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[ Abstract] A needle coke was graphitized at different heat treatment temperature (2 000 'C to 3 000 C). The electro-
chemical intercalation mechanism of Li into the graphitized coke has been studied in Lil 1 mol* L 'LiClO4+ ethylene car
bonate/ diethylene carbonatel graphite cells, using an irrsitu X- Ray diffraction (XRD) technique. The study of Lt C inter-
calation processes of the graphitized coke reveals that there are three major types of intercalation behavior. The first is unr
formly intercalated at all Lt C compounds in graphitized coke heated at 2 250 C; the second is obviously staging phe
nomenon during intercalation for the graphitized coke heated at 2 750 °C; the third is cointercalation of solvated Lrion at
high potential (> 0.3V) and then lithium electrochemical intercalation at lower potential for that heated at 3 000 C, re
sulting in the decrease of capacity and efficiency of graphite negative electrode for lithiunrion secondary battery.
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1 INTRODUCTION

The knowledge about the mechanism of interca-
lation reaction of Li into graphite seems to be very
lacking, compared to the fact that a number of carbon
materials have been synthesized. In general, the
amount of lithium intercalated and the chemical po-
tential of intercalation depend on the structure of car-
bon. Petroleum coke is the most important raw mate-
rial for the manufacture of artificial carbon and
graphite, after high temperature heat treatment, the
petroleum coke becomes good active substances for
the negative electrode of lithium-ion rechargeable bat-
teries!' 3}, The more graphitic the carbon, the high-
er its capacity and the more sensitive to the solution

[4=10] " yhus graphite electrodes have

cornposition it is
a very limited cycle life in many solvent systems due
to the destruction of graphitic structure ( exfolia-
tion)!*). Therefore the most appropriate heat-treat-
ment temperature (HTT,,,) and degree of graphiti-
zation for the carbon material must be considered,
otherwise the charging-discharging performance of
the batteries will become poor. In this paper the re-
sults of the electrochemical intercalation of graphitized
coke/lithium cells are presented, using in-situ X-ray
diffraction analysis.

2 EXPERIMENTAL

A needle coke (ANC) was heated in a middle
frequency oven at different HT T, : 2000, 2250,
2500, 2750, and 3000 C. The graphitized products

were ground <75 um powders and were analyzed by
X-ray diffraction with a SIEMEMS D5000 diffrac-
tometer equipped with a Co target X-ray tube and a
diffracted-beam monochromator. From the width of
the Bragg peaks, the average grain size was roughly
calculated using the Scherrer equation.
A

L = B+ cosd

The powders were mixed with 10% polytetraflu-
oroethylene (PTFE) and were rolled by a heating
roller to carbon membranes. After drying at 160 T
under vacuum, the carbon membranes were used as
the electrodes of the lithium-ion rechargeable batteries
to determine the galvanostatic charging-discharging
capacity. The counter electrode and the reference
electrode were made of metallic lithium foil, and the
electrolyte was 1 mol/L LiClO, + ethylene carbonate
(EC)/diethylene carbonate (DEC) (1:1). During
the galvanostatic charging-discharging, some samples
were analyzed by in-situ X-ray diffraction simultane-
ously, which allowed us to monitor the changes of the
graphitic structure at various depths of discharge and
charge.

3 RESULTS AND DISCUSSION

The electrochemical characteristics of carbona-
ceous materials strongly depend on their morphology,
crystallinity and orientation of crystallites, etc. In or-
der to understand systematically the relationship be-
tween electrochemical properties of carbonaceous ma-
terials and its microstructure, it is convenient to in-
vestigate the effects of the maximum heat-treatment
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temperature.

The crystallite parameters dgy; and L., Lo and
Ljo; of the graphitized needle coke powders are
shown in Table 1. From it we can see that dgy,
monotonously decrease with increasing HTT,,, and
Lk, always increase with increasing HTT,,,. The
crystallite dimension in a-axis direction, L4, in-
creases very quickly. Therefore, for ANC300,. it is
difficult to examine the peak (100) and (101) by
general @ ~ 28 couple scan, and the XRD pattern
shows that ANC300 is a highly plane ortented materi-
al.

Table 1 Crystallite parameters of samples

HTT s don2 Loz Lo L
Seple /T /nm /om /nm /nm

ANC200 2000 0.3419 21.2 20.4 2.1
ANC225 2250 0.3396 30.9 34.8 4.4
ANC250 2500 0.3369 42.6 52.8 6.5
ANC275 2750  0.3362 56.8 111.0 8.9
ANC300 3000 0.3355 71.4

Three parameters are of particular importance in
determining the quality of the graphite electrode. The
first parameter is the reversible capacity that defines
the capacity available from the electrode after the ini-
tial formation cycles, and it can be represented by the
third discharging capacity. The second parameter is
charging-discharging efficiency in the first cycle. The
third parameter is the potential distribution.

The charging-discharging performance of the
graphitized needle cokes used as the negative electrode
is shown in Fig.1. From it we-can see that the dis-
charging capacity (Dj3) in the third cycle and charg-
ing-discharging efficiency ( 3,) in the first cycle of
graphitized needle cokes increase with increasing

HTT, .. below HTT_ .. = 2750TC, but decrease
rapidly about 3000 C .
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Fig.1 Charging-discharging performance of
graphitized needle cokes

Fig.2 illustrates experimental potential-capacity
curves for the first charge (intercalation) of Li/
graphitized cokes cells. The entire charge encompass-

es three potential regions: a plateau region I, a slop-
ing region [l and a plateau region . A close exami-
nation reveals that the shape of the potential curves o
potential regions are different with the increase of
HTT,... Plateau region I becomes broader, the
sloping region Il drops at high rates, and the plateau
region [l become longer. The charge capacities in re-
gion [[ (except ANC300) and in region Il are re-
versible, but it is irreversible in region I .
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Fig.2 Potential vs capacity for first charge of
graphitized coke samples

The above results show that the charging-dis-
charging performance of the graphitized needle cokes
used as negative electrodes is related to their mi-
crostructure. Using in-situ X-ray diffraction, we ex-
amined the structure changes taking place in different
samples during intercalation. The experiments re-
ported here were done while Li was inserted into the
graphitized samples; similar results were obtained
during deintercalation.

Fig.3 shows portions of in-situ X-ray profiles in
the region of the graphite (002) peak taken from in-

. tercalation processes of sample ANC225. The poten-
~ tials (vs Li/Li* ) at which XRD patterns were mea-

sured are indicated on Fig.3. This peaks shift
smoothly to lower angle as the cell potential decreases
(as Li intercalates within the graphite). This shift
corresponds to an increase of the (002) plane spacing
due to the presence of Li between the layers. This ev-
idence shows that Li is intercalated uniformly within
the host material. However, the peak width at half
maximum (FWHM) intensity of the corresponding
peaks varies with potential. This broader peaks ob-
tained reflects that different parts of the electrodes are
at different stages at the same applied potential and il-
lustrates that different parts of the sample are at dif-
ferent degree of graphitization in the same sample,
resulting in lower discharging capacity.

Fig.4 is the portions of in-situ X-ray diffraction
spectra of sample ANC275 during intercalation pro-
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d), fourth/third (Fig.4 e), third/second (Fig.4 g)
and second/first stages (Fig.4 i). Therefore, the Li-
P b graphite intercalation processes of sample ANC275 are
considered to undergo transitions of each stage accord-
ing to eighth-stage—fourth-stage—third-stage—sec-
ond-stage—{irst-stage. Since the theoretical capacity
of 1 stage Li-GIC (LiCg) is 372mA-h/g, the sample
ANC275 exhibits a larger capacity.

In order to learn why the cells with ANC300 re-
ported in Fig.1l show poor discharging capacity and
charging-discharging efficiency, an in-situ XRD ex-
periment during charging-discharging processes was
conducted. Fig.1 shows the potential-capacity curve,
and Fig.5 shows the corresponding X-ray patterns.
For the obtained XRD patterns, they show clearly
different from the patterns in Fig.3 and Fig.4. As
the charge process continues, the graphitic peaks be-
come weaker and a new phase appears. This phase

| 1
27.5 28.5 29.5 30.5 315
26/(7)

Fig.3 XRD spectra for (002) region of
Li-GIC of sample ANC225

From a to g, scans were measured at following cell potentials:
1.50, 0.68, 0.42, 0.26, 0.12, 0V, respectively

A has two broad peaks nearby the (002) region of
' I N 1] graphite, the leftward one centers at 26~28.0°(label
1 stage (001) I in Fig.5 scan ¢) and the other is of the rightward
J/ \. h at 20~32.5°( label II in Fig.5 scan c). The left-
2 stage (002) . g ward peak shifts smoothly to lower angle as the cell
potential (>0.3 V) decreases and the rightward peak’
_ Lo £ shifts to higher angle simultaneously. The appearance
3 stage (003) _— of peak Il is a clear indication of staging that is the
/ d presence of intercalation of solvated Li-ion Li(EC/
4 siage (004) c DEC)*. To verify that the reaction mechanism for
8 stage (008) b the ANC300 electrode is cointercalation of solvated
N Li-ion at higher potential ( >0.3 V), the thickness of

Graphite (002 intercalated ion layer was calculated.
7 28 2 36 31 32 For scan ¢ in Fig. 5, the former peak [ is iden-

20/(%)

Fig.4 XRD spectra for (002) region of
Li-GIC of sample ANC275

From a to i, scans were measured at following cell
potentials; 1.50, 0.31, 0.20, 0.15, 0.12, 0.09,
0.06, 0.03, 0V, respectively

cesses. From it we can see that the graphite intercala-
tion process can be described by the stage index “n”,
which is equal to the number of graphite layers be-
tween two guest layers. The characteristic peaks of n
stage and the potentials (vs Li/Li* ) at which XRD
patterns were measured are indicated on Fig. 4. From
the XRD data collected at several degrees of intercala-
tion the average interlayer distance d, for nth-stage

compound can be calculated according to that! %1,

Graphite (002)J
d, =d; +nXCy (1) 26 28 30 32 34 36

where d; is the thickness of one intercalation layer
(such as LiCs, d;=0.370nm, d; =0.035nm) and
C, means interlayer distance of graphite (0.336 nm).
As a result, there are 1, 2, 3, 4 and 8 stage, and the

28/(C7)

Fig.5 XRD spectra for (002) region of
GIC of sample ANC300

experimental data show fairly good agreement with
the calculated values. Coexistence of two-phases is
observed by XRD in the eighth/fourth (Fig. 4c and

From a to g, the scans were measured at following
cell potential; 1.40, 0.82, 0.61, 0.41, 0.28,
0.13, 0V, respectively
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tified as the (00/), peak of a stage n structure, and
‘the latter peak I as the (00 + 1), peak. The peak
index / can be calculated by

d, =d;xl=dgpx{+1) (2)
where d, is the average interlayer distance for nth-
stage compound, d 1 =0.370 nm is the plane spacing
of the (007), planie, and d 1 =0.317 nm is the plane
spacing of the (007 + 1), plane. Eqn.(2) is used to
solve for I, and we can obtain

dy

Sd; —dr ="
the d,, is calculated as

d,=0.370X1=0.370X6=2.22 (nm)

From Eqn. (1) d, is calculated as

d;(min) =2.22-6%0.3355=0.207 (nm), as

Nopax = 0

l

and

d;=2.22-5%X0.3355=0.543 (nm), as n =
5 (n=1l-m,, m;=0,1, 2, =, [-1).

According to the situations of peak 1 and peak
II, n should be 5, and the thickness of the interca-
lated ion layer is 0. 543 nm.

Further charging leads to lithium ion intercala-
tion in graphite and Li{EC/DEC) " -GIC. The peaks
I and II of Li(EC/DEC) " -GIC become smaller and a
new peak [ (center at 26 ~29.5°) of Li-GIC ap-
pears.

Some works!**¢! were carried out on the interca-
lation process in several systems, resulting in different

5,6]

kinetic interpretations. The intercalation reaction in
such a particular case as in lithium-ion secondary bat-
teries may be divided into four elemental processes as
follow:

1) adsorption of the intercalatent onto the sur-
face of the host; 2) insertion of the intercalatent into
the gallery of the host; 3) diffusion of the intercala-
tent in the gallery; 4) stage transition between differ-
ent stage structures.

These results shown that the degree of graphiti-
zation, the Lgp, Ljgp can not be too high to avoid
the cointercalation of solvated Li-ion in graphitic mi-
crocrystallites at higher potential during charging.

4 CONCLUSION

There are three major types of intercalation be-
havior of Li into graphitized needle coke in 1 mol/L
LiClO; + EC/DEC(1:1). In order to improve the
charging-discharging performance of products, the
appropriate maximum heat-treatment temperature
must be considered. The HTT,,., and the degree of
graphitization have optimum values.
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