contaminant or surface retarding layer just
like burning it off. Practically, the sample is heated under a
low-pressure oxygen atmosphere for a definite time. The treat-
ment conditions including temperature, pressure of oxygen,
and treating time should be adjusted to obtain a good result.
Different from the heat-treatment in vacuum, the mild oxida-
tion temperature is low enough to avoid any structural change
of the carbon sample. We tried to apply mild oxidation to the
low temperature carbons by heating the sample covered with a
sufficient amount of acetylene-black powder in a crucible.
When examined with the same sample as described in Section
2 we could obtain very similar results at 600 °C for 5 min. The
effect of mild oxidation was demonstrated with a much disor-
dered carbon having a very poor cycleability. The results are
shown in Fig. 10,*! where we can recognize that not only the
initial irreversible charging but also the cycleability are im-
proved to a great extent. The Li insertion/removal perfor-
mance was greatly enhanced for a well-graphitized fiber as
well (Fig. 11). The rate enhancement can be inferred from an
increased peak height, sharpened shape of the peak, and a shift
of peak position to the negative potential side.*! Surface
roughening due to mild oxidation can be recognized by com-
parison of the SEM images before and after the treatment (Fig.
12).

Mild oxidation was also found effective to enlarge the dou-
ble layer capacity of active carbons. Electrical double layer
has been utilized for forming a capacitor whose capacity is as
huge as millions times of the conventional electrolytic capaci-
tor. The working principle of the capacitor is utilizing the dou-
ble layer capacity of a material having a very large specific sur-
face layer. Active carbons are promising candidates as elec-
trode material. The very high specific surface area of active
carbon is due to the presence of millions of tiny tortuous mi-

cro-pores on the surface. Since the openings of the micro-
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Fig. 11. CVs of a well-graphitized carbon fiber felt (Melblon
3100) in EC/DMC containing 1 M LiClO, before (a) and
after (b) the mild oxidation treatment in air. Scan rate: 1
mV/s.

pores are bottleneck like and the diameters are almost as small
as nanometers, entrance of ions into the pores is prevented re-
sulting in giving only a part of the expected large capacity, i.e.,
less than half than that of the expected capacity.

We attempted to enlarge the openings by mild oxidation for
increasing the capacity. An example is shown in Fig. 13 for
Kuractive #2500 (Kuraray Chemicals, Co.) whose specific sur-
face area determined by nitrogen adsorption is estimated to be
2500 m?/g and whose ideal capacity is expected to be over 400
F/g. The CV obtained with the pristine active carbon fiber is
shown in Fig. 13 (a), which reveals typical shape for a capaci-
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Fig. 12.  SEM images of a well-graphitized carbon fiber
(Melblon 3100) before (top) after (bottom) the mild oxida-
tion treatment in air.
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Fig. 13. CVs of an active carbon textile (Kuractive # 2500)
in PC containing 1 M LiClO, before (a) and after (b) the
mild oxidation treatment at 600 °C for 5 min.*?

tor though the capacity decreased progressively with the repe-
tition of charge/discharge cycles. The actual capacity obtained
was 100 F/g that is only one fourths of the theoretically expect-
ed one. After the mild oxidation treatment at 600 °C for 5 min,
the obtained CV was enlarged to about 1.5 times as that of
original as shown in (Fig. 13 (b)).*> The capacity determined
with the first cycle curve was 150 F/g indicating the effective-
ness of mild oxidation. The issue to be solved is how to mini-
mize the degeneration during the cycles.

4 Metal Film Deposition by Vacuum Evaporation.  If
the diffusion rate of Li in the interior of graphite is sufficiently
rapid we can increase the Li charging/discharging rate by mod-
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Fig. 14. CV of well-graphitized carbon fiber in EC/DMC
containing 1 M LiClO,4 without (A) and with an evaporated
Pd film. Thickness: (B) 150 A; (C) 500 A.*

ifying the carbon surface as shown in the preceding sections.
We have provided a novel method of the surface modification
with a simple vacuum evaporation. We could show that Li can
be inserted in and removed from carbon through a Pd film de-
posited in vacuum.** Two years later we could succeed in
showing the peak enhancement effect by a Pd-deposited film
though the cycleability was unfavorable (Fig. 14).** Deposi-
tion of a Au film on a well-graphitized carbon fiber felt showed
gold color when the thickness was over 200 A and the result-
ing CV revealed a peak height increasing as shown in Fig.
15.% Such peak height enhancement can be recognized by
comparing with that of bare carbon shown in Fig. 14 (A). The
gold film was found to cover all over the carbon surface as
shown in Fig. 16. Here a part of the top is shown to be re-
moved by scratching by which we could recognize that the Au
film covers the entire surface of the carbon fiber uniformly;
otherwise we could not differentiate the surface from that of
carbon. Even though the film is as thin as 150 A, the whole
surface involving the cross section appears to be covered with
a Au film compactly, implying that a thicker film will provide a
more perfect covering.

A remarkable enhancing effect was found with a 400 A
thick Ag film whose feature is compared with that of bare car-
bon in Fig. 175 Not only the rate enhancement but also a
good cycleability was provided by the Ag film deposition. A
SEM image of the Ag-covered carbon fiber is shown in Fig.
18,% where we can see that a part of the deposited Ag film at
the top was removed by scratching. Different from the case
with Honbo and co-workers,*” this allows us to assume that the
electrochemical reactions take place on the surface of the Ag
film in contact with the electrolyte solution and that the Li
atom formed by the reduction reaction is taken into the metal-
lic Ag and moves through the film to the Ag/C interface, then
jumps across the interface into the carbon interior, and vice
versa. One may assume that the Ag film was not compact but
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Fig. 15. CV of a well-graphitized carbon fiber felt in EC/

DMC containing 1 M LiCIO, with an evaporated Au film.
Thickness: (A) 150 A; (B) 300 A.*

Fig. 16. SEM image of a 150 A thick Au film vacuum depos-
ited on a well-graphitized carbon fiber. Small front parts
were scratched to remove the film for confirming the pres-
ence of the covering film.

was sufficiently porous that the direct reaction on the bare car-
bon surface in contact with the electrolyte could easily occur,
but in this case the rate is supposed to be much reduced due to
the restricted bare surface area. The stability of the Ag film de-
posited on the carbon surface was verified by taking XRD pat-
terns of the metal covered carbon fiber before and after the
measurement of 20 times CV cycles in EC/DMC containing 1
M LiClOy, the results being shown in Fig. 19.%°

The rate enhancement due to the presence of the vacuum de-
posited film can be elucidated by assuming that the electro-
chemical reactions are facilitated on the surface of metal film
as compared with the case on the bare carbon surface of the
pristine sample. As is easily inferred by comparing Figs. 14 to
16, the degree of the rate enhancement effect was found to de-
pend on the nature of the metal, which will be explained in de-
tail later by taking the nature of SEI into consideration.
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Fig. 17. CVs of without (A) and with (B) a 400 A thick Ag
film in EC/DMC containing 1 M LiClO,.
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Fig. 18. SEM image of a well-graphitized carbon fiber cov-
ered with a 300 A thick Ag film whose top part was
scratched to remove the film.*¢

The enhancing effect of a Ag film somewhat complicatedly
depended on the film thickness, as shown in Fig. 20.>> Such a
complicated behavior, which is in contrast to a simple behavior
of Cu, can be attributed to the fact that the orientation of each
Ag crystal face varies depending on the thickness. The elec-
trochemical reaction rate is supposed to depend on the crystal
face in contact with the electrolyte. The CVs obtained with fi-
bers loaded with deposited films of Zn and Pb are shown in
Figs. 21 and 22.**7 Both metals revealed the peak enhancing
effect while the cycleability differed very much. Zn gave a
very stable peak during 20 cycles in contrast to the case of Pb
that revealed progressive degeneration of the peak height. The
major difference between the two cases is related to the cause
of the stability of the additional anode peaks appearing in the
positive side region from the main Li deintercalation peak.
These side peaks are attributed to the anodic removal of Li
from the Li alloys formed with the metals during the reduction
process. Formation of Li alloys was ascertained by the XRD
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Fig. 19. XRD patterns of a carbon fiber (Melblon 3100)
loaded with a Ag film before (a) and after (b) the 20 times
of CV cycles. Film thickness: 400 A3
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Fig. 20. Film thickness dependency of the relative height of
CV peak for Li inter-/deintercalation on Melblon 3100 in
EC/DMC electrolyte.®

patterns obtained with the metal film deposited on a Ni plate.
Stability of the Li alloys during the insertion/removal cycles
was different from metal to metal, and the film thickness influ-
enced the result as well. CVs obtained with a Pb film vacuum-
evaporated on a Ni plate revealed that the peak heights of all
the peaks were reduced rapidly during the cycles.*’ This is at-
tributed to the collapse of the deposited Pb film during the in-
sertion/removal cycles, which might be caused by a large ex-
pansion/shrinkage.

5 Rate of Alloy Formation Revealed on CV.% Many
metals form alloys with Li with a variety of composition ratios.
The rates of the alloy formation and decomposition differ de-
pending on the stability and the crystal size of each alloy. We
found that the profile of CV peaks due to the alloy formation
and decomposition was strongly dependent on the potential
scan rate in the case of Ag film deposited on a Ni plate. A 400
A thick Ag film was vacuum-deposited on a Ni plate and the
CV was recorded in EC/DMC containing 1 M LiClO,4 with dif-
ferent potential scan rates. Typical examples are shown in
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Fig. 21. CVs of a well-graphitized carbon fiber (Melblon
3100 in EC/DMC containing 1 M LiClO,) without (A) and
with (B) a 300 A thick Zn film vacuum deposited. Scan
rate: 1 mV/s.*
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Fig. 22. CV of 2400 A thick Ag film deposited on a Ni plate
measured in EC/DMC containing 1 M LiClO, with a po-
tential scan rate of 1 mV/s.?

Figs. 22 and 23. The CVs were quite different from each oth-
er: the one obtained with a faster scan rate gave only a single
peak on both the reduction and the oxidation scanning curves,
while the latter gave several sharp peaks.>> However, a peak at
about 0.3 V on the anode scan curves is common to both cases,
implying that the rates of formation and decomposition of the
corresponding alloy are fast enough to follow the scan rate. It
is interesting to note that, in spite of such a complicated nature
of the Ag film, the stability of the crystal structure of the film is
quite high as shown in Fig. 19.%
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Fig. 23. CV of a 400 A thick Ag film deposited on a Ni plate
measured in EC/DMC containing 1 M LiClO,4 with a po-
tential scan rate of 0.01 mV/s.%
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Fig. 24.  CVs of a well-graphitized carbon fiber (Melblon
3100) felt covered with a 300 A thick Sn film before (A)
and after (B) the mild oxidation treatment. In EC/DMC
containing 1 M LiClO,. Scan rate: 1 mV/s.*

The reason why the potentials of the insertion and the re-
moval of Li in a Ag film do not coincide with each other inde-
pendent of the scan rate is not clear and will be given attention
by many researchers, but this will be put aside here since such
analysis is beyond the scope of this article.

6 Improvement of Reversibility by Oxidizing the De-
posited Metal Film. Some metal films deposited on carbon
fiber were found to give poor cycleability. In Fig. 24 an exam-
ple of Sn film is shown.***® As seen in Fig. 24 (A) the peak
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Fig. 25. CV of 2300 A thick Sn film deposited on a Ni plate,
measured in EC/DMC containing 1 M LiClO,. Scan rate:
1 mV/s.

height due to the extraction of Li intercalated in the graphitized
carbon was depressed progressively during the repetition of
cycles, despite the peak height enhancement. The spike-like
peaks are attributed to the insertion and extraction of Li into
and out of Sn film, which can be easily inferred when we refer
to the CV obtained with a Sn film deposited on a Ni plate (Fig.
25). The presence of a crystallized Sn film can be confirmed
by referring to curve (A) in Fig. 24. The progressive depres-
sion of the peak height was ascribed to the collapse of the me-
tallic Sn film due to the large expansion/shrinkage during the
repetition of CV cycles. The crystal collapse will cause a com-
plicated loose structure of SEI to form, which is not favorable
for keeping good cycleability.

We examined the effect of oxidized Sn film, since Idota and
co-workers reported that an amorphous form of tin oxide re-
vealed a good anode cycleability while keeping an extraordi-
nary high capacity.*” The CV results obtained after the oxida-
tion are shown in Fig. 24 (B), where we see the cycleability is
improved quite well not only for carbon but also for Sn. The
carbon surface was still covered with the film even after the
oxidation, as can be inferred from a SEM image shown in Fig.
26. The XRD patterns in Fig. 27 show that the Sn crystal
formed by the vacuum evaporation (curve A) changed to some
oxides (curve B) after mild oxidation, but these disappeared af-
ter the CV cycles (curve C). A clearer situation will be recog-
nized if we see several sub-peaks of Fig. 24 (A) due to Li—Sn
alloys. The peak position is identical with that observed with a
metallic Sn Fig. 25 but the peak width after the oxidation treat-
ment is broadened implying the formation of a loose structure
similar to amorphous one. Becoming amorphous is expected
to prevent the collapse of the crystal, because in this structure
the expansion and shrinkage during the CV cycles is supposed
to be minimized. Such an effect could also be seen for the case
of In.** The cycleability was quite improved after the oxida-
tion where we see a large initial irreversible charging curve at
around 0.8 V. This can be attributed to the reduction of indium
oxides formed by the oxidation. A similar tendency was found
for Bi as well.*® Now we can provide a simple way to realize
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Fig. 26. SEM images of a well-graphitized carbon fiber
(Melblon 3200) covered with a 300 A thick Sn film before
(top) and after (bottom) mild oxidation.*®
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Fig. 27.  XRD patterns of a well-graphitized carbon fiber
(Melblon 3100) covered with a 300 A thick Sn film. (A)
before the CV measurement; (B) after the mild oxidation
treatment; (C) measured with (B) after exposing to the CV
cycles.*®

the structural change from crystal to amorphous, i.e., the film
is exposed to oxidation followed by the electrochemical reduc-
tion, by which the cycleability improvement is attained.

7 Cause of the Performance Improvement by Metal
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Fig. 28. CVs of a well-graphitized carbon fiber (Melblon

3100) covered with a Cu film for two different thicknesses.
In EC/DMC containing 1 M LiClO,4. Scan rate: 1 mV/s.

Film Deposition. We would like to discuss the electrochem-
ical performance in terms of SEI. The chemistry of SEI is not
clear even with a number of studies on SEI so far carried out
that were mainly based on methods of sophisticated analytical
chemistry.>3 The proposed structure is too complicated to
identify where is the electrochemical reaction site controlling
the Li insertion/extraction reactions is. This means that the
chemical entities detected even with sophisticated instruments
on the carbon surface cannot necessary be attributed to the
substances in question that are really controlling the electro-
chemical reaction. Bearing in mind this issue we preferred to
utilize an indirect method for identifying the cause of the per-
formance improvement that, however, is expected to give re-
sults more reliable for the present purpose.

The novel method proposed by us is to deposit further a dif-
ferent metal film over the surface of an already covered metal,
whereby each obtained CV result can be examined carefully.
A good example is a combination of Cu and Ag. When we de-
posit a Cu film on the bare surface of a well-graphitized carbon
fiber we obtain a CV profile like those shown in Fig. 28. Com-
parison of these CVs with that of pristine fiber shown in Fig. 3
(a) indicates the Cu film impairs the cycleability, which is in
contrast to the case of Ag film shown in Fig. 29 (left). Good
cycleability obtained with a Ag film, however, turned worse
when we deposit a Cu film over the surface of Ag film, which
is shown in Fig. 29 (right). Possible causes of the cycleability
deterioration are: poor contact of Cu film with the substrate,
porous structure of the deposited Cu film, and the formation of
an unfavorable SEI on the Cu surface. The first postulate can
be examined by depositing a Ag film over the surface of Cu
that covers the substrate carbon.

The results are shown in Fig. 30, which clearly shows that
the poor cycleability of a Cu covered fiber was improved re-
markably. This result verifies that the electrical contact of Cu
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Fig. 29. CVs of a well-graphitized carbon fiber (Melblon
3100) covered with a 400 A thick Ag film (left) and that
covered with a 400 A thick double layer film consisting of
200 A thick Ag inner layer and 200 A thick Cu outer layer.
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Fig. 30. CVsin EC/DMC containing 1 M LiClO, for a well-
graphitized carbon fiber (Melblon 3100) covered with a
vacuum deposited 600 A thick Cu film (left) and a double
layered film (right), whose inner layer is 300 A thick Cu
and whose outer is 300 A thick Ag. Scan rate: 1 mV/s.

with carbon was not poor. A fiber covered with a two ply-layer
metal film of Ag/Cu shown in Fig. 29 (right) revealed a poor
cycleability, while it changed to reveal a very stable cycleabili-

Potential / V (vs. LV/Li%)

Fig. 31. CVsin EC/DMC containing 1 M LiClO, for a well-
graphitized carbon fiber (Melblon 3100) covered with a
vacuum deposited metal triple layer consisting of Ag, Cu,
and Ag whose thicknesses are 200 A each. Scan rate: 1
mV/s.

ty when covered further with an over-layer of a Ag film, which
is shown in Fig. 31. The fact that in spite of the most compli-
cated layer structure a very stable cycleability was obtained
with a fiber covered with a triple layered film where the outer
layer is Ag indicates that the most important factor for obtain-
ing a good cycleability is to cover with a Ag film as the outer-
most layer. Whenever a Cu layer covers as the outermost layer
the cycleability is poor irrespective of the layer structure.
Therefore, we can conclude that an SEI formed on a Ag film is
a favorable one for reversible Li insertion/removal reaction
while that on a Cu film is unfavorable. The reason why an SEI
formed on a Cu layer is unfavorable remains to be studied fur-
ther.

8 Evaluation of the Rate of Li Mass Transfer in the
Carbon Interior. A number of studies have so far been con-
ducted for obtaining the diffusion coefficient of Li mass trans-
fer in graphite,”>! but the obtained values scatter to a great ex-
tent from 107'° to 107 cm?/s. No explanation seems to have
been given for why it scatters. It appears to us that the major
reason of the scattering is in the complicated nature of the elec-
trode used for the study since the test electrodes were com-
monly coated-type electrodes where the powder particles of
carbon active material was bound with a binder, loaded with
some electric conducting additives and coated on a current col-
lector sheet. In such an electrode there are many factors inter-
fering with the diffusion process in question; i.e., mass transfer
of solvated Li* in the restricted space among binder may not
fast enough to realize the diffusion control, difficulty about
how we define the mass transfer path in the actual carbon
whose shape and size are not well-defined, electrical contact
among carbon particles may differ from particle to particle,
loosening of the binding action of binder may take place dur-
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ing the test, the electrochemical reaction rate may not fast
enough to be ignored as compared with that of Li diffusion.,
etc. All such factors should be taken into consideration for
solving the diffusion equation, but it appears to be difficult.

Bearing in mind such issues in the coated or bound elec-
trode, we decided to use a single fiber electrode which was
picked out from a fiber felt shown in Fig. 2, where no binder,
and no conductive additives are required and the shape and
size is well-defined. A single straight fiber rod having a diam-
eter of 10 pm or 8.8 ym was fixed to a Ni current collector
with a carbon conductive paste and immersed in the electrolyte
vertically with a depth of 5 mm. Potential step chronoamper-
ometry (PSCA) was adopted for the determination. 636!

As already shown in Fig. 4, we could obtain a well-defined
CV with a single fiber electrode. The potential step ranges
were chosen by referring to the peak position due to stage for-
mation. Prior to the rate determination experiment two cycles
of CVs were recorded for making sure of the reliability of the
fabricated test electrode. The measurement was performed af-
ter attaining a stationary state at the starting potential both for
the insertion and the removal processes. Examples of the cur-
rent decay curve are shown in Figs. 32 and 33. The curves
were found to change depending on the stepping potential
range. Three curves in Fig. 32 were obtained with a single car-
bon fiber having no surface treatment. Different from the other
two curves the full line in Fig. 32 shows a current plateau,
which may be ascribed to the contribution of the stage change
during the progressive decrease in Li concentration. Assuming
that the rate is controlled by the diffusion of Li in the fiber
structure and that the process obeys the cylindrical diffusion
model, we can obtain the apparent diffusion coefficient (D)
by analyzing the Fick’s equation for cylindrical diffusion,
where the diameter of the fiber used was determined with the
SEM image obtained after the measurement. The assumption
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Fig. 32. PSCA decay curves of the Li deintercalation process
from a pristine single fiber of well-graphitized carbon
(Melblon 3100) in EC/DMC containing 1 M LiClO,. The
potential range inserted in the figure is potential stepping
ranges, i.e., 100 mV-200 mV means to step from 100 mV
to 200 mV.%
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Fig. 33. PSCA decay curve of the Li deintercalation process
from a 400 A thick Ag film deposited single carbon fiber of
Melblon 3100 in EC/DMC containing 1 M LiClO4. The
potential step range is 0-100 mV vs Li/Li*.

that the process is controlled by diffusion is not necessarily
correct since the current is influenced greatly by the charge
transfer process. This is the reason why we call the obtained
value as D,,,. Figure 33 supports this argument, where we see
the size of the decay current as well as the decay rate are en-
hanced prominently, due to the presence of a Ag film covering
the fiber surface. The initial small plateau in Fig. 33 may be
ascribed to the Li removal process from the covering Ag film,
or the contribution of the stage change process.

The values of D,,, depending on the stepping potential
range are summarized in Fig. 34 (A) and (B) for charging and
discharging processes, respectively, where the values are
shown for the cases of with (@) and without (ll) a vacuum-de-
posited Ag film. Covering with a 400 A thick Ag film caused
the D,p, value to increase by over one order of magnitude, im-
plying that the values do not reflect the diffusion controlled
process but are controlled by the reaction rate. The values ob-
tained after the surface treatment may still be controlled by the
rate of reaction. The literature values so far reported are pre-
sumed to have the same possibility of being determined by the
reaction rate and not to reflect the diffusion controlled situa-
tion. Therefore, the rate of diffusion of Li in graphite is ex-
pected to be as fast as that in liquid, or even faster than that.
This argument is not unlikely since Li* in solution bears three
or more solvent molecules due to solvation, resulting in an en-
larged size and weight, while a lithium particle intercalated in
the graphite layer is free from the solvent molecules, which al-
lows for the particle to move faster.

Evaluation based on the impedance spectrometry seems un-
favorable in our case because the frequency region for the eval-
uation of diffusion is in the range of 1073 Hz, which is as slow
as the direct current scan rate of 1 mV/s where any kind of
electrolysis is allowed to take place at an appropriate potential
and appears to have no meaning as impedance free from elec-
trolysis.
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Fig. 34. Apparent diffusion coefficient D, of Li determined
by PSCA method for the process of insertion into (A) and
extraction from (B) a well-graphitized carbon fiber (Mel-
blon 3100) in EC/DMC containing 1 M LiClO4 with (@)
and without (M) a 400 A thick Ag film deposited on the
surface.*

9 Li Insertion/Removal Rate of Low Temperature Me-
sophase Carbon. We can evaluate the Li accommodation
capacity in carbon from the CV. For example, the Li extraction
capacity of a 800 °C mesophase disordered carbon is calculat-
ed to be 240 mAh/g from the CV in Fig. 5 (A), while that cal-
culated based on Fig. 5 (B) amounts to 520 mAh/g in spite of
the CV obtained with the same material. As recognized from
this example, the capacity calculated from CV data differs de-
pending on the potential scan rate. A similar argument holds
for the evaluation under a constant current, i.e., charge/dis-
charge capacity obtained with a high current load will give a
smaller specific capacity. In order to determine the true value,
it is necessary to use a CV obtained with a very slow scan rate.
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Fig. 35. Schematic presentation of the internal structure of a
low temperature mesophase carbon having accommodated
Li particles with various accommodation states.

On the other hand, as shown in the above example, Li accom-
modation capacity of low temperature carbon is very high; the
extreme value so far reported is as high as 2000 mAh/g.*
Such a high capacity is very attractive for responding to a
strong demand of the advanced appliances.

There is, however, a great issue in the low temperature car-
bon because the rates of Li insertion/extraction are quite slow
as compared to those of graphite, which cannot respond to the
great demand of the advanced appliances. This is the reason
that has prevented applying this material for the actual use.
The high power unavailability appears essential to this material
due to the past studies®>® and the difference in capacity de-
pending on the scan rate as shown above supports this point of
view. If this is true, the actual use of the low temperature car-
bon may be unlikely. The internal structure of this carbon is
schematically shown in Fig. 35, where a number of micro-
crystallites of graphite, like graphite embryos, are roughly ori-
ented and connected by alkane and/or alkene chains in the ma-
trix.>%% Plausible accommodation states are shown in the fig-
ure with circles, but this is only an image and has not been ver-
ified experimentally yet. The accommodation sites can be
classified into two categories; i.e., intercalated ones in the mi-
cro-crystallite, and the ones outside of the micro-crystallite.
The accommodation energy probably differs between the two
sites, which is the cause of the appearance of two separated
peaks on CV. Referring to the CVs shown in Fig. 5 we may as-
cribe which peak is due to the Li in micro-crystallite. As
shown in Figs. 3 and 4, well-graphitized carbon reveals peaks
in the potential range 0.05-0.3 V vs Li/Li", from which we can
ascribe a peak at the lower potential in Fig. 5 to be caused by
Li in the micro-crystallites, and accordingly, a broad peak in
the positive potential region is ascribed to Li accommodated
outside of the micro-crystallites. Under such conditions, two
peaks are expected to appear on the "Li NMR spectrum, pro-
vided that the rate of the position exchange of Li between the
two sites is slow in view of the measuring frequency, and a
peak at higher energy is attributed to Li in graphite structure.

Our recent NMR study, however, has always shown only a
single peak on the NMR spectrum for low temperature me-
sophase carbons, irrespective of the amount of Li inserted.®
An example is shown in Figs. 36 and 37. As seen in Fig. 36, a
fully charged graphite reveals a single peak due to the interca-
lated Li at about 45 ppm with a somewhat broad band. This
single peak shifts to the lower frequency side with the lowering
of the preparation temperature, reaching 18 ppm for the 600 °C
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Fig. 36. "Li NMR spectra of fully charged fibers prepared at
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Fig. 37. 'Li NMR spectra of 800 °C carbon fibers charged at
30, 100, 400 and 800 mV, in EC/DMC containing 1 M
LiClO,, respectively.®

sample. A carbon giving a single peak at about 45 ppm with
fully charged Li is reasonably identified as graphite, whereas
the one giving at about 10 ppm is identified as 600 °C fired car-
bon. Actually, a fully charged 800 °C sample gave a peak at 16
ppm. On the other hand, shifts of the peak position depending
on the charged amount are shown for the 800 °C sample in Fig.
37. The peak position was found to shift from the lower side to
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the higher side upon increasing the charging amount of Li but
it never reached 45 ppm even when fully charged. Such a ten-
dency can be reasonably explained by assuming that basically
there are two kinds of accommodations; the one is Li in the
graphite-like micro-crystallites giving a peak at 45 ppm, and
the other is, Li accommodated in the sites outside of the micro-
crystallites giving a peak at 0 ppm, respectively. Provided that,
Li accommodated in the two different sites are exchanging
their positions with a frequency as fast as the NMR imposing
frequency, the two peaks become merged together into one
peak whose position is an algebraic average of the position of
the two peaks, where a contributing weight should be taken
into consideration. The weight is assumed to be proportional
to the amount of Li accommodated in a specified site. There-
fore, if the charging amount is low where no accommodation is
expected in micro-crystallite, the resulting peak position is ex-
pected to be near 0 ppm, whereas when fully charged, the
amounts in both sites are presumed to be equal from the shape
of Fig. 5. The resulting peak position is expected to be about
20 ppm which is reasonably compared with the actual value of
16 ppm. Increasing the preparation temperature causes the ac-
commodation site of micro-crystallite to exceed that of the out-
side sites, resulting in a positive shift in peak position, which is
seen in Fig. 36.

Provided that the above mentioned assumption holds so that
the internal mass transfer of Li is fast, we expect the rate of in-
sertion/extraction of Li from and out of the low temperature
carbon is essentially fast enough to meet the high power use.
We are now trying to modify the surface by utilizing a single
fiber electrode. The apparent diffusion coefficient obtained
with a pristine fiber sample was as low as 10~8 cm?/s through-
out the potential region examined but we have now succeeded
to enhance by about one order of magnitude, but we are still on
the way for more improvement.

10 Underpotential Deposition of Li on Carbon. Stud-
ies on the underpotential deposition of a foreign metal adatom
on a substrate metal have been conducted by Haissinsky,®"*®
followed by Schmidt and Gygax,*’> and by us,”>™ and by
Kolb.”” We detected it optically at first by developing a specu-
lar reflection method for Cd, Pb, T1, and Bi on a Au, Pt, and Cu
electrode.”8! Afterwards, Itaya have studied extensively with
the use of the TEM and AFM techniques until now for a num-
ber of adatoms including alkali metals deposited on a noble
metal substrate. However, no studies appear to have been per-
formed on the underpotential deposition of Li on the surface of
carbon. During the course of studies to obtain CVs for active
carbons in a non-aqueous electrolyte containing Li* we found
by chance the appearance of a sharp peak at a potential a little
positive to 0 V vs Li/Li*. This was found only when the con-
ductivity of the electrode is high with its uniform distribution
over the electrode examined (Fig. 38).

We postulated that the sharp peak was caused by a Faradaic
adsorption of Li on the carbon surface at a potential slightly
positive to Li/Li* through the reaction shown below.?

C(s) + Li* + e~ = C(s)-Li, 2)

where C(s) means the surface of the carbon substrate, and
C(s)-Li means a Li atom adsorbed by a Faradaic reduction on



36 Bull. Chem. Soc. Jpn., 75, No. 1 (2002)

Current / (mA.mg™")
O
1
¥

2 L L 1 1 L
0 0.5 1 0 0.5 1

Potential / V vs. Li/lLi"

Fig. 38. CVs of a Melblon 3100 felt in EC/DMC containing
1 M LiClO4 with a scan rate of 1 mV/s. (A) The electrode
was fabricated as usual. (B) The electrode was fabricated
with a good pressure of sandwiching with Ni expanded
metals.%?
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Fig. 39. CVs of a Kuractive 2500 active carbon fiber felt in

PC containing 1 M LiClO, with a scan rate of 1 mV/s.
Meanings of (A) and (B) are the same as in Fig. 38.%

the surface of the carbon substrate. The peak could be ob-
served on any carbon irrespective of the nature of the internal
structure (Fig. 39), and the peak position determined after the
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Fig. 40. Constant current discharge curves for an active car-
bon fiber Kuractive 2000 with 1 C rate in PC containing 1
M LiClO,4. The electrode fabrication is the same as in Fig.
388

Ohmic drop correction was 40 mV vs Li/Li*. Such a phenom-
enon was also found for a constant discharge curve as shown in
Fig. 40 for an active carbon felt electrode. An initial flat part at
about 40 mV on curve (B) is attributed to the discharge of the
underpotentially deposited Li.

One may be suspicious that the phenomenon is not caused
by the postulated mechanism but is due to Li metal deposited
on the carbon surface. The phenomenological difference be-
tween the two cases has been discussed in detail.**

Since the reaction is a surface reaction, the charge capacity
should be proportional to the active surface area of the elec-
trode material. Active carbon is expected to reveal a large
charge capacity. The tendency was roughly proportional to the
specific surface area but the difficulty arose that the surface de-
termined by a nitrogen adsorption method was not always ac-
tive enough to accept the adsorbing Li and was too narrow to
accept a sufficient amount of electrolyte in the pore space. We
tried to enlarge the pore opening by the method described in
Section 3, and afterwards a Ag film was deposited on the sur-
face. The resulting CV curve is shown in Fig. 41, the corre-
sponding charge capacity being determined to be as high as
250 mAh/g.®* Provided that the phenomenon can be repro-
duced very reversibly, we will have an opportunity to utilize
the capacity for the rechargeable batteries as an additional ca-
pacity. The issue to be solved is how to stabilize the phenome-
non and to get a stable cycleability, since it is sensitive to con-
taminants such as water or reducible substances contained in
the electrolyte.

11  Initial Irreversible Charging Capacity and Cy-
cleability. At the time of the first charging, any anode mate-
rial requires an extra charging capacity with respect to the sta-
tionary charging capacity. This extra charge has been attribut-
ed to the formation of SEI that is formed on the anode surface
from reactive entities generated as a result of the reduction de-
composition of the electrolyte.*** In case of a good combina-
tion between the surface of the carbon material used and the
electrolyte in contact with the carbon surface, once the SEI is
formed, no further electrolyte decomposition occurs in the suc-
cessive charge process, since the formed SEI stabilizes the an-
ode surface to block further decomposition as a passive film;
otherwise the electrolyte will decompose endlessly at the re-
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Fig. 41. CV of an active carbon fiber felt (Kuractive 2000) in
PC containing 1 M LiClO,. The curve was obtained with
the fiber sample mildly oxidized followed by a vacuum
deposition of a 500 A thick Ag film. The scan rate: 1
mV/s.®

duction potential. The choice of the combination is still based
on the trial-and-error method.

Minimizing the initial irreversible charging capacity (IICC)
is an important task for attaining high capacity for the actual
batteries, since IICC requires extra amount of the cathode ma-
terial to be loaded in the cell container, which is consumed at
the first charging process and never utilized for withdrawing
energy in the discharging process. The size of IICC appears to
be inherent to the anode material used, but we have found that
the size of IICC is not fixed but varies depending on the homo-
geneity of the electrical conductivity even when the same ma-
terial and the same electrolyte are used.** In Fig. 42 CVs are
compared for three different electrodes where the material
used was the same (Melblon 3100) for each. CV (a) was ob-
tained with a hand made coated electrode where no conductive
additives were loaded, CV (b) was with a sandwiched fiber
felt, and CV (c) was with a single fiber electrode with a scan
rate of 10 mV/s. In view of the homogeneity of the electrode
conductivity the increase in the homogeneity is in the order of
(a) < (b) < (c). In regard to the initial irreversibility, CV (a)
reveals a marked reduction peak at around 1.2 V accompanied
with a rapid decrease of the peak height during cycles, which
is in contrast to CVs (b) and (c). Dependency of the IICC on
the conductivity homogeneity may be elucidated based on the
complicated reduction mechanism of the chemical entities
generated by the reduction decomposition of the electrolyte.
The entities just generated are supposed to be reactive enough
to be reduced again at a different potential, resulting in the ini-
tiation of chain reaction on the surface. The polarization po-
tential during the electrolysis is expected to be not uniform on
the electrode due to an inhomogeneous conductivity distribu-
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Fig. 42. CVs of well graphitized carbon fibers (Melblon

3100) in EC/DMC containing 1 M LiClO,. (a) single com-
ponent coated electrode on a Cu sheet with a short fiber
particle bound by PVDF binder; (b) integrated fiber felt
electrode sandwiched with a folded Ni expanded metal
sheet and spot-welded; (c) single fiber electrode immersed
vertically in the electrolyte with a depth of 5 mm from the
tip.%*

tion because resistant polarization differs from place to place,
by which various kinds of chemical species may be generated,
resulting in a formation of an inhomogeneous SEI which is un-
favorable for perfect blocking.

The results obtained above suggest that even a coated type
electrode can be improved by loading a conductive additive in
the coating slurry. We attempted to verify the suggestion by
incorporating 15% of Timcal 3 pm graphite flakes into the
coated electrode comprised of Melblon 3100 short fibers and
compared the CVs for two samples with and without the load-
ed conductive additive. The SEM photographs are shown for
these two samples in Fig. 43, where we see the mechanical
contact, i.e., the electrical contact, among the fiber particles is
irregular for a single component electrode (top), while the two
components-electrode loaded with graphite flakes (bottom)
shows that the flakes are covering the fiber surface effectively
for attaining a homogeneous conductivity distribution. The
corresponding CVs are shown in Fig. 44. As clearly seen in
Fig. 44, the reduction peak due to IICC on CV (a) is obviously
suppressed on CV (b) which was obtained with the conductive
additive loaded.

The effect of the loading of acetylene black (AB) was also
examined by changing the loading amount. The results shown
in Fig. 45 indicate that the peak height is increased markedly
with the increase of loaded amount of AB, accompanied with
some suppression of IICC. No noticeable suppression recog-
nized in the figure is due to the superposed IICC of AB. Now
we would like to compare CV (b) in Fig. 45 with that in Fig.
46, where the loaded amount of AB is the same (5%) but the
mixing procedure to make slurry for coating is different. The
slurry was prepared by manual mixing with an agate mortar for
the former, while it was prepared by mechanical mixing for the
latter. Despite the same amount of AB being loaded for Fig. 45
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Fig. 43.  SEM images of the coated electrodes of a well
graphitized carbon fibers (Melblon 3100) without (top) and
with (bottom) 15 wt% of graphite flakes (Timcal, average
diameter: 3 um).%
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Fig. 44. CVs obtained with the electrodes corresponding

graphitized carbon fibers (Melblon 3100) without (a), and
with (b) 15 wt% of graphite flakes (Timcal, average diame-
ter: 3 um).%

(b) and Fig. 46, the resulting CVs are significantly different
from each other, not only enhancing the cycleability but also
reducing the IICC being realized by mechanical mixing.
When we refer to (A) and (B) in Fig. 47, the cause of the im-
provement can well be attributed to the difference in contact
homogeneity. Thus, we can conclude that the electrical con-
ductivity homogeneity is a key factor for obtaining a high per-
formance electrode.

12 No Decomposition of PC in Contact with a Graphi-

3100) loaded with AB, in EC/DMC containing 1 M
LiClO,4 with a scan rate of 1 mV/s. AB was loaded with a
manual mixing, loading amount: (a) 2.5%; (b) 5%; (c)
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Fig. 46. CV corresponding to (b) in Fig. 45, but the mixing
was done with a mechanical mixer.®*

tized Carbon Fiber.’*3 PC is a good solvent for the elec-
trolyte of Li-ion batteries in view of the high conductivity even
at low temperature and the low price, but it has a serious prob-
lem because it is decomposed vigorously when it is in contact
with graphitized carbons at a negative potential. The decom-
position has been believed to be due to the solvent co-interca-
lation during the charging of the anode.*® Such a vigorous de-
composition was found for a well graphitized integrated fiber
felt (Melblon 3100) as well, which is shown in Fig. 48. The fi-
ber felt sandwiched with a folded Ni expanded metal whose
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(A)

(B)

Fig. 47. SEM images of coated electrodes comprised of a well graphitized carbon fiber (Melblon 3100) loaded with 5 wt% of AB.
The coating slurry was prepared by manual mixing for (A), and by mechanical mixing for (B) where homogeneous dispersion of

AB is clearly seen.®
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Fig. 48. CV of an integrated fiber felt of a well-graphitized
carbon fiber in PC containing 1 M LiC10,.%

rims were spot-welded at several points tightly was destroyed
by expansion after 20 cycles repetition, indicating that the phe-
nomenon appears to be essential.

During the course of measurements using a single fiber elec-
trode, however, we found by chance that PC did not decom-
pose even in contact with a well-graphitized fiber. CVs ob-
tained in the electrolytes of EC/DMC and PC are shown in Fig.
49, where we find very stable CVs in both cases with no de-
tectable IICC even in PC. This is very surprising and we re-
peated and repeated the experiment many times. As a result,
we found sometimes an indication of the decomposition. Pre-
cise examination has showed that the decomposition tends to

occur when the fiber was not straight or mounted not symmet-
rically against the counter electrode, for example, in the case
where the distance from the counter electrode differs between
the tip and the part near the liquid level.

The second experiment was to examine a test electrode fab-
ricated with a bundle of five fibers which were fixed to the wall
of a thin Ni wire at the tip. Two cases were examined: i.e., all
the fibers were fixed with a vertical uniform direction, and all
the fibers were bundled randomly. Results obtained with these
two kinds of bundles are shown in Fig. 50. In the case of a uni-
form fiber direction, the obtained CV was relatively stable
though not well defined, while the electrode with randomly ar-
ranged fibers caused the electrolyte to decompose.

Summarizing the results, we can conclude that the PC de-
composition does not take place even on a graphite electrode
whenever the conductivity of the electrode is sufficiently high,
uniformly distributed, and the Ohmic drop between the test
and the counter electrodes during the electrolysis is kept uni-
form over the electrode surface. As already pointed out in Sec-
tion 11, formation of a uniform and compact SEI is the most
important factor to minimize IICC. Since IICC is due to the
initial solvent decomposition, a condition to attain a mini-
mized IICC appears to be related to preventing the PC decom-
position. This postulate seems to be not in accordance with the
PC decomposition mechanism now accepted. Detailed investi-
gation based on the chemistry of SEI in relation to the reaction
active site will be helpful for drawing the conclusions for ac-
ceptable mechanisms.

13 Improving the Performance by Making a C/C Com-
posite.’°  Having demonstrated the effect of uniform con-
ductivity distribution, the authors would like to provide an ef-
fective practical method for realizing the conductivity unifor-
mity. As the test sample we chose a low temperature carbon,
since the cycleability is poor as compared to graphitized car-
bons. At present, almost all the conventional coated electrodes
are fabricated by loading a conductive additive by which the
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Fig. 49. CVs of a single fiber of a well-graphitized carbon
(Melblon 3100) in EC/DMC (A), and PC (B), the salt dis-
solved being 1M LiClO4. The scan rate was 1 mV/s for
both,36:83

electrical contact of each active material particle is facilitated.
The contact, however, is still taken by a simple mechanical
contact of solid to solid, implying that the state is far from the
ideal one. Our idea is to make a C/C composite where the par-
ticles of carbon active material are bound together with a con-
ductive carbon through a chemical bond. Mesophase carbon
fiber felt prepared at 950 °C was selected as the active materi-
al. The method for making a C/C composite was based on uti-
lizing a thermosetting resin. At first, the fiber felt sample was
immersed in the solution of a thermosetting resin, cured, and
pyrolyzed into conductive carbon in an inert atmosphere. As
the thermosetting resin we selected two resins: i.e., epoxy resin
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Fig. 50. CVs of a five fibers bundled electrode comprised of
well-graphitized carbon fibers (Melblon 3100) in PC con-
taining 1 M LiClO,. (a) all the fibers were fixed with a ver-
tical uniform direction; (b) all the fibers were bundled ran-
domly.®

and phenol resin. After examining the incorporating, curing,
and pyrolyzing conditions, we could obtain the most prefera-
ble conditions for two resins. SEM images of the C/C com-
posite thus obtained are shown in Fig. 51. Epoxy resin was too
hard for itself to creep on the fiber surface during the pyrolysis
giving a rigid binding of rugged surface. In contrast, resol (a
kind of phenol resin) gave a C/C having a very smooth surface
and all the fibers appear to be bound by resol carbon very tight-
ly. A constant current cycle test with 1.5 C rate was applied to
both of the C/C composites in PC containing 1 M LiClIO4. The
results obtained with these C/C composites are shown in Fig.
52, where the result with a pristine fiber felt is shown for com-
parison. The cycleability was improved markedly by making
the C/C composite. Especially, as inferred from the appear-
ance of the SEM image, resol showed the most significant im-
provement.

One may expect that the C/C composite method can be ap-
plied to the high temperature carbon fiber. We examined how
to make C/C composite by applying resol to a graphitized fi-
ber. The results were compared with those of pristine. Not
only the peak height of the deintercalation peak but also the
cycleability were improved. An additional effect is the appear-
ance of a sharp peak due to the underpotential deposition of Li,
which has been explained in Section 10. The enhanced IICC
in the case of b) is due to the carbon formed from resol. Re-
sults obtained with C/C composite are also in accordance with
the postulated concept that the homogeneity of high conductiv-
ity of the electrode provides a good performance.
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(A)

Fig. 51. SEM images of the C/C composites prepared by the
pyrolysis of the resins binding the carbon fibers of me-
sophase low temperature carbon obtained at 950 °C. (A)
Epoxy resin was pyrolyzed up to 900 °C. (B) Resol resin
was pyrolyzed at 800 °C.%°

14 Free Movement of Li in a Solid Metal at an Ambient
Temperature.”>® As already pointed out in Section 4 and
related sections we believe that Li particle moves freely in a
metal film deposited on the surface of carbon fiber. Such a
concept, however, has been facing to objection at academic
meetings, resulting in no acceptance for publication in a scien-
tific journal. This stimulated us to find acceptable pieces of ev-
idence for proving the phenomenon. For the purpose of verifi-
cation, we decided to fabricate a bipolar cell where a metal foil
is sandwiched by two identical electrolysis cells facing each
other and the foil is used as a working electrode (Fig. 53). The
verification procedure is as follows: In Cell 1 an electrolyte
containing Li* is filled, and that containing no Li™ is filled in
Cell 2, then the centering bipolar electrode is polarized in Cell
1 at a sufficiently negative potential but positive than that of Li
deposition, and polarized at more positive potential in Cell 2.
While both sides are polarized, an aliquot of the electrolyte in
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Fig. 52. Capacity fading during the constant current charge/
discharge cycle test with 1.5 C rate both for charging and
discharging for pristine felt of 950 °C prepared carbon fi-
ber (a), the C/C composite prepared with epoxy resin (b),
and the C/C composite with resol resin (c).5 %
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(30 um thick copper foil)
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Fig. 53.
transfer through a centering metal foi

A bipolar cell constructed for verifying Li mass
1.9

Cell 2 is pipetted out from time to time the for atomic absorp-
tion analysis of Li. If we detect the increasing amount of Li in
Cell 2 after polarization this will be the direct confirmation of
Li mass transfer through a metal foil. Of course, absence of
pinholes should be confirmed in advance by vacuum test.

As the sample metal we selected a Cu foil because Cu is re-
ported to form no alloy with Li at an ambient temperature,
since many researchers did not accept our concept of Li free
mass transfer for a metal forming no alloys with Li. The re-
sults obtained with a Cu foil are shown in Fig. 54 where a lin-
ear increase in Li concentration with time is clearly seen after
the start of polarization. We succeeded to publish the paper in
the beginning of the last year.”® As seen clearly in the figure,
the Li concentration in Cell 2 was kept near zero level before
the polarization, which is an indicative of no pinhole that
would allows spontaneous leakage of Li. Results obtained
with a Ag foil were presented but are still being cast doubt by
the audience.”’ Amperometric method enables one to deter-
mine the diffusion coefficient of Li in metal, by which we
could obtain the potential dependency profile of the diffusion
coefficient. The values were in the range of 10”7 to 107 cm?/
sec. We are now testing with the other metals and trying to ob-
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Fig. 54. Time dependency of the Li ion concentration (as ex-
pressed as relative intensities of atomic absorption) of the
electrolyte in Cell 2.

tain a relationship between the applied potential and the Li
concentration in the metal during the polarization.

Conclusive Remarks

Due to the restriction of the given space, many other inter-
esting results so far obtained have to be put aside in this article,
but the author will be very glad if the readers are interested in
some items described here. Our study is not concerned with
the synthesis of carbonaceous materials but restricted in evalu-
ation in view of modifying the carbon surface. Through a thor-
ough examination of the modified surface the author believes
one will be able to infer the internal structure of carbon. Car-
bon is a very old material but at the same time a very new ma-
terial. The author believes it is important even for scientists to
remind the old saying that “By exploring the old, one becomes
able to understand the new”.

The author would like to extend the present study in the fol-
lowing items:

(1) Experimental and theoretical confirmation of mass transfer
of Li in solid metals other than Ag and Cu.

(2) Verification of hopping of Li particle across a gap between
two neighboring layers, i.e., as already seen in Figs. 15 and 17
a metal film deposited on the surface of a carbon fiber appears
not bound tightly to the substrate, otherwise it could not be re-
moved so easily, which implies that there is a gap between the
carbon and the metal film. In spite of the loose contact, Li
showed the evidence of free mass transfer throughout the en-
tire pathway. We would like to make clear the mechanism of
such free mass transfer.

(3) Confirmation of a free Li movement like the tunneling ef-
fect through a retarding skin. This is based on the fact that, de-
spite the presence of a compact oxide layer on a metal foil, we
have found that Li moves freely across the layer.

(4) The author would like to propose a new term “Carbon al-
loy” which will be prepared by nano-technology tools with a
variety of elements. The new material of carbon alloy is be-
lieved to contribute to support the advanced material technolo-
gy in the new century.

The author’s sincere thanks are due to my colleagues who
devoted their important times for studying the carbon science
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