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In Situ Synchrotron X-Ray Diffraction Studies of the Phase Transitions
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In situ X-ray diffraction studies of |Mn,O, spinel cathode materials during charge-discharge cycling were carried out using a syn-
chrotron as the X-ray source. Lithium-rictH1.03-1.06) spinel materials, obtained from two different sources, were studied. Three
cubic phases with different lattice constants were observed during charge-discharge cycles in all of the samples wieet- a suffici
ly low charge-discharge rate@/10) was used. There were two regions of two-phase coexistence, which indicates that both phase
transitions are first order. The separation of the Bragg peaks representing these three phases varied from sample t@lsample and
depended on the charge-discharge rate. These results show that the deintercalation of lithium in lithium-rich spinel tathode ma
als proceeds through a series of phase transitions from a lithium-rich phase to a lithium-poor phase and findMiyQg-like

cubic phase, rather than through a continuous lattice constant contraction in a single phase.
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The Li,Mn,O, spinel is one of the most promising cathode mate-show that the three-phase model is correct but that both phase tran-
rials for lithium rechargeable batteries because of its low cost anditions are first order. The unique technique used in this in situ study
low toxicity. Recent studies have focused on the problem of capaciwas the utilization of the synchrotron radiation as the X-ray source.
ty fading of this material during cycling, especially at elevated tem-By using this technique, we were able to probe the cathode bulk in a
perature. This fading has been attributed to two sources, the dissoltransmission mode. Therefore, more detailed structural changes dur-
tion of M2+ into the nonaqueous electrolyt@sd the inhomogene- ing lithium deintercalation and intercalation were observed. The
ity of the spinel local structu®3 Early ex situ X-ray diffraction  effects of charge-discharge rate on the structural change behavior of
studies of LiMn,O, were performed by Ohzuku et4They found these spinel materials are also discussed.
that two cubic phases coexist for 0.68 > 0.27, and a single cubic Experimental
B e el g SATPIe A LINN.04 (x = 1.05) powdr, was obtained rom

Buld Electronics Inc., and sample B,Mn,0, (x = 1.03-1.06)

materials which were prepared lithium rich % 1.04) or oxygen owder, was purchased from EM Industries Inc. Cathodes were pre-
rich. They also claimed that the two-phase coexistence is one of t & red b slurrying LMn,0O, powder with 100/' oly(vinylidene
key factors for the capacity fading during cycling. By suppressingp y ying 294 P o poly(viny

. " . : 2 : dichloride) (KynarFlex 2801, Atochem) and 10% acetylene black
this phase transition, the capacity fading of the lithium-rich cathode(W/W) in a)fl(Jg)i/tive solvent. then coating) the mix (;)nto Alyfoil. After

materials was significantly improved at the expense of lower |n|t|alvacuum drying at 100°C, the electrode disks (2.8 enere punched

f:cphanciit{l'el T/vg;egsgée;il(ar?gedéfgg?ggn(c)l(ﬁslijgnsmgﬁﬁzrian vizlatg a o nd weighed. The average weight of active material was 20 mg. The
q P : ) . fectrodes were incorporated into cells with a Li foil negative elec-
phase structure for lithium-rich spinel was presented. This interest-

! : ) . i - . rode, a Celgard separator, and a 1 M IgRfectrolyte in a 1:1:3
ing work raised an important issue: the relationship between th >Eiropylene carbonate:ethylene carbonate:dimethyl carbonate solvent

stru_ctural c_hange and the capacity fadlng of these spinel materia P 10 from EM Industries Inc.). Mylar windows instead of berylli-
during cycling. However, there are experimental data published b m windows were used in these in situ cells
other research groups that show two-phase coexistence in lithium- In situ XRD spectra were collected on beam line X18A at the

rich spinels. For example, Richard ef’ &lave reported their in situ National Synchrotron Light Source at Brookhaven National

XRD studies with the observation of two-phase coexistence in th(?_
. aboratory operated at an energy of 10375 B\=1.195 A). The
0.60 >x > 0.27 range for L,Mn,0, material, where the value experimental setup was basically the same as described in our previ-

before charge was similar to that in the studies of Ref=51(02 vs. ) .
x = 1.04). The main difference between these two studies is thggtsap:é’”e:'c-[igi battery cells were charged continuously during XRD

charge rate (C/40 in Ref. 7 vs. C/3 in Ref. 5). The first issue to ) ]
address in this article is whether the two-phase coexistence region is Results and Discussion
being suppressed in a lithium-rich spinel. The second issue is Figure 1 shows the in situ XRD spectra of sample A during the
whether the spinel is a two-phase or a three-phase system duriffigst charge from 3.5 to 4.5 V under constant-current conditions at
lithium deintercalation and the determination of the order of thethe C/6 rate. The value was assigned to each scan based on the
phase transitions. This issue was raised recetnly when LiuSet alassumption that thevalue decreased uniformly from 1.05 to O dur-
published in situ XRD and neutron diffraction studies for spineling the charging process. The missing data toward the end of charge
materials. A new phase diagram fopMn,O, during discharge was was due to the unavailability of the X-ray beam. Because the charg-
proposed: from single-phase A (x< 0.2) to a two-phase coexis- ing process was continued during this period, the incomplete data
tence region A+B (0.2 ® < 0.4), to a single-phase B (0.45x<x were included in the plot to provide a correct indication of the pro-
0.55), and finally to a single-phase C (0.5%5<1). This three-phase gression of charge states. All in situ spectra in this paper are treated
model is interesting and different from the two-phase system proin the same way. Because the cubic structure of tfMn,0, spinel
posed by Ohzuku in Ref. 4. Because no two-phase coexistends well known (space groupd3m), only three Bragg peaks, (511),
region was observed between phase B and phase C in Liu's stud@40), and (531), were recorded for eaéhsan (32 min for each
they claim that the phase transition between B and C is second ordecan). From the spectra in Fig. 1, only one cubic phase can be clear-
In this paper, experimental evidence is presented for the first time tty identified with all three peaks moving to higher angles in a con-
tinuous fashion during charge. The calculated lattice constant of the
cubic unit cell, based on the position of (531) peak, contracted from

z Eﬁ;ﬁ?ﬂ&?ggﬁﬁéé@me Member. 8.25 A for the uncharged cell to 8.07 A for the fully charged cell. (As
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the calculation is based on one peak otiig error in lattice con- '
stants is in the range of 0.02 Ahis is in good agreement with the
results reported by Xia arbshio:6 However, because a sheer
chage rate (C/6 vs. C/3) and an in situ technique were used here, [
more detailed structural changes were recorded in F@ll three -
peaks bgan to broaden when the celbw/chaged tox = 0.41,and [ B
became narmer atx = 0.09.This is an indication of a twphase i
coeistence and a phase transition in thigioae. In order to record
more spectra during disclyay, the data collection time for eacl 2 = |/
scan vas reduced from 32 to 16 min while the disgearate \as 5 L. PR
held at the same C/6 rafhe results are plotted in Fig.&though -] .\"
the signal-to-noise ratio of the spectrasanot as good as in Fig. 1 N A
due to the shorter data collecting tinsksar phase transitions were -;—;‘ _,"fl
obsered through the spectra in Fig. 2. During disgeastarting z }__ A

from x = 0.20,a set of n& peaks appeared ailer angles and gne

in intensity at the xpense of the intensity of the original peaksx

= 0.60,the third set of peaks enged andihally became the domi-  Figure 3.1n

nant peaks at the end of disajrlt is clear from the spectra in Fig. situ XRD

2 that the cathode material went through distinguishable cubic phas- patterns of
es during dischae. Havever, from scanx = 0.30 to 0.85all the Li,Mn;0,

Bragg peaks are broad and not well resdjindicating the non- djﬁ?pflﬁs’?
equilibrium state of the system. charg?e ata

We then decided to study this sample with avglibchage-dis- C/10 rate, 32
chage rateTo eliminate ag unpredictabledctors introduced by the  min for each
cycling history of theifst cell,a fresh cell s constructed for the scan.

slower chage-dischage rate studiesThe cathode disk used in the
second cell ws punched from the same batch as itisé dell. The
chage rate vas reduced from C/6 to C/1@nd the data collecting

|____J' i
43 44 45 45 47 48 49 50 51 &2 53
20 (deq, A=1.195 A}

time was 32 min for eachfscan.The spectra are plotted in Fig. 3. 4 is a plot of the chging cune of this cell with a skwer (C/10) rate.

All three phases obsezd in Fig. 2 are clearly res@d in Fig. 3At
x=0.90,all three peaks lggn graving broaderWith decreasingal-

This is a typical chging cune for the LiMn,0O, spinel with two
plateausThis cune was dvided into fve regions based on the ow

ues ofx, the width of the three peaks continues to increase. Cleaplateaus. From = 1.05 to 0.95the cureis a steep slopéhis region

peak separation can be obgshin scans at = 0.60 and 0.55The
new peaks representing the third phase g@erin the scan at=
0.40.They became the dominating peaks at the end ofgehiar the

is assigned to a single phase |. From0.95 to 0.55the frst plateau
at ~4.05V is attrituted to a phase | + phase |l g@tence rgion.
Fromx = 0.55 to 0.44the cureis the step between thedwlateaus,

scan ai = 0.05. fer this lithium-rich spinel cathode material (sam-  this region is assigned to a single phase Il. Fsom0.44 to 0.06the

ple A), three cubic phases with fiifent lattice constants can be
clearly identifed during chage.We refer to them as phasephase
II, and phase lll. Unli& the clear peak separation in scans with
0.20 and 0.1%he peak separation in scans with 0.55 and 0.50 is
small and could easily be missed if the gearate is too high. Figure

second plateau at ~4.15is attrituted to the phase Il + phase Il
coeistence rgion. Fromx = 0.06 to O,the steep slope gén is
assigned to a single phase Ill. Comparing the phase diagram based
on the shape of the clggmg cune in Fig. 4 and the phase separation
obsered in Fig. 3the | + Il region and Il + Il rgion matched well
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Figure 4.
The frst
chage cune
of the

Li/Li \Mn,0,
cell, using
sample Aas
cathodeat a
C/10 rate.

Figure 5.1n
situ XRD
patterns of
Li,Mn,0,
sample A
during frst
dischage at
a C/10 rate,
32 min for
each scan.

Figure 6.In
situ XRD
patterns of
Li,Mn,0,
sample B
during frst
dischage at
a C/10 rate,
32 min for
each scan.

with the XRD spectra in Fig. 3. Mever, from x = 0.55 to 0.4rather
than observing the single phase Il apexted,both phase | and
phase Il are obseed in Fig. 3This inconsistencbetween the XRD
data and the chging cune is due to the nonequilibrium state of the
system caused by thast chaging rate.This retardation ééct is
more pronounced in Fig. 2 where the ratevenelaster The \oltage
measured in the chging cune is determined by the composition of
cathode at the electrolyte-cathode irded,which can be quite dif-
ferent from the blk when the chaing rate is highThe XRD spec-

tra during dischaye (C/10 rate) for the same cell are plotted in Fig.
5. The data collection time for eacB &can is 32 minThe reversible
transitions from phase Il to phase Il and then from phase Il to phase
| are conirmed. Havever, the peak separation is not as clear as in
Fig. 3 for chaging.

Li,Mn,O, spinel samples obtained from other commercial
sources such as SedemaiBion of Sadacem and EM Industries Inc.
were also studiedll of them sheved the same three-phase beha
ior during chage-dischage gcles if a suficiently slov chage-dis-
chage rate vas used. Due to the limited length of this paperpre-
sent here only the results for sample B (EM Industries Ifbis
sample is also a lithium-rich §Mn,O,4 (x = 1.03-1.06) spinel mate-
rial. The results of samples from other sources will be discussed in
later publicationsThe in situ XRD spectra of sample B during the
first dischage are plotted in Fig. @he data collection time ag 32
min for each 8 scan and the dischge rate vas C/10All three phas-
es obsergd in Fig. 5 can be idengd in Fig. 6. Clear peak separa-
tions are obserd atx = 0.32 in the phase IIl and phase Il xise
tence rgion. On the other hanthe phase Il and phase | g&ence
region is recognizable through the peak broadening,no clear
peak separations are obssty

As discussed in the introductioone important issue weaat to
address in this paper is the structural changeviimhaf the lithium-
rich samples. & this purposeboth sample#\ and B used in this
study are lithium richAs demonstrated by the spectra in Fig. 1,
when a &st chage rate vas usedthe phase transitions were megk
As the chaging rate used in Ref. 5a8 @en faster (C/3)it may hae
masled the phase transition and led the authors to conclude that the
phase transition as suppressed in lithium-rich samplesweer,
when slover chage rates were used in this studgar phase transi-
tions were obserd in our lithium-rich samplesAlso, when the
same rate as used for both chge and dischge, the peak separa-
tions in Fig. 3 for chae are much clearer than in Fig. 5 for dis-
chage. This tells us that manother fictors,such as the electro-
chemical history of the celthe nucleation of the mecrystal phase,
and the original crystal grain size of the samplese significant
effects on the XRD spectra. Based on our results on lithium-rich
samples obtained from twdifferent sourceswe believe that the
phase transitions are not suppressed in lithiioh-rsamples.
Therefore,the relationship between the capaciadig and the
phase transitions also must bevadaated.

The phase diagram of the,Mn,O, spinel material in Fig. 4
derived from the in situ XRD spectrig, different from the tw-phase
model. The two-phase model as frst proposed by Ohzuku et4l.
and widely accepted by most research groups inithis The three-
phase model as frst proposed by Liu et & However, the & situ
XRD technique used in Ref. 8as not able to resavthe tvo-phase
coexistence rgion between phase | and phase Il (phases C and B in
Ref. 8).Therefore this transition v&s mistaknly assigned as a sec-
ond-order phase transition and the{phase codstence rgion was
mistalenly assigned as single-phase C. From Fi@, 8, and 6,a
clear two-phase codstence rgion of phase | and phase llasv
obsened. Therefore,we conclude that the transition between them
was a irst-order phase transitioithe three-phase model presented
here is also in good agreement with the resultycfacvoltamme-
try studie$9which concluded that a twstep deintercalation process
was responsible for the onoxidation peaks during chgg.Although
the phase | to phase Il transition and the@-phase codstence
region hae not been recognizedheir istence vas hinted at in
several published papersoFexample,a small discontinuousag of
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ca. 0.02 A is obseed aroundck = 0.55 in Ref. 5The same gap & spinels as an intrinsic feature during lithium intercalation (deinter-
also obsered in Ref. 8. In Ref. 7 lov-angle Bragg reflection ag calation).The phase diagram based on the gimar cune matched
attributed to the presence of some disconnected grains of materiatell with the phase transition obsedsthrough the XRD spectra.
which are notilable for intercalation. Heever, in comparisonto  The chage-dischage rate has signifant efects on the XRD spec-
our datawe believe that this reflection is the result of a residue of tra during chage-dischage.

pheflletlﬁ h f LMn,O, spinel obsered in this study hae Acknowledgment
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