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We investigated the local atomic and electronic structures around the dopants Mg and Al in a LiNiO,-based
cathode material by the combination analysis of their K shell electron energy-loss near-edge structures, x-ray
absorption near-edge structures, and first-principles calculations. The occupation sites of the dopants in initial
and cycled samples were examined. On the basis of the atomic structures and chemical bonding states of the
models whose theoretical spectra were most consistent with the experimental spectra, we discussed the effects
of Al and Mg on Li diffusion and their roles in suppressing the degradation of battery properties.
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I. INTRODUCTION

LiNiO, is among the alternatives for LiCoO, as a cathode
active material for lithium ion batteries because of its high
specific capacity, low cost, and low toxicity. Its main draw-
backs are the short lifetime of its electrochemical properties
(capacity and resistance) due to the charge-discharge cycles
and the safety problem due to the exothermic reactions asso-
ciated with the structural instability of Li,NiO, in its charged
state (x~0.5). In order to overcome these problems, multiple
substitutions of nontransition-metal elements for the cation
sites have been considered, small amounts (~a few at. %) of
Mg,'7 A1%'® and both!*?? dopings being commonly re-
ported to improve the cycle performance. Although the ef-
fects of the dopants have been discussed intuitively,'?
changes in the chemical bonding states of the near neighbor
ions associated with the doping have not yet been examined
in detail. In fact, x-ray diffraction analyses including the Ri-
etveld refinements have estimated the dopant occupancies,
which resulted in significant varieties,'~ partly depending on
the differences in sample preparation conditions. A more di-
rect method reflecting the dopant states is thus desirable be-
cause the x-ray Rietveld analysis is sensitive only to the
numbers and spatial distributions of electrons in given
structures/symmetries.

It is not so easy in terms of the total energies of the
system calculated by first-principles calculations to deter-
mine which specific sites the dopant preferentially occupies
because the procedure first requires the calculation of the
total energies of several representative systems containing Ni
at different oxidation states within accuracies of less than 0.1
eV/atom, in which the strong Coulomb repulsion between
the Ni 3d electrons must be taken into consideration. This
scheme seems beyond the limitations of the calculations
based on the density-functional theory (DFT) because the
accuracy required in calculating the total energy of the sys-
tems is higher than at the level where the DFT could correct
its wrong evaluation of the Coulomb repulsion of Ni 3d elec-
trons at each different site in the systems, through, for ex-
ample, introducing an adjusting parameter called Hubbard U,
which is defined as an effective on-site Coulomb interaction

1098-0121/2008/78(4)/045108(8)

045108-1

PACS number(s): 71.23.—k, 78.40.Pg, 61.50.Ah, 82.47.Aa

between the localized electrons in the system, representing
an energy cost to remove and to add one localized electron,
i.e., the ionization energy and the electron affinity. The error
in the calculated solution energy due to the choice of the U
value is comparable to the solution energy difference among
the occupation sites. Several successful attempts have been
made so far on these materials, mainly for the calculations of
the average lithium intercalation voltages, which required no
such complicated and sophisticated scheme.?3-%’

The combination of the experimental spectroscopic infor-
mation and first-principles calculations is an effective alter-
native to investigate the local structures around the dopants.
A promising spectroscopic technique for specifying the dop-
ants’ occupation sites would be core electron excited spectra
of the dopants, such as x-ray absorption near-edge structures
(XANESs) or electron energy-loss near-edge structures (EL-
NESs), since these structures directly reflect the local envi-
ronments of the dopants.

The present study aims to explore the local atomic and
electronic structures around the Mg and Al dopants in a
LiNiO,-based positive electrode material by the combination
method mentioned above. Since the near-edge structures pro-
vide the electronic partial density of the unoccupied states of
the dopants, first-principles electronic structure calculations
can bridge the spectral fine structures and the local atomic
and electronic structures of dopant sites.

II. EXPERIMENT AND CALCULATION
A. XANES/ELNES measurements

We studied the positive electrode active material
LiNij 75C0oq 15Al5,0sMgp.050,, which is expected for use at
relatively elevated temperatures. A powder sample was syn-
thesized by the standard coprecipitation method.!*? The
positive  electrodes  were  fabricated from  the
LiNig 75C0oq 15Alg0sMgp 050>, powder, conductive graphite,
and polyvinylidene floride (PVDF) binder, coated on
20-um-thick aluminum sheets. Some of positive electrodes
were assembled into cylindrical cells together with artificial
graphite as a negative electrode, and 1M LiPF4 was dis-
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solved in an electrolyte solution of ethylene carbonate and
diethyl carbonate. The cycle properties at elevated tempera-
tures were actually improved as compared to the cells with
positive electrodes without Mg.'>? After 500 charge/
discharge cycle tests at 60 °C, the cells were disassembled
again to remove the degraded electrodes in argon atmosphere
in a glovebox. The x-ray diffraction pattern of the sample
after the cycling test showed no impurities, changes in the
lattice constants, or peak broadening, either. The capacity
and internal resistance were actually degraded by the cy-
cling, the details of which have been reported elsewhere.!*?8
The electrodes were punched into 3 mme¢ disks, followed
by conventional Ar-ion milling to obtain thin areas transpar-
ent to high-energy electrons.

Mg K XANESs were obtained from the as-synthesized
powder and the electrodes after the cycle tests: XANESs
were recorded in a total electron yield mode with a Beryl
two-crystal monochromator at BL1A of the UVSOR, Insti-
tute for Molecular Science, Okazaki, Japan. Al K XANES
was also obtained using a KTiOPO, (KTP) monochromator
at the same beamline. The energy width of the monochroma-
tized beam was 0.5-0.6 eV. Al K XANES was collected only
from the initial powder because the energy range of Al K had
beam intensities 1 order of magnitude lower and background
intensities significantly larger than that of Mg K did, despite
the electrode sample had a smaller surface areas than the
powder.

Since XANES at these low energies collects spatially av-
eraged and surface-localized information, we conducted
electron energy-loss spectra (EELS) measurements from the
electrodes before and after the cycling tests using a JEOL
JEM200CX transmission electron microscope (TEM) oper-
ated at 200 kV with a LaBg electron source, equipped with a
Gatan electron energy-loss (EEL) spectrometer, Enfinal000.
The ELNES data were collected in the imaging mode with-
out an objective aperture to earn signal intensities, under
which condition most of the ELNES signals were caused by
the dipole transitions. We probed transitions to states with
angular-momentum number change Al/=*1 of the core
state, i.e., the Al and Mg unoccupied p orbital density of
states (DOS). Small other contributions to the ELNES such
as the monopole transition could be ignored because, as will
be described later in Sec. Il A, Mg K ELNES of the elec-
trode had a very similar profile to that of XANES where
other than the dipole contribution was negligible. The disper-
sion setting was 0.1 eV/channel and the energy resolution
was about 1.1 eV full width at half maximum (FWHM) of
the zero-loss peak. The pre-edge background of the raw data
was removed using the power law, while the plural scattering
was not removed because their intensities did not signifi-
cantly affect the spectral features near the edge threshold. It
should be noted that no appreciable radiation damages asso-
ciated with the high-energy electron beam were observed
during the measurements.

B. Theoretical calculations

For theoretical interpretation of the experimental spectra
and further analysis of the chemical bonding changes caused
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by the dopants, first-principles calculations were performed
within the framework of the generalized gradient approxima-
tion (GGA) (Ref. 29) in the DFT which partly included a
Hubbard-type orbital-dependent interaction (GGA+U). In
the GGA+U case, we used the spherically average version
of Hubbard U (Refs. 30 and 31) for the Ni d states. The total
energy is represented by

U-J
EGgarv=Ecca + > => (= n,zn,g), (1)

where n,, , is the occupation number of the mth d state of
spin o. U-J=U; was set to 6.7 eV, which was obtained by
a self-consistent linear-response procedure.?*

We used a 3 X3 X3 supercell of the primitive cell of
LiNiO,, containing 108 atoms with a single dopant atom at a
Li or Ni site at one time. Co was not taken into account for
simplicity; the chemical bonding changes caused by the dop-
ants would be qualitatively similar irrespective of the pres-
ence of Co. Rather, the replacement of a transition-metal
(TM) site by an sp element would cause much larger
changes. The effects of codoping of Mg and Al were not
considered either.

Prior to the spectral calculation, a low-energy atomic ar-
rangement due to the dopant substitutions was obtained with
GGA and GGA+U, using the projected augmented wave
method,*>33 as implemented in the Vienna Ab-initio Simula-
tion Package.>* In these calculations, a cutoff energy of 400
eV and a 2 X2 X2 k-point mesh were used. The atom posi-
tions were freely relaxed under the constraint of the given
symmetry of the supercell within the fixed supercell size un-
til the residual forces were reduced to less than 0.05 eV/A.
We tested the optimization of all parameters including lattice
vectors, however, the resultant atomic arrangements led to no
significant differences in the subsequent spectral calculation.
We also took no account of the Jahn-Teller effects around Ni
ions as a first approximation since the dopants themselves
are not Jahn-Teller ions.

Theoretical Al and Mg K spectra were obtained using the
augmented plane-wave and local-orbital (APW+1lo) band
calculations,> where a 1s core hole was introduced in the
dopant atom. The supercell size was the same as the atomic
arrangement calculations. The core-hole to core-hole dis-
tance in our calculations was approximately 9 A. The elec-
tron transition probabilities were calculated within the
electric-dipole approximation. They were integrated over a
3 X3 X3 k mesh and the final spectrum was broadened by a
Gaussian function with a FWHM of 1.00 eV and a Lorentz-
ian function with a FWHM of 0.36 eV so as to approximate
the incident-beam width and core-hole lifetime broadening,
respectively. The energy-dependent lifetime broadening of
the final states was ignored since its effect was not significant
for the spectral features near the edge threshold. RyrKyaxs
the parameter for the cutoff of the plane-wave basis was set
to 7.0, resulting in sufficient convergence of the spectral
shapes. The calculations were run in parallel using eight
CPUs of Pentium 4 Core2, which required three to seven
days to obtain a theoretical spectrum of one model.
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FIG. 1. Experimental Mg K ELNES and XANES spectra before
the cycling tests (upper) and the corresponding theoretical spectra
with Mg substituting for the Ni and Li sites in LiNiO, (lower fig-
ures) by two different calculation schemes. Theoretical transition
energy is shifted so that the first peak of the theoretical spectrum for
Mg K of a reference material (rocksalt MgO) is aligned with that of
the corresponding experimental spectrum.

In order to investigate changes in the ionic bond strength
associated with the dopants, the effective charges of the ions,
0, were calculated by the Bader’s method, where the elec-
tron cloud was assigned topologically to each ion.*® Since
the electron density has to be sufficiently converged with
respect to the spherical harmonics (Y;,,) expansion prior to
this charge assignment, we used a Y;,, up to [,m=10.

III. RESULTS
A. Mg K spectra

ELNESs from dilute (approximately 1 at. %) elements
generally provide very low signal-to-noise ratios (SNRs).
The spectrum drifts because of the external stray field and
detector/microscope instabilities also significantly smear out
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FIG. 2. Experimental Mg K XANES of the cathodes before and
after the cycling tests (upper) and theoretical spectra of Mg at sev-
eral possible chemical states (lower).

the spectral detail for prolonged measurements. In order to
overcome these difficulties, we applied a signal restoration
procedure based on the Pixon algorithm to the Mg K ELNES
with a low SNR. The details of this process have already
been reported elsewhere.’’® The resultant Mg K ELNES
from the electrode sample before the cycle tests is shown in
Fig. 1, together with the corresponding XANES spectrum
from the as-synthesized powder for comparison. Peaks A-D
of the ELNES and XANES appear at the same positions with
similar relative intensities, indicating that there are no sig-
nificant differences in the chemical states of Mg at the grain
surfaces and in-grain regions.

The theoretical spectra of Mg at the Ni site are more
consistent with the experimental spectra with respect to the
relative intensities and positions of the peaks than those at
the Li site irrespective of whether GGA or GGA+U was
used. Thus, we conclude that Mg atoms mainly occupy the
Ni sites.

Figure 2 compares Mg K XANES spectra of as-prepared
samples and samples after cycle tests. The spectrum profile
from the degraded sample is extended in both the lower
(~1305 eV) and higher (~1320 eV) energy directions and
its absolute intensities are markedly lowered, compared to
those of as-synthesized samples. The lower intensities sug-
gest that a significant amount of Mg atoms was eluted out of
the electrode active materials to the electrolytes during the
cycle tests. We investigated the theoretical spectra for pos-
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FIG. 3. Al K XANES of the LiNiOJSCOQ15A10'05Mg0‘0502 pow-
der (top) compared to the experimental XANES spectra of the rep-
resentative materials in which the corresponding local coordinations
of Al are inset.

sible chemical states of the residual Mg, i.e., (i) Mg substi-
tuting for Ni in the rocksalt-type NiO and (ii) Mg forming
the intermetallic compound Mg,Ni as a by-product during
the cycle tests. A NiO-like structure has actually been ob-
served in the degraded sample,® and the fact that the inten-
sity extended to lower energies suggests lower oxidation
states of Mg.

The theoretical spectrum of Mg,Ni (shown at the bottom
of Fig. 2) actually reproduces the features extending in both
directions of the energy axis, which likely corresponds to
those from the degraded sample. We speculate that the actual
chemical states of Mg in the degraded sample are a mixture
of various states like those shown above, which could give
rise to the broadened spectrum observed experimentally. An-
other possibility is that a part of Mg atoms eluted into the
electrolytes, forming organic compounds during the cycle
tests because Mg in such organic materials is assumed to be
at low oxidation states.

B. Al K spectra

Figure 3 compares the experimental Al K XANES from
the as-synthesized powder with those of a-AlL,O; (a
corundum-type structure) and y-Al,Os3 (a defective spinel-
type structure), giving a rough idea of the chemical environ-
ment around Al. a-Al,O5 consists of six-coordinated Al (Cs,
symmetry), whereas 7y-Al,O; comprises four- and six-
coordinated [having nearly 7, (tetrahedral) and O,, symmetry
(octahedral), respectively] Al. In many Al-containing oxides
and oxynitrides, Al in tetrahedral coordinations exhibits a
characteristic single peak at the spectrum onset (1566 eV in
Fig. 3), whereas Al in octahedral coordinations shows a
double peak at higher energies (1568 and 1572 eV in Fig.
3),%0-42 and hence experimental Al K XANES indicates that
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the doped Al should be octahedrally coordinated.

Figure 4 compares the experimental XANES and ELNES
spectra with theoretical spectra based on several plausible
models. Since Al K ELNES had an even lower signal-to-
background ratio than the Mg K ELNES, we conducted a
continuous spectrum acquisition, each exposure lasting 30 s
and accumulated 100 spectra whose energy shift was com-
putationally realigned by taking the cross correlation be-
tween the first and successive recorded spectrum during the
measurement.** Both XANES and ELNES of the initial
sample exhibit two major peaks (A and B), though their rela-
tive intensities are slightly different, suggesting that the local
environments of the Al in the surface region responsible for
XANES (within a depth of approximately 10 nm, estimated
from the electron escape depth) would be different from
those in the subsurface region.

As previously reported,’>** in the cycled electrode sample
a NiO-like phase having a rocksalt-type structure evolved.
The Al K ELNES of the cycled sample in Fig. 4 was delib-
erately collected from a region of the NiO-like phase, which
exhibits peak B intensity slightly sharper and larger than that
of the initial state. Al K-edge ELNES from normal
LiNiO,-like regions in the cycled sample is not shown in this
figure because it was very similar to that of the initial
sample.

For the theoretical models, we found two types of meta-
stable structures for the supercell with Al occupying a Ni
site, which have local minima in total energies after struc-
tural optimization. We will hereafter refer to them as models
1 and 2 (cf. Fig. 5) and show the theoretical spectra for both.
Let us examine the reason why the relative peak intensities
of models 1 and 2 exhibit such considerable differences: the
angles subtended by O-Al-O are 91.9 and 92.6 (93.2 and
93.6) for models 1 and 2 of GGA+U (GGA), respectively.
As the angle increases from the right angle (i.e., as the local
coordination of Al deviates further from the O, symmetry),
peak A theoretically tends to show a sharper and larger pro-
file. Peak A of a-Al,O3, in which an Al atom is coordinated
by six oxygen atoms having a C3y, symmetry, actually shows
a very sharp and large intensity, as shown in Fig. 3. The
previous theoretical studies of Al K and L,; ELNES or
XANES ascribed the sharp first peak of @-Al,0O5 to the core-
hole effect at the bottom of the conduction band,*>**¢ whose
wave functions are spatially localized almost within the first
nearest neighbors (NNs), whereby a slight change in the
bond angle may influence this peak feature significantly.

Returning to the experimental spectra and considering
that Al is trivalent, the areal intensity ratio of the two peaks
in the XANES and ELNES would be most consistent with
the GGA+ U results for models 1 and model 2, respectively.
However, there is no reason based solely on the spectral
features to rule out the possibility that Al occupies the Li
site. Since the calculated spectra indicate that the Al in NiO
and Al substituting for the Li site would exhibit sharper fea-
tures of peak B, the observed change in the ELNES suggests
that some Al ions in the degraded region may have similar
local environments to those Al.
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FIG. 4. (a) Experimental Al K
XANES and ELNES spectra be-
fore and after the cycling tests.
[(b) and (c)] Corresponding theo-
retical spectra with Al substituting
for the Ni and Li sites in LiNiO,
and with Al substituting for the Ni
site in NiO using a different ap-
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IV. DISCUSSION

A. Atomic arrangements around Mg at Ni sites

The calculated Mg-O bond length is 2.06 A, which is 4%
larger than the calculated Ni-O bond length in undoped
LiNiO, and 2% smaller than the Li-O bond length. The ef-
fective charge, Q, was assigned 1.4 and 1.3 (1.3 and 1.2),
respectively, to the Ni atoms nearest and second nearest to
the Mg dopant for the GGA+U (GGA) result, indicating a
slightly nonuniform charge. Consequently, the Ni-O bond
length of the less charged Ni (i.e., the second NN Ni) is 3%
larger than that in the undoped LiNiO,. Figure 5(a) shows
the calculated atomic positions of the Mg doped, projected in
the 001 direction. The oxygen (O;) bonded to Mg and the

oxygen (O,) bonded to the second NN Ni are displaced out-
ward from the respective cations. These oxygen displace-
ments will affect the lithium diffusion; Fig. 6 shows the LiOg
octahedrons in LiMO,, each connected by the shared ridge,
in which two triangular faces act as the bottlenecks for the
lithium migration paths. O; and O, on the same oxygen
plane perpendicular to the ¢ axis, being close to each other,
alter the lengths of the three sides of the triangles to 3.10,
3.09, and 2.80 A, whereas the figures are 3.12, 3.12, and
2.90 A in the theoretically optimized undoped LiNiO,. Con-
sidering that the area of the triangle is proportional to the
height of the energy barrier for Li migration, the displace-
ments of the O atoms induced by Mg doping could require a
higher activation energy for lithium migration.
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c) Al doped
model 2

FIG. 5. Calculated atomic arrangements for (a) Mg doped and
[(b) and (c)] Al doped: models 1 and 2 of LiNiO, projected along
001 direction.

B. Atomic arrangements around Al at Ni sites

The calculated atomic positions of models 1 and 2 are
shown in Figs. 5(b) and 5(c), respectively. In both models,
the AI-O bond lengths are 2% shorter than the Ni-O in bulk
LiNiO,. In model 1, O, are significantly displaced toward the
second NN Ni, parallel to the basal plane. As a result, the
Ni-O bonds of the second NN Ni were shortened by 4%.
Experimentally, as the aluminum content increases, x-ray
diffraction patterns of Al-doped LiNiO, (Refs. 8 and 14) ac-
tually showed line broadening, particularly for the (110) and
(113) lines, indicating the local strains in the basal plane.
This can be qualitatively explained by the shortened Ni-O
bonds due to the oxygen displacement in the supercell of
model 1.

The lengths of the three sides of the triangular faces com-
posed of three adjacent O, are 3.10, 3.10, and 2.70 A in

FIG. 6. Possible migration path of Li ions (curved arrows). Gray
triangles presumably act as bottlenecks in the path.
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TABLE 1. Effective charge, Q, of the dopants and their first
nearest-neighbor oxygen.

System Ni site  Li site First NN O
Mg doped 1.5,1.6* 1.6 —1.1,-1.2 * (Ni site)
—1.1 (Li site)
Al doped 2.1 2.1 -1.1,-1272
Reference LiNiO, bulk 1.3 0.7 -1.0

The first and second values correspond to the GGA and GGA+U
results, respectively.

model 1, which have the smallest triangle area among the
calculated model. Because of the area of the triangles, the Li
mobility would increase in the order undoped>Mg-doped
> Al-doped LiNiO,, which is consistent with the fact that Al
doping by a larger amount causes, even at the initial stage of
the cycle tests, high electrical resistance.?’

It is interesting that the first and second NN Ni of the
doped Al have effective charges of 1.3 and 1.5 (1.2 and 1.3)
for model 1 of the GGA+U (GGA) result, respectively, in-
dicating a nonuniform charge distribution with a trend oppo-
site to that of the case of Mg doping. The calculated effective
charges of the dopants and the constituent ions in the LiNiO,
bulk are listed in Table 1. Al always exhibits an oxidation
state much higher than Mg and Ni, irrespective of the occu-
pying site. In terms of the conventional picture of ionic crys-
tals, when Ni is replaced by Al having a smaller ion size and
higher oxidation state, the second NN Ni tends to take a
higher oxidation state (smaller ionic radius), which releases
the lattice stress due to the mismatch between the different
ionic sizes. In fact, the calculated total energy of model 1 is
lower than that of model 2 by 0.3 (0.5) eV per Al atom for
the GGA+U (GGA) result.

C. Local chemical bonding changes caused by the dopants

In order to investigate the local chemical bonding changes
caused by the dopants, the ionic bond strength between ions
i and j was evaluated by /;; defined as

y=-22, @

Fij

where Q; is the effective charge of the ion i and r;; is the
distance between ions i and j. The calculated /;; values of the
several ion pairs of interest are shown in Fig. 7 for the su-
percells of Mg substituting for the Ni site and Al substituting
for the Ni site (models 1 and 2), whose theoretical K-shell
excited spectra were the most consistent with the experimen-
tal spectra. They are plotted with respect to the distances, d,
between the dopants and the center of the corresponding
bonds as illustrated in the inset.

As for the Li-O bonds, the dopants increase their /;; values
slightly, irrespective of the dopants and the models. For the
Ni-O pairs, the bond strengths in the NiO, layer are signifi-
cantly increased within a distance of 3—4 A from the dop-
ants. The AI-O bond has a particularly large I;;, and the
doped Al in model 1 also strengthens the bond between the
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FIG. 7. Calculated ionic bond strengths, I;; (i=0 and j=Ni or
Li) in Eq. (2) for the Mg doped (filled), and models 1 (hatched) and
2 (unfilled) of the Al-doped cases. The horizontal thin lines indicate
the values in the undoped LiNiO,. (a) Ni-O bonds. (b) Li-O bonds.

second NN Ni and O atoms at d=4.3 A. On the other hand,
the Mg doping results irl larger I;;’s than Al doping for the
Ni-O bonds of d=2-4 A.

Previous TEM observations reported that NiO-like cubic
phases were coproduced during the charge/discharge reac-
tions and presumed that these phases were strongly related to
the fading of the battery properties.>® The present theoretical
results suggest that the dopants prevent the NiO, layers in
Li,NiO, from collapsing to form NiO-like phases by the re-
inforced neighboring ionic bonds. This effect is more con-
spicuous for Mg because it induces stronger and more spa-
tially homogeneous Ni-O bonds than Al does.

Chang et al.' reported the electrochemical properties of
Li,NiO, upon systematic charge-discharge cycles: the elec-
trodes of 0.3<<x <1 exhibited no significant degradation af-
ter the cycles irrespective of whether Mg was doped or not,
whereas for the x<(.3 electrodes, only the nondoped elec-
trodes were appreciably degraded. They expected that the
doped Mg at the charged state prevented the following de-
composition reaction:

Li, - 3NiO, — LiNi,O, + O,(g) + NiO. 3)

They discussed that the following two mechanisms can sup-
press the reaction: (1) the presence of inert species (Mg>*
and Ni**) on the transition-metal site helps us to prevent
overcharging during the charging process. (2) The doped Mg
reinforced the interatomic bonding in the NiO, layers. The
present analysis supports the second mechanism.

Let us add a few words about the degree of the covalency.
In the topological analysis of the charge density p(r), p, and
its Laplacian Ap at a saddle in p(r) along the bond path
could be used to evaluate the degree of the covalency. In our
models, Ap values for the Ni-O and Li-O bonds were posi-
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tive, indicating that they were ionic. p at a saddle of the Ni-O
bonds near neighbor to the dopants were larger than those in
the undoped LiNiO,. However their increments were smaller
than one-half of those seen in /;;. These things validate with
our ionic model for the chemical bonding changes caused by
the dopants.

V. SUMMARY

Local atomic structures and chemical bonding around the
dopants Mg and Al in the Li battery cathode material have
been investigated by their K-shell excited spectra and first-
principles calculations. The main results can be summarized
as follows: (1) Mg K spectra of the initial sample indicated
that the Mg atoms mainly occupied the Ni sites. The mark-
edly lowered intensities of Mg K XANES of the cycled
sample suggested that a significant amount of Mg was eluted
out of the electrode active materials to the electrolytes during
the cycle tests. Its profile was broader and extended to both
lower and higher energies. It is concluded from the theoret-
ical Mg K spectra that the actual chemical states of Mg in the
degraded sample should not only be substitutional sites in the
cathode active material but also low oxidation states in by-
products of the cycle test. (2) Although Al K XANES and
ELNES had two major peaks (A and B), the relative intensi-
ties of the initial sample were slightly different, which sug-
gests that the local environments of the Al in the surface
region responsible for XANES would be different from those
in the subsurface region. Al K XANES was most consistent
with the theoretical spectrum of Al whose second-nearest-
neighbor Ni was preferentially oxidized with shorter Ni-O
bonds. Al K ELNES collected from the degraded region in
the cycled sample showed a sharper peak B, which is most
consistent with Al in NiO or Al in the Li site. (3) In the
energetically stable atomic arrangements around the dopants
Mg and Al, the first nearest oxygen atoms and those coordi-
nating to the second-nearest Ni atoms were significantly dis-
placed, compared to the undoped LiNiO,. Assuming that the
triangular areas constructed by those displaced oxygen atoms
act as bottlenecks for Li migration, the mobility of Li would
increase in the order undoped>Mg-doped> Al-doped
LiNiO,. (4) Tonic bond strengths were evaluated using the
calculated effective charges and bond lengths. Mg induced
stronger and more spatially homogeneous Ni-O bonds than
Al did, indicating that Mg would be more effective for pre-
venting the fading of the battery properties by reinforcing the
interatomic bonding in the NiO, layers.
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