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Effect of turbostratic disorder on the staging phase diagram
of lithium-intercalated graphitic carbon hosts
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The staging phase transitions which occur during the intercalation of lithium in graphitic carbons were
probed byin situ x-ray-diffraction and electrochemical methods. Turbostratic disof@eandom rotation or
translation between adjacent graphene lgyarggraphitic carbongheat treated above 2200y @Gffects the
formation of staged phases because lithium does not insert between randomly stacked graphene layers. We call
these interlayer spaces “blocked galleries,” which frustrate the formation of the regular sequence of full and
empty galleries, characteristic of staged phases. Higher staged phases, like stage 4 and stage 3, are eliminated
as the probabilityP for turbostratic disorder increases in graphitic carbons made at temperatures near
2300 °C. Here, a staging phase diagram is developed iR th@lane, where is the lithium concentration in
Li,Cg, which demonstrates how the turbostratic disorder affects staging.

INTRODUCTION Based on the concept of turbostratic disorder, &Hal®
developed a structure refinement program for disordered car-
Graphite intercalation compounds represent a uniquéons. The program is extremely good for studying the x-ray
model system for the study of the ground state of a quasipowder diffraction of graphitic carbons as we showed
one-dimensional system. There are staged phases which foefore®* The parameters of the structural model are opti-
during the intercalation of lithium in graphite or graphitic mized by performing a least-squares fit between the mea-
carbons. Stagae- order is the periodic sequence of  sured pattern and a theoretical calculation. For graphitic car-
graphene sheets and one lithium layer stacked along the laybons, the structure is well described by two-layer packages
normal. stacked inAB registry, which are then stacked in following
The phenomenon of lithium intercalation in graphite hasways:(1) a turbostratic shift between adjacent packages with
been known for a long timé However, it is only recently probability P’; (2) a registered shift between adjacent pack-
that physicists and chemists have used lithium intercalatiomges with probabilityP; , to describe local order of the type
in graphite or graphitic carbons as the basis of the anode InB/CA/BC, etc; (3) no shift between adjacent packages to
advanced lithium-ion batteri€sSuch lithium-ion cells are obtain the stacking sequenéeB/AB/AB, etc., with prob-
now the state-of-the-art small-size rechargeable powespility (1—P'—P]). Therefore, ifP’=0 and P;=0, 2H
sources for consumer electronics. Researchers and develggphite is obtained, and ®'=1 and P/ =0, turbostratic

ers of such batteries noticed that the intercalation of 'ithiunbraphite(SO%) is obtained. It is more convenient to use the
in carbon depends on the crystal structure of the CarBO”Sstacking probability per layer, and so we will uBe=P’/2
Furthermore, we reported the phenomenon of “blocked” gal—and P,=P!/2 below '

N :

leries, located between randomly stacked graphene layers

into which lithium cannot be insertédwe §hoyved PreVI"  measurements can help probe single- and two-phase regions
ously how the presence of blocked galleries influences tha ring lithium intercalation in graphite and in graphitic

sta?eq Ip?ases and the compositions of stage-1 and Stag%4rbons 8 The structure refinement program for disordered
materials. carbon can be used to measure the turbostratic disorder prob-

Most commercialized graphitic carbons are made fromability P, and we have shoWif that changes ifP affect the
soft carbon precursors. Coke-type materials are formed whe, '

Saged ph fi d during lithi int lation. F -
the heat-treatment temperature is limited to around 1000 a?)?e Sveaigjng rtr’rr:; grgzﬂig'][icl cgjrrt?og]se\/rvci:;sg)‘)g oncl); ex
°C. These materials have relatively small graphene sheets @ﬂ]owéd stage-1 and stage-2 phases, while those with less
lateral extent betwe?” 20 and 50 A. The small graphe.nﬁﬂbostratic disorder showed staged phases up to stdge 4.
sheets are stacked in a roughly parallel fashion, but wit

random rotations and translations between every pair of lay ere, we concentrate on the determination of the staging
- o phase diagram of lithium-intercalated graphitic carbons as a
ers, characteristic of “turbostratic disordetAs the carbon P 9 grap

. . function of P andx in Li ,Cg at room temperature.
materials are continuously heated to 2000 °C, the lateral ex- x~6 P

tent of the graphene sheets grows and the stacking becomes

more parallel, as evidenced by a sharpening of (@2 EXPERIMENT

Bragg peak. However, there is still complete turbostratic dis-

order even at this heat-treatment temperature. Upon heating Two types of graphitic carbons were used in our study.
above 2200 °C, the turbostratic disorder is relieved in a moréesocarbon microbead€dMCMB'’s), were obtained from

or less continuous way so that by 3000 °C, synthetic graphit®©saka Gas Ltd. This sample had been heat treated to about
is produced. 1000 °C. We used a Centafseries 10 graphitizing furnace

' Electrochemical methods anuh situ x-ray-diffraction
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TABLE |. Graphitic carbon samples studied in this work.

1.6

Heat-treatment J
Sample temperature (°C doog (R) P MQMB gsﬂo (P=0.24)
MCMB 2700 (P=0.17) ]
JMI ? 3.356 0.05 N
MCMB2800 2800 3.352 0.10 ;
MCMB2700 2700 3.357 0.17 &
MCMB2600 2600 3.358 0.21 ﬁ
MCMB2500 2500 3.359 0.24 3
MCMB2400 2400 3.363 0.29 >
MCMB2300 2300 3.369 0.37
to further heat the carbons under inert gas to 2300, 2400,

2500, 2600, 2700, and 2800 °C. The soaking temperature
was maintained for 1 h. These samples were then coded by
their final heat treatment temperatures, MCMB2300,,
and MCMB2800, respectively. A commercial graphite pow- FIG. 1. Voltage profiles of the graphitic carbon samples as indi-
der labeled JMI was obtained from Johnson Matthey Inc. cated. The curves have been shifted sequentially by 0.1 V for clar-
Powder x-ray-diffraction measurements were made usingy. Solid lines are for discharge and dashed lines are for charge.
a Siemens D5000 diffractometer equipped with a copper tar-
get tube and a diffracted beam monochromator. Well-groungboint, and once the current decayed to less than 100 nA, a
powder samples were held in a rectangular well of dimendiffraction pattern was collected. Then the cell voltage was
sions 20 mnx12 mm X 2.1 mm in a stainless steel holder. switched to a new value. We collected tinesitu x-ray data
The diffraction data were collected from 10° to 120° in scat-for the MCMB2700 and MCMB2300 samples using a Phil-
tering angle. Then we used the structure refinement prograifips diffractometer equipped with a copper target tube and a
to analyze the graphitic carbons. As we discussedliffracted beam monochromator. The divergence slit was
previously*® the calculated models fit the x-ray-diffraction 0.5° and the receiving slit was 0.2 mm. Long counting times
patterns of graphitic carbon powders very well. The struc{120 s per pointwere used to reduce noise and to get clear
tural parameter® andd o) for all the samples are listed in results for the superlattice peaks associated with the enlarged
Table I. unit cell of the staged phases. An initial data set measured on
Electrodes of graphitic carbons were made by coatinghe fresh cell was subtracted from each of the measurements
slurries of the ground carbon powder, 5% by weight of Supenf the superlattice peaks at the different voltage points to
S Battery Black(Chemetals Ing.and a binder solution with  eliminate spurious peaks from the cell holder itself. In par-
9.4% polyvinylidene fluoride dissolved in N-methyl pyrroli- ticular, the metallic lithium anode of the cell gives a peak
dinone on flat copper-foil substrates. The electrodes weraear 36°, which can still be seen in the subtracted data. We
dried overnight at 110 °C in air and then pressed betweedid very carefulin situ measurements on JMI graphite using
two flat stainless steel plates under a pressure of about 1@Be above Siemens D5000 diffractometer. The JMisitu
bars. Coin-type cellgtwo cells for each samplevere then cell was fixed on the sample holder of the diffractometer
made using those electrodes. Tihesitu x-ray cells of JMI,  during the whole measurement process for a period of over 3
MCMB2700, and MCMB2300 were constructed by first weeks. We used 0.75° divergence and antiscatter slits and a
coating the above slurries onto beryllium sheets, which wer®.2 mm receiving slit for alin situ measurements on the JMI
later used both as “windows” to x-ray beams and as thespecimen.
electrode current collector. The situ x-ray cell design is
described in Ref. 9. The electrolyte usedswaa1l mol solu-
tion of LiPFg dissolved in a 25:25:50 volume percent mix-
ture of propylene carbonat®C), ethylene carbonatéEC), All electrochemical coin-type cells were tested in same
and dimethyl carbonatéDMC). This electrolyte is compat- manner. The first discharge-charge cycle of the cells was
ible with the silicone O rings which we used for sealing themade with a constant current of 7.43 mA/g corresponding to
cell. a 50 h ratga changeAx=1 in Li,Cg in 50 h). A passivating
The testing of all electrochemical coin-type cells was per£ilm formed during the first dischard®'* and created about
formed at 30.6:0.1°C. Cells were charged or discharged20% irreversible capacity. Once the growth of passivating
with constant currents stable th1%. The cell voltages film reaches completion, the irreversible reactions apparently
were simultaneously logged by computer. The changes istop!
lithium concentration in the intercalated carbons are calcu- Then a 400 h rate cycle of the cells was made using a
lated from the active mass of cathodes, the constant curregbnstant current of 928 A/g. This quasi equilibrium condi-
supplied by the charger, and the time of current flow. Dataion was selected for probing the staging transitions during
were collected whenever the voltage of the callschanged lithium intercalation and deintercalation. Figure 1 shows the
by =0.001 V in the voltage range between 0.01 and 2.5 V.voltage profilesV(x) for the second cycle of most of the
Thein situ cells were discharged or charged by Keithley graphitic carbon samples. The curves have been sequentially
236 source-measure units. The cell was fixed at a voltageffset by 0.1 V for clarity. The relation between the revers-

RESULTS
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FIG. 2. Portion of the derivative- (dx/dV)t vs voltage corre- FIG. 3. In situ x-ray-diffraction data for th¢002) Bragg peak at

sponding to Fig. 1. The curves for MCMB2300, 2400, 2600, 2700 different voltages during the discharge of the JMI sample. The cell
and 2800 and JMI have been sequentially shifted for clarity. Thevoltage is indicated near each sc&® V>0.153 V and (b)
shifts are 0,—1, —2, —3, —5, and—7 V1, respectively, for the V<0.153 V.

discharge shown ifi@) and 0, 2, 3.5, 4.5, 6, and 7.5}, respec-
tively, for the charge shown itb). The peaks for the JMI sample
have been labeled. The peaks and G for MCMB2300 are also
labelled.

(obtained from Lonza CorporatipnThe JMI sample has
smaller P than KS-44 P~0.10 for KS-44, and it gives
sharper features i (dx/dV)t.

Figure 3 shows the scans over {802 Bragg peak of the
JMI cell at each voltage step during the dischafgdding
lithium to the sample The (002 peak position measures the
average spacing between adjacent graphene sheets. Figure 4
shows the corresponding changes in the superlattice peaks

ible capacityQ and the turbostratic disorder probabiliBy
has been previously discuss&tiThe data are well fitted by
Q=Qy(1-P) (Qu=372 mA h/g corresponding thx=1 in
Li,Cg), which suggests no lithium intercalation in

“blocked” galleries? - - o
. ) . which appear between 38726 (scattering angle <40°.

The d|ffgrent|al .capac'lty—(dx/dl\/)T.pIotted Versusv. - 1pe superlattice peakSP gives information about staged
corres_pondlng to Fig. 1 IS _shown in Fig. 2 for bo_th charge hases as described in Refs. 7 and 8. A summary of the
and d.|scg1arge. The derivative curves change; continuously anges to th€002 peak and the superlattice peaks for the
P varies. Peak.s. in- (dx/dV); and pla}teau_s iv(x) oceur — gmy sample during discharge is given in Table Il. Peak posi-
at phase transition'sand so once we identify the transition tions and widths were obtained by least-squares fits of

occurring, we can use electrochemical methods to determi”ﬁseudo—Voigt peaks to the data. The correlation lengths

the phase diagranf.We did in situ x-ray measurements on CL’s) were obtained by applving the Scherrer equation
the samples JMI. MCMB2700. and MCMB2300 to under- =) y appiying d

stand the peaks in Fig. 2.
For the synthetic graphite sample JMI, the fiistsitu CL=0.8\/(Bcos),
x-ray measurement was made for the fresh cell. We then
equilibrated the cell at sequentially smaller voltage points in
the discharge direction. One of us has reported a similawhere\ is the x-ray wavelengthy is the Bragg angle, and
work beforé on another synthetic graphite material KS-44is the measured full width at half maximum of the superlat-
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FIG. 4. In situ x-ray-diffraction data for the superlattice peak at
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the first plateau in Fig. Icorresponding to peak’ in Fig.

2), the (002 peak shifts smoothly towards smaller angle and
no superlattice peaks are observed. As we reported
previously”® this corresponds to a single-phase region and
lithium, at low concentration, is uniformly intercalated be-
tween all the graphene sheets. We call this region the dilute
stage-1 (1) phase.

In an attempt to consolidate the information contained in
Figs. 2, 3, and 4 for the JMI sample, we plot the differential
capacity, the(002 peak position, the observed superlattice
peak position, and correlation length of the staged structure
versus cell voltage in Figs(8—-5(d), respectively. Also plot-
ted in Fig. 8c) are the expected superlattice peak positions
for the (005 peak from a stage-4 phase, t@94) peak from
a stage-3 phase, and t@03 peak from a stage-2 phase.
These expected positions are derived from (@2 peak
position 20agy), Using the equations

5 26
200s=2sin ! Zsin(( 2002)) } 1)
4 26
2000,=2sin ! §sin( (2900 2002)> } 2
and
3 26
26g05=2sin ! Esin(( 2002)) . ©)

By comparing the measured superlattice peak position with
those expected for the stage-4, stage-3, and stage-2 phases,
we can determine which phases are present.

The superlattice peak indicating staged phases first ap-
pears below peak’ in Fig. 5a). At 0.200 V, the peak is
close to the position expected for the pure stage 4. However,
Table Il shows that the lithium composition is only
x=0.118 at this voltage, not=0.25 as expected for a filled
stage-4 phase. As the voltage decreases further, the superlat-
tice peak and th€002 peak shift continuously. At 0.180 V,
the superlattice peak moves between the positions expected
for pure stage-4 and stage-3 phases. So it is believed that
peakF’ corresponds to a transition from the stagephase
to a mixed staged phase which includes both stage-4 and
stage-3 orders. At 0.154 V, the superlattice peak is near the
position expected for the pure stage 3. Between 0.180 and
0.154 V, the material is best described as a mixed staged
phase, containing regions of galleries hosting lithium sepa-
rated by two or three empty galleries. Apparently, the transi-
tion from stage 4 mixed with stage 3, near 0.180 V to stage
3, near 0.154 V is continuous. This may be caused by the
presence of some turbostratic disordé?=(0.05) in this
sample.

Near 0.154 V, the correlation length of the staged phase

different voltages for the discharge of the JMI sample. The celSNOWS & maximuriiFig. Sd)]. This coincides with the point

voltage is indicated near each scan. The scans have been sequ

tially offset for clarity. (a) V=0.134 V and(b) V<0.133 V.

where the superlattice peak position matches that expected
for the pure stage 3. The lithium concentration at this point is
x=0.172 from Table Il, nox=0.333 expected for a filled

tice peaks in radians. The instrumental resolution of aboustage-3 phase. As the voltage decreases to 0.130 V, the su-
A(260)=0.12° was not deconvoluted from the measuredperlattice peak remains near the position expected for the
peak widths.

When lithium was intercalated into JMI graphite above pected position for stage 3. This is due to an admixture of

stage-3 phase, but continues to shift slightly above the ex-
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TABLE Il. Summary of superlattice peaks for JMI during discharge.

(002 HWHME® Stage 4 (005 Stage, & (004 Stage 2 or 2 HWHM of CL®
\Voltage x in positiorf of (002 expected expected (003 expected Observed observed of staged
V) Li,Cs (+0.029 peak (+0.059 (+0.059 (+0.059 sp SP order(d) nf

0.225 0.060 26.21° 0.08°
0.215 0.064 26.18° 0.08°
0.210 0.068 26.10° 0.09°
0.205 0.104 26.08°, 0.18°,

25.82° 0.09°

0.200 0.118 25.80° 0.09° 32.41° 32.780.02° 0.61° 67 3.79
0.190 0.133 25.76° 0.09° 32.36° 33.080.02° 0.59° 69 3.61
0.180 0.144 25.70° 0.09° 32.28° 34.50° 33.50.03° 0.70° 59 3.35
0.168 0.158 25.65° 0.09° 32.22° 34.43° 34.6@.03° 0.90° 46 3.15
0.162 0.164 25.61° 0.09° 32.17° 34.38° 34.1&7.20° 0.67° 61 3.08
0.154 0.172 2558° 0.09° 34.34° 34.280.02° 0.48° 86 3.02
0.152 0.175 2557° 0.09° 34.32° 34.300.02° 0.49° 84 3.01
0.148 0.181 25.54° 0.09° 34.28° 34.420.02° 0.51° 81 2.95
0.146 0.184 2552° 0.09° 34.25° 34.460.02° 0.55° 75 2.93
0.139 0.192 25.51° 0.09° 34.24° 34.550.02° 0.57° 72 2.90
0.134 0.197 25.49° 0.09° 34.21° 34.560.02° 0.62° 66 2.89
0.132 0.200 25.48° 0.09° 34.20° 34.580.02° 0.61° 67 2.88
0.130 0.210 25.47° 0.10° 34.19° 34.580.02° 0.57° 72 2.87
0.129 0.216 25.45°, 0.12° 34.16° 34.580.02° 0.82° 50 2.86

for (004
25.21° 0.11° 38.21° 37.8+0.5° 1.5+0.5° 27 2.07

(TP for (003
0.128 0.225 25.41°, 0.14° 34.10° 34.570.02° 0.88° 47 2.85

for (004)
25.19° 0.10° 38.18° 37.8%x0.5° 1.5+0.5° 27 2.06

(TP) for (003
0.127 0.230 25.37°, 0.16° 34.05° 34.530.04° 0.81° 51 2.84

for (004
25.18° 0.10° 38.17° 37.820.03° 1.5+0.5° 27 2.06

(TP) for (003
0.126 0.234 25.19° 0.09° 38.18° 38.210.03° 0.49° 85 2.00
0.119 0.338 25.20° 0.08° 38.20° 38.320.02° 0.16° 260 1.98
0.114 0.418 25.20° 0.08° 38.20° 38.320.02° 0.16° 260 1.98
0.092 0.479 25.20° 0.08° 38.20° 38.320.02° 0.16° 260 1.98

&Corrected for off-axis displacement of the cell electrode.
®Two (002 peaks merged.

‘Half width at half maximum.

dSuperlattice peak.

€Correlation length.

fStage number predicted byoRoy and 20sp .

some stage-2 units within the predominantly stage-3 matecupy sites on each of the threBax \/3a superlattices, but
rial. At 0.130 V, the composition ig=0.210. for compositions larger than 1/4, they are found predomi-
Why is the composition of the pure stage-3 phase so difnantly on one superlattice at low temperattfr&®We desig-
ferent fromx=0.333? The sites available for lithium within nate the random occupation of all superlattices as a liquidlike
a gallery form a two-dimensional triangular lattice with a or L phase, like stagel4 while the preferential occupation
lattice spacinga~2.45 A. However, at ambient temperature of one superlattice is designated as a “solid” phase like stage
and pressure, lithium ions cannot occupy nearest-neighb@® or stage 2. For stage 4, we expect a liquidlike phase for
sites because of the Coulomb repulsion between them. Thualues ofx in Li ,Cg less than 3/16, for stage 3, we expect a
the composition of a gallery is limited to 1/3 of the total liquidlike phase foix less than 1/4, and for stage 2 we expect
number of sites. The triangular lattice gas with large repulHiquidlike phases fox less than 3/8.
sive nearest-neighbor interactions is appropriate to describe Based on the argument above, the stage-4, the mixed
the ordering which occurs in this system. For compositionstage-3 and stage-4, and the stage-3 phases are expected to
less than 1/4at any temperatujethe atoms randomly oc- have the lithium randomly occupying the three superlattices
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We next consider the results iof situ x-ray measurements

0 during the charge of the MCMB2700 sampl®=£0.17).
E -4 . Table 11l gives the measure®02) and superlattice peak po-
Ny sitions and half widths versus cell voltage and lithium con-
3 -8 i centrationx. The expected superlattice peak positions are
=

also given. Figures(@) and Gb) show the superlattice peak

-12F Differential capacity of E ; . )
JMI during discharge as a function of cell voltage, and Fig. 7 consolidates all the
o ' ' " g o information for the MCMB2700 sample, just as Fig. 5 did
M 2611 ) o j for JMI graphite. We can now clearly observe many of the
2z 2ssh o ©° i effects of increase®. Even though the data in Figs. 6 and 7
ig 0o M are for the charge of the cell, we start our description from
Sz 551 £° 1 high voltage, as we did for the JMI sample.
"’2 252k A ] Above peali, there is no evidence for superlattice peaks
P ‘i et and the material is in the stagé-fthase. Peak corresponds
z  380r P | crcamosegsse |] to a transition from a staged phase to the stagefiase.
E = 36.0f © @  expected (003)stage-2(2L) SH ] Figure 1c) shows that the phases at 0.216 V are coexi§ting
7 ! 4 observedsp stage-1 and mixed stagei3, stage-4 phases. For this
8 2 340t t 2L X% : 1 sample, the mixed stagd-3 stage-4 phase has more stage-
& - 0*_ s a Yt 1 3L character than sta_gd_4 As the voltage decreases l?elow
300 — : N 0.216 V, the superlattice peak moves toward the position of
z _ A pure stage 3, which is reached near 0.187 V. Below 0.187 V,
Etﬂ, 200k @ A stage2 order 1 the superlattice peak shows a small amount of stdgekar-
3 E @  stage-3ordorder acter mixed with stagei3 character, since its position is
< above the angle expected for pure staje Bhe sharp peak
%é 100 Sme®® . Lo 1 encountered near 0.166 V during the charge in Fig),7
3 [ b4 . corresponds to the transition from stage © a phase pre-
0 Y dominantly made up of stagelL.3 This is clearly shown by

0.08 0.12 0.16 0.20 0.24

VOLTAGE(Y) the behavior of the superlattice peak in this voltage range in

Fig. 7(c). Finally, peakB corresponds to the solid stage-2 to

FIG. 5. (a) Differential capacity(b) the (002 peak position{c) liquidlike stage-2. transition.

the observed superlattice peak position and the expected superlaﬁ The c%rrelatlor_] length O.f the staged phases is always less
tice peak positions for different staged phases as indicateddand than 80 A, even in the solid stage-2 phase. By contrast, the

the correlation length of the staged phases plotted as a function §orrelation length of the solid stage-2 phase for the JMI
cell voltage for IMI graphite, respectively. sample was at least 250 A. Presumably this difference is

caused by the increased number of blocked galleries which
within each occupied gallery. Therefore, the region betweemre present in the MCMB2700 sample compared to the JMI
0.180 and 0.154 V will be called the mixed stage-4nd  graphite.
stage—l. region, with predominantly stagelL3at 0.154 V. Table Il and Fig. Tb) show that the(002) peak moves
The region of peak ' with voltage between 0.213 and 0.180 smoothly for the MCMB2700 sample. There are no voltages
V corresponds to the transition from stagé tb the above o compositions where coexisting phases with diffe@oe)
mixed phase. Although it is tempting to assign pé&kin  piane spacings are observed. Instead, the width ofaBa
Fig. 5(a) to the stage-B to stage-3 transition, this is unlikely oo increases slightly in those regions where coexisting
because the composition only reaches abwowt0.200 at  ohaqeq with different002) spacings were observed for the

0.132 V, below pealD” and above peak’. Based on the JMI sample. These increases(002) peak width occur near

arguments above, we do not believe the solid stage-3 pha P
forms. The origin of peakk’ andD’ are unknown. %%&kgv(near 0.22 Y and near the sharp peak in Figayat

As the cell voltage further decreases, p&ikis encoun- . .
tered. Here, a two phase region is clearly observed, where One major difference between the MCMB2700 and JMI

stage-2 and stage-R phases coexist over a range xf samples is that the former shows no superlattice peak for a

Figures %b), 5(c), and 5d) show that for three closely PUre stage-& order. However, the peaks in Fig. 2 for
spaced voltages, peaks for the two phases could be simult§2mples JMI and MCMB2700 are similar in shape, although
neously observed. Finally, the peBk is encountered, which the peak for MCMB2700 is reduced in intensity compared to
is thought to correspond to the transition from the stage-2 the peak for the JMI sample. PeaksandF’ correspond to
phase to the solid stage-2 phdskhe position of the super- @ transition between a mixed stage;3tage-4 phase and a
lattice peak is consistent with this interpretation. dilute stage-1 phase. The proportion of stagesequences
The differential capacity of the MCMB2800 sample in the mixed staged phase is reducedPasicreases, which
(P=0.10) in Fig. 2 shows similar characteristics comparedapparently weakens the strength of the transition. We expect
to the JMI sample, except the peaks corresponding to phasecreases in the number of blocked galleries to frustrate the
transitions are weaker. The synthetic graphite materialformation of higher stages before lower stages. The blocked
KS-44 with a similarP, was studied carefully befofreand  galleries can interfere with the sequence of full and empty
we will incorporate those results in the staging phase diagalleries by being positioned where a full gallery is needed.
gram in theP-x plane. Since the interactions which cause the formation of the
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TABLE Ill. Summary of superlattice peaks for MCMB2700 during charge.

(002 HWHMP Stage 4 (005 Stage 3 (004 Stage 2 or 2 cLY of
\Voltage x in positiof of (002 expected expected (003 expected Observed HWHM of staged
V) Li,Cs (+0.059 peak (+0.059 (+£0.059 (+£0.059 SP observed SPorder(A) n®

0.239 0.066 26.26° 0.14°
0.233 0.068 26.24° 0.14°
0.228 0.071 26.23° 0.15°
0.224 0.076 26.19° 0.18°
0.219 0.095 26.01° 0.17°

0.216 0.103 25.99° 0.15° 32.65° 33.980.02° 2.02° 20 3.34
0.213 0.107 25.87° 0.14° 32.50° 34.73° 33.48.02° 1.16° 35 3.27
0.204 0.119 25.85° 0.14° 32.47° 34.70° 34.637.03° 1.15° 36 3.24
0.199 0.125 25.83° 0.14° 32.45° 34.68° 34.2%7.03° 1.18° 35 3.15
0.199 0.125 25.83° 0.14° 32.45° 34.68° 34.2%7.03° 1.18° 35 3.15
0.192 0.140 25.78° 0.14° 32.38° 34.61° 34.547.02° 1.02° 40 3.02
0.187 0.150 25.70° 0.14° 34.50° 34.590.02° 0.80° 51 2.97
0.177 0.169 25.65° 0.14° 34.43° 34.790.02° 0.74° 56 2.88
0.173 0.177 25.61° 0.15° 34.38° 35.000.02° 0.62° 67 2.80
0.170 0.185 25.56° 0.16° 34.31° 35.070.02° 0.71° 58 2.76
0.166 0.200 25.44° 0.17° 34.15° 35.699.02° 1° to 2° 27, 2.71
for (004)
38.57° 38.28%*0.05° 1°to 2° 28 2.04
for (003

0.160 0.215 25.36° 0.16° 34.04° 38.45° 38.1%.02° 0.08° 52 2.05
0.156 0.224 25.35° 0.15° 34.02° 38.43° 38.467.02° 0.75° 55 2.06
0.151 0.233 25.29° 0.14° 33.94° 38.34° 38.4710.02° 0.70° 59 2.04
0.145 0.244 25.27° 0.13° 33.91° 38.31° 38.03%7.02° 0.64° 59 2.04
0.134 0.287 25.25° 0.13° 33.89° 38.28° 38.06r.02° 0.61° 68 2.03
0.130 0.361 25.28° 0.13° 38.32° 38.330.02° 0.60° 69 2.00
0.128 0.424 25.30° 0.13° 38.35° 38.370.04° 0.60° 69 2.00
0.120 0.469 25.29° 0.13° 38.34° 38.430.02° 0.54° 77 1.99
0.093 0.540 25.25° 0.17° 38.28° 38.510.20° 0.63° 66 1.97

&Corrected for off-axis displacement of the cell electrode.
PHalf width at half maximum.

‘Superlattice peak.

dCorrelation length.

°Stage number predicted byg, and 20sp -

staged phases become weaker with stage nuffibére  next, and the results are presented in Table IV. Figure 8
blocked galleries will frustrate the higher stages first. Weshowsin situ x-ray-diffraction scans over the region of the
believe this is why the superlattice peak for pure stage-4 superlattice peak as the voltage of the cell was stepped se-
order is absent for MCMB2700, even though it is present forquentially upward. Figure 9 shows (dx/dV), the (002
the JMI sample. peak position, the superlattice peak position, and the corre-
In Fig. 2, the differential capacity of the MCMB2600 lation length of the staged phase as a function of voltage.
sample P=0.24) is similar to that of the MCMB2700 Figure 9c) also shows the expecté¢@03) superlattice peak
sample. Though the phase transition peaks tend to be weakposition of the stage-2 or stagé-Dhase.
and broader for the MCMB2600 sample, the positions of the Figure 9a) shows that— (dx/dV) differs dramatically
peaks are coincident. We believe that the phase transitiorfsom that for IMI or MCMB2700. Figures 8 and® show
are similar for both samples. A$ increases, peaks that peakG corresponds to a transition from a stade-2
C',D',E’,F" and peaksC,D,E,F vanish, while new peaks phase to a stage-Jphase. The transition appears continuous,
G' and G appear, respectively, in the discharge and chargbecause th€002 peak moves smoothly and the superlattice
for samples heated at 2400 and 2300 °C. This emphasizg®ak intensity vanishes smoothly. However, we believe the
that the attributes of materials heated at 2400 and 2300 °@ansition is really a first-order one broadened by disorder,
are different from those of graphitic carbons heated at highebecause the peaksd andG’ in Fig. 2 show large hysteresis
temperatures. The MCMB2300 sample with=0.37 has in voltage. This hysteresis would not be expected for a con-
similar but sharper features compared with MCMB2400tinuous transition.
(P=0.29). We decided to study the MCMB2300 sample PeakB for MCMB2300 is again consistent with a transi-
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24000 ) E the observed superlattice peak position and the expected superlat-
1 tice peak positions for different staged phases as indicateddand
E 22000 M - the correlation length of the staged phases plotted as a function of
= ) .13 ‘1 ‘ cell voltage for the MCMB2700 sample, respectively.
e 20000
© M#WM / consider the variation of the average stage numbeas a
Wﬂm ; function ofx in Li ,Cg4. The average stage number is defined
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16000 [O1S6 e it " Nt

14000 b Lo A o disn=do0a - @
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FIG. 6. In situ x-ray-diffraction results for the superlattice peak Where the subscriptéSP) and (002 correspond to the ob-
at different voltages as indicated for the charge of the MCMB27005€rved superlattice an@02) peaks, respectively. Therefore
sample.(a V=0.160 V and(b) V<0.170 V. The scans have been N can be calculated for the positions of the obser(@ep)
sequentially offset for clarity. and superlattice peaks. The average stage numbers for the

JMI sample measured during discharge and for the

tion between phases with predominantly stage-2 characteMCMB2700 and MCMB2300 samples measured during
We identify it with the solid stage-2 to liquidlike stagé-2 charge have been calculated and are listed in Tables I, lll,
transition. and 1V, respectively. Figure 10 shows versusx for JMI

The correlation lengths in Fig.(@) are even smaller than during discharge and MCMB2700 and MCMB2300 during
those for the MCMB2700 sample. The maximum correlationcharge. For JMI, the superlattice peak begins to appear with
lengths appear when the superlattice peak is closest to threapproximately equal to 3.79, which means that the stage-
position expected for pure stage 2. 1' phase coexists with a staged phase with predominantly

To understand the phase transitions which occur duringtage-4. order. This is consistent with what we had de-
the intercalation of lithium in graphitic carbon samples, wescribed earlier above. Then changes in a more or less
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TABLE IV. Summary of superlattice peaks for MCMB2300 during charge.

(002 HWHMP stage 2 or 2 Observed CLY of
\oltage X in positiorf of (002 (003 expected SP HWHM of staged
V) Li,Cq (=0.029 peak (=0.039 (=0.039 observed SP order(A) n®
0.238 0.090 26.15° 0.16°
0.208 0.106 26.01° 0.16°
0.188 0.134 25.83° 0.17°
0.177 0.183 25.55° 0.18° 38.74° 37.81° 3.18° 13 2.15
0.167 0.213 25.41° 0.16° 38.53° 38.04° 1.21° 34 2.08
0.160 0.225 25.35° 0.16° 38.43° 38.11° 1.24° 34 2.05
0.150 0.239 25.32° 0.15° 38.38° 37.91° 0.97° 43 2.07
0.136 0.258 25.31° 0.15° 38.37° 37.98° 1.16° 36 2.06
0.120 0.405 25.26° 0.15° 38.29° 38.76° 1.66° 25 1.93
0.100 0.477 25.24° 0.15° 38.26° 38.92° 1.36° 31 1.91
0.078 0.577 24.97° 0.21°
0.049 0.635 24.83° 0.19°

&Corrected for off-axis displacement of the cell electrode.
bHalf width at half maximum.

‘Superlattice peak.

dCorrelation length.

°Stage number predicted byg, and 2sp -

smooth way ax in Li ,Cg increases up ta~0.210. Them n=3.34, much smaller tham~ 3.8 for the JMI sample. This

changes from 3 to 2 when the transition between stdge-3 corresponds to the mixed stage-3stage-4. order. Thenn

and stage-P phases occurs. The stage number stays at abodecreases smoothly to naa~ 2.7 and the transition to stage

n=2 during the transition from stagelL2to stage 2. One 2L occurs. For MCMB2300, the stage numberxat0.183

difference between the JMI and MCMB2700 samples is thatluring charge is larger than 2, and then it continuously de-

the latter first begins to show a superlattice peak withcreases to slightly below 2 as increases. Staget2and
stage-2 orders are predominant in the MCMB2300 sample.

16000 Tt ror v ryrroeT
" 0.049 v ! SUMMARY

14000 . . . : .
0078 v It is now possible to summarize the effects of increases in

P on the staged phases which form in lithium-intercalated
12000 M - graphite. AsP increases, higher stages are eliminated first.
}M Based on the electrochemical data in Fig. 2, Re0.30,

W peaksF andF’ are eliminated and the mixed staged phase
10000 (stage &, stage 4.) no longer forms. For higheR, peaks

E i G and G’ are formed and only the stage-1, stage-2, stage-
7 8000 kgl 2L, and dilute stage-1 phases exist. The correlation length of
4 0.160 V the staged sequence decreasesPaBicreases, as we ex-
E 0.167 pected.
E 6000 Figure 11 shows our attempt to place this information on
‘ 0177 V a staging phase diagram for G in the P-x plane at room
4000 0,188 V temperature. Fi_gure ) is for sgmples .produced as lithium
o is intercalateddischarge and Fig. 11b) is for samples pro-

duced as lithium is removetharge. The electrochemical

i
2000 Hi, . information in Figs. 1 and 2 and the situ x-ray-diffraction
‘ | data presented throughout this paper have been used to con-
0.400 vV | o :
struct this diagram, as described below.

0 FRESH CELL: 2.00 V 7] The peaks in the differential capacity curves in Fig. 2
AR S S R S T represent coexisting phases. For the disch&fgg. 2), the
32 33 34 35 36 37 38 39 40 41 first point wheredx/dV near pealE’ begins to deviate from
SCATTERING ANGLE (deg) the background is the end point of the pure stagegtiase.

The phase labelel represents the mixed stagé-3stage-

FIG. 8. In situ x-ray-diffraction results for the superlattice peak 4L phase. The area under peBk during discharge oF
at different voltages during the charge of the MCMB2300 sampleduring charge is the width of the stagé-1M coexistence
The scans have been sequentially offset for clarity. region. The single-phase regions of stage-2tage-2, and
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relation length of the staged phase plotted as a function of cell
voltage for the MCMB2300 sample, respectively.

FIG. 11. Phase diagram for lithium-intercalated graphitic carbon
in the P-x plane.(a) Discharge andb) charge. All symbols are

stage-1 phases are narrow and of maximum widthfrom the results of electrochemical o situ x-ray measurements.
Ax=0.03; these are denoted as heavier lines in Fig. 11. Th&heM phase is the mixed stagd-3stage-4 phase. The staget2
X positions of these single phases are determined from th#age-2, and stage-1 phases are depicted as line phaseshiwre

compositions corresponding to the minima dix/dV be-
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FIG. 10. Average stage numberplotted as a function of in
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lineg), although they have some small rangexofThe solid lines
are guides to the eye.

tween peaks corresponding to coexisting phases in Fig. 2.
The minimum point at the left base of pedksor F' in Fig.

2 gives the lowx composition of theM phase. Peak€ and

C' correspond to a phase transition between phdsand
stage 2.. So their area can be used to extract the width of
the two-phase regions. The minimum point between p€aks
andB or C’' andB’ corresponds to the composition of the
line phase of stagel2 By considering the compositions of
the positions of the minima iWx/dV and the area of the
peaks indx/dV in this way, the phase diagram can be deter-
mined. Data from Ref. 7 were used to identify the peaks in
MCMB2800, which has a similaP to KS-44.

When P is small (P<0.10), the transition from stage
1’ to M is to a phase which is predominantly stade s P
increases, the amount of stageé & this phase increases.
Eventually, even stagel.3cannot form(nearP =0.3) and the
mixed staged phadd vanishes fo?>0.3.

The shaded region at the right-hand side of the diagram

Li ,Cg for the JMI sample during discharge and for MCMB2700 represents compositions that cannot be prepared because
and MCMB2300 samples during charge, respectively.

lithium cannot be inserted into “blocked” galleries. The data
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that define this region come from Ref. 4. more, the voltage and-(dx/dV) profiles in Figs. 1 and 2

Figure 11 shows a phase diagram which a meaningfulnust also be replicated by any theory considered to be vi-
theory of lithium intercalation in graphite must be able toable. At the moment, all existing phenomenological theories
reproduce. Turbostratic disorder is present in most synthetifor lithium intercalation in graphite cannot reproduce the ex-
graphites and hence affects experimental results. Furtheperimental results shown here.
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