HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS®7, 113523(2005

In situ x-ray absorption spectroscopic study of the Li [Niy/3C041,3Mn4/3]05
cathode material

Aniruddha Deb?
Environmental Energy Technologies Division, Lawrence Berkeley National Laboratory,
One Cyclotron Road, Berkeley, California 94720

Uwe Bergmann
Stanford Synchrotron Radiation Laboratory, Sand Hill Road, Menlo Park, California 94025

Stephen P. Cramer

Physical Bioscience Division, Lawrence Berkeley National Laboratory, One Cyclotron Road,
Berkeley, California 94720 and Department of Applied Sciences, University of California,
Dauvis, California 95616

Elton J. Cairns

Environmental Energy Technologies Division, Lawrence Berkeley National Laboratory,

One Cyclotron Road, Berkeley, California 94720 and Department of Chemical Engineering,
University of California, Berkeley, California 94720

(Received 10 January 2005; accepted 25 March 2005; published online 1 June 2005

The layered LiNj;3Co;,3Mn4,30, system has recently drawn considerable interest for use as a
cathode material for rechargeable lithium batteries. In order to investigate the charge-compensation
mechanism and structural perturbations occurring in the system during cyalimgjtu x-ray
absorption spectroscog)XAS) measurements were performed utilizing a novel electrochenmical

situ cell specifically designed for long term x-ray experiments. The cell was cycled at a moderate
rate through a typical Li-ion battery operating voltage raf@®-4.7 \j. The electrode contained
2.025 mg of LiNj,3C0;,5Mn;,50, on a 25um Al foil and had an area of 0.79 édnThe x-ray
absorption spectrosco)XAS) measurements were performed at the Ni, Co, and the Mn edges at
different states of chargé&SOQ during cycling, revealing details about the response of the cathode
to Li insertion and extraction processes. Changes of bond distance and coordination number of Ni,
Co, and Mn absorbers as a function of the state of charge of the material were obtained from the
extended x-ray-absorption fine structfeXAFS) region of the spectra. The x-ray absorption
near-edge structufXANES) region was studied in order to characterize the oxidation states of the
3d transition metals during cyclingLi extraction/insertion We found that oxidation states of
transition metals in LiNi;3Co,,sMn; 50, are NF*, Co**, and Mrf*, whereas during charging Niis
oxidized to N#* through an intermediate stage of3NiCco®* is oxidized almost to CH and,
utilizing Faraday'’s calculation and XAS results, the Co was found to be #t%at the end of the
charge, while Mn was found to be electrochemically inactive and remains 4% Nine EXAFS

data that were collected continuously during cycling revealed details about the response of the
cathode to Li insertion and extraction. These measurements on theg,0djsMn,,30, cathode
confirmed that the material retains its symmetry and good structural short-range order leading to
superior cycling. €005 American Institute of PhysidDOI: 10.1063/1.1921328

I. INTRODUCTION in lithium-ion batteries. Lithium transition-metal oxides have
always attracted attention as candidate electrode materials
for lithium-ion batteries. Among them, layered LiJQT

=3d transition metal elemehimaterials with ana-NaFeQ

The search for environmentally friendly and cost-
effective lithium battery electrode materials with higher ca-
pacity and high cycling stability is an ongoing quest. With ) . ,
the emergence of portable telecommunications, comput rucFure.ha.we *?ee” widely .|nvest|ga12emhe current com.-
equipment, and ultimately hybrid electric vehicles, there hadnercial lithium-ion battery is based on a layered oxide,
been a great demand for substantial improvement in energy©002 cathod@ (space groufR3m), with a theoretical ca-
storage devices which can lead to less expensive batterié@city of 274 mAh/g, good reversibility, and charge/
with longer lifetime and smaller size and weidh®ver the discharge rate capability. However, the practically attainable
past years there has been a growing interest in lithium inse€apacity is found to be only 120-130 mAh/g in the voltage
tion materials, largely because they potentially have a widéange of 2.8—4.2 ¥*° and due to the high cost of Co there
range of application for positive and/or negative electrodedias been a considerable interest in developing cathode mate-

rials based on Mn, Ni, or V as lower-cost alternatives. An

JAuthor to whom correspondence should be addressed; FAX: 510-486i-rT1pr_0Ved Op?raﬂonal capgcity_ can be achieved b_y utilizing
7303; electronic mail: ADeb@Ibl.gov LiyNiO, and its doped derivativésBut these materials are
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found to possess unstable cycling performance, and their céies in the ability to directly monitor detailed structural
pacity fades especially when charged and discharged at higthanges in the electrode material as ion extraction/insertion
rates. The poor rate capability and instability associated withproceeds. This, along with the simultaneous electrochemical
these materials is ascribed to Ni migration into sites withinmeasurements, provides unique valuable information about
the depleted Li layer foy<0.5, which causes a deleterious the relationship between structure and electrochemical prop-
change in the cathode structurin the last few years, Co has erties, which is not accessible fraax situexperimental mea-
been investigated as a substitution metal in the Lijio O,  surements.

system, mainly to improve the stability of the cathode by  Here, we apply transmission x-ray absorption spectros-
creating a more stable LiN©@LiICoO, solid solution® Lay- copy to investigate LiNj3Co;,3Mny,30, electrodegas used
ered LiIMnO, and its Co derivatives (Mn,_Co)O, (x in Li-ion batterie$ in various states of charg&0Q. XAS
<0.5), which are isostructural with LiNiQ have also been offers the possibility to follow the structural and electronic
investigated. The cathodic capacity for this system waghangesn situ during an ongoing electrochemical process.
found to be high(180-200 mAh/¢, but, unfortunately, the Information about the valence state of the investigated ele-
main concern on cycling of this material has been capacitynent(in our case, Mn, Co, and Nand its electronic con-
fading and conversion to the spinel structlnéloreover, a  figuration was obtained from the XANES region of the
layered system LiNjgCoy,0, has attracted attention as a K-absorption edge, whereas the EXAFS region was used to
new cathode material in lithium-ion batteries for hybrid elec-probe the structure around the x-ray absorbing atom. Very
tric vehicle appncationg? Compared to LiCog this system recently, ex situwork on characterization and analysis of
proved to possess enhanced electrochemical performance LdlNi 1/3C013Mny;30, has been performed using an x-ray dif-
a projected lower cost. The electrochemical performance offaction techniqueXRD), but to the best of our knowledge
the layered system [Ni;,Mn;,,)O, was reported by Lu there has been nim situ EXAFS investigation reported on

et al** and by Ohzuku and Makimurg.While the former this system. It is important to mention that in contrast to
study observed a reversible capacity of 160 mAltigthe ~ XRD, which gives one a good picture of the long-range
range of 2.0-4.6 Y the latter group observed a reversible structural changes in the cathode situ XAS investigations
capacity of 150 mAh/drange of 2.5-4.3 Y/ Furthermore, a during cycling can be illuminating in their own right, provid-
stable cycling behavior has been observed for the solid soluld an understanding of the oxidation state as well as short-

tion  xLi(Niy,Mny,)0,-(1-X)Li,TiOz, x=0.951% but as range ordering and providing a baseline for further studies in
Li(Ni;,Mn;,,)O, can be derived from the solid solution Which the electrode material is modified by the introduction

Li (NiyLi 1/3-2¢3MN21303) 02, X=1/2, Mn and Niwere as- of additional elements. In addition, XAS can distingu!sh_ be-
signed to be in the 4+ and 2+ oxidation state byeuLaI.,ll tween the bulk propert|g$measurement in transmission
and the electrochemical processes involvetf NiNi#* with mod_e) and surface propertigby fluorescence, or even more
two-electron transfer, in agreement with the obtained capac®stricted to surface by electron yield or grazing incidence
ity and the stoichiometry of the compound. measu_remenl_sln this paper, we present a comprehensive
In recent years there has been an upsurge in the sear@7@lysis of Ni, Co, and Mn K-edge EXAFS, as well as an
for technologically important new layered materials such a@nalysis of the X-ray absorption near-edge structure
LiNi1,3C0;,3Mn,50,. This system has been of significant in- (XANES).
terest and has been intriguing, as the Mn was found to be
electrochemically inactive. One study suggests that the ma:, EXPERIMENTAL PROCEDURES
terial possesses a capacity of 150 mAh/g in the range of )
25-4.2 \2 while another study reports a capacity of A. LiNi 1,3C04,3Mn 4,30, electrode and electrochemical
200 mAh/g(in the range of 2.5-4.6 V at 0.17 mA/gpit ~ XAS cell assembly
This system can be considered as a special instance of Co The experiments were performed with a complete
substitution in the parent compound Ni,,Mn;,,) O, with Li/LiNi 1,3C03Mny30, cell. The prepared layered com-
a chemical composition of Ni,Co,_,Mn,)O,, wherex  pound was single phase, as was verified by x-ray diffraction
=1/3. Thereason for its improved electrochemical perfor- (XRD). Electrodes were fabricated from an intimate mixture
mance is still being investigated. Hence, x-ray absorptiorof the LiNiy,3C0;,3Mn,,30, powder that comprised 85% by
spectroscopyin situ experiments during cycling will be of weight of the total electrode with 8% polyvinylidene difluo-
immense importance and will be informative in developing aride polymer binderKynar) and 7% compressed acetylene
complete understanding of the charge-discharge mechanishtack in N-methyl-2-pyrrolidonon€NMP). The black vis-
in this system. There have been numerous efforts to obsen@us slurry consisting of LiNjsCo;;sMn;,50,, acetylene
the detailed changes that occur in and on the electrodes dustack, and Kynar was cast onto an aluminum foil of thick-
ing the charging and discharging processes. In the case ofss 25um by the doctor blade techniqﬁ%Then the NMP
modern Li-ion batteries the electrode materials permit lithia-was evaporated at 120 °C for about 1 h, and finally the elec-
tion and delithiation, a mechanism that, in the long run, carirodes were dried under vacuum at 150 °C for 16 h. An elec-
result in severe degradation of the electrodes, strongly limittrode with a 10-mm diameter was punched from the elec-
ing the life time of the battery. Real-time tracking of the trode foil sheet. The thickness of the active mass on the
changes in the electrode materials undergoing electrochemélectrode was about 200m and the charge density was
cal reactions is best performed by utilizing iarsitu electro-  about 0.69 mAh/crh The electrochemicah situ XAS cell
chemical cell. The advantage of situ XAS measurements is shown in Fig. 1. For a complete detailed electrochemical
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B. X-ray absorption spectroscopy measurement and
data analysis

Working Electrode ~ Incoming

(LiNipaCoyMny,0,)  Xerays  Vacuum-O-Ring The XAS measurements were performed on the bending

magnet beamline station D of the DuPont-Northwestern-
Dow Collaborative Access TeartDND-CAT) at the Ad-
vanced Photon Source, Argonne National Laboratory. A
water-cooled $i11) double-crystal monochromator was
used, and the energy resolution of the monochromatic beam
was determined to be-1.0 eV. Transmission ion chambers
were used to measure the incidéhy), transmitted(l;), and
reference ) signals. Thd, and thel, chambers were filled
with a helium-nitrogen mixturg10/90% and 11/89%, re-
Li-Foil Counter Separator spectively, while thel s chamber was filled with a nitrogen-
electrode (Celgard) argon mixture(82/18%). A beam size of 0.% 0.5 mm was
chosen in order for the beam to pass easily throughirthe
situ cell x-ray window resulting in an incident photon flux of

Stainless Spring Washer

Steel (Stainless Steel) ~ 10 photons per second. The monochromator was scanned
S Polvethnl in energy from 200 eV below to 800 eV above the Mn and
(Plastio) P b Ni K-absorption edge&539 and 8333 e)/ whereas the data

range collected at the Co K-absorption edge was limited to
8250 eV(12.7 A1) by the onset of the Ni K edge. Data were
collected within this energy range, with a step size of 0.2 eV
in the respective edge region. The energy calibrations at each
edge were performed using Mn, Co, and Ni metal foils be-

XAS cell design and assembly the reader is referred to Depveen thel; andl ¢ ion chambers, respectively. XAS spectra
et al*” A sheet of porous polypropylene membrafieom  Were collected at each of these absorption edges.
Celgard, Celgard 340@vas used as a separator. The separa- _ EXtended x-ray-absorption fine StructuexAFS) data

tor was punched with an outer diameter of 10 mm and ar‘iedUCtion was performed using thexaFspak software

8 19 : .
inner diameter of 4 mm. Then all necessary cell parts, chemip"’lck"’lglé and ATHENA.™ The resultingx(k) function was

. then weighted withk® to account for the damping of oscilla-
cals, and tools for the assembly were placed in an argon- e . . )
ions with increasing. The radial structure functions were

filled glove box in -the Iaboratory. The separator was .place btained by Fourier transformation kty(k) using ak range
on top of the working electrodeiNi1sC0ysMNy502) (Fig. ¢ 1 0_16.2 A2 for Mn and Ni and 1.0-12.7 & for Co.
1), where the separator was soaked with electrolyte 1-M

LiPFg dissolved in 50 wt % ethylene carbondfeC) and 50  |;| RESULTS AND DISCUSSION
wt % dimethylcarbonatéDMC) obtained as a solution from
Merck Company. Finally, to complete the cell assembly
piece of lithium foil counter electrode was then punched with  The structure of LiNj;3Co;,5Mn4,50, has been previ-
an outer diameter of 10 mm and an inner diameter of 6 mnously investigated and reported by different groffh.Our
from fresh supplies and placed on top of the separator. AXRD investigation of the LiNj;3Co,,3Mn;;50, electrode re-
computer-controlled Princeton Applied Research Model€aled a typical XRD pattern similar to that of LiCeCas
VERSA potentiostat/galvanostat was used for cycling the electeported earlier by Yabuuchi and OhzukuThe atomic
trochemical cell under a constant current control. structure fits the space-group symmetryR#m («-NaFeQ
The electrochemical cyclingcharge and dischargef ~ YP®, ITC #166 (International Tables for X-Ray Crystallog-
the cell was performed at a constant current density Ofaphy._ The structure has Li ions at thas_ltes, the trar_1$|t|0n
0.14 mA/cn? between 2.9 and 4.7 V, which corresponds tometal |o_ns(|\/_l =Mn, Co, and N) aF the 3 sites, ar_1d_ O_|ons at
about the 5-h rate. Thie situ measurements performed dur- the & sites in a hexagonal setting. However, it is important

. . . . . . to note that a partial interchange of occupancy of Li and
ing the charging and discharging were carried out at Vamu?ransition metalM) ions among the site.e., Li in 30 and

states (;f gha:jgz Of. the r? Iec:}rodg. The spectra prr]esce)(r;teg g Cr in 3a site9 leads to a disordering in the structure called
were obtained during the charging process at the 0% tation mixing,”*?? which leads to the deterioration of the

25% SOC, 40% SOC, 75% SOC, 90% SOC, and finallyg|ectrochemical performance of this layered compound. Re-

100% SOC(corresponding to 4.7 V versus)Li cently, Koyamaet al? investigated this layered compound
For the measurements using the model compounds, the, first-principle calculations using a superlattice model,

samples were diluted with boron nitridéBN), and  where they found the average Mn—-O, Co—-O, and Ni—O dis-

0.78-cnt pellets were then pressed using a pressure of $ances to be 1.94 A, 1.92 A, and 2.02 A, respectively. In

tons, yielding pellets of 40@m thickness. Finally, the pel- contrast to the large decrease in the unit-cell volume for

lets were mounted on aluminium sample holders using KaptiCoO, (about 6%, LiNiO, (about 10%, and LiMnO,

ton adhesive foil on both sides of the sample. (about 8% during delithiation(i.e., during charging or oxi-

FIG. 1. Schematic view of electrochemidalsitu XAS cell.

aA' Structure of LiNi 1,3C01,3Mn,30,
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dation, LiNi4;3C0;,5Mn4,50, exhibits a small change in the
cell volume(about 3%, proving to be beneficial with regard 151
to cycling stability, cell life, and rate capability. N
1.0 | - R

B. XAS results for LiNi ;,3C04,3Mn4;30, 05 | !
1. XANES '
Unlike  LiNiO, (Ref. 24 and LiCoG,®

Li,Niy;3C0y5Mn4,50, has a hexagonally layered structure,
and there has been no phase change to a seconda

— S0C 00
—===" Mn-model (Mn3+)
—— Mn-model (Mn*

0.0 . . . .
8520 6540 6560 6580 6600 6620

Absorbance

phase with monoclinic symmetry when Li is extracted 1.5¢ (b)
from its lattice. This has been verified lex situXRD mea-

surements performed on electrochemical lisFor 1.0

Li,_Niy3C0y5Mny 50, it is now proposed that an extraction = | /= ===
of Li ions results in the lattice shrinkage along taendb 05| —— SOC 00

alize

directions while an expansion takes place alongcfrec- ===+ Co-model (Co*")

tion. Moreover, it has also been hypothesized that the driving & 0.0

force for monoclinic distortion is not the Jahn—Teller effect ‘5 7700 7720 7740 7760 7780
of Ni®*, but a lithium vacancy ordering that leads to a superZ. 20— Model (Nih)

structure in LiNiGQ.? Conversely, as Li,Ni;;3C0;,3MN440, sl $OC 00 (©

does not exhibit any phase change to monoclinic symmetry A I Model (Ni**)

it possesses a good ability to cycle Li into and out of the Li 10l soc40

layer while maintaining its hexagon&R3m) symmetry. In
general, the shape of the K-edge XANES of the transition o5}
metal oxides provides unigue information about the site sym-

metry and the nature of bonding with surrounding ligands, 0.0 , , . .
while the threshold energy position of the absorption edge 8330 8340 8350 8360 8370 8380
provides information about the oxidation state of the probed
atom. Figure 2 shows the x-ray absorption near-edge struc-
ture (XANES) regions at 0% SOC compared to model com-FIG. 2. Calibrated and normalized XANES comparison@fMn K edge
pounds at the Mn, Co, and Ni edges, respectively. The qualifor LiNi 15C0ysMn;,50,, observed at 0% SOC with the model compound

. . . . . Mn,O5; (Mn®*) (broken ling and MnQ, (Mn**) (dash-dot ling (b) Co K
tative difference is immediately apparent from the figures.; dge for LiNi;CoyMn,;0,, observed at 0% SOC with the model com-

|r_‘ .Fig. 2@ the Mn K-edge XANE_S spectrum  of ound Lico (Co**); and(c) Ni K edge for LiNi; 5CoysMn; <05, observed
LiNi 1/3C0;/3Mn4,30,, when compared with model com- at 0% SOC(thick solid ling and 40% SOC(thick broken ling with

pounds MBO; (Mn3+) and MnG, (Mn4+), reveals that the the. model com?gounds Nickg[ll) oxide. (Ni?*) (broken ling and
edge energy is identical to that of MRQMn**), indicating ~ L™N'o#S0202 (NI™9) (dash-dot ling, respectively.
that the oxidation state of Mn in LiNC0;,5Mn4,30; is tet-
ravalent(Mn**). The XANES spectrum for the sample at the progression of the entire pattern from lower energy to higher
Co K edge was compared with that of LiCgGs shown in  energy as a function of the decreased Li contanthe five
Fig. 2(b). The comparison clearly indicates that the XANES different charge statgsindicating the oxidation of C9 to-
spectrum for the Co K edge of the sample is identical to thatvards C4* (almost C4* as it will be shown in the following
of LiCoO, (Co®). Thus, Co in LiNi3Co,,5Mny30, can be  section. The results for the XANES spectra for the Ni K
considered as Cb. The XANES spectrum for the sample at edge are shown in Fig.(®, at the five different charge
the Ni K edge was compared with that for Nickdll) oxide  states. From here it is seen that the Ni K edge shows two
[NiO(Ni?*)] and with layered LiNjgCoy,0, (Ni®*), as stages during charging. The first stage is from 0% SOC to
shown in Fig. Zc). The XANES spectrum for the Ni K edge 40% SOC and the second stage is from 40% SOC to 75%
of the sample is similar to that of Nickéll) oxide, indicat- SOC. Above 75% SOC, the XANES spectrum of the Ni K
ing that Ni in LiNiy,5Co,sMny50, is divalent[Ni®*] at 0%  edge did not move noticeably to a higher energy. This two-
SOC, whereas the Ni K-edge XANES is similar to that of stage observation may be attributed to the two-electron reac-
layered LiNp gCay O, at 40% SOC, confirming that Ni in tion of the Ni ions(Ni>*/Ni®* and NF*/Ni**) during charg-
LiNi 1/5C0y/3Mn4,50, is trivalent[Ni®*] at 40% SOC. ing. It is important to mention here that similar observations
Figure 3 shows XANES spectra for selected SOC valuefave recently been reported by Koyare'aal.,23 using ab
at the Mn, Co, and Ni edges, respectively. For Mn K-edgenitio  calculations, that the redox reaction in
XANES [Fig. 3(@)] during charging the edge position of the Li;_Ni;;3sC0,5Mny30, consists of Ni*/Ni®*, Ni3*/Ni4*,
first five scans at different charge states did not exhibit anygnd C&*/Cao*, respectively. However, in their work they
significant edge shift to higher energies, suggesting that thpredicted the above redox reaction for the ranges sfx0
Mn oxidation state remains unchanged, i.e., théMiomis <1/3, 1/3<x=<2/3, and 2/3<x=<1, respectively. Thus
electrochemically inactive. However, during charging, theour experimental observation has been consistent with these
XANES observed for the Co K edgéig. 3b)] shows a calculations, except the range for the3GCo** redox reac-

Energy (eV)
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Energy (eV)
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n
16} é.// (c)
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7
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08} Energy (eV)
0.6
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Energy (eV)

FIG. 3. Calibrated and normalized XANES spectra

Li;_,Niy2C0;5Mn, 50, at different states of charge at tfi@ Mn K edge
(0% SOC, 25% SOC, 40% SOC, 75% SOC, and 100% S@LCo K edge

(0% SOC, 25% SOC, 80% SOC, 90% SOC, and 100% @i (c) Ni K

edge(0% SOC, 20% SOC, 40% SOC, 75% SOC, and 100% S@Spec-

J. Appl. Phys. 97, 113523 (2005)

tion, which they proposed to take place for 28<1,
while our experimental observation indicates that the
Co**/Cd* oxidation reaction occurs for essentially the entire
range ofx in the sample. This small discrepancy can be
attributed to the fact that the calculations were performed
assuming an equilibrium homogeneous state, while, actually,
the particles are in a nonequilibrium heterogeneous state.
During discharge, these processes are reversed electrochemi-
cally: Li is inserted in the lattice structure, the €and Ni*
are reduced to G0 (trivalent and Nf* (divalend states, and
the M(meta)—O andM—-M bond lengths return to their origi-
nal values. Hence only the data during the charging cycle
have been presented here.

The insets of Figs. @), 3(b), and 3c) show the nature of
the preedge region of the respective XAS spectra. The
preedge results provide additional information about the na-
ture of the electronic states. For many transition elements,
the preedge peaks occur well below the main edge5 eV
below) and are assigned to transitions to empty states with
d-like character, i.e., these ares 1o 3d™? transition§”*
wheren is the initial number ofd electrons andn+1) in-
cludes the excited electron in the final state, which usually
includes the effect of a core hole. The-2 3d transitions are
directly allowed through a very weak quadrupole transftion
or allowed via an admixture ofBand 4 states In the
preedge region for MiiFig. 3(a), inseti, all the spectra re-
corded during delithiation show two peaks denotedAsnd
A’ (near 6541 and 6543 @\Mwhich are assigned as the tran-
sitions from the core 4.level to unoccupied @ states which
are, in turn, electric dipole forbidden. Experimentally, the
quadrupole nature of the si-3d preedge feature in
D, CuCE~ was demonstrated by Halem al** with an analy-
sis of the angular dependence of ttee13d transition inten-
sity using polarized synchrotron radiation and oriented single
crystals. Thep-orbital mixing into 3l orbitals can also con-
tribute to the preedge intensity, which has much higher in-
tensity than the electric quadrupole-allowed transition. Thus,
even though this transition is dipole forbidden, the preedge
peaks here could be discerned due to quadrupole-allowed
transitions and/or due to the mixing of the 4nd 31 states.
The weak intensity of the preedge is indicative of the octa-
hedral coordination as opposed to the tetrahedral coordina-
tion from which strong preedge intensity is fouttdThe po-
sition and the shape of these preedge peaks are now well
known to be closely related to the oxidation state of the
absorbing ion and the local arrangement of backscattering
ions, respectively. It is also evident here that the two peaks
(A andA’) at the preedge region are discernible because the
manganese is in the tetravalent state, as a preedge with only
one peak characteristic feature is observed for trivalent man-
ganese compounds. The latter characteristic single-peak
preedge feature for trivalent manganese compounds can be
interpreted as a result of the splitting of thg andey energy
levels modified by Jahn—Teller deformation as shown earlier
by Horneet al® The preedge features observed in the Co
XANES spectra[Fig. 3(b), insel, are due to Co 4—3d
transitions, and are not well structured, but it clearly shows

tively. The insets show the nature of the preedge peaks of the respecti\;gvo edges with some weak indication of an energy splitting

XAS spectra.

in between. The preedge featur@ and B’) are assigned
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here to the §—t,; and Js— gy transitions. The energy dif- 3.5
ference between Ct,, and Co g orbitals in octahedral
oxygen-coordinated compounds is found to be about 2.5
eV, which corresponds to the separation of theand e, 5 25¢
transitions. It is important to note that the presence of the
two transitions indicates at least a partial high-spin configu-&
ration. Here, the preedge features are not clearly split; thigy 1.5}
may indicate delocalized electrons in the band structure or ar i>:

Nitt_Nitt
VW VYVVW

. . . . . 8O 10}
overlapping mixture of low-spin'A,(t5,€)), intermediate & 10 2
*T,(t34e5), and high-spin°T,(t5,€?) states. Transitions from 5 05 ° %0
1sto thet,y orbitals are both symmetry and dipole forbidden, %00

but they do occur, albeit very weakly, due to the mixing with ~ °° [ .N.i2+ Charge Discharge NiZ*
the oxygenp orbitals and quadrupole transitions. Transitions — :
from 1s to e, orbitals are also dipole forbidden, and hence
also much weaker than the symmetry- and dipole-allowed SOC [charge/discharge] (in percent)
1s—4p main transition. We also observe a shouldéy at . ot of the white I et o f
about 7221 eV, which corresponds 10 the shake-down pref ., Fo o e W e 1oy St e sl ageo o
cess in which §— 4p transition with ligand—3d electron charging (i.e., during delithiatioh while the empty symbol¢O and A)
transition or ligand to metal charge transteMCT) occurs  represent the data during dischargiie., during lithiation.

[1s'c3d®— 1s'c3d’L], as observed for Dy,CaCoO; (Ref.

34) or for Lael_XlSrCon,sé where it was shown that the gyigent that for the Co edge the oxidation state is changing
LMCT state tzgeng contributes about 45% to the ground smoothly and nearly proportionally to the SQ€xcept after
state. Since the binding energy decreases due to the core-halgo, sOC where there is an increase in slépig. 4 which
screening .eﬁe_ct in Co by an electron transferred in ligandis consistent with our Faraday’s law calculatiéfig. 5],

the transition in the shake-down process occurs at a lowggpile for the Ni edge the situation is not very clear, but the
energy:® For Ni, as shown in Fig. @) (inse9, the preedge is quantitative and qualitative indicators show that the oxida-
almost absent. In octahedral Ni) complexes only thes  jon consists of two stagerom 0% SOC to 40% SOC and
—3d transition is allowed; and furthermore, this-% 3d from 40% SOC to 75% SOCThis is due to the two-electron
transition is symmetry forbidden for centrosymmetric reaction of Ni ions as discussed earlier. After 75% SOC the
pointgroups’” This means that highly symmetrical octahe- edge does not change significantly, suggesting th&t ii
dral complexes will not show any prepeaks, while nonsym+yly oxidized to N#*, while charge compensation still oc-
metrical octahedral complexes can be detected by theiyrs in Co(Fig. 4). To obtain a further qualitative and quan-
higher 15— 3d peak intensity. Hence the intensity of the 1 tjtative picture about the valence change during the charging
—3d peak can be used as an indicator of the geometry imyrocesgwith respect to the capacity changsf the constitu-
octahedral complexes. In Fig.(3 the absence of a ent transition metals in this compound, we here tried to com-
1s— 3d-transition preedge leads to the conclusion that theyine the XAS and the electrochemistry information using

local environment of the Ni atoms is highly symmetrical. It Faraday’s law. Using Faraday’s law the theoretical capacity
is important to mention here that any distortion of the octa-

hedral environment would remove the center of inversion 45

0 20 40 60 80 100 80 60 40 20 O

symmetry, and a preedge or a shoulder in the XANES spec:

tra is expected® As evidenced from Fig. @), the XANES 40 o © 09 vovo g

spectra observed during the different states of charge duringg ' 1

cycling (delithiation or oxidatioh show the absence of a S 35/ e® A

preedge which again strengthens the conclusion that the locég °*

octahedral environment of the Ni atoms remains highly sym-t 3.0

metrical during the charging process. o0 < Mn
In order to present a quantitative picture of how the oxi- 5§ 551 ¢ C‘_’

dation process is taking place in this system, we have showrz v Ni

here Fig. 4, which depicts the plot of the white line peak 20

position as a function of the SOC as opposed to the edge

position, defined by the energy at half of the edge step for the {5 L e A S

50 100 150 200 250 300

o

Co, and the Ni K edge, observed during delithiaticharge

and lithiation (discharge Here, we have included also the
data of scans that have been taken in between the SOC val-
ues reportedA, B, C, D, andE). For the Co and the Ni metal FIG. 5. Average valence vs capacity profiles for the first charge of the cell
centers, the change in the peak position has been about +1.91 the transition metals Niv), Co (@), and Mn(<). The average valence

: s f Ni (V) and that of Mn(#) at the theoretical calculated capacity
+
and +3.0 eV, respectively, as the lithium content change%m mAh/g have been shown here as positidn The solid line is the

from the OCV(open circuit V0|ta_gth”y discharge(_j State_ t_o guide using Faraday’s law if all the charge is used for changing the nickel
the fully charged4.7 V versus L state. From the figure it is valence from Ni* to Ni**.

Capacity (mAh/g)
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of LiNiq3C0;5Mn4,50, is 277.68 mAh/g. So, theoretically, Mn
for the average valence change of one for the transition met (a)
als (Ni%* to N3, Ni®* to Ni**, and C8* to Cd") in this Qy\/‘-\,\‘\/\/ﬂ,/\/\/\
compound, the capacity used will be a third of the total the- @/\/\\,\/\J\/f\‘/\/\
oretical capacity, i.e., 92.56 mAh/g. Hence using the experi- (d)
mentally measured capacity at each state of the charging pre_— (\e)/\/\—\’\/\/\/\'/\\_/\/\
cess, along with the average valence change from the XAS ‘s C
results(Fig. 4) and the theoretical capacity, we can represent = (i)—’\oj\\’\/\/\"/\/\/\
the average Ni and Co valence as En Q)_.\/\\,\/\/\,/\/\/\
= |
Expt. measured capacitpAh/ _’\/\‘\/\/\/A"/\/\ﬁ
Ni,q(average= 2.0 +[ P pacity g)] = |a
9256 mANg g WW\AP
X (Nifrac), (1) = .
i " (il)’Nl\/\’—’\/\/\/\-/\\/N
Expt. measured capacitpAh/g) Q’L_\/\/\f\/\’/\/\\/.—
C =3.0+
Qa@verage { 92.56 mAh/g ((;))
“Co) 0 ETINANAAAR
and . .
. 2 4 6 8 10 12
N'frac"' CQ‘rac: 1, (3)

-1
where Nj,,. is the fraction of the charge that causes change k (Angstrom )

in the Ni valence and Gg. is the fraction of the charge that 5 ¢ sejected®y(k) data observed for Mn d8) 0% SOC,(b) 25% SOC,
causes change in the Co valence. (c) 40% SOC(d) 75% SOC, ande) 100% SOC:; for Co ata) 0% SOC,(b)
From the XAS results it is observed that?Nthanges to  25% SOC,(c) 80% SOC,(d) 90% SOC, ande) 100% SOC; and for Ni K

Ni3* at 40% SOC(108 mAh/g and finaIIy changes to Ni edges ata) 0% SOC,(b) 20% SOC,(c) 40% SOC,(d) 75% SOC, ande)
0,

at 75% SOQ202 mAh/g. Hence taking the Ni valence in- 100% soc.

formation and the measured capadityAh/g) at different

states of charge in Eql), we can find the Njx. Then, using  scattering ability of the lithium. Figure 6 shows the normal-
this information in Eq.(3) we can find the Co average va- jzed k3y(k) function for selected scans at different SOC
lence at different SOC. This quantitative information isya|yes during the charging cycle, as a functiork@k ) for
shown in Fig. 5, where we can see that during the first chargfn, Co, and Ni. It can be seen that the data quality is very
cycle the Co is almost changed from€do Co'™*. INFig. 5 good at the Mn, Co, and Ni edges. The peak intensity and
we have shown that at the theoretical capacity Ofproadness of the radial structure function correlate to the
277.68 mAh/g, Mn is Mf" and Ni is Nf”( while we found  coordination numberCN) and Debye-Waller factorgo)
that at the measured ﬁxtrgc':tmn. 4c+:apaC|ty of the ng'ESt CYCl&yhich reflect the thermal fluctuations and/or local offfer.
(269 mAh/g Mn is Mn™, Ni is Ni*", and Co is C&°%% In Only small changes take place in the case of Co and Ni
Fig. 5 the line shows the guidance from Faraday's law oMyeween the different SOC values. This can be more clearly
how the Ni valence changes if all of the charge is used 1q,nqerstood from the results of the EFourier Transformof
change the Ni valence only. The observed increase in slopg . qata at selected SOC's, as shown in Figs. 7, 8, and 9. It
of the Co K-edge white line in Fig. 4 after 75% SOC cangy 14 pe noted that the Ni EXAFS extends té walue of
now be explained by the Faraday’s law results in Fig. 5. This~15 AL but the Co EXAFS extends to onk12.5 AL,
increase in slope is due to the fact that after 75% SOC Ni isl'he lower range of the Co EXAFS is due to the presence of
at Ni*, and the whole of the charge is now used to changgyq edge at 8.33 keV. The first peak-at.9 A in Figs. 7,
the valence of Co, as can be seen from Fig. 5. 8, and 9 is due to the Mn—-0O, Co-0O, and Ni-O interaction,
respectively. During chargingr delithiation it is seen that
the Mn-O distance remains nearly unchanged, contrary to
The local structure of the Mn, Co, and Ni ions in the gradual dwindling of the Co-O distances and the de-
Li,Mn,,5Co,,5Ni;,30, was measured by EXAFS. The back- crease of the Ni—O distances. These variations of the inter-
grounds were subtracted by extrapolating a Victoreen-typa@tomic distances are closely related or can be attributed to
function from the preedge region, and EXAFS oscillationsthe change in the valence state in the transition metals. In the
x(K) were extracted using cubic spline baseline functins. presence of an octahedral crystal field, therbitals split
The radial structure functions for the central absorbing Mnijnto triply degeneratét,,) and a higher-energy doubly de-
Co, and Ni atoms were obtained by Fourier transformationgenerate sete;). Hence the outermost electronic configura-

2. EXAFS during the charging cycle

of the EXAFS oscillations. Fourier transformations were per-tion of Co**/Ca** can be represented %egltggeg, while for
formed over thek range as mentioned in Sec. Il B usiky  Ni?*/Ni*" (or Ni**/Ni*"), it can be represented te5/t5 €5

weighting (Kaiser-Bessel window In all cases the Li con- (or t5,e;/t3ed). Thus during the oxidation reaction of the

tribution to XAFS was ignored because of the low back-charging cycle, the change in energy in30€a** is very
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FIG. 7. Magnitude of the k®-weighted Fourier transform of
Li;«Niy3C0,3Mn,,50, at the Mn K edge at selected SOC during the charge
cycle (k range=1.5-15.4). M represents the transition metal atom.

1 2 3 4 5 6

o

Radial Coordinate (Angstrom)

small because the change takes place only inthdegen- FIG. 9. Magnitude of the k®weighted Fourier transform of

erate set, which results in a very small change in the ionidi1-NiyCoyMny50; at the Ni K edge at selected SOC during the charge
cycle (k range=1.5-15.R). The labels(a), (b), (c), (d), and(e) represent

. " + o
rad|us(Rgo~ 9;54.ﬁ/Ré°~.g+'53-§' whereas the variation in the FT observed at the 0%, 20%, 40%, 75%, and 100% SOC, respectively.
energy for N#*/Ni** (or Ni®*/Ni%*), where the change takes M represents the transition metal atom.

place between the lowep, and higherey sets, would be

larger, inducing a larger change in the ionic radii; o _ S
~0.69 A/R3 ~0.56 A/R ~0.48 A). It can be seen that Pure LiNiO, and LiCoG. As observed earlier, in LiNi©

for 0% SOC, the amplitude of the Ni-O peak is lower than(Ref. 43 oxygen atoms are present at two different distances
that of the Co—O peak. Also, unlike LiNigsCoy 0, (Ref. surrounding Ni. This distorted octahedral coordination is
41 and Li_,NiO,,*? here as the sample is delithiated it can beconsistent with a Jahn—Teller effect expected fof*Nn a

seen that the amplitude of the Ni~O and the Co-O peak®Ww-spin state. For the Li,NiO, system during delithiation
almost remains the same. These observations can be bdBg increase of the Ni-O peak amplitude has been ascribed to

understood by considering the local structure of Ni and Co irthe changes in the local structure of the Ni created by the
oxidation of the Nf* to Ni**. Since Nf* is not a Jahn—Teller

active ion, the oxidation of Nf to Ni** results in a diminu-

20 tion of the Jahn—Teller effect which results in an increased
amplitude of the Ni—O peak. In contrast to the LiNiGys-

« tem, the Li_,Co0O, system during delithiation does not ex-
'E 15} hibit any increase of the Co—O peak, which has been as-
e cribed to the absence of the Jahn-Teller effect in the case of
?n Co**. Thus based on these observations, it is understood that
j the absence of a Jahn—Teller active i@e., Co* and NF*

- 10} are not Jahn—Teller active ions this system results in a
§ similar amplitude of the Ni—O and the Co—O interaction in
m‘;é the FT of Li_,Ni;;sC0o,,3Mn; 50, during delithiation.
) The second peak at2.8 A in Figs. 7, 8, and 9 corre-
E ST sponds to a metal-metal interaction. It can be seen that at the
— Co and the Ni edges the peak position shifts to lower
values as Li is deintercalated. In pure LINIQRef. 41 a
. . . . : similar behavior was observed by Nakai and Nakagome for
00 1 5 3 4 5 6 the Ni—Ni interaction. In contrast, in pure LiCeGhe peak

. . representing the Co—Co interaction does not shift upon
Radial Coordinate (Angstrom) delithiation®* They also observed that the peak amplitude of

FIG. 8. Magnitude of the Kiweighted Fourier transform of the Co-Co interaction reduces as Li is deintercalated. The

Li;_Ni;/sCoysMny 40, at the Co K edge at selected SOC during the chargesmall shift i_n peak p_OSition _Of the Co-metal imerac_tiqn as
cycle (k range=1.5-12.%\). M represents the transition metal atom. well as the increase in amplitude of the peak in delithiation
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TABLE |. Structural parameters from nonlinear least-squares fits to the firsTABLE Ill. Structural parameters from nonlinear least-squares fits to the
two peaks of the Fourier transform at the Mn K edge at different states ofirst two peaks of the Fourier transform at the Ni K edge at different states
charge(SOQ. The SOC(in percen}, shell (Z,—Z;,), coordination number  of charge(SOQ. The SOC(in percent, shell(Z,—Z;,), coordination number
(CN), bond distancéR), and Debye—Waller disordéo?) are tabulated. The  (CN), bond distancéR), and Debye—Waller disordés?) are tabulated. The
coordination numbefCN) of both Mn—O and MnM contributions were  coordination numbefCN) of both Ni—O and NiM contributions were con-
constrained to be six. The number in the parentheses is the uncertainty in tis¢rained to be six. The number in the parentheses is the uncertainty in the

last digit or digits of the parameter. last digit or digits of the parameter.
SOC (%) ZoZy CN RA) o%(A2 1079 SOC (%) ZoZy CN R(A) oA(A2 1079
00 Mn-O 6 1.91() 2.7(5) 00 Ni-O 6 1.94%9) 4.1(4)
Mn-M 6 2.88%9) 3.33) Ni—M 6 2.8689) 4.86)
25 Mn-O 6 1.908) 2.94) 20 Ni-O 6 1.9218) 4.3(3)
Mn-M 6 2.8579) 3.1(4) Ni—M 6 2.8445) 4.87)
40 Mn-O 6 1.9046) 2.96) 40 Ni-O 6 1.9028) 4.35)
Mn-M 6 2.8429) 3.05) Ni—M 6 2.8319) 4.96)
75 Mn-O 6 1.8997) 3.1(5) 75 Ni-O 6 1.8727) 4.6(4)
Mn-M 6 2.8389) 3.24) Ni—M 6 2.8266) 4.85)
100 Mn-O 6 1.90(%) 3.1(4) 100 Ni-O 6 1.87(07) 4.55)
Mn-M 6 2.8419) 3.25) Ni—M 6 2.8299) 4.7(6)

in Li;_Nij,3CopsMny,20, show clearly that Co is not present above 75% state of charge, the change in the distance is
as isolated |_|C09.||ke entities but may be present as a Sub_neg”gible and is<0.002 A, this is consistent with the fact
stitutional entity for Ni-type sites in the host lattice. A quan- that after 75% SOC in the system the’Nis changed fully to
titative analysis to obtain EXAFS structural parameters ofNi** (as also evidenced from Fig).4The observation of the

Mn, Co, and Ni absorbers was performed based on a twcﬁlgnlflcant decrease in the Ni-O bond distance can be ex-
shell model, obtained by nonlinear least-squares fits to thelained by the oxidation of Nf to Ni** since the ionic radius

first two peaks of the FT spectra at the K edges of Mn, CoOf Ni?* (0.69 A) is larger than that of Nf (0.46 A).*°

and N|’ respective]y, in |_1i_XNil/3C01/3Mnl/302_ The bond The Ni4+—O bond distance in this materla{‘“187 A) is
distanceqR) and the Debye—Waller factofs) were left as consistent with other previously reported*NiO bond dis-

free parameters, and the coordination numigeN) of tances observed in compounds such as BaN#éhd
Mn—O, Co-O, Ni~O, MnM, Co-M, and Ni-M was kept KNilOg(~1.88 A).***" This also indicates that at the end of
fixed to the crystallographic value of six. The structural pa-the charge Ni* is completely oxidized to Nf. Finally, the
rameters obtained by curve fitting are summarized in Table§econd shell metal-meté@in-M, Co-M, and Ni-M) inter-

I, Il, and lll. The first shell metal-oxygetMn—-O, Co—O, action distances at various charge and discharge states are
and Ni-O interaction distances at various charge and disshown in Fig. 11. It is interesting to note here that the
charge states are shown in Fig. 10. It is evident from thehanges ilM-M distances at the Mn, Co, and Ni K edges
figure that the Mn—O distances varied the le@itthe most between the initial and the fully charged state varies at the
by 0.01 &), while the Co—O distances varied by about 0.05 Amost by 0.05 A(0.04 A for Mn-M, 0.05 A for Co-M, and

and the Ni—O distances varied the most by about 0.08 A. It is
important to note here that we observe for Ni—-O distancesg 1.96

=]
= v
TABLE Il. Structural parameters from nonlinear least-squares fits to the first %n 1.94 Y o Co-0
two peaks of the Fourier transform at the Co K edge at different states of$ o (v) e Mn-O c') o
charge(SOQ. The SOC(in percen}, shell (Z,~Z;,), coordination number P ©o v Ni-O oV
(CN), bond distancé¢R), and Debye—Waller disord¢o?) are tabulated. The g 192 } v 1% ° o
coordination numbefCN) of both Co—O and Cd¥ contributions were 3 v %o o oo © v
. . . . N 7 ® o o o e ® ® o
constrained to be six. The number in the parentheses is the uncertainty in thQ L] ’ o ¢
last digit or digits of the parameter. = 190 ®® o000
) fo) o
= v v
SOC (%) ZiZs CN R(A) gA(A2 1073) B
O 188t v ° v
00 Co-O 6 1.93@) 3.04) —c; v v .
h YVyvyvyyv Discharge
Co-M 6 2.8518) 3.73) g Charge _caree
186 1 1 1 1 1 L I I I I I
25 Co-0 6 1.929) 2.93)
0 20 40 60 80 100 80 60 40 20 O
Co-M 6 2.8299) 3.32)
80 Co-O 6 1.91B) 3.04) SOC (i
in percent
Co-M 6 2.8148) 3.4(5) (in p )
90 Co-0 6 1.89%) 3.23) FIG. 10. First shell metal-oxygen bond length changes during
Co-M 6 2.8158) 3.64) Li/Li 4Niy;3C0y,3Mny,30, cell cycling. The filled symbol® and V) repre-
100 Co-O 6 1.88%) 3.4(4) sent the Mn—O and Ni-O bond distances, while the empty sym@pl
Co-M 6 2.8168) 3.65) represents the Co—O bond distances as observed during different states of

charge and discharge.
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