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Abstract 

Lithium-graphite intercalation compounds were synthesised in an electrochemical cell by the application of a series of current pulses. 
during which non-equilibrium distributions of intercalation phases were created in the graphite. The phase formation and subsequent 
interconversion were studied by a combination of chronopotentiometry and in situ X-ray diffraction. 
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1. Introduction 

Many types of carbon have been considered for use as the 
negative electrode materials for lithium-ion batteries [ 1,2]. 
Graphite is a promising material [ 3-61 as it has a low working 
voltage ( <300 mV versus Li/Li+), high theoretical inser- 
tion capacity - up to LiC, (372 mAh g- ‘) - and is 
expected to lose little charge, unlike lithium metal, in film- 
forming and other parasitic reactions after the first charge/ 
discharge cycle. 

In contrast to many types of carbon, in which phase sepa- 
ration upon lithium intercatation is poorly resolved or non- 
existent. graphite forms several phases which can be 
identified in the electrochemical titration as well as by X-ray 
diffraction (XRD). Thus, in the lithium-graphite system, the 
kinetics of phase formation, as well as ionic diffusion, may 
determine the maximum theoretical rate at which electrodes 
may be cycled. Lithium intercalation under non-equilibrium 
conditions was studied in an effort to measure the rate of 
phase interconversion. 

Lithium ions can insert between the carbon layers in graph- 
ite, causing the stacking pattern to charlge from ABAB in 
AAAA [7-91 with a consequent increase in the average layer 
spacing [ lO-121. The average graphite layer spacing, which 
may he determined by XRD, has characteristic values for the 
intercalation phases. XRD has been used in quantitativedeter- 
mination of the different lithium-graphite intercalation com- 

* Correspondiig author. 

0378-7753/%/$15.00 Q 1996 Elsevier Science S.A. All rights reserved 
PllSO378-7753(96)02440-8 

pounds (Li-GICs) present in an electrode [ 131. Several 
studies have utilised XRD to examine the equilibrium sta- 
geing of electrochemicaily intercalated lithium in graphite 
[ 141. It has been found that, at low insertion rates, lithium 
preferentially intercalates in the order: stage t’*stage 
4+stage3-,stage2L-,stage2+stagel [lS].Stagel’is 
defined as a Li-GIC with stage order greater than 4 (L&C& 
x < 0.16); however, it has been proposed that a stage 8 phase 
may exist [ i6]. Stage 2L corresponds to a liquid-like stage 
2 phase [ 171 with a lodeer in-plane concentration of lithium 
than stage 2: L&,&z and LiC,,. respectively. 

2. Experimental 

A paste was formed by mixing Lonza I&U-Pi graphite 
(G.S. Inorganic Products) and carbon black (Degussa) in 
an ethylene/propylene copolymer (EPM, Exxon) in cyclo- 
hexane sola:ion. The paste was spread upon 15 pm thick 
copper foil and the cyclohexane was allowed to evaporate. 
The resulting material was cut into strips and the graphite 
paste scraped away to define an active electrode area of 
approximately 0.3 cm2. The graphite loading of the dried 
electrodes was 20 mg cme2. 

A 1 M solution of lithium hexafluoroarsenate in a 1: I (by 
mass) solution of ethylene carbonate (EC) and diethyl car- 
bonate (DEC) was prepared in an argon tilled dry box ( < 2 
ppm water and oxygen). The DEC was decanted from 4 A 
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molecular sieves (Stavar). The lithium hexalluoroarsenate 
and EC were dried under vacuum prior to use. 

Cells were constructed by vacuum-sealing a graphite pow- 
der electrode, a glass filter paper, soaked in the hexafluoro- 
arsenate solution, and a lithium counter electrode into an 
aluminium-polymer laminate ( LamofoilTM) pouch. The two 
electrodes were connected to nickel foils which were sealed 
through the edges of the bag to allow external electrical con- 
tact. Open-circuit potentiaij of the uncycled cells were greater 
than 2.75 V. 

Electrochemical measurements were made by using a 
h&Pile IITM cycling system. Concurrent XRD measure- 
ments (Cu Ka radiation) were made with a STOE powder 
diffractometer using a position sensitive detector (covering 
7O in 28). The test cell was held in a purpose-built holder 
which rotated the sample repeatedly between two positions 
separated by 140” at a rate of -3” s-‘. The sample was 
rotated to reduce the effect of preferred orientation in the 
graphite and polymer laminate bag. Stack pressure was 
applied by clamping the cell between thin beryllium sheets 
in the sample holder. 

Time / bouts 
Fig. I. Pulsed coulometric titration of lithium vetsus graphite powder elec- 
trode. The upper and lower curves correspond to the insertion and relaxation 
periods, respectively. The amount of charge passed conesponds to: (a) O- 
56 rnAh g-‘; (b) 56-l 13 mAh g-‘; (c) t13-169 m.\hg-‘. and (d) 394- 
450mAhg-‘. 

3. Results and discussion 

3, I. Calibration zelDaarees 

Lithium was intercalated galvanostatically into a graphite 
electrode, by pulsed coulomettic titration (Fig. 1) at an over- 
all rate of C/l9 (i.e., a total time, including insertion and 
relaxation periods, of 19 h would be required to form LiC, at 
100% efficiency). A series of 300 s current pulses, followed 
by 750 s relaxations, was applied to the cell. The end-points 
of individual relaxations (upper trace) were free of iR drop 
and were near to the equilibrium potential of the graphite 
electrode with respect to Li/Li +. 

XRD measurements were made during the intercalation 
(Fig. 2). 

Fig. 2. X-ray difftactograms showing the (002) peak of graphite at various 
degrees of insenion. The amount of charge passed corresponds to: (a) O- 
56mAhg-‘;(b)56113mAhg-l;(c) 11%169mAhg-‘,and(d)394- 
450mAhg-‘. 

The XRD patterns (Fig. 2) are denoted with a letter accord- 
ing to the extent of titratii;n (Fig. 1) at which they were 
recorded. The dominant peaks in Fig. 2 have been assigned 
as [ 18,191: 

(c) two overlapping peaks: the 002 peaks of LiCIz (stage 
2) and Lio.,Cr2 (stage 2L). and 

(d) the001 peakofLiC, (stage 1). 
The broad peak at 23.7’ has been assigned to components 

of the aluminium-polymer laminate bag. 
The peaks in Fig. 2(a)-(d) were analysed by baseline 

subtraction, followed by integration between limits (method 
1) and by fitting curves (Pearson VII functions) using STOE 
software (method 2). The peaks were normalised to the pris- 
tine graphite peak (Fig. 2(a)). The results are shown in 
Table 1. 

(a) the 002 peak of graphite; 
(b) two peaks: the 904 peak of the stage 4 phase and a 

peak corresponding to the average graphite layer spacing of 
Li&,x<O.16 (stage 1’); 

The intensity of the dominant peak (Fig. 2(a)-(d)) is 
affected by the change in composition of the GIG and the 
change in scattering angle, as well as any long-term variations 
in the primary beam intensity. However, these effects appear 
to cancel out as the area of this peak (Table 1) remained 

Sumnutty of the XRD data 

Region Layer spacing (A) Dominant stage 
[20.211 

Method 1. notmalised area Method 2. normalised area 

a 3.359 prisiim graphite 1.00 I .OO 
b 3.44.3.39 4and I’ 0.99 I .03 

zl 3.513 3.712 2and2L I 0.98 I.01 0.99 1.05 
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Fig. 3. F’otentiomewic dataand corresponding pk thctions for lithium interedated graphite. after five equal cwent pulps: (a)-(e), respectively. 
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Tabk 2 
Summary of tbe measurements shown in Fig. 3 

Pulse number charge passed (mAh g-‘) Voltage relaxation time (s) Voltageat6OOO(smV-‘) 

1 93 500 216 

2 186 1700 124 

3 279 2600 93 

4 372 4500 77 

5 465 >6ooo 12 

constant with GIG composition within the accuracy of the tions of the two stage 2 phases remained virtually unchanged 
above methods ( f 0.04). after 2000 s. 

It was found, in accordance with the theory [22] and 
transient K-GIG! measurements [ 231, that there was little 
broadening of the graphite peaks during the following meas- 
urements; hence, it will be assumed that the proportion of 
graphite present in a given phase can be deduced using Eq. 
(1) 

proportion of stages x 

= (area under peak corresponding to stage x) 

i=ZW.( 
area under peak corresponding to stage i) 

It can be seen (Fig. 3(a)-(d)) that, during the first four 
current relaxations (z > 300 s), the cell voltagepassesthrough 
a final point of inflection. This reflects a sharp decrease in 
surface activity of the graphite electrode. The time at which 
the inflection occurred, after thecurrent pulse, (voltagerelax- 
ation time) was found to increase as the degree of lithium 
intercalation increased (Table 2). however, it should be 
noted that the faradaic yield of LiC, was approximately 80% 
(Fig. 3(e)). 

(1) 

3.2. Transient measurements 

A series of current pulses was passed through a test cell. 
The pulses were each of 300 s duration and conveyed 93 
mAh g- ’ of charge (3C charge rate). Following each pulse 
the cell was allowed to relax for at least 8 h (until the rate of 
change of cell voltage was below 2 mV h-l). In situ XRD 
data were recorded every 150 s from the start of the current 
pulse (t = 0) for 2400 s, after which diffractograms were 
recorded every 450 s. The XRD data were analysed as above 
(Eq. (1)). 

The initial relaxation voltage plateau lies at amore negative 
potential than the final one, indicative of high-activity phases 
or the presence of metallic lithium at the graphite surface. 
The two voltage plateaus recorded after the third pulse (Fig. 
3(c) ) were indicative of phase interconversions, which were 
not apparent from the XRD data, as mentioned above. How- 
ever, after the fifth pulse, the XRD data reveals phase inter- 
conversions even though there was only a single voltage 
plateau. From these observations it is clear that chronopoten- 
tiometry and XRD are complementary techniques in the eval- 
uation of phase interconversion in the Li-GIC system. 

The proportion of a given phase is accurate to f0.05. 
except that of stage 1, which is accurate to f 0.10. 

The amount of pristine graphite was found to become neg- 
ligible ( <5 mol%) within 400 s of the start of the initial 
current pulse (Fig. 3(a)). Thus, in excess of 95% of the 
electrode was accessible to lithium intercalation. 

The presence of a minority concentrated phase, after the 
first current pulse. may be inferred from the XRD peak posi- 
tions (Fig. 4). Layer spacings, calculated for the dominant 
XRD peaks, of > 3.45 A were found at short times (t < 600 
s). These spacings are indicative of a mixture of stage 3 and 
stage 4 Li-GICs, but stage 1’ was also present (lower trace). 
Thus, a mixture of at least three phases existed in theelectrode 
[ 241. At longer times. the layer spacing of the more concen- 
trated phases (upper trace) decreased, implying a decrease 
in the ratio of stage 3 to stage 4. 

Following the first current pulse stage 1’ Li-GIC was 
formed, which was then converted to stage 4 phase. The 
growth of the stage 4 phase became negligible 500 s after the 
end of the current pulse. Similarly, it can bc seen (Fig. 3(a)- 
(e) ) that phase interconversion continued during each relax- 
ation period subsequent to each current pulse. The rate of 
phase interconversion decreased with charge passed until, 
after the final pulse (Fig. 3 (e) ), phase interconversion con- 
tinued for 5000 s. One apparent exception is the phase inter- 
conversion after the third pulse; however, it was not possible, 
from the XRD data, to distinguish stage 2 from stage 2L. 
Hence, it may be expected that some undetected phase inter- 
conversion was proceeding. even though the sum of propor- 

Fig. 4. Layer spacings for the dominant XRD peaks after the first cumnt 
plllSe. 
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Fig. 5. Schematic representation of lithium activity in a graphite particle 
during intercalation. Depth of shading indicates lithium activity. 

Following the third, fourth and fifth pulses, the two dom- 
inant peaks, corresponding to stage 1 and stage 2 (or stage 
2L), are found to vary little in position: 3.7OOstO.015 and 
3.515 f0.005 A, respectively. It may also be noted that no 
intermediate phases, e.g. stage 1.5, were detected, even at 
short times. However, after the third pulse, the initial relax- 
ation plateaus may indicate plated lithium rather than con- 
centrated Li-GIC phases. This is almost certainly the case 
after the fifth pulse, where the voltage remained below 20 
mVformorethan21 h [25]. 

In the long-time limit (2-10 h), after the first four pulses, 
the proportion of phases present and the cell voltage remained 
constant. In this limit, activity may be expected to differ little 
between the bulk and surface of the graphite particles 
(Fig. 5). 

4. Conclusions 

It has been shown that in situ XRD and chronopotentio- 
metry are complementary and of great value in elucidating 
the structural changes that occur during intercalation. Chron- 
opotentiometry generally revealed the presence of two volt- 
age plateaus during the relaxation of the unsaturatedelectrode 
after cutrent pulses. but only one when metallic lithium was 
plated onto a saturated electrode. 

The following model has been proposed, for the two pla- 
teau situations. 

The initial plateau corresponds to a dynamic system in 
which concentrated lithium phases are present at the sur- 
face of the graphite particles. From these phases, lithium 
diffuses to the more dilute bulk phases. As this happens, 
the ratio of high to low stage Jrder Li-GiCs increases. 
The second voltage plateau extends for more than 10 h 
after each pulse. In this region, the Li-GICs remain in an 
almost constant ratio. indicating that the reservoir of lith- 
ium ions in concentrated surface phases has become 
depleted to an insignificant level. 

The transition between the two plateaus occurred at longer 
time periods as the total lithium concentration of the electrode 
increases. To optimise charging efficiency lithium plating 
should be avoided; thus, an optimal electrode charging 

regime may apply an insertion current that decreases as the 
lithium concentration of the electrode increases. 

It may also be concluded that lithium intercalates into the 
graphite particles from plated metallic deposits, although the 
mechanism for this process is unclear. 
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