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Conventional X-ray powder diffraction analyses of aluminum-substituted lithium nickel oxides showed
pronounced broadening of the (11/) type peaks with increasing aluminum concentrations. It was postulated
that a segregation tendency of nickel and aluminum in the layered lithium nickel oxide structure could
lead to anisotropic strains and size effects for the (110) type planes and thus pronounced broadening.
Variation in the distribution of aluminum and nickel was detected among different crystals by energy-
dispersive X-ray spectroscopy (EDX) and within individual crystals at the nanometer-scale by electron
energy loss spectroscopy (EELS). Synchrotron X-ray powder diffraction analyses of the “LiNi;—,ALO,”
(0.10 = y = 0.50) samples revealed that strains in the (110) planes continuously increased with the
aluminum concentration, which was then confirmed by convergent beam and selected area electron
diffraction studies. Therefore, a combination of synchrotron X-ray powder diffraction, electron diffraction,
EDX, and EELS analyses provided, for the first time, direct evidence for the segregation tendency of
nickel and aluminum in the layered lithium nickel oxide structure, from which a domain microstructure
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for the “LiNig50Alos500,” sample was proposed.

Introduction

Aluminum substitution in layered lithium nickel oxides
(“LiNi;-,Al,O,”) has been shown to have several positive
effects in the development of positive electrode materials
for lithium rechargeable batteries: (1) increasing average
lithium intercalation and deintercalation voltages,'™ (2)
enhancing the thermal stability of lithium deintercalated
compounds®’ and thus lithium battery safety,®® and (3)
improving lithium battery cycle life° ! at the expense of
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the reversible capacity. In general, “LiNiO,” with a chemical
formula of Li;—,Ni;+,0, is isostructural to o.-NaFeO, with
space group R3m, having INi in the 3a site, (1—z)Li and
zNi in the 3b site, and 20 ions in the 6¢ site. The comparison
of the X-ray diffraction patterns of “LiNi;—,AL,O,” as a
function of y shows that at low concentrations of aluminum
substitution (<0.15) in the layered LiNiO, structure, a
Li(Ni,A1)O; solid solution appears to be achieved,''~'* where
nickel and aluminum ions are randomly distributed on the
3a sites. However, at higher concentrations of aluminum
substitution (=0.15), although the layered “LiNi;-,Al,O0,”
(a-NaFeO, structure type) structure with space group R3m
remains to be the major phase, some aluminum-rich phases
such as y-LiAlO, and S-LisAlO4 are present as minor
impurities. This results in the fact that the major phase in
the “LiNig s0Algs500,” sample has a Ni/Al ratio greater than
1. In addition, although some peak broadening was observed
for all the reflections upon increasing aluminum substitution,
X-ray diffraction (XRD) peaks such as the (11/)-type have
shown to be pronouncedly broadened,'' as highlighted in
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Figure 1. (a, b) Experimental X-ray powder diffraction patterns of the
“LiNil_%.Al).Oz” samples (y = 0.10—0.50) with Cu Ka radiation (Agq1 =
1.5406 A) and enlargement of the 60—71°26 range in order to clearly reveal
the anisotropic broadening of the (11/) lines that could be associated to
Ni**/AI** segregation in the slabs. (c) The effect of such a cation segregation
is schematically explained, considering (d) a representation in the same
reciprocal space of the lattices associated with Al-rich ((a'*, b'*, ¢'* = c*)
in red) and Ni-rich ((a*, b*, c* = ¢'*) in black) domains. Local variations
(Adyy) in the djy distances lead to the broadening and displacement of the
diffraction lines affected by the strains. As highlighted by the blue segments
(—), those increase with h+k.

panels a and b in Figure 1. Such anisotropic broadening
differs from isotropic broadening in that it does not increase
monotonically with the diffraction angle. Similar broadening
of the (11])-type diffraction lines were observed by other
authors for high concentrations of aluminum substitution.*>
Such broadening cannot be explained adequately by con-
sidering a mixture of multiple LiNi;,Al,O, phases that are
close in composition in the sample. In general, such
anisotropic broadening can be attributed to (1) anisotropic
crystal size, (2) anisotropic strains, or (3) stacking faults in
the parent structure.

Aluminum substitution considerably modifies the lattice
parameter a.,. of the layered structure but only slightly
changes the lattice parameter cy,.'! Considering the differ-
ence in electronegativity (y(Ni**) = 1.91 and y(AI*") = 1.61)
between Ni*"T and AI*", that show rather similar ionic radii
(ri(Ni*") = 0.56 A and r;(A’*") = 0.53 A), it is proposed in
this study that they may segregate in the basal planes of the
layered structure, as shown in Figure 1c. There would be a
distribution of metal—metal distances in the slabs (i.e., in
the (anex, Prex.) plane), those being equal to @' in Al-rich
domains and to a in Ni-rich domains. As the cpey lattice
parameter is only slightly affected by the aluminum substitu-
tion for nickel, the representation of the reciprocal lattices
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associated with Al-rich ((a'*, b'*, ¢'* = ¢*) in red) and Ni-
rich ((a*, b*, ¢* = ¢'*) in black) domains in the same
reciprocal space is possible. Such cation segregation can lead
to local variations (Adyy) in the dy;; distances and thus to
broadening and displacement of the diffraction lines affected
by the strains among Ni- and Al-rich domains. With this
hypothesis, the broadening of the diffraction lines is clearly
anisotropic and proportional to the length of the blue
segments in the reciprocal space shown in Figure 1d having
broadening increasing with h+k.

The proposed nickel and aluminum segregation in the
“LiNi;—,AlL,O,” system is in apparent conflict with first-
principles calculations, which show a Li(Al,Ni)O, solid
solution expected at room temperature.'® Buta et al. have
considered for “LiNi;—,Al,O,” materials used for these first-
principles studies'® that aluminum and nickel ions were
ordered in the slabs and that the packing was strictly lamellar.
However, experimentally obtained “LiNi;-,Al,O,” samples
(0.10 = y = 0.50) show no cation ordering in the slabs and
~5% excess of Ni*" ions in the lithium layers.!! Such
discrepancies in the structure and the cation distribution could
lead to substantially different results in the predicted phase
diagram of Li(Al,Ni)O,'® from actual materials.

In this study, we probe the nature of selective peak
broadening observed in the XRD patterns of “’LiNi;-,Al,O,”
samples and determine whether segregation of nickel and
aluminum exists in the layered “LiNi,;—,Al;O,” structure.
Here we combine synchrotron XRD analysis and single-
crystal electron diffraction with high spatial resolution (from
the micrometer to the nanometer scale) to study the layered
“LiNi;—,Al,O,” structure substituted with different aluminum
concentrations. As synchrotron X-ray powder diffraction can
provide peak shapes intrinsic to the samples in contrast to
conventional X-ray powder diffraction with significant
instrumental broadening, it is used to study anisotropic strain
effects in the “LiNi,;—,Al;O,” samples as a function of the
aluminum content. In addition, smaller wavelengths of
synchrotron radiation allow collection of diffraction data in
larger ranges of interplanar spacing relative to conventional
X-ray sources. Moreover, we study and map the distributions
(or chemical inhomogeneity) of nickel and aluminum ions
in the “LiNi;—,Al,O,” samples 1) from crystals to crystals
using backscattered electron imaging and energy-dispersive
spectroscopy in the scanning electron microscope and
electron energy loss spectroscopy (EELS) in the transmission
electron microscope and 2) within individual crystals using
EELS. Structural and chemical information of layered
“LiNi;—,ALO,” samples (0.10 = y = 0.50) from the
micrometer to the nanometer-scale will be coupled to provide
insights into the nature of nickel and aluminum arrangements
in the layered lithium nickel oxide structure, particularly at
high aluminum concentrations (with y > 0.25).

Experimental Section

Aluminum substituted lithium nickel oxide samples with nominal
compositions of “LiNi;—,AL,O,” (y = 0.10, 0.15, 0.25, 0.50) were

(15) Poeppelmeier, K. R.; Chiang, C. K.; Kipp, D. O. Inorg. Chem. 1988,
27, 4523-4524.
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Electrochem. Soc. 1999, 146, 4335-4338.
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prepared by a solution—precipitation process as described previously' !

and followed by heat treatments at 700 or 750 °C in an oxygen
stream for 5—15 h. These “LiNi;-,Al,0,” samples were first
analyzed by conventional X-ray powder diffraction with Cu Ko
on a Siemens D5000 diffractometer. The lattice and structural
parameters of “LiNi;—,Al,O,” were obtained from the Rietveld
refinement of the experimental X-ray powder diffraction patterns''
collected at a step size of 0.02° and a step time of 40 s with the
Fullprof software package.'®

To examine whether nickel and aluminum ions were distributed
uniformly on the micrometer scale, we performed backscattered
electron (BSE) imaging on the metallographically polished surfaces
of a pressed “LiNijs50Alys500,” pellet sample in a LEO scanning
electron microscope under an accelerating voltage of 20 KeV.
Energy-dispersive X-ray (EDX) spectra of the polished surfaces
were collected and used to determine the average nickel and
aluminum concentrations of different crystals. Quantitative analyses
of nickel and aluminum concentrations were conducted by compar-
ing the Ni L and Al K peak intensities collected at an accelerating
voltage of 10 KeV using LEO correction software and ZAF
correction algorithms to correct for interferences between elements,
source of errors in quantitative microanalyses.

The synchrotron X-ray powder diffraction patterns of
“LiNi;—,Al,0,” samples (y = 0, 0.10, 0.15, 0.25, and 0.50) were
collected on the powder diffraction beamline BM16 of the European
Synchrotron Radiation Facilities (ESRF, Grenoble, France). The
powder samples placed in quartz (y = 0, 0.15 and 0.50) or glass (y
= 0.10 and 0.25) capillaries were characterized by X-rays with a
wavelength of 0.30964 A and of 0.49630 A, respectively. All
synchrotron diffraction data were collected at room temperature
with a final effective step of 0.003° (26) and refined with the
Rietveld method using the program Fullprof and the Winplotr
interface.!® To obtain isotropic strain and size parameters required
for the “Thompson—Cox—Hastings pseudo-Voigt” profile function,
a “LiNiO,” powder sample was used as a standard for the Rietveld
refinement of all the synchrotron diffraction data of the
“LiNi;—,Al,0,” samples. We assumed that the “LiNiO,” sample
had no anisotropic size and strain effect and we only refined the
Gaussian (U) and Lorentzian (X) parameters of the isotropic strain
component and the Lorentzian parameter (Y) of the isotropic size
component. Parameter W was fixed to the instrumental broadening
of 7 x 1073; the Gaussian parameter (IG) of the isotropic size
component was set to zero, as it was found to be not significant to
the refinement results. A good agreement was obtained between
the experimental and calculated XRD patterns of “LiNiO,” with
reliability factors Rppage 0f 1.14% and Rwp 14.6% and these refined
parameters, U, X, and Y, converged to 0.012, 0.060, and 0.0047,
respectively. Having these parameters fixed, a general model
described by P.W. Stephens'® was used to quantify anisotropic
strains (I's). Those are function of the variance o[1/(du,)?] that
reflects the distribution of the distances between lattice planes in a
given network and are expressed as Ty = [6*(1/(dx)*)]*tan 0/(1/
(dww)?). The variance o[ 1/(dyy)?] is itself defined as 0*(1/(dy)?) =
SSukchkKIF with H + K + L = 4. In the most general system, i.e.,
the triclinic system, 15 independant Sy, parameters are required
to describe the anisotropic strain model. The mixing factor & allows
for assigning an anisotropic broadening term, £’y and (1— &)T4,
to the Lorentzian and Gaussian parts of the profile function
respectively. In the present case (i.e., trigonal symmetry in the
hexagonal cell setting), only four Syx; independent parameters (S4q0,

(17) Caurant, D.; Baffier, N.; Garcia, B.; Pereira-Ramos, J. P. Solid State
Ionics 1996, 91, 45-54.

(18) Rodriguez-Carvajal, J. J. Physica B 1993, 192, 55.

(19) Stephens, P. W. J. Appl. Crystallogr. 1999, 32, 281-289.
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Figure 2. (a) Backscattered electron imaging of metallographically polished
surfaces of a pressed “LiNig s0Aly 500" pellet sample, which reveals primary
crystal sizes on the order of 0.5—1 um and (b) secondary electron imaging
of loose “LiNig s0Aly500,” particles.

Soos> S112, and S>;1) and the mixing factor £ were required to describe
the anisotropic strain model.

Selected area and convergent beam electron diffraction patterns
were collected from the “LiNi;-,Al,O0,” powder suspended on a
copper grid with lacey carbon under an accelerating voltage of 200
KeV on a JEOL 2000FX transmission electron microscope. Energy-
dispersive X-ray (EDX) spectra were collected and used to
determine the average nickel and aluminum concentration of
individual crystals.

EELS spectra were collected from different crystals and different
regions within individual crystals of the “LiNijs0Aly500,” sample
using (1) a Gatan CCD modified 666 PEELS device on a VG HB
501 STEM with a field emission gun and a working accelerating
voltage of 100 KeV and (2) a Gatan CCD modified 666 PEELS
device on a Topcon CTEM with a LaBg electron gun and a working
accelerating voltage of 200 KeV. Elemental EELS quantification
was performed using a conventional smooth power law extrapola-
tion under the Ni L, ; and Al K edges and cross-sections calculated
within a Hartree-type model with white lines correction.

Results and Discussions

Scanning Electron Microscopy Analysis. As shown in
Figure 2a, backscattered electron imaging of the metallo-
graphically polished surface of a pressed “LiNijs50Aly500,”
pellet sample clearly revealed primary crystal sizes on the
order of 0.5—1 um, but also heterogeneity in composition
between these primary crystals. Indeed, as the contrast in
the backscattered electron images reflects differences in the
average atomic number, the aluminum-rich impurities y-Li-
AlO, and f-LisAlO,; could be easily identified as dark
regions in Figure 2a. The size and morphology of loose
“LiNig 50Aly500,” particles are shown in a secondary electron
image in Figure 2b for comparison. EDX analysis in scanning
electron microscopy was then used to determine the average
relative percentages of nickel and aluminum of the dark and
bright zones in the backscattered electron images. As the Ni
L peak is closer to the Al K peak in energy than the Ni K
peak, the Ni L and Al K peaks were used in the quantification
in order to minimize the errors introduced by the ZAF
correction. The relative percentages of nickel and aluminum
analyzed from eight different locations of the polished
“LiNig 50Alp 500, pellet sample are plotted in Figure 3. The
dark zones were found to be aluminum-rich with an average
Ni/Al ratio about equal to 1/9. The bright zones were found
to be nickel-rich with an average Ni/Al ratio equal to 0.57/
0.43, which supports, by comparison with other Li;—,Ni;;,0,
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Figure 3. Relative nickel and aluminum percentages of different crystals
(regions) from the metallographically polished “LiNijs0Alg 500, specimen
determined from EDX analysis in the scanning electron microscope.

and Li;—,(Ni, Al),+,0, compounds studied earlier, an average
chemical composition of Li;—(Nigs7Alp43)1+.0, and thus the
presence of aluminum-rich phases as impurities and a Ni/Al
ratio larger than 1—y/y for the a-NaFeO, type phases.!! As
the activation volume of Al K X-rays is on the order of 1
um?® for an accelerating voltage of 10 KeV, overlapping of
bright and dark regions within the activation volume in the
direction perpendicular to the polished sample surface affects
the relative percentages of nickel and aluminum in the bright
and dark regions. Nevertheless, variation in the distribution
of nickel and aluminum was detected among different
crystals; this variation, as will be discussed in the following,
was also detected by EELS that on the contrary to EDX
shows an activation volume much smaller than the crystals’
size.

Synchrotron X-ray Powder Diffraction Analysis. The
size and strain effects in the different “LiNi,—,Al,O,” samples
were qualitatively evaluated by constructing Williamson-Hall
plots (FWHM cos6 vs sinf)* from the synchrotron X-ray
powder diffraction data, those confirmed an increase in the
anisotropic broadening of the diffraction lines with the
increasing aluminum concentration in the LiNi;-,Al,O,
samples. The Williamson—Hall plot obtained for
“LiNigs50Alp500,” is given as an example in Figure 4. It
clearly reveals the anisotropic broadening of the lines with
26. As highlighted by the gray zones on the plot the larger
the (h+k) value, the broader the diffraction line. Furthermore,
as shown by the dotted lines, the slope (i.e., the strains) of
FWHM cos 0 vs sin 6 was shown to increase for the (012)
and (104) crystallographic planes in comparison with that
for the (003) crystallographic planes. Strains in the (003)
planes were thus found to be much smaller than those in the
(012) and (101) planes. In addition, the reciprocal of the
intercept (i.e., the isotropic size) for the (003) crystallographic
planes was found to be large for all samples, which implied
no significant size effects in the direction perpendicular to
the (003) planes with an increasing aluminum substitution
for nickel. For instance, a coherent domain size of ~4000
A along this direction was found in the “LiNigs0Alys500,”
sample. Similar results were obtained for the (012) and (104)
planes. As nickel and aluminum segregation leads to spatial
fluctuations of the metal—metal distances in the slabs,

(20) Williamson, G. K.; Hall, W. H. Acta Metall. 1953, 1, 22-31.
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Figure 4. Williamson—Hall plot* constructed for “LiNigs0Alys500,” from
synchrotron X-ray diffraction data. This analysis is based on the fact that
the broadening due to lattice strains and that due to size have a different
angular dependence: FWHM (cos 6/4) = 1/D + Ke(sin 0/4), where FWHM
is the full width at half-maximum, A the wavelength, D the size of the
coherently diffracting domains, & the lattice strains, and K is a constant
close to 1 that mainly depends on the crystallite morphology and on the
definition taken for the line width. The gray zones highlight the increasing
broadening of the (hkl) lines with the value of (h+k), whereas the dotted
lines show that for the (003), (012), and (104) crystallographic planes, the
strains increase with the value of (h+k).

maximum strain and/or size effects would thus be expected
in the (110) planes. Unfortunately, as only one reflection
order was available for the (110) and (113) crystallographic
planes in the scan range collected, we could not distinguish
if there were anisotropic strains only, anisotropic size effects
only or combination of both in the “LiNi;—,Al,O,” samples.

Although anisotropic strain and size effects are expected
to be highly correlated in the slabs, we here use the Rietveld
refinement analysis to quantify the strains only, as attempts
to introduce any anisotropic size effects have led to poor
reliability factors and minimization of the difference between
Iexp. and I. Refinements of these synchrotron X-ray
diffraction data were realized assuming for “LiNi,—,Al,0,”
an o-NaFeO,-type structure (described in the R3m space
group) characterized by the cationic distribution
[Li;—.Ni'L]5,[Ni™,_,_.Ni".Al]3,0; (¢ being equal to y(1—z)).
This model was previously proposed by some of us to
describe the structure of “’LiNi;—,Al,0,” according to X-ray
and neutron diffraction analyses as well as magnetic mea-
surements.'! The site occupancies were constraint to be equal
to 1 with (1—z)Li and zNi in the 3b (0,0,1/2) site, (1—£)Ni
and rAl in the 3a (0,0,0) site and 1 O in the 6¢ (0,0,z.,) site
(zox. being close to 1/4). z value was refined and r was
constraint to be equal to y(1—z). The isotropic atomic
displacement parameters (B) were allowed to vary but were
constraint to be equal for atoms sitting in the same site. The
profile function was defined as largely described in the
experimental part of this paper. Comparison between ex-
perimental and calculated patterns, obtained for those latter
considering a structural model with or without anisotropic
strains, are given in Figure 5 for “LiNig 50Aly500,”. As shown
by this comparison, the matching between the experimental
and calculated patterns of the “LiNi; ,Al;O,” samples was
significantly improved by considering anisotropic strain
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Table I. Structural and Microstructural Parameters Obtained for the “LiNi;-,Al,0,” Samples from the Rietveld Refinement of Synchrotron

X-ray Powder Diffraction Data Using a General Model to Describe Anisotropic Strain Broadening

19a

“LiNiOZ” “LiNi().‘)()A]().l(]OZ” “LiNi().XﬁA][]AISOZ” “LiNi[]JSAlH.ZSOZ” “I—'i]\Ii().S()Al().S()OZ’7
Qpex. (/:\) 2.87723(6) 2.87501(3) 2.86973(6) 2.86055(3) 2.84084(6)
Chex, (A) 14.1900(6) 14.2175(2) 14.2249(4) 14.2371(2) 14.2572(4)
Zox. 0.2591(9) 0.2589(3) 0.2593(6) 0.2592(2) 0.2599(3)
z 0.018(6) 0.057(3) 0.055(7) 0.039(3) 0.047(3)
Sa00 5.3(2) 21(1) 33.109) 114(3)
So04 0.0069(6) 0.006(1) 0.0056(6) 0.0035(9)
Sin —0.07(3) —0.32(6) 0.5(1)
St 3.9(3) 5(1) 5.0(6) 10(2)
3 0.26(2) 0.06(2) 0.19(1) 0.02(1)
Rp (%) 1.14 2.86 3.01 4.41 5.81
Ryp (%) 14.6 12.2 15.8 13.6 14.5
“ Profile parameters fixed to the values obtained for “LiNiO,”: U = 0.012, W = 7 x 1075, X = 0.060, and Y = 0.0047.
£ : H 3
L| N |0_50Al0_5002 8ahex./ahex.
= 0.018 )
< e
= 0.016 -
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0.010- i
N~ e .
0.008-]
(a) J 120 122 124 126 128 130 132 0.006- )
. 1 h N A 0.004- .
IH I i 1 [ e 1t It It 0.002+
0.000
‘ L A * 'l'" * - T T T T T T
——/fTTT T T T T T T — 0.0 0.1 0.2 0.3 0.4 0.5
350 3.75 7 8 9 10 11 12 13 14 15 16 17 18 e ,
20 (» = 0.30964 A) y in 'LiNi; | AlLO,

5
<| | Model with strains __J\/L_/\

(018) (110) (113)

it

(b) 120 122 124 126 128 130 132
J L_ A ‘ h A A A
i i H

HIE B L1 i b

1T /l/'/ L N A A R L e L )
3.503.75 7 8 9 10 11 12 13 14 15 16 17 18
20 (n = 0.30964 A)

Figure 5. Comparison of calculated and experimental synchrotron XRD
patterns of the “LiNigs50Als500,” sample without (top panel) and with
(bottom panel) considering strains in the layered structure. Zoomed regions
in the 26 range of 12.0—13.2° are compared on the right-hand side to show
the (018), (110), and (113) peaks are much better refined with strain
considerations.

broadening. The structural, microstructural and profile pa-
rameters obtained for the “LiNi;—,Al,O,” samples are given
in Table I. The structural parameters (dpex., Chex.» Zox., and z)
are in agreement with those reported previously by some of
us;'! they show that substitution of aluminum for nickel
results in shorter apne, and larger cpe, as well as in the
presence of about 0.05 divalent nickel ions in the lithium
site. The small values of & are in good agreement with as

Figure 6. Plot of strains ¢ defined as Odpe,/anex. as a function of the
aluminum content y in LiNi;—yAljO,. Odpex/ane,, is obtained from Sy
(determined from the Rietveld analysis of the synchrotron X-ray diffraction
patterns) through the formulas Oapex/dnex, = 7Td}102[20S400]/>/18000."°

Figure 7. Single-crystal electron diffraction patterns collected from the
“LiNigs50Alo500,” sample, which are indexed to (a) the [111] and (b) [441]
zone axes of the layered structure with space group R3m.

expected a character mainly Gaussian for strains. In addition,
Soos was found to be nearly zero for all the “LiNi;—,Al,0,”
samples, which confirmed the Williamson—Hall plot analysis
in that strains along the cpex-axis (OChex/Chex.) Were almost
negligible. On the other hand, S;yp was shown to increase
with aluminum substitution for nickel. As shown in Figure
6, strains in the slabs (Odnex/anex) increase with aluminum
substitution for nickel.

Single-Crystal Electron Diffraction Analysis. Both
selected area and convergent beam electron diffraction
patterns were collected from the “LiNi,—,AL,O,” (y = 0.10,
0.15, 0.25, 0.50) samples in order to understand the nature
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Figure 8. (a) [010] convergent beam electron diffraction and (b) selected
area electron diffraction patterns collected from one crystal in the
“LiNio{soAlojoOz” sample.
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Figure 9. Relative nickel and aluminum percentages of several different

crystals in the “LiNigs0Aly500,” sample determined from EELS spectra
collected in the transmission electron microscope.

Figure 10. Transmission electron microscope image of a randomly selected
“LiNig 50Aly500,” crystal and the diffraction pattern of this crystal shown
in the insert (bottom left). EELS spectra were collected from 11 locations
marked on the crystal.

of broadening of X-ray powder diffraction peaks. The
presence of elastic strains - expansion and contraction of
interplanar spacing, would lead to radial spreading of electron
scattering intensities. Although some radial spreading was ob-
served for selective diffraction reflections of “LiNi;—,Al,0,”
samples, the striking feature is the tangential smearing of
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Figure 11. (a) EELS spectra of Ni L,3 and Al K peaks collected from
point (location) 1 to point (location) 6 with the O K peaks collected from
the same locations presented in the insert (top right); (b) Enlargement of
EELS spectra of point 1 and point 6, which clearly shows a difference in
the Al K peak intensity; (c) relative atomic percentages of aluminum and
nickel in the crystal shown in Figure 10, which was quantified from the
EELS spectra in (a) by comparing the peak intensities of the Ni L, 5 and Al
K peaks.

most electron diffraction spots which was found the most
pronounced in the “LiNigs0Aly500,” sample. It should be
noted that tangential smearing is associated with variation
in the crystallographic orientation of atomic planes.

Two diffraction patterns collected from two different
locations of a randomly selected and representative particle
from the “LiNigs0Algs500,” sample are shown in panels a
and b in Figure 7. They are indexed to the [111] and [441]
zone axes of the rhombohedral layered structure with space
group R3m, respectively. The average chemical composition
of the particle was LiNig 55Aly450; as determined from EDX
analysis in the transmission electron microscope. The
tangential smearing (arc) of the diffraction spots in panels a
and b in Figure 7 indicates that the observed spreading is
attributed to bending or rotation of atomic planes in the
layered structure. It should be noted that the crystallographic
orientation of a given set of planes can vary from 0 to 10°,
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Figure 12. (a) Transmission electron microscope image of another crystal
in the “LiNigs0Alys500,” sample, where EELS spectra were collected from
7 different marked locations; (b) EELS spectra of the Ni L3 and Al K
peaks collected from locations 1, 3, and 5 of the crystal shown in (a); (c)
relative atomic percentages of nickel and aluminum quantified from the
EELS spectra in (b) by comparing the peak intensities of the Ni L, 3 and Al
K peaks.

such as the (110) planes in Figure 7b. It is believed that the
presence of such extensive lattice rotation is a mechanism
by which the lattice of “LiNigs0Alys00O,” minimizes the
overall strain induced by variation in the lattice parameter
anex. associated with nickel and aluminum segregation in the
layered structure. Moreover, a careful examination revealed
that the radial spreading of the (110) reflections was
significantly greater than the (118) reflections, which con-
firmed the presence of considerable anisotropic strains and/
or size effect in the (110) planes in the layered structure as
shown by synchrotron X-ray powder diffraction analyses.
From these electron diffraction pattern an anisotropic strain,
Odpex /anex., of 0.017 was found by considering that only the
strains effect was present, which is consistent with the global
strains obtained from the refinement results of synchrotron
X-ray powder diffraction data (Figure 6).

Convergent beam electron diffraction analysis with an
electron beam size on the order of 50 nm revealed reduced
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lattice rotation in comparison to selected area electron
diffraction. A convergent beam and selected area electron
diffraction patterns of one crystal in the ‘LiNigs0Algs500,°
sample are shown in a and b in Figure 8, respectively. They
are indexed to the [010] zone axis of the layered structure
with space group R3m. No tangential spreading in the
electron scattering intensities was observable in the conver-
gent beam electron diffraction pattern in Figure 8a. In
contrast, some tangential smearing was found for the (10/)
planes in the selected area electron diffraction pattern (Figure
8b). This observation suggests that some “LiNigs0Aly500,”
crystals consist of nanometer-scale domains (larger than 50
nm for the crystal studied in Figure 8) divided by small angle
coherent boundaries, where the lattice rotation and strains
are minimized within each domain. It is believed that the
presence of these domains at the nanometer-scale is attributed
to variation in the nickel and aluminum concentration or
segregation of nickel and aluminum in the layered structure.
To check that hypothesis, in the following sections we
thus analyze the distribution of nickel and aluminum ions
within individual crystals on the nanometer-scale in the
“LiNig 50Alp.500,”.

Electron Energy Loss Spectroscopy. EELS was used to
probe the chemical inhomogeneity in the nickel and alumi-
num distribution across different crystals and within indi-
vidual crystals of the “LiNigs50Aly500,” sample. The relative
percentages of nickel and aluminum ions were quantified
from the intensities of Ni L,; and Al K edges, which were
obtained from background subtraction and area integration
over fixed energy windows. The relative percentages of
nickel and aluminum in randomly selected 12 crystals from
the “LiNigs50Alys500;” sample calculated from the EELS
spectra of the Topcon microscope are shown in Figure 9,
respectively. The average nickel and aluminum contents of
the “LiNigs0Alp500,” sample obtained from the EELS
analysis are consistent with those of EDX (Figure 3).
Considerable differences in the nickel and aluminum con-
centration were found among different crystals and these
differences would lead to variation in the lattice parameter
anex. Of the layered structure and broadening of all X-ray
powder diffraction peaks with nonzero h and k indexes. The
results are consistent with the fact that all peaks of the
‘LiNi;.yAlyO,’ samples were broadened upon aluminum
substitution (Figure 1).

In addition to the inhomogeneity among different layered
crystals, nickel and aluminum contents were found to vary
within individual crystals. A TEM image of a randomly
selected single crystal in the “LiNigs0Aly500,” sample is
shown in Figure 10, in which the electron diffraction pattern
of the crystal is indexed to the [010] zone axis of the layered
structure with space group R3m in the insert (bottom left).
EELS spectra of Ni L,3 and Al K edges collected from
different locations along the rod axis of the crystals (from
point 1 to point 6 in Figure 10) and the corresponding
background subtracted EELS spectra of point 1 and point 6
(normalized at the Ni L,3) are shown in panels a and b of
Figure 11, respectively. The dispersion is 2 eV/channel so
that the O K, Ni L,3, and Al K peaks fall within the same
measurement (1024 channels are available in the CCD
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Figure 13. Schematic of the proposed microstructure of the “LiNij s0Alys500,” sample induced by immiscibility of nickel and aluminum ions in the octahedral
sites of the layered structure (a) viewed in the basal planes, the (003) planes, and (b) viewed from any directions that lay in the basal plane. Note that
variation in the nickel and aluminum concentration could exist in the highly strained regions (highlighted by differences in gray level).

camera). At this dispersion, it should be noted that the
prepeak at the O K edges is barely visible in the insert of
Figure 11a. The relative nickel and aluminum concentrations
were quantified from the intensities of the EELS Ni L, ;3 and
Al K peaks, as shown in Figure 1lc. The nickel and
aluminum concentrations were found to vary significantly
along the rod axis that lies in the (003) plane of the layered
structure. In addition, the slight increase in the intensity of
this O K prepeak from spot 1 to spot 6 was found. The
intensity of the O K prepeak arises from the hybridization
between the Ni 3d state and the O 2p orbital and the prepeak
intensity is directly proportional to the Ni content in the
“LiNi;-,AL,O,” compounds if one assumes an almost con-
stant ionicity of the Ni—O bonding. Therefore, the increase
in the intensity of O K prepeak is consistent with the
increasing Ni/Al ratio from spot 1 to spot 6 shown in Figure
12¢. Moreover, it is worthwhile to note that additional EELS
spectra (point 7 to point 11 in Figure 10) collected
perpendicular to the rod axis showed no variation in the
nickel and aluminum content, as shown in Figure 11c.

Inhomogeneous nickel and aluminum distributions on the
nanometer-scale within individual crystals were further
confirmed by systematic analyses of EELS spectra collected
from different locations of other crystals. A TEM image
of another randomly selected layered crystal in the

“LiNig 50Alp500,” sample and the EELS spectra collected
from points 1, 3, and 5 of seven different locations are shown
in panels a and b in Figure 12, respectively. Dispersion of
the spectrometer was 1.5 eV/ch so that O K, Ni L, 3, and Al
K edges were within one measurement, where the visibility
of the O K pre-edge (Insert in Figure 12a) was improved in
comparison to Figure 12a. The quantified nickel and alumi-
num concentrations from the EELS spectra collected from
the crystal in Figure 12a are plotted in Figure 12c. Not only
this region had an average chemical composition of
LiNig75Alp250,, significantly different from the nominal
chemical composition of the “LiNijs50Algs500,” sample, but
also the nickel and aluminum contents were found to vary
within this crystal.

Experimental evidence of nickel and aluminum inhomo-
geneity on the nanometer scale and pronounced peak
broadening of (11/) type planes in the “LiNijs0Aly500,”
sample supports the hypothesis that a complete Li(Ni,Al)O,
solid solution is thermodynamically unfavorable and misci-
bility of nickel and aluminum ions in the octahedral sites is
limited in the layered structure. Here we propose a domain
microstructure for individual “LiNigs0Alys500,” crystals, as
shown in Figure 13. Relatively strains-free domains with
different nickel and aluminum concentrations coexist with
highly strained regions between these domains. It should be
noted that variation in the nickel and aluminum concentration
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is expected in the highly strained regions (highlighted by
differences in gray level).

It is interesting to note that substitution of Co** and AI**
cations, very similar in charge and in size (r;(Co*") = 0.525
A and r(AI*") = 0.53 A), for nickel in Li(Ni,M)O, rich in
Ni** can lead to random solid solutions for LiNi;—,C0,0,%!
or to segregation tendency for LiNi;—,Al,O,. The difference
in size between substituted and nickel ions is one critical
parameter often used to especially explain the cationic
distribution between the lithium and the transition metal
layers in the substituted lithium nickel oxides. For example,
some of us have discussed in detail the effect of crystal field
modified by substitution on the stability of the oxidation state
of Ni ions in these layered lithium nickel oxides.?* Indeed,
the distribution of transition metal ions strongly influences
the lithium intercalation/deintercalation voltages, structural
and thermal stability of these layered structures.? In the case
of Li(Ni,Al)O,, the difference in size between cations could
not explain the segregation tendency between nickel and
aluminum, especially because a ramdom solid solution was
obtained between cobalt and nickel in Li(Ni,Co)O,. The
difference in bond ionicity had to be taken into account;
indeed the ionicity of the Al—O bonds is significantly
different from that of Ni—O bonds while Co—O bonds have
the same ionic character as Ni—O bonds. In our opinion,
not only small ionic size difference but also similar ionicity
of metal—oxygen bonds is critical to promote complete
miscibility of cations in the transition metal layers of the
layered lithium transition metal oxides.
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Conclusion

Combination of synchrotron X-ray powder diffraction,
electron diffraction, and EDX and EELS analyses confirmed
the segregation tendency of nickel and aluminum in the
layered lithium nickel oxides. This study reveals thus that
similar size and charge for the Ni** and AI’** cations are
not sufficient to the achievement of their complete miscibility
at the local scale in layered oxide o-NaFeO,-type structure.
The similarity in metal —oxygen bonds ionicity appears also
critical, first to maintain an almost ideal 2D structure for
better lithium diffusion and second to prevent cation segrega-
tion which is detrimental to electron mobility in the slabs
and thus to lithium diffusion, the two being highly coupled.?*
The characterization of the cation distribution at the local
scale in electrode materials is essential as it can affect cycling
performance especially at high rates, but probably also
chemical stability in the charged state or upon aging. This
argument is especially true for layered oxides whose
optimized performance in lithium-ion batteries comes from
combination of different cations (Ni/Co/Al, Ni/Mn/Co, etc.,)
in the same structure.
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