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Deintercalated “LiyNiO," materials (x = 0.25, 0.33, 0.50, 0.58, and 0.65) were obtained using the electrochemical
route from the Lig.egsNi1.0150, and Lig.903Niz 0070, compounds. Refinements of X-ray diffraction data using the Rietveld
method show a good agreement with the phase diagram of the LiNiO, system studied earlier in this laboratory.
Electronic conductivity measurements show a thermally activated electron-hopping process for the deintercalated
LipsNiO, phase. In the LiyNiO, materials investigated (x = 0.25, 0.33, 0.50, and 0.58), Li NMR shows mobility
effects leading to an exchanged signal at room temperature. A clear tendency for Li to be surrounded mainly by
Ni®* ions with the 180° configuration is observed, particularly, for strongly deintercalated materials with smaller Li*
and Ni** contents, even upon heating, when this mobility becomes very fast in the NMR time scale. This suggests
that Li/vacancy hopping does occur on the NMR time scale but that Ni**/Ni** hopping does not occur independently.
The position of Li seems to govern the oxidation state of the Ni around it at any time; the electrons follow the Li
ions to satisfy local electroneutrality and minimal energy configuration. The observed NMR shifts are compatible
with the Lilvacancy and Ni®*/Ni** ordering patterns calculated by Arroyo y de Dompablo et al. for x = 0.25 and x
= 0.50, but not for x = 0.33 and x = 0.58.

Introduction to O ppm: Li feels an average number of Ni ions (ionic
Li NMR measurements of transition metal oxides, such NOPPINg) with an average Ni oxidation state (electronic
, L2
as the positive electrodes for Li-ion batteries, are very specific hopplng).- ) o ]
insofar as the electron spins carried by metal ions induce [N addition, the LiNiO, system has been extensively
characteristic (so-called hyperfine) interactions on the Li Studied over the past years because of its application as a
nucleus: the dipolar and Fermi-contact (or Knight) interac- positive electrode material for lithium-ion batterfes. Its
tions (ref 1 and references therein). As a re8ultNMR is electrochemical properties are mainly characterized by a high
a good probe to study the local Li environment in terms of réversible capacity, and the electrochemical cuwe; f(x),
transition metal cations and their oxidation state. Several xhibits a large number of plateaus, which highlight the
studies have reported theXNit,¢® e,!) effect on the'Li NMR structural modifications that occur upon Li deintercalation.
spectra for LiNj.sdCop.7d0, and deintercalated phasesin The latter have been characterized in detail by the Oh2uku,
the starting material, NMR allowed the different Li environ- Dahn? and Kanné research groups and by our 1&8? a
ments to be distinguished depending on the number andmonoclinic lattice in a large composition range, betw_een
position of N+ ions around Li: 90 (edge-sharing) and 180  aboutx = 0.75 andx = 0.50, has been shown for the,Li
(corner-sharing) 14-O—Ni3* interactions. A’'Li NMR study — :
of the corresponding deintercalated materials showed that gg”oddselngosuggg, 2'073.” Wickham, D. G.; Croft, W. . Phys. Chem.
Ni3* oxidation into diamagnetic i occurred first, leading (5) Ohzuku, T.; Ueda, A.; Nagayama, Wl.Electrochem. Sod993 140,
to an exchanged NMR signal from the independent ionic . 1862

. . . . . (6) Li, W.; Reimers, J. N.; Dahn, J. Bolid State lonic4993 67, 123.
and electronic hopping, whose position continuously shifts (7) Hirano, A.; Kanno, R.; Kawamoto, Y.; Takeda, Y.: Yamaura, K.;

Takano, M.; Ohyama, K.; Ohashi, M.; Yamaguchi, Solid State
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NiO, system. Nevertheless, the lower limit of the monoclinic
distortion was found to be slightly different by Arai et af. (
= 0.38)! and our lab x = 0.40)812 Ohzuku et al. have

suggested that this structural modification was related to a

cooperative distortion of NiQoctahedra resulting from the
Jahn-Teller effect of trivalent nickel ions in the low-spin
state f°e,! as was previously reported for NaNi&¥
However an EXAFS study for the monoclinicolgdNis 020,
phasé has shown that the average distortion of the NiO

(t2g%e4") upon oxidation into Nit in the context of possible
Li/vacancy and Ni*/Ni** orderings and to show the effect
of ionic and electronic hopping on the NMR spectra.

Experimental Section

The starting materials Li,Ni;+,0, were obtained by the
coprecipitation route described elsewh&®&efinement of XRD
data using the Rietveld method showed that 0.015(4) andz =
0.007(5) for the samples used in batteries as follows. The pristine

octahedra was considerably reduced compared with that ofmaterials were therefore referred to as quasi-stoichiometric LiNiO

LiNiO, itself, which is not macroscopically distorted ac-
cording to XRD? as a result, the JahiTeller effect could

not explain the monoclinic transition. A selected area electron

diffraction study carried out by P&s et al'® on the Lpes

and the corresponding deintercalated phases @si@j in the
following (except in the magnetism results section where the
accurate stoichiometry will be given for each material).

The LikNiO, phases X = 0.25, 0.33, 0.58, and 0.65) were
obtained by electrochemical deintercalation of thgokd\i; 01:0,

Niy 00, material showed that the structure of this phase phase using LilLiPE PC, EC, DMC/Li ogdNis 010, cells. The

involves a doubling of the andb parameters from those

positive electrode consisted of a LiNi©arbon/graphite (1/1) (90

deduced by X-ray diffraction experiments and suggested that10 wt %) mixture. For LisNiO,, the electrode consisted of a

the origin of the superstructure could be explained by Li/
vacancy orderings during the charge of the LiNiD,

pressed pellet (8 mm in diameter, 800 MPa in compression) of
pure Lip.godNiz 0072 The cells were charged at room temperature

battery. Superstructures were also shown by electron dif- with a C/300 (C/200 for LjsNiO,) rate and alternate periods of

fraction for thex = 0.25 andx = 0.33 composition&>
Theoretical studies have also been carried out on tie Li

NiO, system. Arroyo y de Dompablo et al. used first-

principles DFT calculations (pseudopotential method with

relaxation. The voltage stability criterion for the relaxation periods
was fixed at 1 mV/h. The positive electrodes were recovered at
the target valuexeieo after being relaxed, washed with DMC, and

vacuum dried in an argon-filled glovebox. For each battery, the
final open circuit voltage was measured after a very long relaxation

the generalized gradient approximation) that yielded detailed time and was found to be consistent with that from the electro-
information about relative stability and local structure as a chemical cycling curve of LiNi@ established previously in our

function of composition to clarify the phase diagram of Li

lab 1012

NiO..1 They proposed Li/vacancy ordering schemes, coupled X-ray diffraction patterns of the different lithium nickelates

with a Ni#*/Ni*" ordering for some particular composi-
tions: x = 1/4, 1/3, 2/5, 1/2, 3/5, and 3f&andx = 2/3"7

synthesized were recorded using a Siemens D5000 powder dif-
fractometer with Cu I& radiation and a graphite-diffracted beam

and suggested that the driving force to obtain such orderingsmonechromator. For structural study by the Rietveld method, data

was the presence of 18Qi—0O—Ni3*—O—Li interactions
that stabilize the JakfTeller environment around Kii ions
and thus the structur&’Li NMR experiments were reported
for the pristine LiNiQ material, and the isotropic position
was first found to be at 580 ppm by Ganguly et%and at
726 ppm by Carlier et al. using.i NMR at 77.7 MHZ?
and by Chazel et al. usirfgLi NMR experiments at 44 and
116 MHz2°

On the basis of these recent results we Us@dNMR to
investigate the Li interactions with paramagneti¢'Nions

(11) Arai, H.; Okada, S.; Ohtsuka, H.; Ichimura, M.; YamakiSdlid State
lonics 1995 80, 261.

(12) Croguennec, L.; Pouillerie, C.; Delmas, X Electrochem. So200Q
147, 1314.

(13) Dyer, L. D.; Borie, B. S., Jr.; Smith, G. B. Am. Chem. S0d.954
76, 1499.

(14) Rougier, A.; Delmas, C.; Chadwick, A. Bolid State Commuii995
94, 123.

(15) Delmas, C.; Meérier, M.; Croguennec, L.; Levasseur, S’ré&e J.
P.; Pouillerie, C.; Prado, G.; Foumsid.; Weill, F.Int. J. Inorg. Mater.
1999 1, 11.

(16) Arroyo y de Dompablo, M. E.; Van der Ven, A.; Ceder, hys.
Rev. B 2002 66, 64112.

(17) Arroyo y de Dompablo, M. E.; Marianetti, C.; Van der Ven, A.; Ceder,
G. Phys. Re. B 2001, 63, 144107.

(18) Ganguly, P.; Ramaswamy, V.; Mulla, I. S.; Shinde, R. F.; Bakare, P.
P.; Ganapathy, S.; Rajamohanan, P. R.; Prakash, N. Phi¢s. Re.
B 1992 46, 11595.

(19) Carlier, D.; Magdrier, M.; Grey, C. P.; Delmas, C.; Ceder, Bhys.
Rev. B 2003 67, 174103 1.

(20) Chazel, C.; Medrier, M.; Croguennec, L.; Delmas, ®agn. Reson.
Chem.2005 43, 849.

were collected in the 5120° (260) range in steps of 0.02(26)

with a constant counting time of 40 s. Refinement of the X-ray
diffraction data was achieved using the full-pattern matching method
(FULLPROF prograrfl). Since the deintercalated phases are
hygroscopic, the XRD samples were prepared in an argon-filled
glovebox using airtight sample holders.

Magnetic measurements were recorded using a SQUID (super-
conducting quantum interference device) MPMS-5S. For three
samples X = 0.33, 0.58, and 0.65), the magnetizatidh, was
investigated as a function of the applied fieldi(—2000 Oe< H
< 2000 Oe), 85 K and as a function of temperature(5 K < T
< 300 K), at two given fieldsHi = 500 and 10 000 Oe) (zero-
field-cooled susceptibility).

The electronic conductivity measurements were carried out on
(unsintered) pellets recovered from the electrochemical cell after
partial Li deintercalation using the four-probe method with direct
current in the 146400 K range.

Li MAS NMR spectra were recorded on a Bruker 300 Avance
spectrometer at 116 MHz (7.05 T magnet) with a standard 4 mm
Bruker MAS probe. The samples were mixed with dry silica to
facilitate spinning and to improve the field homogeneity, since they
may exhibit metallic or paramagnetic properties. The mixture was
placed inb a 4 mmdiameter zirconia rotor in the drybox. A
combination of single pulse and Hahn echo sequences was used in
MAS conditions (10 kHz and 15 kHz spinning speeds) for all
phases. The single pulse sequence wjth = 2.4 us requires a
first-order phasing process with a sitx baseline correction because

(21) Rodriguez-Carvajal, J. Laboratoir€ dre Brillouin, http://www-IIb.
cea.fr/fullweb/powder.htm, 2004.
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Table 1. Results Obtained from the Refinement of the XRD Data of
the LikNiO2 Phases using the Rietveld (R) or Full-Pattern Matching 300
fpm) Method . .
(fom) Lip easNi1 0150,
0.25 0.33 0.50 0.58 0.65
— — 2004
phase1 space R3m R3m Q2/m Q/m Q/m 00
group =
a(A) 2.8263(5) 2.8243(7) 4.937(1) 4.9667(6) 4.9875(8) g
b(A) 2.8263(5) 2.8243(7) 2.8293(8) 2.8282(4) 2.8290(4) S 100+
c(A)  14.402(4) 14.416(5) 5.077(2) 5.0761(8) 5.0615(8) £
B (deg) 109.19(1) 109.535(8) 109.74(1) K et
Rup 14.2 14.9 18.5 10.4 12,5 s ol -
phase 2 space R3m c i
group 2 =
a(d) 2.819(2) o ) )
b(A) 2.819(2) N 100 Lig 33Nij 0150,
c(A) 13.432(7) 2 Lio 58Nis 01502
f (deg) & Liy 5Ni, 4,50
Rwp 14.2 = 2004 0.65'Y'1.015%2
of the dead time of the spectrometer. The Hahn echo sequihce |
2 — 11 — t; — 1] was used to facilitate the phasing of all the -3004
signals and to ensure the observation of possible very wide signals —
which are lost during the receiver dead time, while refocusing the -2000 1000 0 1000 2000
interactions with electron spif8The 90 pulse duration was equal Field H (Oe)

tot,/2=2.4us. Variable-temperature (VT) NMR experiments Weré  rigure 1. Vvariation of the magnetization, as a function of the applied
also carried out on the deintercalated compounds. The temperaturénagnetic fieldH, recorded 85 K for Lio.33Ni1.01902, LiosMNi1.01802, Lio.s>
indicated is the one measured by a thermocouple and correspondiz.01502, and L .eggNi1.01602.

to that of the gas that heats the rotor. For each temperature, we

waited 15 min for temperature equilibrium before carrying out NMR 21004 | x 10331 058 ] 0.65
experiments. In an earlier paper using lead nitrate as a temperature 18004 Cureor| 0.12 [ 0.22 | 0.24
indicator, we showed that the friction of the drive gas flow on the Cop | 0.14 | 025 ] 0.33
rotor causes a temperature increa@ & when spinning at 10 1500
kHz and 23 K when spinning at 15 kHz. Although this standardiza- 'g Lig 3sNis 0150, i o Ni. .0
tion process was not repeated upon heating, we can assume that 2 1200 ose g
the actual temperature in the rotor is higher by these amounts than € o1, |
the one indicated. Note also that the temperature difference induced < -
by the change in spinning speed from 10 to 15 kHz was taken into T 600 "'0652";01502
account when determining the isotropic signal as explained e#lier. 300 ] Y L -t

. . nl ...--""- Lig gsNis 0150,
Results and Discussion L

0 50 100 150 200 250 300

X-ray Diffraction. Table 1 summarizes the results ob-

tained from the refinements of the X-ray diffraction data for _ - _ _ _
. . Figure 2. Variation of the reciprocal zero-field-cooled magnetic suscep-
the deintercalated phases. All these data are in agreemenﬁbility as a function of temperature recorded at 10000 Oe fegdNi1.01402,
with the phase diagram of the NiO, system previously — LigsMNii 01902, LiosMNii01902, and LigsNizr01402. The theoretical and
studied in our |ab0rator§p_,12 Indeed, the refinement of the experimental Curie constants of the deintercalated phases are given. The
. . linear domainH/M = f(T) taken into account in the calculation of the

XRD pattern of LboNiO, showed the presence of two experimental Curie constant is represented by a line for each deintercalated
rhombohedral phases (corresponding to the R2/R3 electro-phase.

chemical plateau), whereas for= 0.33, 0.50, 0.58, and 0.65,

Temperature (K)

single phases were obtained as expected by thiiQp phases, the hysteresis loop has practically disappeared; the
charge curvé? the first phase being rhombohedral and the magnetizationM, is in first approximation directly propor-
latter three monoclinic. tional to the applied fieldH. We attribute this effect to

The evolution of the lattice parameter.,, as a function oxidation of NP" to the 3+ state in the Li site and to a mixed
of x was found to be consistent with the results obtained for Ni®*/Ni* state in the transition metal layer. This was
the deintercalated |Ni; 00, phase$? confirmed by the susceptibility measurements shown in

Magnetic Susceptibility MeasurementsFigure 1 shows  Figure 2 where the variation of thé/M ratio vs temperature
the variation of the magnetizatiokl, of three deintercalated obeys the CurieWeiss law. In the paramagnetic domain,
phasesx = 0.33, 0.58, and 0.65) and of the starting lithium theH/M ratio is equal to the inverse of susceptibility, which
nickelate Lp.ogdNi1 0140, as a function of the applied magnetic is directly proportional to the temperature via the Curie
field, H. The starting material exhibits a hysteresis loop
related to interlayer ferromagnetic interactions, which was (23) Rougier, A.; Delmas, C.; Chouteau, &.Phys. Chem. Solids996
already discussed in previous pap&rgS For deintercalated 2 %grgoj_- L Chouteau, G.. Stepanov, A.: Delmas] dagn. Magn.

Mater. 1998 177-181, 783.

(22) Croguennec, L.; Pouillerie, C.; Mansour, A. N.; Delmas) QMater. (25) Barra, A. L.; Chouteau, G.; Stepanov, A.; Rougier, A.; Delmas, C.
Chem.2001, 11, 131. Eur. Phys. J. B1999 7, 551.
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constant. We consider that the relatively good agreement
observed in Figure 2 between experimental (deduced from
the slope of the linear domain) and theoretical (calculated
for the above-mentioned oxidation state of Ni ions by taking
into account the actual stoichiometry for each material) Curie
constants confirms the RKi/Ni*t ratio present in each
deintercalated phase. Note that such an agreement was not
obtained for the pristine bisdNii 0140, phase, which con-
firms the absence of ferrimagnetic clusters in the deinterca-
lated phases.
Electronic Properties. The conductivity of L§sNiO, is
thermally activated, which evidences an electronic-hopping
process within the material. The thermal variation of the
logarithm of conductivity for L4 sgNiO, does not strictly obey
an Arrhenius law (the activation enerdy slightly varies
with temperature:E, is equal to 0.25 and 0.19 eV in the
295-395 and 186-275 K ranges, respectively). The activa-
tion energy is in the normal range observed for small polaron Figure 3. Oxygen, lithium, and nickel packings of the O3-typeNiO,
conductivity in oxides. Indeed the experimental value is quite structure showing the const’ruction of the next adjacent Li and Ni layers
similar to that observed for the deintercalated ANio 3¢ from Arfoyo y de Dompablo's patterns.
Cay7d02 (AE = 0.27 eV¥. In addition, the L sNiO, phase positions as decribed above), we constructed two other Li
exhibits an electronic conductivity equal to 26 S cn1?® at layers (the intermediate Li layer calledkd: and the upper
room temperature. one called Lippe) and another Ni layer (the upper Ni layer
Li NMR. Preliminary Study. The goal was to use the called Nippe) as shown in Figure 3. A total of five layers
Li/vacancy and Nit/Ni“* ordering patterns shown by Arroyo  (three Li and 2 Ni layers) are thus necessary to determine
y de Dompablo et al. for two layers (one lithium and one the Li environments from the luer, Niower, @nd Nipperlayers.
nickel)'® to build up the adjacent Ni and Li layers to This construction has to follow two conditions. The first one,
determine for each composition the number ofNind Ni*" the structural condition, is consideration of the O3-type Li
ions surrounding Li (99 and 180 configurations). This NiO, structure described by an AB CA BC oxygen packing
construction is necessary to estimate the shift due # Ni in the triangular lattice with the three, A, B, C, possible
on the basis of the previous NMR studies carried out on the atomic positions. The C and A sites foridytr and Niower,
LiNi ¢ 3C00.7d02 phase giving the shift due to Niin the respectively, were chosen arbitrarily to make it easy to
90° and 180 Li—O—Ni3" configurations:3 deduce the sites occupied by Li and Ni belonging to the next
Thus, the first step consisted of building several adjacent adjacent layers as shown in Figure 3. Thegd-Bnd Ni,pper
Ni and Li layers according to Arroyo y de Dompablo’s are located in the B and C sites, whereaggeiis in the A
ordering schemes by considering that the°lld6-O—Nist— site. The second condition, the “minimization energy”
O-Li configuration was the criterion, as stated by Arroyoy condition, consists of finding the 18Qi ower—Ni**iower—Liinter
de Dompablo et al., allowing JahiTeller distortion of the ~ and 180 Liiner—Ni3*upperLiupper interactions that stabilize
Ni®*Og octahedra, for energy minimization of the O3-type the structure as stated by Arroyo y de Dompablo. To illustrate
Li,NiO, structure. This was carried out for= 1/4, 1/3, 3/5 this construction, the Li/vacancy ordering, found both by
and 2/317 which are the established patterns closest to our electron diffraction and first-principle calculation, for tke
deintercalated samples. Actually, these constructions were= 1/3 composition is taken as an example. The first two Li
not so obvious for thex = 1/2, 3/5, and 2/3 compositions layers and the first Ni layer are represented in Figure 4 to
since the first-principle calculations predicted the presenceillustrate the Li/Ni* relative positions. The whole construc-
of “Ni35" jons in the most stable configuratioffsl? tion is not presented for clarity.
However we decided not to take into account the existence The next step consisted of observing the3fili4*
of these N#5* ions that might be an artifact of calculatiéh.  arrangements aroundikd: considering the Njwer and Nijpper
As a result, the following step was to find new3NNi** layers and distinguishing the two possible3N+O—Li
schemes based on the proposed Li/vacancy ordering (180 arrangements (90and 180 Ni—O-—Li configuration) to
Li—O—Ni®*—O—Li configuration) that satisfied the criterion  finally estimate the shift in the deintercalatedNiiO, phases
of energy minimization. This was achieved for= 1/2 and according to previous studies on LiNiC0.7d02 (i.e., by
3/5 compositions, but no satisfactory pattern could be considering that each Ni ion in the 180 configuration
determined for the LjsNiO> phase. causes at+110 ppm shift and each Ki ion in the 90
Once the first adjacent Li and Ni layers (calleg,lirand ~ configuration causes &15 ppm shift):*® The different Li
Niiowe) Were formed (directly given by Arroyo y de Dom-  environments and the corresponding shifts are summarized

pablo’s ordering schemes or determined for peculiar com- in Table 2. For thex = 3/5 composition, two different
environments for Li have been determined leading to two

(26) Ceder, G. Private Communication. different estimated shifts. For the= 2/3 composition, no
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Lower Li layer, Li*=® —— C (a) ; Li NiO.
Ni layer, Ni®* = Single pulse (15 kHz) e X 2
Intermediate Li layer, Li* = ¢ X 1 * x=0.25

\
\
[
[}
1
7LI 1 " *
'
NN * x = 0.33
'

L Li lower

* N lower

’ Li inter

* % x=0.58

i

1

1

)

1

1 * *

1

o * *

+ A * oy x=0.65

1

—T T T T T L T T T T T T T
1800 1400 1000 600 200 -200 -600 -1000 (ppm)

b
¢
a
7 f/
() Hahn echo (15 kHz) Li,NiO,
Figure 4. Projection in the ,b) plane of the first two Li layers and the L . x=0.25

)
first Ni layer. Lit+ atoms in the lower and intermediate layers are respectively \
represented b® and#, the other positions being vacancies3Nions in i Vg T
the lower Ni layer are represented by *, the other positions being occupied _+ "
by Ni** ions. The 180 Li—O—Ni3"—O-Li interaction responsible for the

stabilization of the structure is illustrated by a dashed line. The whole
construction (3 Li layers and 2 Ni layers) is not presented for clarity.

Table 2. Number of N#* lons Surrounding Li According to the
Construction Described in the Text and the Corresponding Calculated

NMR Shifts for LiNiO, Phases «
no. of N* surrounding Li estimated shifts L] o x=0.65
X 90 18C° (ppm) r T T T T T T T T T T T T T T T T T
m o 5 660 1800 1400 1000 600 200 -200 -600 -1000 (ppm)
1/3 2 2 190 Figure 5. (a) Single-pulse an(_j (b) synchronized-echd MAS NMR
1/2 2 6 630 spectra of the deintercalatedsNiO, phasesX = 0.25, 0.33, 0.50, 0.58,
3/5 4 2 160 (2/3) an_d 0_.65) _(116.7 MHz, _15 kHz spinning, arbitrary intensities, (* arnd
2 6 630 (1/3) spinning sidebands). Minor signals are represented by an arrow.
2/3 ? ? ?

Table 3. Comparison between the Experimental, Calculated (Li/
vacancy and Nif/Ni** ordering patterns), and the Full-Exchange

shifts were estimated since no satisfactory global pattern (averaged Ni—9* oxidation state) Shifts for the JNiO, Phases

could be established.
NMR Results. Figure 5a shows the single pulde MAS
NMR spectra of the deintercalated phases=(0.25, 0.33,

observed shifts estimated shifts (ppm) full-exchange shifts
X (ppm) (ordering patterns) (ppm)

0.50, 0.58, and 0.65) recorded at 15 kHz. The significantly 025 75 (rr?iZ\?)rity) 000 142
lower signal-to-noise ratio observed for= 0.33 is simply 0.33 530 190 188
the result of the fact that this spectrum was recorded with a 80 (minority)

0.50 510 630 285
number of scans equal to half that used for the other 30 (minority)
compositions. The single-pulse MAS NMR spectra show a 0.58 510 160 (2/3)

. . - 316 331

0 ppm signal for each phase corresponding to the presence 470 6730 113) a1

of lithium carbonate in the pristine LiNiOQmaterial as
previously shown by XRD andLi NMR2 and to that of _ #Forx = 0.58, 316 ppm is the barycenter of the two positions. Minor
the solid electrolyte interphadgA broad signal, correspond- ~ Si9nais observed in NMR are also mentioned (see tex).
ing to Li in the LiNiO, material, more or less separated jons in the material, responsible for the NMR shift, decreases
into spinning sidebands depending on the composition is alsowhen Li is deintercalated from the positive electrode (oxida-
observed at higher ppm values. For each material, thetion). These observations suggest a nonrandof/Ni‘*
isotropic positions, summarized in Table 3, were determined arrangement around Li and also a complex ionic or electronic
using the 10 kHz and 15 kHz spinning speeds and comparedhopping on the NMR observation time scale, which we will
with the estimated shifts deduced from the Li/vacancy and explore in more detail in the following using echo and
Ni3*/Ni** ordering schemes determined as discussed abovevariable-temperature (VT) NMR experiments.
It appears that the experimental shift is always lower than  Synchronized-echdLi MAS NMR spectra plotted in
that expected from the ordering schemes. Moreover, theFigure 5b also show the 0 ppm signal, whereas the broad
striking fact is that the experimental shift increases upon Li shifted signal is hardly observed regardless of the composi-
deintercalation, whereas the number of paramagnefit Ni tion. The significantly lower signal-to-noise ratio observed
— : : _ _ ~ for x=0.33 is simply because this spectrum was recorded
@n Igﬂo?r?(;lr?]:ng/vaa%SeiesaﬁECII-:‘?:%E)ECT\T;\: L Delmas, lf:ééggfé” € with a number of scans equal to one-fourth of that used for
(6), A140. the other compositions. In the Hahn echo sequence, the
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nuclear spins are normally refocused by the second RF pulse, (a) \/1 7 i NMR

l

which reverts the dephasing of the individual spins essentially M/U » 303K (after heating)
because of interactions with the electron spins offNin Single Pulse (15 kHz) i

: . . . . . )\ e s 403K
their various environments in the material. If a change in T
the spin system due to mobility occurs in this period of time, BRIV 353K
refocusing cannot take place. In a MAS experiment, the Li- ..NiO | |
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shift for a “full-exchange” situation, corresponding to a fast pinning '

Ni®*/Ni*t hopping. This estimation considers that each Ni tast and the sianal is theref h d at hiah
ion has an average oxidation state—4x and causes a very fast, an € signal IS therelore exchanged at higher

corresponding portion of the shift due to *Nion the tempera.ture. Since no change in .the signal pther than .a
neighboring Li ions in each configuration (9@nd 180). broqden.mg and a regular decrease in the Ferm| contact shlft
Note that Li/vacancy hopping is not required for such a (Which is the result of the decrease in paramagnetic
situation, since all Li ions have identical environment in Susceptibility®) occurs between room temperature and 353
terms of number of Ni ions. K, we conclude that the room temperature (RT) signal is
On this basis, we now discuss the results shown in Table already exchanged. The NMR signal recorded at 403 K using
3 and Figure 5, as well as those of the VT MAS NMR the Hahn echo sequence is really different from that recorded
measurements carried out in selected cases, for the varioust 353 K as if the mobility became slow. Indeed the NMR
materials. signal corresponding to the material strongly decreases in
For all the materials, the room-temperature echo signal is magnitude for the echo sequence, and the weak NMR signal
weaker than the single-pulse one, which means that mobility ghserved at 80 ppm at room temperature that we assigned
in the 10 kHz time scale occurs (Figure 5). to a minor impurity (Table 3) drastically increases in intensity

Lio2gNiO2. The observed shift is much higher than the a5 shown in the synchronized-echo spectrum. As discussed
full-exchange one, and somewhat smaller than the calculated, 5 forthcoming paper, this is related to the beginning of

one, which considers that each Li ion is surrounded by 6
Ni3* with the 180 configuration.

Li03NiO». The ordering pattern suggests only ZNith
180° and 2 N#* with 90° configuration around each Li. The
experimental shift is incompatible with this pattern and again . L
much higher than in a fully exchanged situation (Table 3). usually obtained from the bENIO, phase at about 473 K
Figure 6 shows the single-pulse and synchronized-&ho ~ and even at lower temperature for< 0.5% The spectra
MAS NMR spectra of the LisNiO, phase recorded at recorded both in single-pulse and Hahn echo sequences at
variable temperature (295 K T < 403 K) using a 15 kHz room temperature after heating to 353 K in the variable-
spinning speed. Echo signal observation is recovered at hightemperature experiment clearly confirm that a structural
temperature and the single-pulse line becomes narrower uporinodification occurred within the material since they are very
heating because of the averaging of the dipolar interaction different from those obtained at room temperature before
(motional narrowing), which means that the movement is heating.

the transformation of the deintercalated phase at 403 K since
LiNiO, is well-known for being unstable at the charged state,
transforming into a spinel phase. Indeed Guilmard et al.
showed, using in situ X-ray diffraction, that the latter is
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Figure 7. (a) Single-pulse and (b) synchronized-e¢hbMAS VT NMR Figure 8. (a) Single-pulse and (b) synchronized-ehoMAS VT NMR
spectra of LysNiO2 (116.7 MHz, 15 kHz spinning, arbitrary intensities,  spectra of LiedNiO2 (116.7 MHz, 15 kHz spinning, arbitrary intensities,
(* and +) spinning sidebands, 295 K T < 403 K). (* and +) spinning sidebands, 263 K T < 403 K).

LiosdNiO2. The RT shift is again much higher than for a  gpqying that this signal is already exchanged at room

full-exchange situation and not very far from that expected temperature and remains the same with a very fast exchange
from the Li/vacancy pattern found for= 1/2 (6NP* with rate at 403 K.

180 and 2 N#* with 90° configurations). The experimental
and calculated shifts are indeed rather compatible if we
consider that there are some differences in actual local
geometry between the ddNiO, phase and the LiNkg
Co .70 case from which the calculated shift was estimated.
VT NMR experiments (not shown here) also showed that
the signal is already exchanged at room temperature and th
the beginning of the transformation of )lstNiO, into the
spinel phase occurred within the rotor at 393 K. This latter
phenomenon will be addressed in a forthcoming paper.
LiosdNiO,. Two different types of Li ions with different
numbers of neighboring Ri ions are expected from the
ordering pattern for the closestolsiNiO, phase. Only one
signal is observed, again with a shift much higher than that
corresponding to a full exchange; a single sigridliswever
consistent with an ionic-exchanged situation, but the shift is
significantly higher than that corresponding to ionic hopping
between the two expectedLpositions (i.e., the barycenter
of the two expected signals, 316 ppm). Figure 7 shows the
single-pulse and synchronized-echd MAS NMR spectra
of the LiosNiO, phase recorded at variable temperature (295
K < T < 403 K) using a 15 kHz spinning speed, also

Lio6NiO2. No clear pattern is obvious following Arroyo
y de Dompablo’s criteria. The RT signal is not really well
defined, even in single-pulse conditions; its shift is however
lower than that for the othex values, although there are
more NP" ions present. It is closer to, although still
significantly higher than, the full-exchange one. Figure 8
a&hows the single-pulse and synchronized-edhioMAS
NMR spectra of the LdegNiO, phase recorded at variable
temperature (263 K T < 403 K) using a 15 kHz spinning
speed. The signal becomes very well defined upon heating,
and this is also observed in echo condition showing a very
fast exchange. When the sample is returned to room
temperature, the signal is identical to the one before heating
(not shown), and when it is cooled to 263 K, it seems that
different signals appear, which suggests that the movement
becomes slow enough to observe different kinds of Li.
Unfortunately, the magnetic susceptibility increases at low
temperature, and the slowing down of motion restores the
dipolar interaction so that the number and the width of the
spinning sidebands increase and the resolution decreases
drastically.
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exchange, and their shifts are all much higher than that For x = 0.58, the shift is also significantly higher than
corresponding to Ni/Ni** hopping around the Li site. We  the barycenter of the values for the two types of Li present
therefore first conclude that the observed mobility results fo||owing Arroyo y de Dompab|0’5 Ordering patterns for
from ionic hopping and that no faster electronic hopping — 3/5 again suggesting a higher number o¥'Nons in the
occurs independently. This is consistent with the electronic ;g configuration versus Li, as for the other valuesxof
conductivity results fox=0.§ considering that the hopping The question of whether this is possible in an extended
frequency may be small with a large number of charge led Li/vacancy and Kii/Ni** ordering scheme (note that
carriers. The high NMR shifts observed therefore suggest coupg . y . 9 .
that Li remains surrounded by a given number oFNons experimental evidence for Li/vacancy ordering was never
at any time (i.e., that the electrons on Ni follow the Li ions reported to our knowledge_ for=3/5 and that fox = 0.63
in their hopping process). Perez et al. reported a Li/vacancy ordering pattern corre-
For thex = 0.25 and 0.50 compositions, the observed shifts sponding to the = 2/3 composition from SAED data) arises.
are not drastically different from those estimated on the basis 1 global situation in LNIO, is different from that
of the Li/vacancy and Ni/Ni*" ordering patterns calculated
by Arroyo y de Dompablo, if we consider that the calculated
shifts are based on the known shifts due t6*Nin the

observed in the parent NipsdCa 7002 system, where, as
mentioned in the Introduction, both (i.e., independent) ion

LiNi 05400 760, material, which are likely to be altered in and electron hopping were shown by VT NM the latter

the Li,NiO, compounds by the actual distances and angles, SYStém. no Li/vacancy ordering has been shown, and the

even though it is rather difficult to determine the locat-Li (random) Ni/Co distribution probably prevents the formation

O—Ni geometry experimentall3? of a Ni**/Ni#" pattern around each Li ion by hindering Jahn
On the the other hand, for the= 0.33 composition, the  Teller distortions.

RT Li NMR shift is not compatible with the ordering
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