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Abstract: 6Li MAS NMR has been used to study the lithium local environments and manganese electronic
structures of a number of lithium manganese oxides with manganese oxidation states varying from (lll) to
(IV). Most samples were chosen with compositions within the Li®ia-Li,Mn4Og—Li4Mns0;, phase diagram,

but Li,Mn,O4 with Mn(lll) was also synthesized for comparison. Despite the presence of unpaired electrons,
high-resolution spectra could still be acquired, allowing a number of different local environments to be detected.
Assignments of the resonances to different lithium local environments were made by comparing the observed
shifts and local structures in a number of lithium manganates. SvbIMR resonances were observed for

the spinel phase kMnsO;, at 1980 and 847 ppm, which were assigned tbihithe octahedral and tetrahedral

sites of the spinel structure, respectively. A shift was observed foiirLthe tetrahedral site of bMn4O,

which also contains Mn(1V), at 687 ppm. The shifts are ascribed primarily to a Fermi-contact shift mechanism,
and possible mechanisms to account for the directions and sizes of the shift are discussed. Shifts to lower
frequency are observed as the manganese oxidation state is reduced (i.e., for manganates containing occupied
gy orbitals). ThefLi MAS NMR spectra of the spinels with a Li:Mn ratio of 1:2 are extremely sensitive to the
synthesis conditions. When relatively high synthesis temperatureS(§%re used, a single resonance at 520
ppm, from the normal spinel phase, dominates. In contrast, several resonances are observed for samples
synthesized at lower temperatures (5%%0 °C), as a result of defects in the normal spinel structure. These
resonances collapse into the main spinel resonance at high temperatur&s)(a66 are assigned to electronic
defects associated with higher oxidation state manganese iofs)(Nio evidence for a JahrTeller distortion

is observed in both the NMR and by diffraction for samples that contain considerable disorder. In contrast,
samples that were prepared at temperatures of°6€50r higher show a cubic-to-tetragonal phase change
below room temperature. This is accompanied by the appearance of at least three adtliti@sainances,
indicating some ordering of the Mh and Mrf+ cations below the phase transition, in the time scale of the
NMR experiment.

Introduction was chosen to study these materials, since it is ideally suited to
study local structure and disorder in these materials. The effect
a view to developing new electrode materials for compact, high- of synthgsis conditioqs and of various lithium local er_1vironm_ents
voltage rechargeable batterieShe first commercial success ©N the®li MAS NMR is explored. Results from the discharging
with this technology was the cathode material LiGp®itro- and charging of cells constructed with the lithium manganese
duced by SONY Energytec in 1990rhe SONY cell consists ~ Materials will be presented in a subsequent paper.

of LiCoO;, and powdered graphite as the cathode and anode, An expanded region of the HIMn—O ternary phase diagram
respectively. During the charging and discharging process, Li is shown in Figure %.The tie line between MyO, and Lis-

ions are s_huttled between two inte!rcalation hosts. The high costypn.0,, represents stoichiometric spinel phases, which can be
and toxicity of cobalt has resulted in the search for cheaper andexpressed by the general formulaMnz_Os (0 < x < 1.33).

more environmentally friendly alternatives. Lithium manganese | iium manganese oxide defect spinels Mn(IV) of general
oxides LiMn20; are promising intercalation cathode materials, ¢ .- LiO-yMnO; (y > 2.5) are located on the tie line

meeting cost, toxicity, and efficiency criteria. Problems still between LiMnsO1, and A-MnO,. Manganese oxide defect

remain in the reproducible production of these materials. In ~". .
addition, structural changes can occur during the charging andSpmels’ Mn-0s, (0 = x = 1), lie between MO, and-MnOy,

discharging processes, which may affect both short-term andwhereas phases with the rock-salt structure and stoichiometry
long-term behavior of the material within the battédy. Li2Mn3-:Os (0 = z = 2) are found between MnO andMnOs.
In this paper, we present the results frofLaand Li MAS Regions | and Il represent defect spinel and defect rock-salt

NMR study of a series of lithium manganese oxides. MAS NMR Phases, respectively. The normal spinel structure ;{8
possesses the crystallographic space gkdgm, where the B

cations occupy 16d octahedral sites and the A cations occupy

Lithium intercalation materials have been widely studied with
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Mno valency of the manganese ions belowB.5, which in turn
induces a JahnTeller (JT) distortion due to the predominance
of JT-active M (d¥) ions> This results in a cubic-to-tetragonal
phase transition, and an increase in the unit cell volume of
6.5%310 The occurrence of the JT-distortion during cycling of
the lithium cells is thought to be one cause of poor cycling
behavior* Defect spinels such asdMnsOg and LyMnsO;, have
been shown to have improved cyclability in the 2%5 V
range, compared to LiMiD,, because the manganese oxidation
state is maintained abowe3.5 during most of the discharging
process, and the cubic-to-tetragonal phase transitions, when they
occur, are associated with much smaller changes in cell
volumes? Similarly, cyclability at tle 4 V plateau may be
LisMng0g LA LizMng0g improved by doping in divalent cations such asNor Zr.12+ .
g Mn?*) or by doping in extra LT; this prevents the manganese oxidation
LizMn50,2 l""':f"‘z state from dropping below+3.5 at the end of the (4 V)
M) discharging process.
There have been numerous studies of the Li®la-Li,-
”2"4'1"3 Mn4Os—Li sMns012 System which have focused on, for example,
(M%) the effect of the starting materials, synthesis temperature, Li/
Figure 1. The lithium—manganeseoxygen ternary phase diagram  Mn ratio, manganese oxidation state, electrochemical properties,
after refs 4 and 13. occurrence of cubic-to-tetragonal phase transitions, and the
magnetic propertie® 23 The stoichiometry and manganese
Pxidation state depend on the synthesis temperatuedinsOg
I(Mn“*) is formed at 400°C, and an increase of temperature

LiMI‘I3ﬂ4

8a tetrahedral sites in a cubic close-packed array of X afibns.
There are three additional vacant sites, i.e., the 16¢c octahedra
sites, 8b tetrahedral sites, and 48f tetrahedral sites. The idearesults in the formation of the defect spinels.LiMn,._ ;04 (0
material LiMn,O4 adopts the normal spinel structure with lithium 5 = 0.11) with a progressive reduction of thez_rzr?a r;lganese
in the 8a tetrahedral sites and manganese in the 16d octahedral .~ ~. S
sites. The average manganese oxidation numbe13is, half Oxidation state. E"?”t“a".y’ an average _ox!datlon. state fpr
the manganese ions having a high spift @gie;1) electronic manganese of 3.5 is achlfv?gi |.n.the §t0|ch|qmetr|c material
configuration and the other half existing as Mrions with a L(l)Mngisyén;geszgt?] ﬁﬁso c. tlh"r'Ch spinels L“lég/l dnz__?04
3d¥(t26%) electronic configuration. The material is a hopping or 0= " at 'f ), with i f|um on ; et?agg?nfse_ I fs' eLs_,“\a/llre
small polaron semiconductégelectronic conduction occurring reported to form In preterence to he detect spinet for LIvin
via hopping of electrons betweep@rbitals on adjacent Mt/ ratios gregtzelfzsthan 0.5, under low-temperature synthesis
Mn** cations. The defect spinel INn4Og, whose formula can conditions:*

be written as (LisdTo.17efMn1.7470.270cOx in Spinel notatiort, _ Knoyvledge concerning the local structure in these materials
has been shown. from neutron diffraction studies. to contain 'S crucial to the understanding of their performance as electrodes.

vacanciest) on both of the Li 8a sites and Mn 16d sifes. Diffracti(_)n studi_es y_ieId Iong-range stru_ctural information but
LisMnsOs2is a lithium-rich stoichiometric cubic spinel, in which do r_10t directly yield qurmatl_on concernlng_the local order and
some of the manganese cations are displaced by lithium cationsSnVironment of the _ca_t|on§L| (= 1.) and'Li (I.: */2) NMR
resulting in the formula: Ld{Li 0.s3Mn1 670cOs. Both LiMn.Og are |deal7probes of lithium local environments in these cqmplex
and Li;MnsO1, have a manganese oxidation staterdfand an systems. Li NMR spectra are affected by hon_]onucle_ar dipolar
electronic configuration of d(t,¢?). Lithium can be inserted coupling and the second-order quadrupolar interaction, both of

. S i o .
into or extracted from spinels by electrochemical or chemical Wh'ch can give rise to broadenif°In adplmon, the satellite
redox reactions, (at approximately 3 and 4 V, respectively, transitions, which are broadened by the first-order quadrupolar

versus Li), following the dashed lines in Figuré The insertion interaction, can span many kHz. In contrast’t@ the much

of lithium into the structure (e.g., during the discharging process) smaller quadrupolar coupling constants typically observed for
results in @he sim_ultaneous_ displaceme_nt of 8a lithium cations (13) Masquelier, C.. Tabuchi, M.. Ado, K.; Kanno, R.. Kobayashi, Y.
onto 16c sites until lLLMn,O, is formed, which has the tetragonal ~ Maki, Y.; Nakamura, O.; Goodenough, J. 8. Solid State Chen1996
rock-salt structure (space grougi/amd.®10 Note that an 123 255. _ _ _ _

orthorhombic rock-salt structure is formed by direct solid-state 195(3114%23{32.‘”" P.; Tarascon, J. M.; Shokoohi, F.JKSolid State Chem.
reaction. This phase is known as LiMp@nd crystallizes in (15) Endres, P.; Fuchs, B.; Kemmler-Sack, S.; Brandt, K.; Faust-Becker,

the space groupmmntl-12Lithium insertion lowers the average  G.; Praas, H.-WSolid State lonicd4996 89, 221.
(16) Rossouw, M. H.; De Kock, A.; De Picciotto, L. A.; Thackeray, M.

(5) Wells, A. F. Structural Inorganic ChemistryOxford University M. Mater. Res. Bull199Q 25, 173.
Press: Oxford, 1993. (17) Massarotti, V.; Capsoni, D.; Bini. M.; Chiodelli, G.; Azzoni, C. B.;
(6) West, A. R.Solid State Chemistry and its Applicatiaijohn Wiley Mozzati, M. C.; Paleari, AJ. Solid State Chenl997 131, 94.
& Sons: New York, 1992; Chapter 16. (18) Shimakawa, Y.; Numata, T.; TabuchiJJSolid State Chenl 997,
(7) Tuller, H. L.; Nowick, A. S.J. Phys. Chem. SolidE997, 38, 859. 131, 138.
(8) Sugiyama, J.; Atsumi, T.; Koiwai, A.; Sasaki, T.; Hioki, T.; Noda, (19) Takada, T.; Hayakawa, H.; Akiba, B. Solid State Chen1995
S.; Kamegashira, NJ. Phys.: Condens. Matte&r997, 9, 1729. 115 420.
(9) David, W. I. F.; Thackeray, M. M.; De Picciotto, L. A.; Goodenough, (20) De Kock, A.; Rossouw, M. H.; De Picciotto, L. A.; Thackeray, M.
J. B. J. Solid State Chenl987, 67, 316. M.; David, W. I. F.; Ibberson, R. MMater. Res. Bull199Q 25, 657.
(10) Thackeray, M. M.; David, W. |. F.; Bruce, P. G.; Goodenough, J. (21) Thackeray, M. M.; De Kock, A.; David, W. |. fMater. Res. Bull.
B. Mater. Res. Bull1983 18, 461. 1993 28, 1041.
(11) Greedan, J. E.; Raju, N. P.; Davidson, 1JJSolid State Chem. (22) Yamada, AJ. Solid State Chen1996 122 160.
1997 128 209. (23) Feng, Q.; Miyai, Y.; Kanoh, H.; Ooi, KLangmuir1992 8, 1861.
(12) Gummow, R. J.; Liles, D. C.; Thackeray, M. Mlater. Res. Bull. (24) Xu, Z.; Stebbins, J. FSolid State Nucl. Magn. Resdf95 5, 103.

1993 28, 1249. (25) Eckert, H.; Zhang, Z.; Kennedy, J. Bhem. Mater199Q 2, 273.
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®Li and weaker homonuclear dipolar coupling allow higher Table 1. Temperatures and Reaction Times Used to Prepare the
resolution spectra to be obtained. The acquisition of high- Spinel Samples and the Nomenclature Used to Label the Samples

resolution NMR spectra from the lithium manganese oxide firing
system is further complicated by the paramagnetism of these sample starting temperature nominal
materials. Large interactions between the nuclear and unpaired_Sample _label materials _ (°C) and time Li/Mn ratio
electron spins will occur in these systems, which can give rise LiMn;0s  LiMn850  Li.COs, Mn,O3 650, 12hand  1/2
to broad and sometimes undetectable NMR resonances. Very , _ 850, 24 h
fast spinning MAS NMR can help remove or reduce interactions, t!MnZO“ LiMn650  LiCO; MnOs 650,48 h 172

" . . - iMn;0, LiMNn600 Li,COs;, Mn;O3 600, 48 h 1/2
reducing the number of sidebands and simplifying the sp&f&. | jvn,0, LiMn550 LixCO; Mn,O; 550, 48 h 12
Spin-echo mapping techniques have also been used in parati,Mn0s Li,MnsOs Li,COs, MNCO; 400, 48 h 1/2
magnetic systems to detect extremely broad reson@fdes.  LisMnsOi2 LisMnsOrz Li,COs, MNCO; 400, 48 h 4/5

number offLi and ’Li NMR experiments have been performed
on the LiCoQ and LiNi—,CoQ, systems?32 A short paper  qyjqation states. LMn,O,, which contains M@ exclusively,

of the ’Li and °Li MAS NMR spectra of LiMnO, and Li- was also synthesized to aid in the interpretation of the NMR
MnO; has been published.’Li MAS NMR of Li —Mn—0 and data.

Li—Mn—V—0O compounds have also been repofttarge
shifts were observed for the ternary spinels, which were ascribedExperimental Section
to a Knight-shift mechanism, whereas no significant shifts were

observed fpr the quaternary spinels. I_nte_rpret_atlon of the S.peCtraprepared in air by solid-state reaction of lithium and manganese sources.
was Compl_'cated by tl_"e Ver_y large spinning S|deba_nd_ man'fOI_dS The starting materials were ground together and formed into pellets.
and poor signal-to-noise ratios; hence, accurate shift informationthe starting materials and firing conditions are listed in Table 1. A
could not be readily obtained. An earlier brief paper also number of different samples were prepared using the same conditions,
interpreted the observed shifts in terms of a Knight-shift to ensure reproducibility. Enriched samples &iMn,0,, for the
mechanisn¥®> A more recent paper by Mustarelli et al. of variable-temperature NMR experiments, and &fi,Mn,Oy and
LiMn,0O4 and LbMnOz and a material with intermediate  °LisMnsO:.were prepared witfLi-enriched LbCO; (Isotec;®Li > 95%)
composition showed, however, that the major source of the large@s one of the starting materials. Otherwise, identical reaction conditions
shifts in these compounds is the Fermi-contact shift mecha- Were used. The sample ofaMn;O, was prepared by intercalation of
nism36 More recent wide-line NMR studies have also interpreted -"Mn20: (LiMn850) with excessn-BuLi in anhydrous hexane at 50
“Li shifts in terms of a hyperfine or contact interacti@ikinally °C for 24 h under an platmosphere as described in ref 10. A sample
o - " ’ with a Li:Mn ratio of 1.1:2 which corresponds to a nominal composition
a number of statiéLi NMR vfarlable_-tempe_rature studies ha\_/e Li1 Mn1 6404 was also synthesized at 850, with Li,CO; and MnOs
been p_erforme_d to investigate, in particular, any possmle as starting materials.
magnetic ordering of the Mri/Mn** ions below the cubic-to- X-ray Powder Diffraction. All of the samples were characterized
tetragonal phase transition and the Neel temperéture. with a Scintag powder X-ray diffractometer. Diffraction powder patterns
The aim of the research presented in this paper, was towere compared with those in JCPDS, confirming the presence of the
determine the feasibility of using MAS NMR to study the local cubic spinel phase for all of the samples synthesized at high temper-
order of the lithium cations in lithium manganese oxide systems, atures. No impurity phases were observed except in the case of
and to explore the structural and electronic properties that are-iMn550, where a trace of Mi; was observed in some but not all of
responsible for the large shifts observed in these systems. Thethe samples synth'e3|zed under these pondltlons. The presence of_atrace
6Li MAS NMR of lithium manganese spinels synthesized under amount of MnO;s in these samples did not produce any discernible

. f diti d inel ph .. differences in the MAS NMR spectra of these samples. Samples of
a variety of conditions are reported. Spinel phases containing  j vin,0, gave powder patterns, which could be indexed to a tetragonal

manganese in the-4 oxidation state only have also been |4ck_salt diffraction pattern. All of the samples were crystalline, and
synthesized to help rationalize the shifts of both the non- and there did not appear to be any evidence for any amorphous material.
stoichiometric materials containing manganese in variable Low-temperature diffraction experiments were performed by using
(26) Nayeem, A.; Yesinowski, J. B. Chem. Phys1988 89, 4600. the synchrotron source at the National Synchrotron Light Source at
(27) Cheetham, A. K.; Dobson, C. M.; Grey, C. P.; Jakeman, R. J. B. Brookhaven National Laboratory at the X3 (SUNY) beamline (wave-
Nature 1987 328 706. Grey, C. P.; Dobson, C. M.; Cheetham A. K. |ength= 0.500 A). Experiments were performed on the LiMn550 and

Jakeman, R. J. BJ. Am. Chem. Sod989 111, 505. Grey, C. D. Phil. ; ~ ; ; ;
Thesis, University of Oxford, 1991. LiMn850 samples. The powder X-ray diffraction pattern of LiMn550

Sample Preparation. LiMn 04, LioMn4Og, and LuMnsO,, were

(28) Liu, K.; Ryan, D.; Nakanishi, K. McDermott, Al. Am. Chem. did not show any evidence of a cubic-to-tetragonal phase change down
So0c.1995 117, 6897. to 200 K, the lowest temperature studied. LiMn850 was studied at room
(29) Li, J.; Lashier, M. E.; Schrader, G. L.; Gerstein, BAppl. Catal temperature anet5 °C. Many of the reflections were observed to split

1991, 73, 83. on reducing the temperature &6 °C, and the new sets of reflections

(30) Carewska, M.; Scaccia, S.; Croce, F.; Arumugam, S.; Wang, Y- could be indexed to a tetragonal cell. Some cubic phase remained at

Gr?g{])ba:??égogd. ?_'t?;irl]?nn;é?%gzggné%? P.{ Nesier, M.; Rougier this temperature, however. Integration of the 400 and 004 reflections

A.; Delmas, C.norg. Chem.1995 34, 1773. showed that-58% of the sample remained in the cubic phase.
(32) Ouyang, B.; Cao, X.; Lin, H. W.; Slane, S.; Kostov, S.; Denboer, Solid-State NMR SpectroscopySLi and 'Li MAS NMR experi-
M.; Greenbaum, S. GMater. Res. Soc. Symp. Pra995 369, 59. ments were performed at 29.47 and 77.83 MHz, respectively, on a

(33) Morgan, K. R.; Callier, S.; Burns, G.; Ooi, K. Chem. Soc., Chem.  CMX-200 spectrometer with double resonance Chemagnetics probes

Co{ggué]uﬁzgailn\ll?ﬁujiwara T.; Tanno, K.; Horiba, T. Electrochem. equipped with 5-mm and 3.2-mm rotors for MAS. Spectra were

S0c.1996 143 1007, recorded with either single-pulse or echo experiments. Both quadrupolar
(35) Kanzake, Y.; Taniguchi, A.; Abe, MI. Electrochem. Sod991, echoes (90— 7 — 90° — 7 — acq) and spin-echoes (96- 7 — 180°

138 333. — 7 — acq) were used to acquire spectra of some of the materials with
(36) Mustarelli, P.; Massarotti, V.; Bini, M.; Capsoni, Bhys. Re. 1997, broader resonances (e.g.,Min4O and LiMnsO;1,); the echo spectra

55, 12018. shown were acquired with a quadrupolar echo. Since these echo

4052?0%55’&)3 n';';’irn”%oﬁf'ezr;];a'énsﬁvi'r \é;OR]e.gEg;hj's Péﬁzenrgei?] at the oy heriments were performed under MAS conditions, the sequence was

press. rotor synchronized, with values farbeing chosen such that they were
(38) Sugiyama, J.; Hioki, T.; Noda, S.; Kontani, NL. Phys. Soc. Jpn. multiples of the rotor periodr(= 1/spinning frequency). Note, however,
1997 66, 1187. that under rotor-synchronized MAS conditions, the spin-echo experi-
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NMR spectrum of LiMn850 (Figure 2 a) is dominated by one
major resonance at 520 ppm, which is assigned to lithium in
the normal position (8a) of the spinel structure. This is similar
to the previously published spectrum by Morgan e&aivhere
a single isotropic resonance at 520 ppm was also observed, but
differs by ~144 ppm from the value of 664 ppm determined
by Mustarelli et ak® The reason for the difference is unclear,
but most likely it results from differences in the spinning speeds
used and the difficulty in determining the isotropic resonance
of a broad resonance whose isotropic shift is very sensitive to
temperature and thus small changes in spinning speed (see
below). In contrast, spectra of the samples synthesized at lower
temperatures show a number of additional resonances corre-
sponding to several local environments. Three resonances at
512, 551, and 588 ppm are observed for LiMn650 (Figure 2
b), while four resonances are seen for LiIMn600 (Figure 2 c) at
512, 554, 590, and 635 ppm, the resonance at 512 ppm being
the most intense. The line widths of the resonances increase as
the synthesis temperature is lowered, as do the intensities of
the higher frequency resonances, four broad resonances being
observed for LiMn550 (Figure 2 d) at 498, 546, 575, and 630
ppm. Also noticeable is the small shift of the most intense
resonance to lower frequency with decreasing synthesis tem-
perature and the shoulder to low frequency of this resonance
that is observed in all of the spectrg, measurements were
performed for all of the samples, and values~af0 ms were
determined for the most intense resonance at-&P® ppm,
whereas the smaller resonances at-5538 ppm had shorter
T1s of, for examplex~30 ms for LiMn650. ThéLi MAS NMR
of the sample of LioMni944 (not shown) also shows
additional smaller resonances at 560, 596, and 648 ppm. The
ppm main spinel resonance has shifted slightly from the resonance
Figure 2. TheSLi MAS NMR spectra of LiMnO,4 as a function of observed in LIMn8S0 to 523 ppm.
. 4 H H H H

thg firing temperature used to si)/nthesize the sample. (a) LiMn850, (b) LiaMnsO1z, LioMn4Os, and LizMn;Oy. TheLi resonances
LiMn650, (c) LiMn600 and (d) LiMn550. All spectra were acquired of LisMnsO12 anq LeMn4O, are obsgrved at higher frequency
with spinning speeds of9 kHz. than those for LiMpO4 and are con5|dera_bly broader (Figure 3

a and b). Only one resonance can be discerned at 687 ppm for
ment is the more appropriate experiment, due to the refocusing of the Liz2Mn4Os, however at least two resonances are observed, with
first-order quadrupolar interaction under MAS. Thus, the spectra were iSotropic shifts of 847 and 1980 ppm, for;MnsO1,. The shifts
also subsequently acquired with a spetho sequence to ensure that  Of the isotropic resonances are extremely sensitive to temper-
no resonances were missed with the quadrupole-echo sequence. Alature, and large shift variations are observed by simply varying
spectra were referenced 1 M LiCl solution, at 0 ppmz/2 pulses of the spinning speed. This has been observed before in MAS NMR
2.8 and 2s were used fofLi and "Li, respectively, with delay times  studies of paramagnetic materf#l4°and is due to the changes
of typically 0.2-1 s. °Li longitudinal relaxation times Tis) were in temperature that arise from frictional heating. Thus the quoted
measured with an inversion recovery (1807 — 90° — acq) sequence. ppm values are accurate to oniy:25 ppm. Both resonances

Variable-temperature spectra were acquired with the Chemagn.encsare associated with large spinning sideband manifolds. The sharp
variable temperature stack and with 5-mm rotors. Temperature calibra-
resonance at close to O ppm results from a very small

tions performed with Pb(Ng),*® indicated that the real and indicated i ) S A :
temperatures differed by no more thahGseven at spinning speeds of ~ concentration of a diamagnetic lithium-containing impurity. The

9-10 kHz for the temperature range studied. Room-temperature spectraSPectrum of LiMn;O, (Figure 3 c) contains two overlapping
were acquired without the variable temperature stack and without any resonances at 101 and 118 ppm. The resonance close to 0 ppm
heater-gas flow over the sample. Under these conditions, the realresults from the unreacted BuLi, which presumably reacts to
temperature of the samples is always higher than room temperatureform Li,O and LbCO; on contact with air.
and is between 40 and SC. Variable-Temperature 5Li MAS NMR Spectra. The vari-
able-temperaturéLi NMR spectra of LiMn550— LiMn850 are
shown in Figures 47. At ambient temperature, all of the spectra
LiMn ,04. The®Li MAS NMR spectra of LiMnO, prepared show well-resolved peaks. As the temperature increases, all of
at different temperatures are shown in Figure 2. All four samples the resonances shift to lower frequency by-120 ppm over
(LiMn850, LiMn650, LiMn600, and LiMn550) show large shifts 200 °C, and the line widths of the resonances decrease.
from the shift position typically obtained for diamagnetic solids Considering LiMn550 initially, it is clear that the shift to lower
at around 0 ppm and large spinning sideband manifolds. X-ray frequencies is accompanied by a collapse of the additional
powder diffraction confirmed the presence of the spinel phase resonances into the larger one assigned to the “normal” spinel
and the lack of any impurities. However, the MAS NMR lithium environment in LiMRO,4. By 200 °C, not more than
spectra of the four samples are very different: PheMAS
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(40) Grey, C. P.; Dobson C. M.; Cheetham, A.XMagn. Resorl1993
(39) Ferguson, D.; Haw, J. Anal. Chem1995 67, 3342. 101, 299.
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Figure 3. The®Li MAS NMR spectra of (a) LiMn4Os, (b) LisMnsO;»,

and (c) LbMn,O4 with spinning speeds of21 kHz [(a) and (b)] and I T T
1200 1000

T T T T

I I I I
800 600 400 200 0

9 kHz (c). (a) and (b) were acquired with a rotor-synchronized echo
sequencer(= 1 rotor period). The isotropic resonances of paramagnetic ppm
phases are indicated. Figure 4. The variable-temperatufei MAS NMR spectra of LiMn550

acquired at spinning speeds-e9 kHz. Isotropic resonances are marked
two additional resonances (and a shoulder) are visible, and theon selected spectra; all other resonances in these spectra are spinning
relative amount of intensity contained in these smaller reso- sidebands.
nances has decreased. By 2% only one resonance, with a
small shoulder to higher frequency is observed. The behavior
of LiMn600 is similar. Small differences are, however, noted.
For example, the resonance initially at 586 ppm atGGsplits
into two resonances by 15C. Again, the additional resonances
collapse one-by-one into the “normal” spinel resonance. At 250
°C, this resonance and one other smaller broadened resonanc
remain. Complete coalescence of all of the less intense

resonances into the larger resonance is observed for LiMn650 " . . ;
g phase transition appears to be associated with the formation of

and LiMn850. The shift positions of the “normal” spinel these new resonances. The presence of the “normal” spinel

resonance are plotted as a function of inverse temperature in W tth I. ttp 0 tudied. | plt i

Figure 8, and at temperatures above room temperatures, the esonance, even at the lowest temperatures studied, 1 consisten
ith our and previou¥ diffraction results where the cubic phase

show a clear I/ dependence. S . .
Th havi fth les i iff t bel is still d_ete_cted below t_he phase transition. Al_so noteworthy is
e behavior of the samples is very different below room the deviation of the shift from the “normal” spinel from arl/

temperature. The resonances from the LiMn550 and LiMn600 .

broaden at lower temperature and shift to higher frequencies,de.IOendence (see Elgure 3)’ even for the compounds where no
as expected. No sharp discontinuities in the shift position with ev;dgnce for a static JT dlstortlpn IS observeq.
temperature are observed. However, abrupt changes in the L'. MAS NMR spectra of LiMn550 and L|M_r1600 were
spectrum of LiMn650, are observed belowl0 °C. Three acquired at room and higher temperatures, to investigate the

; ffect of the difference in the gyromagnetic ratio®bf and “Li
intense resonances are observed at 488, 647, and 709 ppm (aﬁ ) - .
—40 °C), which account for considerably more intensity than on their variable-temperature MAS NMR spectra. TheMAS

the smaller additional resonances that were seen at highetj\“\./lR.SpeCtra of LiMn550 are shown in Figure 9. At. the
temperatures. Similar behavior is observed for LiMn850, where splnnLng speeds used, only three resonances can be dls_,cerned
again three additional resonances (and a shoulder) are observe 1t 50°C, at >11, 553, and 586 ppm. Slnce.thls sample differs
Since the concentration of the smaller resonances was close tg o the LiMn550 sample (which was enriched %) used
negligible in this sample at higher temperatures, the additional (41) Yamada, A.; Tanaka, MMater. Res. Bull1995 30, 715.

resonances seen at low temperatures must arise from a different
mechanism. These resonances start to appeatGté&nd have
increased in intensity, relative to the resonance from the
“normal” spinel environment, in the spectrum acquired &C0

Very little difference in intensity of these resonances is observed
an lowering the temperature further t670 °C. The LiMn850
sample showed a cubic-to-tetragonal phase transition, in the
X-ray diffraction studies, due to the Jahieller distortion; this
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Figure 5. The variable-temperatufei MAS NMR spectra of LiMn600
acquired at spinning speeds o0 kHz.

for the SLi studies,®Li MAS NMR spectra were also acquired . . . .

for this sample. No discemible differences were observed Mental error, in théLi and 'Li NMR spectra.’Li MAS NMR
between théLi NMR spectra of this sample and those reported SPectra were also acquired for LiMn600. Again, the shifts of
in Figures 2 and 4. The smaller, less intense, resonances (afhe7L| resonances were essentl_ally |de_nt|cal to those observed
~638 ppm at 50°C) are not observed in thii spectrum of in the®Li MAS NMR spectra. As in théLl MAS NMR spectra,
LiMn550; these resonances are presumably located under théh€ resonance at550 ppm at 50°C is only observable as a
spinning sidebands of the more intense resonances, but werghoulder of the main resonance~a200°C, and by 250C is
observed at fast spinning speeds2¢ kHz) in other samples. N0 longer visible. The resonance originally-e685 ppm shifts

The slower spinning speed, the broader resonances, and théowe_lrd t_h_e main spinel resonance, splits, and then broadens but
overlap of the isotropic resonances and sidebands, account forS Still visible at 250°C.

the differences in apparent intensity of the three observed
resonances, in comparison to the relative intensities of these
resonances in th&i MAS NMR. Under these conditions, it is The 6Li MAS NMR spectra of LiMnO, are extremely
difficult to determine the position of the baseline of the sensitive to the different synthesis conditions. Several resonances
resonances. Spectra with relative intensities for the resonancesare observed in théLi MAS NMR spectra for the low-
close to those seen in thei MAS NMR spectra were obtained  temperature preparations, indicating that there are several
with a different MAS probe, at fast spinning speed20 kHz). different lithium local environments. Both the formation of the
The small differences in chemical shift between the and defect spinel (with vacancies on both the lithium and manganese
6Li spectra of LiMNn550 are most likely due to small differences sites) and the oxidation state of the manganese have been shown
in the real temperature of the sample, which are estimated toto be highly dependent on temperature, spinels with higher
be no more thaa:5 °C, on the basis of calibration studies. As manganese oxidation states and more defects being preferentially
in the8Li MAS NMR of LiMn550, the resonance originally at ~ formed at lower temperaturé%.The 6Li MAS NMR spectra

553 ppm at 50C shifts close to the main resonance (originally are consistent with this, the intensity of the resonances other
at 511 ppm), as the temperature increases, and by’Q0@8 than that assigned to tiin the normal spinel environment (at
only visible as a shoulder of the main resonance. By 250 512-520 ppm) increasing as the synthesis temperature is
only the main resonance with a shoulder to higher frequency is decreased.

observed. The collapse of the two smaller resonances into the The stoichiometric LiMaO, spinel contains both Mt (d3)

main resonance occurs at the same temperature, within experiand Mr?* (high spin d) ions in a 1:1 ratio, and is a hopping

Figure 6. The variable-temperatufei MAS NMR spectra of LiMn650
acquired at spinning speeds o0 kHz.

Discussion
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Figure 8. A plot of the 6Li NMR shift of the resonance assigned to
the normal spinel environment, as a function of I6r LiMn550,
LiMn600, LiMn650, and LiMn850. The linear curve fit to the
experimental data is shown (solid line).
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Figure 9. The variable-temperatufei MAS NMR spectra of LiMn550
acquired at spinning speeds-e9 kHz. Isotropic resonances are marked
on the spectrum acquired at 0. All other resonances in this spectrum
are spinning sidebands.

for the stoichiometric material, consistent with the spectrum of
LiMn850, which essentially contains only one resonance.
Furthermore, a change in the stoichiometry of the spinel, and
thus a change in the average oxidation state of manganese, is
expected to result in a shift of the resonance.

The 8Li NMR spectra show a large shift to high frequency
with increasing Mn oxidation state, and shifts of 847 and 1980
ppm are observed for the two resonances gfnisO;, (Mn**)
and~687 ppm for LiMn4Og (MN**), in comparison to a shift
of 520 ppm for LiMnO, (oxidation statex~ 3.5). A shift to
lower frequencies is observed on decreasing the oxidation state
to 3.0, and resonances are observed at 101 and 118 ppm for
LioMn,O4. This initially appears counterintuitive since the
Mn(IV) materials have a lower effective magnetic mormeént
and do not contain any electrons in thgagbitals. However,
we can conclude that an increase in manganese oxidation state
from (Ill) to (IV) results in a shift to higher frequency for the
samples and lithium and manganese local environments studied.
Furthermore, the center of gravity of the resonances shifts to
higher frequencies, with decreased synthesis temperature, for
the samples LiMn850 through LiMn550. This is consistent with
the increase in the manganese oxidation state, which occurs in
these 1:2 Li:Mn spinels on lowering the synthesis temperature.
To understand the cause of the shifts and the large variations
in more detail we need to consider the local environment for
lithium in these and related materials and the possible shift
mechanisms.

the same site). This hopping is fast in the time scale of the NMR  Shift Mechanisms.There are two important interactions that

experiment, and thus, the lithium NMR shifts are sensitive only govern the NMR spectra of paramagnetic materials, one
to the average charge of the manganese (i.e., 3.5 for theinvolving a through-space, dipolar interaction between the
stoichiometric material). Thus, only one resonance is predicted nuclear and electronic moments and the other involving a
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through-bond (Fermi-contact) interaction. The Fermi-contact thermore, the spirorbit coupling constants are small for in

shift is a measure of the unpaired electron spin density from and Mrf*,*5 and only small pseudocontact shifts are predicted.
the paramagnet that is transferred to the nucleus of the NMR A shift mechanism that is important in metals is the Knight
active spin (via the occupation of the s orbital). The isotropic shift. This results from the coupling of the magnetic moments

part of the interaction can be written*as of the (unpaired) conduction electrons at the Fermi level to the
nuclear moment and depends on the density of states at the
H.= LASO ) Fermi level?® It is more appropriate, however, to view the

electrons in the gorbitals that are responsible for conduction

whereA is the electror-nuclear hyperfine coupling constant &S being localized. Under these conditions, the electronic
andS,the thermally averaged value of the paramagnetic spin. conductivity is no longer temperature independent, and there is
The sign ofAs determines the sign of the spin density transferred a0 activation barrier to conduction associated with the movement
to the s orbitals of the resonant atom, and thus the direction of Of the electron from the low- to the high-valence cation. This
the shift, and will depend on the nature of the overlap between Pehavior has been observed experiment&ify.The suscepti-

the orbitals containing the unpaired electrons and the s orbitals, Pilities of these materials are consistent with localized electrons,
The magnitude oA controls the size of the shift. SinceS,> in agreement with this. The Knight shift will be small or

is proportional tgyBo, wherey is the susceptibility an@, the negI|g|t_)Ie fpr these hqpplng _sem|con_ductors. _Thus, to a first
field, the Fermi-contact shift shows the same temperature @PProximation, the Knight-shift and dipolar-shift mechanisms
dependence as the magnetic susceptibility and will scale with ¢an be excluded, and shifts are expected to be dominated by a
the field (in absolute frequency units). The magnetic susceptibil- Fermi-contact mechanism: This is consistent with the observed
ity of these systems shows a Curie-like behavior above 83 K in temperature behavior in these systems and is in agreement with
one repof® and 40 K in a secorfd consistent with the T/ the conclusions of the earliéci MAS NMR study 36 There is
temperature behavior of the shifts observed for all of the Cléarly atemperature-independent component to the shift since
resonances of LiMn550, LiMn600, LiMn650, and LiMngs0 the plots of shift versus T/do not pass through the origin. This

(Figure 8). additional contribution to the hyperfine shift may result from
The second important mechanism, the through-space dipolarthe mixing in of excited (electronic) statés.
interaction, He, between the nuclearu() and electronic The size of the hyperfine-coupling constaft, depends on
magnetic moments is similar to the dipolar interaction between the overlap integral, which is itself a function of the overlap
nuclear spin&43 between the s orbital at the lithium atom, and theand g
orbitals of the manganese atom. This overlap can either occur
Hepy = e Doy tintto/ 47 2) directly or via the intervening coordinated oxygen atoms. It is

this hyperfine interaction that determines the size and type of
coupling (ferromagnetic versus antiferromagnetic) in magnetic
systems, except that in NMR the coupling must involve the
s-orbital at the site of the nucleus, which is not a requirement
for coupling between two electronic spins. The magnetic
. B 3) coupling in spinels has been widely studied, and a variety of
He= 1aBdlito overlap mechanisms have been determit¥eef,which depend
) ) ) o ) on whether thest, or g orbitals are involved. It is useful to
The anisotropic part of the interaction is the primary cause pyiefly review a number of these mechanisms since they provide
of the large spinning sideband manifolds observed for para- insight into the possible sources of the NMR shifts. For-Mn
magnetic solidg® Furthermore, the larger value pf; for “Li, Mn coupling involving M+ and Mrf+ ions on the B (16d)
in comparison to°Li, results in the much larger spinning  site of the spinel structure, two types of coupling mechanisms
sideband manifolds in thé.i MAS NMR spectra. When the  are important: (i) an antiferromagnetic MiMn interaction,
susceptibility is isotropic, this mechanism does not cause a shift. which occurs via the direct overlap ofytorbitals across a
However, if the susceptibility is anisotropic, a small shift will  common octahedral edge and (i) M®—Mn superexchange
be observed, which is often referred to as the pseudocontactinteractions mediated by the intervening oxide 2p orbitals. Figure
shift. Note that although the bulk susceptibility of a cubic 10 shows the local environment for manganese in the 16d site
material cannot be anisotropic, the atomic susceptibility may of the spinel structure. The manganese (38ygen octahedra
be anisotropic if the local symmetry at the site of the paramagnet share common edges, and thus the manganese ions are connected
deviates from cubic symmetry. This is the case for the iz Mn—O—Mn bridges with~96° bond angles. Mechanisms
manganese site in the spinel structure, which has trigonal siteresylting in the largest exchange coupling involve coupling
symmetry. Since the isotropic part of the susceptibility is petween electrons in a filled oxygen 2p orbital and the adjacent
typically much larger than the anisotropic part, the pseudocontactmanganeSQ gorbital (Mn®* or Mn*+) to form azr bond. Overlap
shift is generally small in comparison to the size of the sideband petween the 2p oxygen and ap erbital of the second
manifolds. Note, however, that this statement will not always manganese orbital can then occur vialonding arrangement.
hold for coupling to more than one paramagnetic spin, since f the ¢ interaction involves M ions with partially filled g

the dipolar field will then be the sum of all the individual orpjtals, this results (by either a delocalization or correlation
coupling matrixes defined in eq 2 and some cancellation may
occur, depending on the arrangement of the paramagnets around (45) Figgis, B. N.Introduction to Ligand FieldsJohn Wiley & Sons:
the nucleus. Pseudocontact shifts are also typically an order of Ve YOk, 1966.

. . (46) Slichter, C. PPrinciples of Magnetic Resonanc@pringer-Verlag:
magnitude smaller than the shifts observed here and do notnew York, 1989; Chapter 4.

whereDg, is the dipolar coupling tensore, the time-averaged
electronic moment, can be rewritten in terms of the atomic
susceptibilityya (the susceptibility of a paramagnet)

necessarily show an inverse temperature relatiorfSHi-ur- (47) Bloembergen, NPhysical954 20, 1130.
(48) Goodenough, J. Bdagnetism and the Chemical bgrtbhn Wiley
(42) McConnell, H. M.; Robertson, R. H. Chem. Physl958 29, 1361. & Sons: New York, 1963; Chapter IIl.
(43) Kurland, R. J.; McGarvey, B. R.. Magn. Resonl97(Q 2, 286. (49) Goodenough, J. B.; Loeb, A. Phys. Re. 1955 98, 391.

(44) Bleaney, BJ. Magn. Resonl972 8, 91. (50) Anderson, P. WPhys. Re. 1959 115 2.
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Figure 10. The local coordination environment of the lithium and

J. Am. Chem. Soc., Vol. 120, No. 48, 128@9

Table 2. Local Environment for Lithium, and Nominal Oxidation
State, in a Variety of Lithium Manganates

no. of
Li—O—M bond angle Mn NMR shift
compd site  bonds (deg) oxidn state  (ppm)
LisMnsO1, 8a 12 121.0 4 847
16d 12 96.2- 0.3 1980
(16c¢) (6) (171.9)
(12) (89.6)
Lio,Mn4sOy 8a 12 120.7 4 687
LioMnOz;  4h 4 180 4 905/850
8 90
2b 12 90 1817/1770
2c 4 180 922/875
8 90
Li,Mn,O, 8a 12 122.3 3
16¢ 6 176. 74 0.2 118, 101
12 89.9

a2 M denotes a cation in the 16d site of the spinel structure. M may
also be a cation vacancy in the case oMr4O,. the NMR assignments
are discussed in the text. Two values for the shifts are given for
Li,MnQg, the first coming from ref 33 and the second from ref 36.
b Assignment from ref 33, based on the intensity of the resonance.
¢ Assignments consistent with refs 33 and 36.

of the second manganese atom, in the same direction, results
in an overall ferromagnetic coupling between the two manganese
electronic spins. Antiferromagnetic coupling is predicted for
LiMn,0, by both direct overlap of the manganese orbitals and
antiferromagnetic Mt —O—Mn** superexchange; this has been
observed experimentally:3® Ferromagnetic ordering is, how-
ever, observed in LMnsO;,, due to Mrf*—O—Mn*" 90°
ferromagnetic interactions. Magnetic coupling between the A
and B sites in spinels has also been extensively studied. Coupling
mechanisms involving angles other than 90 or °186: now
involved (approximately 129, and the overlap between larger
numbers of orbitals (metal and oxygen) needs to be considered.

Similar mechanisms for the transfer of spin polarization from
the induced magnetic moment at the manganese ion, in a
magnetic field, to the lithium s-orbitals can be envisaged by
considering the local environment surrounding the lithium ions
(e.g., Figure 10) in the different structures. The compounds
containing Mi#* only (i.e., empty gorbitals) will be considered
initially, before the effect of the partially filled georbitals is
discussed.

Mn(lV) Compounds. EarlieréLi and ’Li MAS NMR of the
rock-salt type phase EMnO; showed three resonances at 905,
922, and 1817 ppm, in one stuéyand 850, 875, and 1770
ppm in the seconé This material contains M and a
combination of close-to-linear and bent Qi —O—Mn bonds
(see Table 2). The resonance at 905 ppm has been assigned to
the 4h site, on the basis of intensity. The resonance 922/875
ppm can then be assigned to the 2c site, since it has a similar
lithium local environment. Thus, the resonance at 1817/1770
is assigned to the 2b site. Analogous arguments were made in
ref 32 to make the same assignments. The lithium site containing

manganese ions (or vacancies) in the spinel structure. (a) The lithium 12 Li—O—Mn 90° (2b) bonds results in the largest shift1800
ion in the 8a site. (b) The 16d site typically occupied by manganese. ppm from the typical chemical shift position of a diamagnetic

(c) A 16c octahedral vacancy. The-MD—Mn bonds from the central
atom or vacancy (M= 8a (Li), 16d, or 16c cations) are shaded.

superexchange mechani§nin spin magnetization in thege
orbitals with the sign opposite to that in thg brbitals of the

compound at-0 ppm). Assuming that we can break the shifts
down into individual contributions from different HHO—Mn
bonds and that the shifts are primarily caused by paramagnets
in the first cation coordination sphere of'l.ieach Li-O—Mn

first manganese ion. Thus, an antiferromagnetic interaction bond results in a shift of 150 ppm. The assumption of a shift
between the two manganese spins results. In contrast, ifjthe e of 0 ppm for the diamagnetic compound is justified, given the

orbital is empty (e.g., for MbF—O—Mn*" superexchange),

small chemical shift range for diamagnetic compounds and the

magnetization of the same sign is induced in this orbital. very large shifts due to the paramagnets. Evidence for the

Alignment of the spins in the half-fillechd and the g orbitals

assumption that shifts are additive, depending on the total
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numbers of manganese in the local coordination sphere, comes
from the very similar shifts observed for two of the resonances
(assigned to the 4h and 2c sites). For a lithium ion in the 4h
and 2c sites, with eight 90Li—O—Mn bonds, the total
contribution to the shift from the EO—Mn 90° bonds is
~1200 ppm. Thus, the shift resulting from the linearI0—

Mn bonds, of which there are four, is opposite in sign and is

~—75 ppm per 180Li—0O—Mn bond. Figure 11. (a) A schematic diagram showing how spin polarization
Each lithium ion in the 8a site of the spinel structure is of the same sign in transferred from g orbital on the manganese
coordinated to four oxygen atoms, which are in turn coordinated atom via a filled 2p orbital on an adjacent oxygen atom, in the presence
to three manganese ions (Figure 10 a). Thus, there are-12 Li ©f an external magnetic field, representedgyvia a Li—-O—Mn 90°
O—Mn bent bonds. Refinement of the structure of\lhsO» |nter_act|0n. If the _Li—O—Mn bond_ls Ilngar, as shqwn in (b), there is
showed that the additional lithium ions substitute for manganese 20 ?g:gtsr)ngft:g:'ssznfgiﬁgir;%%éﬁv?ggnlgstrﬁSi;g'ltalS’ the oxygen
in the 16d sité1921Each 16d lithium ion is coordinated to six " P '
other 16d sites via 12 HO—(16d Mn/Li) bonds with a bond
angle of close to 9qFigure 10 b). Note that for materials with
such high lithium content, a lithium ion in a 16d site may be
surrounded by other lithium ions in adjacent 16d sites, and thus - . . . .
there may be fewer than six manganese ions in the local The similar shifts for different local environments provide

coordination sphere. The resonances at 847 and 687 ppm Ofadditional eVidence that .the shifts are not domiqated by
Li,MnsO1» and Lb,Mn,Os, respectively, are both assigned to pseudocontact shifts. The sign of the pseudocontact shift depends

lithium in the 8a site. On that basis, the resonance at 1980 ppmor? 9,_the angle the Mﬁ"_i interatomi_c_ vector m"?‘kes Wi.th the

in LisMnsOs2 is assigned to lithium in the 16d site. Differences pnnmpa! axis of the atomic suscepibility tensor (hg),(defined

in the shifts for the two 8a sites will arise from the different by th_e site symmetry at the manganese S'te.) thr_ough the angular
numbers of manganese ions in the lacal coordination sphere. rﬁlatlorlségp (3co50 _h 15 F?rkthle Sp't':ebﬂ' IS or|er]2te(1Aalong

- : - : the [ 11direction. This is unlikely to be the case for,MnO:

The ideal LiMn<O, structure can be written as fadlo1d-  \ich crystallizes in a monoclini():/ space grou/r) 51 Thus

[Mn1 7430204, whered denotes a vacancy. Thus, there will . ) O IR ’

be, on average, fewer than 12 manganese ions in the IOCaIS|m|Iar pseudocontact shifts for the 16d site ipNLnsO; 2 (Where

coordination sphere. Assuming a random distribution of vacan- 30?5 ? — 1~ ~1) and the 2b site in kMnO; are extremely
cies, the probabilities of 0, 1, and 2 vacancies in the lithium UNIKELy. ) ) . )
coordination sphere are 24.7, 36.6, and 24.9% respectively. Returning to the mechanisms of superexchange in magnetic
Assuming that each HO—Mn bond gives rise to a discrete systems, the largest coupllng for transition-metal cations con-
shift in the lithium NMR resonance, a broad resonance is Nectéd by M-O—M bonds with a 99 bond angle occurred via
predicted, as observed. The maximum of the resonance shouldh® direct overlap of theg orbitals. By analogy, one possible
correspond to the shift for lithium surrounded by around 11 Shift mechanism here involves direct overlap of the half-filled
manganese ions. Thus, each-O—Mn (bent) bond contributes tzg_orbltals_an(_j the empty_ I|t_h|um 2_s orbitals. D|re_ct transfer of
a shift of ~+62 ppm. The ideal LMnsO;, material can be  SPIn p_olanza_tlon to tI_1e lithium, W|th_the same sign as at the
written as Li[Lios3Vin1 6104 and again, there are fewer Mn**, is predicted. This should result in a positive shift. Overlap

manganese ions in the local coordination sphere of the 8a lithium NVOIVing az interaction between thegorbital and a 2p orbital
cations. Again, the shift should be expected to be sensitive to at the_ Intervening oxygen W'". also result in a positive shift:
lithium substitution in the 16d site, and the shift is expected to Polanzatlon of opposite SIgn 1S transferred from th_e f|I_Ied 2p
shift to lower frequency as the amount of lithium substitution oxygen orbital to thez}, orbital, and thus net magnetization of

increases. It is not clear, therefore, why a larger shift is observedthe Same sign as that .at Fhe Mnon IS trgnsferred from thg 2p
for the 8a cations in this material, in comparison to the shift oxygen orbital to the lithium ion. This is shown schematically
for Li,Mn,Oq. Although it is difficult to estimate this accurately, " Figure 11 a. _ ) o

given the signal-to-noise ratio and large numbers of sidebands, The & metal orbitals, which point directly toward the oxygen
the ratio of the intensity of the resonances at 847 ppm to the &0m, are unoccupied, and there is no direct overlap metmanlsm
resonance at 1980 ppm appears to be considerably more thafvolving the half-filled b orbitals, for a linear L+O—Mn

3:1, and our material does not appear to contain as much doping?0nd (Figure 11 b). A smaller shift is observed in theNMR,
in the 16d site as predicted for the ideal material. In addition, consistent with this. Two possible mechanisms resulting in
a small amount of residual Mh may be present in EMn,Oe, unpaired spin density at the lithium nucleus can be envisaged:
which could affect the position of the NMR resonance. Another 1ransfer of spin polarization can occur indirectly either via a
possibility is that there are changes irHO—Mn bond lengths ~ interaction between thegtorbital, the intervening oxygen 2p
and angles between these two compounds. However, the unitorbital, and a LT 2p orbital or via a interaction involving the

cell parameter of LiMnsOr2 (8.14 Af2Lis only slightly smaller ~ €MPty @ orbitals (and 2s (L) and 2p (O) orbitals). A
than that for LiMnOg (8.17 A)420 mechanism similar to the latter interaction has been shown to

be important in controlling the Fermi-contact shifts due to
lanthanide ions in the early part of the 4f series, where spin
density is transferred into the empty 6s and 6p orbitals of
lanthanide ions and the 4f orbitals are not directly invol%&d.
For g orbitals that are less than half-filled, this latter mechanism,
by analogy with similar superexchange mechanisms, should

may be a consequence of slightly different bond angles and
lengths: e.g., L4+O bond lengths of 2.06 and 1.94 A! are
reported for LiMnO3; and LiMnsO;,, respectively.

Lithium in the 16d site, which resonates at 1980 ppm, contains
six 16d ions in its local coordination sphere (Table 2, Figure
10). This local environment is almost identical to the 2b site in
Lio.MnQOs, and similar shifts are observed, consistent with the
assignment. Again, assuming that lithium substitution in the 16d
site of the spinel structure is less than the theoretical 33%, each
Mn** ion (i.e., 2 L=O—Mn 90° bonds) contributes a shift of (51) Strobel, P.; Lambert-Andron, B. Solid State Chem.988 75, 90.
~330 ppm. The smaller shift observed fopMnO3 (300 ppm) (52) Watson, R. E.; Freeman, A.Bhys. Re. 1967, 156, 251.
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result in the transfer of negative spin density into thé Bs favorable. They also calculated the energetics for excess lithium
orbital *® consistent with the sign of the observed hyperfine shift. substitution in the presence of a manganese 16d vacancy and
Compounds Containing Both Mn** and Mn**. Considering obtained the following values: 8& 16d (—9.77 eV), 8a+
only LiMn850 initially, it is clear that addition of electrons into ~ 16¢ (~7.44 eV), 16¢t 16d (—2.90 V)3 Thus, the most stable
the g orbitals causes a shift to negative frequencies (fredd 7 configuration is found when the excess lithium ions substitute
to 520 ppm), and a smaller overall shift in comparison to the into the 16d manganese vacancies and the other lithium ions
other Mrf* spinels. This is initially counterintuitive since the remain in their normal 8a sites. This is consistent with the
number of unpaired electrons is greater for LiMn850. This Structure obtained for LMnsOs,. (Note the negative enthalpy
confirms, however, that different shift mechanisms must operate calculated for 8a+ 16¢, consistent with presence of this
for interactions involving thegand bq orbitals. As before, the  environment in LiMn2O,.) Thus, the additional lithium reso-
tog Orbitals should interact with the adjacent 2p oxygen orbitals nances could result from lithium substitution into these sites or
producing a positive shift. They€d2 or de-2) orbitals can from the presence of adjacent manganese vacancies in the
interact with a perpendicular 2p oxygen orbital im-#onding lithium local coordination sphere. The most likely sites for
arrangement. This must result in a negative shift, possibly via lithium substitution are the 16d and 16c sites; indeed, lithium
the transfer of electron density from the 2p oxygen orbitals to substitution on the 16d site has been confirmed, by diffraction,
the partially filled g orbitals (as was proposed for Mn(lv)  for the lithium-excess materiat$.Substitution in these sites,
compounds). The decrease in covalency of the-@nbond, or the presence of a vacancy, will also affect the manganese
on adding electrons to the (antibonding)abitals, will also and lithium ions in the local coordination sphere of the defect.
reduce the size of the hyperfine interactions, as has recentlyThere are two 8a Ui ions in the first coordination sphere (in
been suggested by Gee eI he shift from the shift position  the center of cubes formed by four 16¢ vacancies and four
for the 8a sites in LiMnsO;, should depend on the number of  0xygen atoms (see Figure 10 c)) and a further six in the second
electrons in the gorbitals. Thus, assuming an oxidation state coordination sphere. Substitution in the 16d site, or a 16d
of 3.5 for manganese in LiMn850, a shift sf-327 ppm occurs ~ manganese vacancy, will affect six nearby lin the 8a site
on adding 0.25 electrons peg erbital to the manganese ions.  (see Figure 10 b) and a further 8 in the next coordination sphere.
Mn3+ Materials. Much smaller shifts are observed for Thus, each dopant Liion will be associated with a number of
materials containing Mi ions, resonances being observed at different resonances. Even if the dopant concentration is small,
100-160 ppm for LpMn,O4 and LiMnOy,. The shift to lower the nl_meers of affected Iithiu_m cation_s will be an or(_jer of
frequencies is consistent with the shift difference between the Magnitude larger. We tentatively assign the more intense
Mn#t and the mixed MA/Mn* compounds. Two poorly  additional resonances at 57546 ppm to Li" cations surround-
resolved resonances were observed feMn,0, at 101 and ing the defect.
118 ppm. The neutron diffraction study of this material has ~ One explanation for the high-temperature behavior of the
shown that the L cations reside on both the 8a and 16c¢ sites lithium spectra and the collapse of the smaller resonances into
of the spinel structure in this material, despite the very close the main spinel resonance, is that it is due to lithium-ion motion
proximity of the 8a and 16c sitésThe differences in the shifts  in these systems. If the rate of exchange between different sites
observed for lithium in the 8a sites of LiMn850 and,MinsO; becomes greater than the frequency separation of peaks, a
of —327 ppm suggest that lithium in the 8a site of a3 motionally averaged single peak is expecttthis explanation
containing material should resonate close to 193 ppm, close tois not, however, consistent with the very simifii and “Li
the experimentally observed shifts. Thus, the less intensespectra at high temperatures: i.e., since the separation between
resonance at 118 ppm is tentatively assigned to this site, whilethe different resonances is larger fui than for °Li, in units
the more intense resonance is assigned to the 16¢ site. Th&f frequency, due to the larger gyromagnetic ratio ‘bf,
occupancy of the 16¢ site was onty79%, while the 8a coalescence of thii resonances is expected to occur at a higher
occupancy was only 43%, in the neutron diffraction stBitlye temperature than the coalescence of thieresonances. An
are currently exploring the effect of electrochemical insertion alternative explanation for the coalescence of the different
and deintercalation in this system to examine the effect of resonances, and the similar temperature-dependent behavior of
percentage substitution on the chemical shift positions and the éLi and “Li resonances, is that they arise from different
intensities of these two resonances. trapped electronic states at or near the defect. loetetals at
The Disordered Spinels LiMn550, 600, 650, and the manganese ions near the defect will be located at a different

Li1 oMn 1 9804. At least four additional resonances are observed €nergy from th_ose as_sociated with the_ normal spinel sites, as a
in these phases that cannot be assigned to the normal lithiumesult of the slightly different local environment at the manga-
environment in the spinel. There are a number of possible sitesN€Se site. If the energy of thesgaebitals is raised by an amount

in the spinel structure, which could accommodate lithium ions AE, then either the electron-hopping process should no longer
and give rise to differenfLi and 7Li resonances, i.e., the 16¢c  involve these gorbitals AE > KT), or the mobile electrons
(octahedral), 48f, and 8b (tetrahedral) vacancies, or the 16dWill spend less time in these orbitalSE is approximately equal
manganese site. Ammundsen et al. have calculated the energiet Or slightly greater thaiT). Thus, the lithium ions close to

for lithium substitution in the unoccupied tetrahedral and these defects will see adjacent manganese ions with higher
octahedral sites gf-MnO, with atomistic simulation metho®fs oxidation states than those associated with the normal spinel
and have obtained energies-67.86,—6.76,—3.12, and+10.49 environment. A shift to higher frequency may be expected, on
eV for substitution into the 8a, 16c, 48f, and 8b sites, the basis of the Mn(IVV) model compounds. A single defect site
respectively. Thus the 8a tetrahedral site is predicted to be the(vacancy or defect) is associated with a number of nearby
most favorable for L occupation, consistent with the structure  distorted manganese environments (e.g., six manganese ions
of the normal spinel LiMpO, structure. However, the 16c surround a LT in a 16d site defect (Figure 10 b), and as

octahedral and 48f tetrahedral sites are also energeticallydiscussed above, a large number of different lithium ions will
be affected by the one defect site). At higher temperatures, as

(53) Ammundsen, B.; Rozie, J.; Islam, M. SJ. Phys. Chem1997,
101, 8156. (54) Stebbins, J. F.; Xu, Z.; Vollath, [3olid State lonicd995 78, L1.
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the difference in energy between thglevels associated with  increase in line width that occurs below the antiferromagnetic
the normal spinel sites and thg levels associated with the  ordering temperature (at 40 K, in their sampi&Ywo models
defect sites decreases in comparisonki the g orbitals were considered; one involved random distributions offMn
associated with defect sites will become increasingly populated,and Mrf* ions on the 16d sites where each lithium ion was
and the oxidation state of the manganese ions at these sites wilassumed to coordinate to the same number of'Namd M+
decrease. At higher temperatures, the average oxidation statéons in order to maintain charge neutrality. The second model
of manganese ions of the defects and the normal sites shouldnvolved short-range ordering of Mh and Mrf* ions: the
converge, and a single resonance is expected for the lithiumMn3* ions occupied sites at= /g and®/g while the Mrf* ions
ions. This mechanism is also consistent with the shift of the occupied sites at = 3/g and /g, in analogy with the ordering
main spinel resonance to lower frequencies from LiMn850 (520 seen in Fg0,.56 Both of these models gave rise to a distribution
ppm) to LiMNn550 (498 ppm): increased concentrations on Mn- of local fields that were consistent with the observetldata,

(IV) ions near the defects, or manganese ions with higher and the presence of long-range ordering could not be definitively
average oxidation states, should result in a decrease in theestablished. In addition, these authors examined the small
oxidation state for manganese ions in the remainder of the changes in the susceptibilifythat occurred around the cubic-
sample. Note, however, that the center of gravity of the to-tetragonal phase transition, to try and detect any evidence
resonances (“normakt those associated with the defects) shifts for any ordering. A very small change in the slope of ¥ T

to higher frequency with lower synthesis temperature. This is was detected, which they suggested was indicative of local JT
in agreement with the results of Goodenough et al. who distortions.

demonstrated, by titration, that the average Mn oxidation state  Tq rationalize ourfLi MAS NMR results, a model where

is increased as the synthesis temperature is decréa3ée. the Mré+ and Mrf* ions are randomly distributed over the lattice
shift of the center of gravity of théLi spectrum of Lior is considered initially. Assuming that thg electrons are now
Mn3 6404 to higher frequency, in comparison to the center of (at least partially) localized in thexbrbitals of the manganese
gravity of the LiMn850 spectrum, which was synthesized at jons below the transition temperature (as expected for a JT
the same temperature, is consistent with the increased oxidationsystem with unit cell parameters and a of ¢ > a), then
state of manganese in this lithium-excess compound. Further-there are a number of possible lithium local environments:
more, the electronic defects are present in the off-stoichiometry | j(OMn3+),, ,(OMn**),. Too many resonances are predicted
spinels, even when the samples are synthesized at high temwith this ordering scheme, and we can rule this out. Even if we
peratures. ThéLi MAS NMR spectra of a number of com-  need only consider the effect on tiei shift of the four
mercial samples of lithiummanganate electrode materials, with  manganese ions that are coordinated via theiorbitals to the
Li:Mn ratios of greater than 1:2, also contain similar smaller oxygen atoms adjacent to'. ifive resonances are still predicted,
additional resonances that may be assigned to the electronicyith intensities (1:4:6:4:1) that do not correspond to the
defects® experimentally observed intensities. Other ordering schemes can
The Jahn—Teller Distortion in LiMn >04. The changes in  be also envisaged; the scheme discussed by Sugiyamé®@et al.
line width below room temperature in LiMn650 and LiMn850  does not create any new lithium environments and each ion is
are ascribed to the tetragonal Jafireller distortion, which is surrounded by 6 M and 6 Mrft ions. If, however, the M#f
characteristic of a compound with a (high spirf)edectronic ions occupy sites at = 3/g and®/g while the Mrf+ ions occupy
configuration. No phase change is observed for LiMn550 and sites atx = /3 and /g, three different local environments are
LiMn600, which is consistent with the increase in average created: Li(OMA")4(OMn*")g, Li(OMN3+)s(OMn*+)s, and
manganese oxidation state expected in these materials, and thei(OMn3+)g(OMn**),, with concentrations 1:2:1, respectively,
consequent decrease in the concentration of'Mons 12 This which should result in three different resonances. Analogous
also explains the suppression of the tetragonal distortion ordering schemes alormare also possible. The experimentally
temperature observed for LiMn650, in comparison to LiMn850. observed intensities for the main resonances are not, however,
The considerable disorder in the LiMn550 and LiMn600 a simple 1:1:2, the resonance at higher frequency (688 ppm)
compounds is also likely to be responsible for suppressing the being approximately 70% of the intensity of the resonance 633
JT distortion in these compounds. The deviation ofthieNMR ppm at—40 °C for LiMn850. Thus, we can conclude that the
shifts from a simple IV dependence below room temperature charge localization does not appear to be random or to include
suggests that some changes in the electronic structure of theseany of these simpler arrangements discussed above.
compounds occur at low temperatures; these changes could be
associated with local JT distortions in parts of the sample but cgonclusions
may also be related to changes in the populations of ghe e
electrons in the manganese ions associated with or near the A discreteSLi resonance (at 1980 ppm) has been observed
defects, as discussed in the previous section. for lithium substitution into the (octahedral) manganese site of
A cubic-to-tetragonal distortion (i.e., from space grég3m the lithium manganese spinel MnsO;,, demonstrating that
to 14;/amd does not create any additional lithium local SLi MAS NMR may be used to probe lithium-ion substitution
environments, and a singlei NMR resonance is still predicted. ~ on the different lattice sites of the spinel structure. This
This is contrary to the experimental observations where three resonance and the resonances observed for other Mn(IV)
major resonances (and a shoulder on the “normal” spinel compounds have been used to rationalize the direction and
resonance) are observed. Clearly, there is more than one locamagnitude of the different hyperfine shifts: The largest shift is
environment for LT, suggesting that there must be at least some observed for a L+O—Mn bond angle of 98 which is consistent
partial ordering of the gelectron on the manganese site, in the Wwith either a direct interaction of thggtand lithium 2s orbitals,
time scale of the NMR experiment. or as interaction involving the intervening 2p orbital and the
Ordering schemes of the Mh and Mrft ions have been =~ Manganesez{ orbitals. Much smaller hyperfine shifts are
discussed by Sugiyama et al. in order to rationalize the abruptobserved for Mn(lll) compounds, while the shifts for the

(55) Lee, Y. J.; Grey, C. P., unpublished results. (56) Verway, E. J. W.; Haayman, P. Whysical941 8, 979.
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LiMn,0O4 spinels, with average manganese oxidation state of oxidation state, as has been previously suggested, but is

3.5, lie between the Mn(lll) and Mn(lV) hyperfine shifts. alsolikely be related to the disorder and defects present in these
5Li MAS NMR spectra of spinels with the nominal composi- samples.
tion LiMn,O4 are extremely sensitive to small amounts of In conclusion, 6Li MAS NMR has been shown to be

disorder, and to heterogeneity in the electronic structure of the extremely sensitive to cationic disorder, the presence of defects,
manganese ions, throughout the sample. A clear relationshipLi:Mn ratio, and changes in manganese oxidation state, all
between synthesis conditions and lithium local order is observed, factors that have all been implicated in the success of certain
the spinels synthesized at lower temperature showing greaterithium—spinel compositions and samples as electrode materials
Li* disorder. Electronic defects, which are associated with in lithium batteries. The improved understanding of the lithium
manganese ions in higher oxidation states, are trapped in thespectra of these materials that has resulted from this study will
spinel lattice as a result of this disorder. These electronic defectshelp in the interpretation of NMR spectra of a greater range of
are also present in lithium-excess spinel materials such aslithium-containing manganates and, in particular, the spectra
Li;.0Mn10804 and in commercial materials which, typically, of lithium manganate electrode materials following lithium
have Li:Mn ratios of greater than 0.5. We are currently in the discharging and charging processes. Finally, these NMR studies
process of investigating the effect of these defects on the cyclingshould lead to an improved understanding of the local atomic
behavior of these materials when used as electrodes in lithiumand electronic structures of these materials following synthesis
cells. and during the charging/discharging processes.

A number of different lithium local environments are
observed for the tetragonal spinel phases, as a result of the stati?r
JT distortion that occurs at low temperatures for the more
ordered compounds. This indicates that thelectrons are, at
least, partially ordered in the time scale of the NMR experiment.
This ordering has not previously been definitively demonstrated
with any other analytical technique or with wide-line NMR.
The lack of a JT distortion in the compounds synthesized a
lower temperatures is not only a function of manganese JA9817794
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