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[57) ABSTRACT ‘

The present invention relates to insertion compounds
with improved performances for electrochemical appli-
cations. They are characterized in that they are ob-
tained from a graphite with a specific surface area of at
least 100 m2/g, and a granulometry at most equal to 4
pm. The graphite oxide or the graphite-NiCl, first stage
obtained from such a graphite is used as constituting
agent of the cathode of a lithium battery and it gives to
same excellent characteristics. The graphite oxide per-
formances may further be improved by preparing it by
double oxidation of a graphite having any specific sur- .
face area and the granulometry is of the order of the
pm, as shown by FIG. 2 which represents the intensio-
static discharge curves of the lithium batteries the cath-
ode of which contains the graphite oxide.

7 Claims, 2 Drawing Figures

v
3
2
"HIGH SURFACE"GRAPHITE OXIDE 254 Aem™2
I+ (1 OXIDATION) 100 — —o—
- 630 — =
“FINE POWDER" GRAPHITE OXIDE 100 — —o—
0 (I OXIDATION) 630 — —a— .
50 100

% PERCENT OF DISCHARGE



U.S. Patent Apr. 22,1986 4,'584,252-
Tz L. -

"HIGH SURFACE"GRAPHITE OXIDE 254 Acmi2 _o

s ' (1 OXIDATION) 100 — —o—
' ‘ 630 — ——
"FINE POWDER" GRAPHITE OXIDE 100 — —e—
o (! OXIDATION) . 630 — —A— |
50 100

% PERCENT OF DISCHARGE

7 2L 2
v
3
2
i=630uACm ™2
I L "HIGH SURFACE" GRAPHITE OXIDE 10XIDATION —a—
2 OXIDATION —o—
" FINE POW DER"GRAPHITE OXIDE 4 OXIDATION —a—
o ‘ ' 2 OXIDATION —&—

1 ed
50 100
% PERCENT OF DISCHARGE



4,584,252

1

INSERTION COMPOUNDS OF GRAPHITE WITH
IMPROVED PERFORMANCES AND
ELECTROCHEMICAL APPLICATIONS OF THOSE
COMPOUNDS

The present invention relates to insertion compounds
with improved performances, and to their electrochem-
ical applications, especially as constituting agents of
electrodes for electrochemical generators, and espe-
cially for high energy density batteries using in their
electrochemical chain alkaline metals such as lithium.

Research undertaken during the past few years on
high energy. density batteries using lithium at their
anode often has been directed toward the development
of new cathode materials. The conditions required for
such materials (low equivalent mass, high potential
relative to the anode, good conductivity both electronic
and ionic, insolubility in electrolyte, . . . etc.) are diffi-
cult to meet together, and limitations of use rapidly
appear.

The graphite insertion compounds have been much
studied for the purpose of their electrochemical applica-
tions: CF graphite fluoride, graphite oxide, insertion
compounds with metallic halides, etc.

Thus, in the high energy field, with batteries having a
lithium anode, interesting results have been obtained
with a cathode containing graphite fluoride.

Encouraging results also have been obtained with a
cathode containing graphite oxide. However, their volt-
age, in the course of use goes down rather rapidly and
their energy yield remains mediocre.

‘The main purpose of the present invention is to offset
those drawbacks by improving the performances of the
graphite insertion compounds which can be used in
electrochemical applications.

That purpose is reached according to the present
invention which consists of graphite insertion com-
pounds characterized in that they are-obtained from
graphite powder having a large specific surface, of at
least 100 m? per gram, and having a low granulometry,
at most equal to 4 um. ;

That “high surface” graphite for example may be
obtained by grinding under vacuum natural graphite in
a vibrating grinder (M. J. Kent Ph.D. Thesis, City Uni-
versity of London, 1973).

There is indeed observed that when making graphite
insertion compounds by means of the methods suitable
for each type of compound but using such a graplute
powder, their performance is definitely improved in the
electrochemical field.

The choice of the insertion compound according to
the present invention depends on the application con-
sidered.

Thus, as constituting agents of cathodes, in lithium

batteries, those compounds can advantageously be

graphite oxide or the graphite-NiCl, insertion com-
pound.

When the constituting agent chosen is graphlte oxide,
the latter can be mixed with graphite or with a graphite
insertion compound, with a chloride of a transition
metal such as Fe, Ni, Cu, Mn. .

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows discharge curves for cells using cath-
odes containing “High Surface” and “Fine Powder”
graphite oxides.

10

25

2

FIG. 2 shows discharge curves for cells using each of
these oxides which have been subjected to either one or
two oxidations.

The following examples are given only as indications,
and they are not limitative, but they do illustrate the
invention:

EXAMPLE 1

Graphite oxide is prepared from graphite powder
having a specific surface area ranging between 100 and
400 m2 per gram, and a granulometry rangmg between
2 and 4 pm.

The preparation method used is the Brodie method:

1 gram of graphite is treated with 10 ml of HNO; in
concentrated form with 2 grams of KClO3. At 60° C.,
under a dry nitrogen atmosphere, the mixture is kept
under continuous agitation and in two hours it gives:

8C+KCl0O3+ H;OHNO32C400H +-KCl

The graphite oxide which is obtained is washed sev-
eral times with distilled water, then it is centrifuged
until the NO3—, Cl-, ClO3~, H+, and K+ have disap-

- peared in the rinsing waters. Then it is dried under

vacuum at room temperature for 24 hours.

There are then made from the graphite oxide which is
obtained, electrodes by mixing it with a Ceylan graphite
powder, then by compressing that mixture. The per-
centage of graphite by weight is variable. It can go from
50% approximately (in laboratory) to 10%.(industrial).

Those electrodes thus made are mounted as cathodes
in batteries in which the anode is of lithium and the
electrolyte a 1M solution of LiClO4 in.propylene car-
bonate, 50 as to constitute several identical batteries.

Each battery thus made receives an intensiostatic
discharge which is different, that is to say there is im-
posed a constant current intensity i which is different

- for each battery, and the voltage of the battery is mea-
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sured as a function of the percentage of use of graphite
oxide, that is to say of the Faradaic efficiency Ri. The -
maximum practical Faradaic yield or efficiency for a
given battery corresponds to the energy yielded for the
lowest voltage value e participating in the definition of
the “e”.

- The value of the energy density D in Wh/Kg is given
by the relation:

ety

(3
m X 3600

D=
with Q=total quantity of electricity available in the
battery (in Coulombs) '

“e” i=average value of the threshold voltage (in
volts), for a given current density.
m=mass of the electro-active fraction of the cathode
and of the anode, in kilograms.
The balance reaction of the battery, taking as formula
graphite oxide C4OOH is:

3Li+C400H—4C+Liy0+LiOH

Consequently

Q=96500x 3 (in Coulombs)

m=Mcso0r-+3M; (in kilograms)

The theoretical energy density Dth of the battery is
the value of D for i=0.

The energy yield Rg of the battery is:
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The practical energy density Dpr is given by the
relation:
Dpr=DthXRg
Table 1 summarizes the results:
TABLE 1
i ei Dth Ri Rg Dpr
(pA/cm?) V) (Wh/kg) % % (Wh/kg)
0 3 2365 —
25 2.7 — 95 85 2020
100 25 — 9% 75 1770
630 2.35 — 85 67 1558

When those results are compared with those obtained
in the identical lithium batteries, except for the fact that
the cathode is made up of graphite and of a graphite
oxide coming from any graphite, there is observed that:
the voltage curve f(Ri) presents a flat plateau for the
High surface area Graphite, and not for the others.

the value of the plateau is appreciably superior to the
voltages corresponding to the same Ri in the other
batteries with graphite oxide of natural graphite
which has not been ground under vacuum.

the energy yield of 75% to 85% is 1.2 to 3 times

higher than with those other batteries.

There is thus seen therefore all of the advantage of
graphite oxide obtained from graphite powder with a
high specific surface area, and with a low granulometry
according to the invention.

In addition, it is possible to establish comparisons
with other batteries the characteristics of which are put

" together in the following Table 2.

TABLE 2
Equivalent
Mass Initial Theoretical

Cathode  Electromotive Energy
Type of Cathode And Force Density
Batteries Alone Anode A\’ Wh/kg
Li/C4O0H 27 34 3 2365
According
to the
Invention
Li/(CF) 31 38 3 2116
ZnMn O3 87 120 1.5 335
Battery

The Li/C4O0H battery according to the present
invention is clearly seen as standing out from the point
of view of its equivalent mass as well as from that of
energy density.

In addition, when it is compared with the Li/CF
battery, the performances of which are the closest, the
Li/C4OO0H battery is the least expensive one: graphite
oxide is less expensive than graphite fluoride.

EXAMPLE 2

That example is a variation of Example 1. The differ-
ence is that, at the time of the making of the electrode,
the graphite mixed with graphite oxide is replaced with
the insertion compound of graphite with MnCly:
C7MnCl, in equimass proportion.

The characteristics of the battery obtained are the
following ones:
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4
i ei Dth Ri Rg
(pA/cm?) V) (Wh/kg) % %
0 2.9 1550
100 24 — 90 5

The battery thus constituted presents the advantage
that it can supply high current density values for short
periods of time: of the order of 10 mA/cm? for a few
minutes.

In those two examples, the preparation method of
graphite oxide which is chosen is the Brodie method. It
may be replaced with any other method and especially
with that of Staudenmaier, which consists in slowly
oxidizing the graphite by means of a mixture of potas-
sium or sodium chlorate, concentrated sulfuric acid and
fuming nitric acid, while maintaining the mixture at
room temperature. That method will prevent the disap-
pearance of the finest grains.

In addition, there is observed that:

by proceeding to two successive oxidations of the

“high surface area” graphite, its performances are
further improved.

by replacing the “high surface area” graphite with a

graphite having any specific surface area but the
granulometry of which is of the order of the um
(so-called ‘fine powder’ graphite), and proceeding
to two successive oxidations of that ‘fine powder’
graphite, there are obtained results close to those
obtained with the “high surface area” graphite.

The advantage of that double oxidation makes it pos-
sible to obtain a graphite oxide the O/C ratio of which
is more important and, by that very fact, a graphite
oxide which performs better.

In both cases, when a double oxidation is carried out,
the planes of the graphite are well separated by the first
one, and the addition of new oxidizing agents at the time
of the second oxidation makes it possible to carry the
oxidation of graphite to a higher level and therefore to
increase the O/C oxidation ration of the latter.

Example 3 illustrates those variations.

EXAMPLE 3

There is prepared graphite oxide by the Brodie
method described in Example 1, respectively from:

“high surface area” graphite with a granulometry

ranging between 2 and 4 um,

“fine powder” graphite the granulometry of which

ranges between a few tenths and a few um,

for one part, causing them to undergo only one oxida-

tion as in the main patent application and, for the
other part, causing them to undergo two successive
oxidations.

From the different graphite oxides obtained, there are
then made electrodes in a manner identical with that
described in Example 1, and the electrodes thus ob-
tained are mounted as cathodes in batteries the anode of
which is of lithium and the electrolyte is.a 1M solution
of LiClOq in propylene carbonate.

The different batteries thus constituted are then sub-
Jjected to intensiostatic discharges.

Table 3 below shows the comparative results of the
batteries, depending on the graphite oxide being used.
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TABLE 3 TABLE 4
Original i ei Dith Ri Rg Dpr Abundance of the
Graphite (pA/cm?) (V) (Wh/kg) % % (Wh/kg) Granul- _____ compound obtained
0 3 2365 5 Initial Graphite ometry  Ist stage 2nd stage  Graphite
High High :v:urface 3pm  veryrich traces nothing
surface graphite
ar Natural graphite 80-125  traces present nothing
. -—61.—‘ ' Natural graphite 1 mm traces  abundant traces
1 oxidation 630 235 - 8 67 1580 Pyrographite =5mm  traces abundant traces
‘2 oxidations 630 225 —_ 100 75 1770 10
Fine powder . ]
| oxidati There are made, from the graphite/NiCl, insertion
oxidation 630 23 - 80 60 1420 £ i
2 oxidations 630 23 - 100 77 1800 compound of the first stage obtained according to the

FIGS. 1 and 2 show the discharge curves.

For one part, with electrodes comprising graphite
oxide obtained from “high surface area” graphite (0.G.
High Surface), or from “fine powder” graphite (0.G.
fine Powder), which has been subjected to one oxida-
tion only, for different current densities (FIG. 1).

For the other part, with electrodes comprising graph-
ite oxide obtained either from “high surface” graphite,
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- or from “fine powder” graphite, which has undergone

one or two oxidations, for a same value of current den-
sity (FIG. 2). |
The table and figures show that:
graphite oxide coming from a “high surface” graphite
leads to better electrochemical characteristics than
does graphite oxide coming from a “fine powder”
graphite in the case of the single oxidation,
the graphite oxide obtained from a “fine powder”
grapite subjected to a double oxidation leads to
 results close to those obtained with a grapite oxide
obtained from a “high surface” graphite.
-EXAMPLE 4: Graphite/NiCl; insertion compound
There are prepared graphite/NiCl; insertion com-
pounds from different graphite powders: ,
graphite which has a specific surface of 300 m2/g and
a granulometry of <3 um, according to the present
invention,
natural graphite with a granulometry ranging be-
tween 80 and 125 um,

natural graphite (from Madagascar) in fine flakes the

size of which is of the order of the mm,

pyrographite with a granulometry of ~ 5. mm.

The preparation method, identical in the four cases,
consists of preparing a mixture of graphite with NiCly,
in dehydrating that mixture at 300° C. for ten hours
under vacuum, in introducing chlorine in a quantity
sufficient to ensure a pressure of 2 atmospheres at 25°
C., in sealing the enclosure containing those products

and finally in heating to 700° C.

" The products obtained are washed with acetonitrile
in order to eliminate the excess of NiCly, then they are
dried in an oven.

By analysis under X-rays, there is seen that the graph-
ite according to the present invention leads to an inser-
tion compound of the first stage which is practically
pure, while when the size of the grains of graphite in-
creases, less and less first stage compound is formed in
favor of the second stage compound, respectively
CNiClz and C1aNiCla.

Table 4 contains the results as a function of the initjal
graphite.

25

30

invention, electrodes simply by stamping the com-
pound.

Those electrodes are mounted as cathodes in lithium
batteries the anode of which is of lithium and the elec-
trolyte is a 1M solution of LiClQO4 in propylene carbon-
ate, in a manner such as to constitute several identical
batteries.

Their characteristics are measured by intensiostatic
discharge as in Example 1.

Table 5 contains the results obtained.

TABLE 5
i ei Dth Ri Rg Dpr
(pA/em®) (V)  (Wh/kg) % %  (Wh/kg)
0 2.8 700 —
100 2.5 — 95 85 600

Since the “high surface graphite” makes it possible to

_ obtain the first stage of the graphite/NiCl; insertion
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compound, there is consequently obtained an active
electrode material with an energy capacity 30% higher
than that of the other electrodes of the same nature
known to this day.

Cyclic voltaimetry indicates a reversibility of positive
electrodes which have been discharged only partially.
(50%).

I claim:

1.-An electrochemical generator electrode compris-
ing a graphite oxide mixed with a graphite insertion

" compound with a chloride of a transition metal, said
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graphite oxide being obtained from a graphite havinga
specific surface area of at least 100 m2/g, and a granu-
lometry at most equal to 4 microns.

2. An electrochemical generator electrode according
to claim 1, characterized in that the graphite oxide is
obtained by means of two successive oxidations of the
graphite which has a specific surface area of at least 100
square meters per gram.

3. An electrochemical generator electrode according
to claim 1, characterized in that the graphite insertion
compound with a chloride of a transition metal is the
C7MnCl; compound.

4. An electrochemical generator electrode compris-
ing a graphite insertion compound of a graphite—NiClz
compound of the first stage: CoNiCly, said graphite
insertion compound being obtained from a graphite
having a specific surface area-of at least 100 m2/g, and
a granulometry at most equal to 4 microns.

5. An electrochemical generator comprising at least
one electrode as claimed in claim 4 and characterized in
that its electrochemical chain is of the type:

Li/1IM LiClO4 solution in propylene carbonate/-
graphite-NiCl, insertion compound, C¢NiCly,

its threshold voltage during an -intentiostatic dis-
charge with a current density of 100 pA/cm?2is 2.5
v,
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its theoretical energy density is 700 Wh/kg,
its Faradaic efficiency is 95%, its energy efficiency is
85%.

6. An electrochemical generator characterized in that
it comprises at least one electrode such as claimed in
claim 1 or 4.

7. An electrochemical generator comprising at least
one electrode containing a graphite insertion compound
obtained from a graphite having a specific surface area
of at least 100 m2/g and a granulometry at most equal to
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8

4 microns, characterized in that its electrochemical
chain is of the type:
Li/solution 1M of LiClOy, in propylene carbonate/-
graphite oxide mixed with graphite,
its threshold voltage during an intensiostatic dis-
charge with a current density of 100 pA/cm?, is 2.5
its theoretical energy density is 2365 Wh/kg, V,
its Faradaic efficiency is 90%,

its energy yield is 75%.
* * % % %
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