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A series of phases belonging to the LiNil-,Co,O2 (0 5 y 5 1) solid solution have been studied by 6Li and 'Li 
NMR. Static and magic-angle-spinning (MAS) spin-echo NMR experiments have been carried out at two magnetic 
field strengths (4.7 and 7.1 T). The 6Li and 7Li high-speed MAS spectra are found to be sensitive to hyperfine 
couplings with both the nearest and next nearest nickel neighbors. These short distance interactions are used to 
yield information on the distribution of the transition metal atoms in the (Ni, C0)02 slabs. While deviations from 
a random NUCo distribution cannot be quantified by NMR experiments on static samples, the MAS spectra clearly 
demonstrate that the LiNil-,Co,O2 phases have a tendency to form cobalt clusters. These results show that, in 
favorable circumstances, MAS NMR of paramagnetic materials permits the accurate detection of short scale 
heterogeneities that cannot be observed by X-ray diffraction. 

Introduction 

In recent years, the LiNiO;! and LiCoOz oxides have been 
the subject of a great deal of scientific and technological interest 
in relation to their use as positive electrode materials for 
secondary lithium batteries.'-4 In particular, the use of the solid 
solution LiNi~-,Co,02 between these two systems appears to 
be a promising way to optimize the electrochemical properties 
of this type of mate~-ial.~-~ Although X-ray diffraction clearly 
shows that these phases exhibit the classical layered structure 
generally found for most AM02 oxides, with the presence of 
some additional Ni2+ (@e2) ions in the interlayer (lithium) sites 
for y 5 0.3,5,s this technique gives no information on the 
distribution of the Co3+ (LS tZ6) and Ni3+ (LS @e1) ions within 
the NiI-,Co,Oz slabs. However, such information is necessary 
for any detailed understanding of the electronic structure and, 
possibly, the electrochemical properties of these materials. 

During the last decade, "high-resolution solid-state NMR' 
spectroscopy has become a standard technique for studying 
molecular order and dynamic~ .~ , I~  Indeed, in a strong magnetic 
field Bo, most of the line broadenings due to chemical shift 
anisotropy and dipole-dipole and quadrupolar interactions can 
often be suppressed by high-speed magic-angle-spinning 

However, although NMR in paramagnetic materi- 
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als originated in the middle 1950's with the study of bonding 
in transition metal fluoride single  crystal^,'^-'^ only a few 
applications of the MAS technique to paramagnetic powders 
have appeared.'6-20 These results nevertheless demonstrate that, 
under appropriate conditions, the paramagnetic ions provide a 
means for the determination of structural i n f ~ r m a t i o n . ' ~ , ~ ~  In 
particular, 6Li and 7Li MAS NMR was recently shown to be 
very useful for studying the local environment of the lithium 
atoms inserted in vanadium oxide bronzes that are also used as 
cathode material in secondary batteries.*I 

In this work, we use 6Li and 7Li static and high-speed MAS 
NMR in order to characterize the structure of the LiNil-,Co,Oz 
phases (0 5 y 5 1). As suggested by a preliminary 7Li NMR 
study,22 the spectra which are sensitive to short distance 
couplings with the Ni3+ ions may be related to the NUCo 
distribution. 
Experimental Section 

A. Sample Preparation. The LiNil-,Co,Oz (0 5 y 5 1) phases 
have been prepared by direct reaction from LizC03, NiO, and C0304 
in stoichiometric proportions. The finely ground mixtures have been 
heated to 500 "C for a few hours and then for 48 h under 02 in the 
800- 1000 OC temperature range (depending on the cobalt content). 
The materials made were found to be homogeneous in the whole 
composition range by X-ray powder d i f f r a c t i ~ n . ~ , ~ ~  

B. NMR Measurements. 6Li ( I  = 1) and 'Li ( I  = 3/2) NMR 
measurements were carried out at room temperature on Bruker MSL- 
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Figure 1. 'Li static spin-echo line shapes for the series of LiNil-,Co,Oz 
(0 5 y 5 1) solid solution samples at Bo = 7.1 T. 

300 (Bo = 7.1 T, Larmor frequency Y O  = 44.150 and 116.598 MHz in 
6Li and 'Li resonance, respectively) and ASX-200 (BO = 4.7 T, vo = 
77.75 1 MHz in ?Li resonance) spectrometers. For experiments on static 
samples, a standard broad-band Bruker probe was used. MAS spectra 
were obtained by using a Bruker high-speed MAS probe with cylindrical 
4-mm-0.d. zirconia rotors. Spinning frequencies vr up to 15 kHz were 
utilized. Due to the presence of a large paramagnetic shift interaction, 
the free induction decay (fid) following a single radio-frequency pulse 
is very rapid (a few microseconds) for both static and, to a lesser extent, 
rotating samples (see below). A significant part of the signal is then 
lost during the receiver dead time ( ~ 4 - 1 0  ,us). This results in severe 
distortions of the NMR ~ p e c t r u m . ~ ~ , ~ ~  Therefore, the dead time problem 
has been overcome by applying the well-known two-pulse spin-echo 
sequence24,26 

8, -zl -8,-z,-acquire-Do 

where 01 and 82 are the radio frequency (RF) pulse angles and T I .  t2 
are delay times. tl ranged from 70 to 100 ,us, and a recycle time DO 
of 1 to 2 s was found to be long enough to avoid TI saturation effects. 
In the MAS experiments, the spin echo was synchronized with the first 
rotational echo in order to obtain a complete refocusing of the 
magneti~ation;l~.*~ i.e., tl was fixed to the rotor period T, = l/v, x 
70-90 ps .  Moreover, although we observed that T2 relaxation results 
in some intensity losses at the echo, especially for high nickel contents 
in 'Li resonance (T2 zz 500 ,us when y = O S ) ,  identical spectra were 
obtained as ti was increased from T, to 2Tr and 3Tr. Hence, for these 
short tl delays, no significant T2 echo distortions are detected (all the 
spectral lines have decreased by essentially the same amount), so that 
the MAS synchronized spin-echo technique effectively gives a quantifi- 
able signal. Spectral widths between 50 kHz and 1.667 MHz were 
used. After left shifting, the spin-echo signal is Fourier transformed 
with no line broadening starting at the top of the echo (SI < tl) to 
yield an undistorted NMR spectrum. The isotropic shifts, reported in 
parts per million, are relative to an external sample of 1.0 M LiCl 
solution in H20. 

All Lorentzian peak fittings of the NMR spectra were performed on 
a Silicon Graphics 4D/25 computer running Felix 2.1 NMR software. 
Results and Discussion 

A. Static Sample. Figure 1 shows the experimental spectra 
in 7Li resonance resulting from the application of a spin-echo 
sequence of two 1-ps RF pulses (0, = 0 2  x 2.5') to the series 
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Figure 2. Variation of the isotropic shift of the spin-echo spectra 
(Figure 1) as a function of the nickel content. The solid line represents 
a least-squares fit of the data by eq 1. 

of LiNiI-,Coy02 solid solution samples (0 5 y 5 1). The short 
pulse length prevents any significant finite pulse length distor- 
t i o n ~ . * ~  Moreover, only the sign (not the amplitude) of the spin 
echo appears to be changed by the relative phase of the two RF 
pulses (in-phase or quadrature). This fact is the first evidence 
for the presence of a strong shift Thus, the 16- 
step phase cycling proposed by Rance and causing 
destructive interference of the fid tails but coaddition of the 
spin-echo signals was employed. For LiCoO2 0, = l), a 
featureless line shape of ca. 12 lcHz width and centered at the 
resonance of LiCl (0 ppm) is obtained. Note that the 7Li spin- 
echo spectra of both LiC002 and LiNi02 are in good agreement 
with previous reported data.29~30 On the other hand, as previ- 
ously observed in one-pulse experiments,22 the NMR spectra 
of the solid solution samples may be decomposed into (at least) 
two components. Indeed, the introduction of nickel atoms can 
be associated with the apparition of a broader line shape 
component which is strongly positively shifted and whose 
fraction progressively increases with the concentration of nickel 
(Figure 1). This latter signal may be attributed to lithium ions 
interacting with at least one nickel atom as first 3d neighbors 
(component I) while the narrower signal at 0 ppm (component 
11) which stays similar to the LiCoO2 spectrum would cor- 
respond to lithium sites with only cobalt in their first coordina- 
tion sphere.22 For y < 0.50, component I seems to be 
representative of almost the entire NMR signal; Le., there must 
then be a very small fraction of Lif ions with only cobalt as 
their first 3d neighbors. However, components I and I1 are not 
resolved and both the width and isotropic shift of component I 
obviously depend on y (Figure 1). Hence, a deconvolution of 
the static spin-echo line shapes into these two components is 
precluded. 

Alternatively, we can easily extract the center of gravity or 
isotropic shift u of the spectrum. Figure 2 shows that the 
experimental data are well fitted by a linear increase of u as a 
function of the nickel content 

ab) = C(1 - Y> (1) 

with a slope C of 679 f 9 ppm. 
The isotropic shift due to the coupling between an electronic 

and a nuclear moment or ''hyperfine shift" can be expressed as 
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Figure 3. Idealized crystal structure of the LiNii,Co,Oz solid solution. 
The first and second transition metal neighbors with respect to the 
central lithium ion are distinguished. 

a sum of two terms:31 (i) the (Fermi) contact shift arising from 
the unpaired electron density in the nucleus s orbital induced 
by interaction through the bonding electrons; (ii) the so-called 
pseudocontact shift corresponding to the trace of the electron- 
nuclear dipolar interaction which is nonvanishing when the 
electronic g tensor is an i s~ t rop ic .~~  

In the LiNi,-,Co,O~ solid solution, it may then be assumed 
that u is predominantly due to the hyperfine shift puhf from the 
p nearest Ni3+ neighbors (p = 0-6)29 belonging to two groups 
of three transition metal sites, facing each other in two adjacent 
layers, as shown in Figure 3. Since the NMR line intensity is 
proportional to the number of resonant spins in each environ- 
ment, it also is proportional to the probability P(y,p) for a given 
Lii ion to have p nearest Ni3+ neighbors. In the case of a 
random Ni/Co distribution, the isotropic shift is then written 

6 6 

where 

(3 

PC) = 4; 1 9 
is the binomial coefficient. Using the well-known relation 

(3) 

eq 2 simply becomes 

Ob> = 6ohf(1 - Y )  (4) 

Equations 1 and 4 then lead to a value of 113 f. 2 ppm for 
uhf. Thus, it may be inferred from this simple model that the 
increase of u due to the replacement of the diamagnetic Co3+ 
by the paramagnetic Ni3+ ions is well accounted for by a random 

(31) NMR of Paramagnetic Molecules; LaMar, G .  N., Ed.; Academic 
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Figure 4. High-speed MAS spectra of the LiNil-,Co,Oz (0.3 5 y 5 
1) solid solution phases: (a) 6Li resonance for BO = 7.1 T; (b) 'Li 
resonance for BO = 4.7 T. 

distribution of the transition metal atoms within the (Ni, C O ) ~ ; ?  
slabs. However, the fact that component I1 is still observed in 
single pulse spectra for cobalt contents as small as y = 0.3 
supports the existence of some cobalt segregation.22 This may 
be reflected in the slight sigmoidal character of the increase of 
u with increasing nickel content (Figure 2). Moreover, note 
that this analysis is not only limited to interaction with the 
nearest Ni3+ neighbors but also neglects possible Ni-0-Ni 
ferromagnetic c o ~ p l i n g s ~ ~ , ~ ~ ~ ~ ~  as well as the presence of any 
interlayer Ni2+ Hence, it is concluded that more 
information is needed in order to quantify possible deviations 
from a random Ni/Co distribution. 

B. Magic Angle Sample Spinning. Further information 
about the heterogeneous character of the NMR spectrum is 
provided by high-speed MAS NMR. Indeed, under MAS in a 
strong magnetic field, the anisotropic part of any nuclear spin 
interaction (e.g., shift, dipolar interaction, or quadrupolar 
interaction) is averaged to first order as long as the spinning 
frequency vr exceeds the width of the powder ~pectrum. '~ 
Moreover, in the case of an inhomogeneous interaction (e.g., 
shift or quadrupolar), the MAS spectrum is split into sharp 
spinning side bands separated by v, around the central line at 
the isotropic shift. Since the anisotropy information is then 

(33) Goodenough, J. B. Magnetism and the Chemical Bond; Wiley: New 
York, 1963. 
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Figure 5. Hyperfine shifts in 6Li (solid line) and 'Li (broken line) 
resonances due to the interaction of the lithium nucleus with pl and p2 
Ni3+ ions in the first and the second coordination sphere, respectively: 
(a) y = 0.7, PI = 0; (b) y = 0.9, PI = 1. 

contained in the side band in tens i t ie~ , I~*~~ MAS allows separation 
of resonances in spectra with overlapping powder patterns. 

12-15 kHz) MAS 
synchronized spin-echo spectra for the series of LiNil -yC0y02 
phases (0.3 5 y 5 1) in 6Li and 7Li resonances. Attempts to 
spin samples for y < 0.3 were unsuccessful, probably as a 
consequence of the presence of an excessively high macroscopic 
magnetization in these paramagnetic materials. Indeed, these 
compounds contain interlayer Ni2+ ions that may induce a 
magnetic coupling between the layers, in addition to the 
ferromagnetic couplings of the Ni3+ ions within one layer.29.30,33 
The 90"-pulse lengths being as short as 2.3 and 1.5 ,us in 6Li 
and 7Li resonances, respectively, the pulse angles were set to 
their usual values, (64, 132)  = (90", 180"). Moreover, we 
checked that identical results are obtained with 01 = 62 = 90". 
Figures 4 and 5 show that both 6Li and 7Li high-speed MAS 
NMR not only permits resolving the two main line shape 
components overlapping in static samples but also allows the 
observation of a fine structure within each component. Note 
that the use of a lower Bo field in 'Li resonance (4.7 T) permits 
one to place any rotational side bands of component I1 outside 
the region of overlap with the 50-140 ppm spectral range of 
interest (Figures 4b and 5b). Furthermore, we have observed 
that the center of gravity of the spectrum is similar to the one 
obtained in the static samples. This clearly confirms that the 
entire NMR signal is detected in both experiments. However, 
the spin-echo sequence must be used as in the case of a static 
sample in order to prevent any distortion and underestimation 
of the relatively broad component I, especially for low cobalt 

Figure 4 shows the high speed (vr 

(34) Herzfeld. J.; Berger. A. E. J.  Chem. Phys. 1980, 73, 6021. 

contents. Indeed, one-pulse MAS experiments show that 
component I is severely affected by the receiver dead time so 
that it cannot be easily resolved from the baseline  distortion^.^^^^^ 
The increase of both the isotropic shift and line width of this 
latter signal with increasing nickel concentration is confirmed 
by the MAS experiments (Figure 4). On the other hand, with 
the introduction of Ni3+ ions, it can be seen that component I1 
is split into a series of negatively shifted sharp peaks at ca. 
-15, -30, -45 ppm, etc. (Figure 5aj besides the peak at XO 

ppm corresponding to the single type of lithium site existing in 
LiCoO2. Note that 6Li NMR offers a higher resolution while a 
better sensitivity is obtained in 7Li resonance, as previously 
noticed in lithium-inserted vanadium oxide bronzes.21 More- 
over, the first spinning side bands at k v r  and f 2 v ,  from the 
isotropic peaks of component I1 which are also well detected, 
especially in 'Li resonance (Figure 4b), show that the anisotropy 
of these resonances increases with the absolute value of the 
isotropic shift, as expected for dipole interactions of the lithium 
nuclear moment with an increasing number of paramagnetic 
nickel  ion^.^^^'^^'^ Although much less apparent, a fine structure 
is also observed in component I for high cobalt content (u L 
0.7). Indeed, close inspection shows that a series of equidistant 
peaks, ~ 1 5  ppm apart from each other, may be distinguished 
within the asymmetric peak whose maximum is in the range 
110-115 ppm (Figure 5b). Furthermore, note that this shift 
value df is in excellent agreement with the hyperfine shift 
constant (Shf = 113 ppm determined in the previous section. 
Hence, the high spectral resolution offered by high-speed MAS 
NMR demonstrates the presence of a small negative hyperfine 
shift constant d,: x -15 ppm in addition to the positive shift 
constant df which is large enough to be detectable in static 
samples. These two different shift constants of opposite sign 
may be attributed to the interaction of the Li nucleus with Ni3+ 
ions in the first two coordination spheres, each of these 
containing six transition metal atoms. Indeed, Figure 3 shows 
that the p orbitals of the oxygen atoms provide efficient 
pathways for electron transfer from both the nearest and next 
nearest nickel neighbors (contact shift). The large shift constant 
d,, is logically attributed to coupling with the first Ni3+ 
neighbors, 2.9 8, away from the lithium ion, as spin density 
may then be transferred directly to the lithium nucleus in 
addition to 90" Ni-0-Li indirect exchange involving orthogo- 
nal oxygen p  orbital^.'^,^^ On the other hand, since direct 
overlap of the lithium and nickel orbitals is impossible in the 
case of second nearest neighbors lying 4.1 8, away from the 
lithium ion (Figure 3), the anion must be playing the role of an 
intermediary (180" Ni-0-Li interaction), so that lxfl is 
expected to be smaller than I&. Note that the p character of 
the bonds is also relevant to the superexchange process which 
ascribes long-range order to the magnetic properties of the 
intervening anions.36 In this respect, it is remarked that the 
opposite signs of the hyperfine shifts attributed to 90" and 180" 
Ni-0-Li indirect couplings agree with the Goodenough- 
Anderson superexchange r ~ l e s . ~ ~ . ~ ~  Figure 6 summarizes the 
interpretation of the high-speed MAS spectra. 

Owing to the high resolution offered by the MAS technique, 
it may now be possible to extract site probabilities directly from 
the peak intensities, at least for component 11. If the transition 
metal atoms are statistically distributed, the probability for a 
given Li+ ion to have respectively pl and p2 Ni3+ neighbors in 
the first and second coordination spheres (Figure 3) is written 

where P(y,p) is defined in eq 2 

(35) Shulman, R. G.; Sugano, S. Phjs. Rev. 1963, 130, 506. 
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as a function of y is shown in Figure 7 for p2 = 0, 1, 2, and 3, 
the remaining peaks (p2 > 3) representing less than 1% of the 
total NMR signal. A good agreement between the 6Li and 7Li 
data is observed. Since T2 relaxation times are longer in 6Li 
resonance than in 7Li resonance, this fact further confirms the 
quantitative reliability of our data. In Figure 7 are also reported 
the corresponding theoretical probabilities P(y,O,p2) and P(y,p~) 
with pl = p2. First, it is seen that Z(y,O,pz) strongly departs 
from P(y,pl) for pl = p2 > 0. On the other hand, the 
discrepancies between Z(y,O,p2) and P(y,O,pz) are of the same 
order for all the considered p2 values. This further confirms 
that the first two coordination spheres must be included in the 
data analysis (the good agreement between Z(y,O,O) and P(y,O) 
is fortuitous). Moreover, it is obvious from Figure 7 that 
Z(y,O,pz) would be better described by P(y',O,p*) where y' is 
chosen to be somewhat higher than y ,  except for the low values 
of Z(y,0,2) and Z(y,0,3) when y 5 0.7 (an explanation for this is 
provided below). In other words, the probability of having 
cobalt atoms (first sphere) surrounded by other cobalt atoms 
(second sphere) is significantly higher than predicted by a 
random Ni/Co distribution; Le., there is formation of cobalt 
clusters. Hence, our results clearly show that the LiNil-,Co,O2 
solid solution has a tendency to segregate, as already suggested 
by one-pulse experiments in static samples.22 

Since component I is poorly resolved (Figure 4), it was not 
possible to extract all the site populations corresponding to 
lithium ions having more than one nickel atom as first 3d 
neighbors @I > 1). The fraction Z(y,l) of the overlapping peaks 

11: 0 Ni as first neighbor 

/- 
0, 1,2, 3 Ni as second neighbor 

15 PPm 
I " " / " " l " " l " " I " " / " " l  I " ' )  

200 150 100 50 0 -50 -100 -150 -200 
PPm 

Figure 6.  Assignment of the isotropic peaks observed in the high- 
speed MAS spectra. 

The intensities Z(y,O,pz) of the peaks shifted at ca. p2xf, i.e., 
corresponding to Lif ions with only cobalt as their first cationic 
neighbors (PI = 0) and with p2 nickel atoms as their second 
cationic neighbors, are easily determined by Lorentzian peak 
fitting in both 6Li and 7Li resonances. The variation of l(y,O,p2) 
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Figure 7. Comparison of the experimental peak intensities ZCy,O,p2) in 6Li (A) and 'Li (A) resonances with the theoretical probabilities PCy,O,p,) 
(solid line) and P f y , p l )  with pl = p2 (broken line) as a function of the nickel content: (a) p2 = 0; (b) p2 = 1 ;  (c) p~ = 2; (d) p2 = 3. 
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Figure 8. Comparison of the experimental peak intensities I(y,l) in 
6Li resonance (0) with the theoretical probabilities P(y,0,1) (solid line) 
and P(y,l) (broken line) as a function of the nickel content. 

in the range 60-115 ppm corresponding to the case pl = 1 
could nevertheless be selected by peak fitting in 6Li resonance 
for y 2 0.5 (Figures 4 and 5). Figure 8 shows that the 
experimental data lie between P(y,l) and P(y,O,l). For y L 
0.8, these results are well accounted for by some segregation 
of the transition metal ions, as in the case of the Z(y,O,p2) 
intensities (cf. above). On the other hand, the decrease of the 
peak intensities for highest nickel contents (r 5 0.7) may be 
explained by an enhancement of the magnetic moments due to 
90" Ni-0-Ni ferromagnetic couplings increasing the shift of 
the lithium  resonance^.^^ Indeed, if only one near-neighbor 
nickel is required to couple a given nickel atom, the probability 
for a nickel ion not to be coupled is simply equal to P(y,O). 
Hence, with this assumption, we get 

The experimental data would then show that more than one 
Ni-0-Ni coupling is required to induce a significant ferro- 
magnetic interaction. Note that these couplings may also explain 
the low values of Z(y,0,2) and, especially, Z(y,0,3) for y 5 0.7 
(Figure 7c,d). They may likewise cause the increase in the line 
widths of the individual isotropic peaks with the number of 
nickel neighbors (Figures 4 and 5) and even give rise to the 
peak at ~ 1 5 0  ppm (Figure 4a). In summary, all these 
observations are consistent with the fact that the ferromagnetic 
interactions increase with the local nickel concentration. 

The Ni/Co segregation detected by NMR is indeed a small- 
scale phenomenon since it is not detected by X-ray diffraction 
(including Rietveld refinements). Furthermore, its magnitude 
is dependent on the preparation conditions and thermal history 
of the materials, as shown by Figure 9 in the case of two y = 
0.5 samples (a and b). In addition to the initial heating and 
annealing at 900 "C (common to samples a and b), sample b 
has undergone a second thermal treatment at 900 "C with a 

(36) Anderson, P. W. Phys. Rev. 1959, 115, 2. 
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1 ' 1 ' I ' I ' 1 ' 1 ' l ' l ' ~ ' l ' l ' l ' ~ ' I  
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PPm 
Figure 9. Effect of thermal history on the 6Li MAS NMR spectrum 
(Bo = 7.1 T) for y = 0.5: (a) sample prepared as described in the 
Experimental Section (same spectrum as in Figure 4a); (b) same sample 
that underwent a second annealing treatment at 900 "C. 
subsequent quenching. This treatment decreased the intensity 
of component I1 from ca. 4% to 1%. Note that the latter value 
is close to what is expected in the case of a statistical NUCo 
distribution, since P(0.5,O) = 1.56% (Figure 7). By X-ray 
diffraction, the only observed effect of this thermal treatment 
is a slight narrowing of the peaks which could be, at least in 
part, attributed to the growth of the crystallites upon annealing. 

Conclusion 
6Li and 'Li high-speed MAS NMR is a valuable tool for 

studying the small-scale structure of the LiNil -,Coy02 solid 
solution. Because the isotropic shift is very sensitive to the 
local environment of the lithium atoms, MAS NMR allows the 
precise determination of heterogeneities at the length scale of 
the chemical bond. Such slight deviations from a homogeneous 
Ni/Co distribution are invisible to X-ray diffraction since this 
technique requires long range order to be present. 

Further NMR experiments will be performed in order to study 
in more details the dependence of this segregation on the 
preparation conditions and, more specifically, to see whether 
the Jahn-Teller character of the Ni3+ ion is the driving force 
for the segregation. Indeed, these microheterogeneities probably 
have a significant influence on the physical and electrochemical 
properties. 
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