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Abstract

The electronic structures of LIN¥JLIAIO > and LiNig sAl g 502 are investigated using density-functional theory (DFT) in the local-density
approximation (LDA). The effect of lithium intercalation and the influence of aluminium doping on the structure and electrochemical prop-
erties of LINIO, are discussed. An increase in the open circuit voltage is observed with Al doping ifsiNisO, compound.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of much interest as rechargeable battery cathodes as they
may offer the possibility to improve properties over those
Rechargeable lithium batteries have been intensively stud-of single-metal oxides (LiM@) [15-20]
ied over the last and the present decades and are now avail- Compared to the transition metals, Al has not received
able as competitive energy sourf. Therefore, further  wide attention as a dopant, with only few report on
improvements are anticipated concerning the environmentalLiAl yM;_,0, (M = Co, Ni) system[21-23] Al substitu-
compatibility, energy density, specific energy, cycling behav- tion of the transition-metal cation has been shown theoret-
ior, etc. To achieve some of these goals, a great number ofically [6—-10] and experimentally2—5] to increase the cell
experimental works has been devoted to the structure charvoltage. This effect has been verified for Li&lo,_,0»
acteristics and the specific properties of intercalation com- solid solution [24]. Moreover, LIAIG; is stable in the
pounds[2-5]. However, there still exist many unanswered «-NaFeQ structure at temperature below600°C [25]
guestions on the performance of these materials. Indeed, exand it has a stabilizing effect of the structure as reported for
periments in this area require an immense amount of time monoclinic LiAl,Mn1_,0; [26]. Its low cost and low den-
and manpower for synthesis, characterization and cycling. In sity makes LIAIQ attractive as an intercalation compounds
parallel, a significant volume of theoretical studies has been constituent.
devoted to the calculation of band structure of intercalation The important features of a lithium/metal-oxide com-
compounds using different computational methf@isl 0]. pound for battery applications include the voltage at which
Lithium metal oxide with the layer structure LiMQ it exchanges lithium, the amount of lithium that can be
(M = 3d transition metal]11-13]has drawn considerable reversibly intercalated and the stability of the material. The
attention for lithium-ion cell application due to its high first two properties determine the energy density and the
energy density and capacity. It has, however, a few disavan-latter limits the lifetime of the battery. Ceder et [4,27]
tages, e.g. stoichiometric LiNiOis difficult to synthesize. have demonstrated that the average potential for intercala-
When used as cathode material, LiNif3 less stable struc-  tion can be obtained from the energy change in the reaction:
turally upon cycling and shows severe capacity fading, etc.

[14,15] Various attempts have been made to minimize these Li + MxM7_,0; — LiMM}_ O, @
problems. Recently, lithium metal oxides with a mixture ) o o
of cations on the metal site (LiM,M/Oz) are currently First-principles computation is able to calculate the energy

of the three compounds iEq. (1) and hence the average
potential, for any metal M or combination of them, in any
* Corresponding author. Tel:33-321-791782; fax:-33-321-791782.  Structure, whether these conditions have been experimentally
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0378-7753/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2003.11.063



214 T. Amriou et al./Journal of Power Sources 130 (2004) 213-220

In this paper, the Al effect on the structure and elec- The energies of these oxides are calculated itiNaFeQ
trochemical properties of LiNi® compound has been in-  structure. The symmetry of this structure i8rR. Three de-
vestigated. Numerical calculations were performed on the grees of freedom exist: the andc-lattice parameters and
LiNiO», LIAIO, and extended to quaternary spinel phase the internal coordinate. Lattice constants and internal co-
LiAl g 5Nig50o. ordinate are relaxed to find the lowest energy. Combining
the basic thermodynami¢86—38]and these total energies,
the AIV of these compounds can be predicted.

2. Computational details For the electronic configuration, the states treated as bands
were: Li(2s), Ni (4s, 3p, 3d ), Al (3s, 3p) and O (2s, 2p).

Our calculations were performed using density-functional The muffin-tin radii chosen are 1.8, 1.9, 1.9 and 1.55 a.u. for
theory (DFT)[28-30] with the exchange-correlation func- Li, Ni, Al and O, respectively.
tional treated in the local-density approximation (LDA)
as parametrized by Hedin and Lundqvi®l,32] The
eigenvalue problem was solved applying the full-potential 3. Result and discussions
linearized augmented-plane-wave (FP-LAPW) method as
implemented in the WIEN2K codf83-35] This method 3.1. Structural properties
has been known to be one of the most accurate quantum
mechanical methods since it improves upon linearization  Using the first-principles all electron full potential LAPW
and makes possible a consistent treatment of semicore ananethod, the geometry optimizations were performed on the
valence in one energy windows and allows inclusion of local layered trigonal LiNiQ, LiAIO 5 and LiNigsAl 9502 as well
orbits in basis. In order to achieve a satisfactory degree of as the corresponding host structure. The results fou el
convergence, the cutoff parameters used in the LAPW calcu-c lattice constants, the oxygen positional parametard the
lation are summarized shortly in the following: in the muffin  volume are listed iTable 1 Where available, experimental
tin spheres the wave functions were expanded in sphericaldata is added in parenthesis.
harmonics with an angular momentum upifh, = 10. Non- For LiNiO, the a and ¢ lattice constants are approxi-
spherical contributions to the electron density and potential mately 2% smaller than Ni In the case of the LiAIQ, the
within the MTs were considered up t&oéx = 4. The cutoff a andc lattice constants are respectively 1 and 6% greater
for the Fourier-series expansion of the interstitial electron than the delithiated structure. The effect of the aluminum
density and potential was chosen to Ggax = 14 bohr? doping on the lithium nickel oxide has been investigated
and the cutoff for the plane wave basis Binax = 8. In by substituting 50% of the nickel by aluminium atoms. The
general, the local-density approximation presents some de-a-parameter is slightly increased by about 1% and an im-
ficiencies as a modest increase in computational workload. portant increase (15%) of theparameter is observed when

To calculate the electronic structure of the quaternary lithium is intercalated into the host structure. As is typical
spinel phase, a layered trigonal supercell was used whichin LDA, the optimized volumes from our calculations are
contains one nickel and aluminium ions, two lithium and smaller than the experimental values.
four oxygen ions, thereby providing the Li#dNig 502 con- The « lattice constant, in all intercalated compounds, is
tent. In such compound, only three points are used to rep-slightly modified by the lithium intercalation and this vari-
resent the Brillouin zone comparatively to ten points for ation can be directly related to the metal-metal distance. In
LiNiO2 and LiAIOs. the Table 2 the metal to metal distance and lithium—oxygen

To determine the average intercalation voltage (AlV), bond lengths for the intercalated and deintercalated com-
the total energy of three structures is required using the pounds as well as the metal-oxygen bond lengths are
FP-LAPW method: metallic lithium in body centered cu- given. The hexagonal layered structure can be described
bic and the oxide structures before and after intercalation. by a slab formed by a plane of transition metal atoms, in

Table 1
Computed crystallographic (the lattice constamtand ¢, and the oxygen positional paramet@rparameters for LiNiO2, Li,AlO,, and Li;Nigs5Alg502
compounds in the-NaFeQ structure (withx =0 and 1)

Compounds a (A c (A) z vV (A%)

ONiO, 2.79, 2.87 (2.84) 13.13, 11.70 (13.47) 0.263, 0.255 29.61, 27.82 (31.38)
LiNiO 2 2.82, 2.93 (2.88) 14.06, 13.20 (14.19) 0.259, 0.260 (0.259) 32.30, 32.71 (33.97)
CIAIO, 2.85 (2.87) 11.33 (11.70) 0.253 (0.255) 26.69 (27.82)

LIAIO 2.78 (2.8) 13.32 (14.23) 0.258 29.70 (32.21)
[INigsAlg50, 2.98 12.58 0.257 32.28

LiNi 0.5A1 0505 3.01 (2.855) 14.84 (14.24) 0.254 38.95 (33.62)

The [ indicates the host structure without intercalation. THecorrespond tor = 0.
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Table 2 _ ' _ _ bands below the Fermi level. These bands, derived from the
Computed average intercalation voltage, in volts, for LiM©@om- 2s states of the oxygen atoms, do not contribute to the bond-
pounds, and metal-oxygen, sodium—oxygen and metal-metal distances in P . .
(CILMO» compounds, all entries in (A) ing. For the aluminium compounds, the second region is

composed of six bands mainly due to 2p-O. In the case of

LINIO2 LIAIO 2 LiNiosAlos02 the nickel compounds, nine bands are obtained and they are
AlV's 3.32 (3.9[11]) 5.3 (5.4[24]) 4.0 originated mainly from 2p-O in some part of the Brillouin
d(M-0) (/i) 1.85/1.93 1.88/1.89 1.62/1.68 zone and 3d-Ni in another part of the zone, as can be seen by
d(i-0) (L)  —2.08 —2.01 —1.70 an overlap and a mixing between these bands iTtpeint
dM-M) (O/Li)  2.79/2.82 2.85/2.78 2.98/3.01

(six bands are the 2p-O character and three bands are the
The[d indicates the host structure without intercalation. Theorrespond d(r2,)-Ni character). The band ordering is really different at
tox=0. the I'-point in NiO, comparatively to LiNiQ. In NiO, the
first three bands are originated from 2p-O with an important

between two planes of oxygen. Interaction between atomscontribution of the d4,)-Ni which implies the presence of
in a slab (M-0O) are mainly covalent, while the slab-to-slab strongo bond without excluding ther bond. The second
interactions (Li-O) are generally weaker. The M-O dis- three bands are dominated by the,@¢Ni bands and the
tance (shorter than the Li—-O distance) decreases from Nijast are derived from 2p states of the oxygen. For LiNiO
to NigsAlps. The covalent character appears to be more the first part remains the same with an increasing of the par-
important in the Ni.sAlo5 in comparison to the Al and Ni-  tjal charges d(@-Ni and a decreasing of g¢)-Ni which in-
compounds. This theoretical result confirms the important dicates the presence of very stromgnd reducedr bonds.
role of the aluminium effect in order to stabilize the lithium These bands are followed by p—O bands. In the third order,
nickel oxide in thea-NaFeQ structure and corroborates the d(be)-Ni bands are obtained. The highest band shown in
experimental observatioj2-5]. Fig. 1a are originated from d¢g-Ni in the NiO, and LiNiO,

When Li is intercalated, the M—O bond length increases compounds. Fronfig. 1h the highest band above Fermi
in Ni and Nip5Al o5 compounds. This structural effectis due |evel is originated from s-Al, because in AJ@nd LiAIO,,
to the lithium influence into the space between the O-M-O the repulsive interaction with the O s-bands shifts this band

slabs, which pulls the oxygen towards it and leading an to higher energies above tigr. This band is followed by
increase of the M—O distance. For Al compound, same M-O p-Al band which does not contribute to the bonding.

bond length is reported. This feature is attributed to the small  Comparing the band structure of the intercalated and
nuclear Al charge which induces an effectively smaller metal deintercalated compounds, all the bands are shifted to higher
ion. energies due to the lithium intercalation. The Fermi energy
Table 2gives the predicted average intercalation voltage increases with the increasing of the number of valence
for Ni, Al'and Nig5Algs compounds. For lithium insertion  electron from deintercalated to intercalated compound. Fi-
in spinel structures, it can be seen that there is a reasonnally, the intercalated compound is more covalent due to
able agreement between experimental and calculated valueshe increasing of the bond comparatively to the parent
with the experimentally potential consistently being under- compound.
estimated by about by about 1/2'V for LiNiGompound. The electronic structure of the quaternary alloy and the
For LIAIO2, the AIV is in the same order with the theoreti- corresponding host structure is similar to those obtained for
cal value reported by Aydinol et gi38]. Moreover, the Al the oxide compounds. The narrow band which has little in-
compound induces clearly an AlV which is higher than that teraction with other states is dominated by the s-O charac-
of any lithium transition-metal oxide. From the value of the ter. The next bands consist of 2p-O and lowers2g¢Ni
average intercalation voltage obtained for the mixed com- orbitals. In these bands, the Ni-O mixing is also shown. The
pound (LiNips AlosOy), it is clearly that the potential in-  pand at the Fermi level is mainly 3g)-Ni character fol-
creases systematically with the substitution of the nickel by |owing by the s-Al and p-Al, respectively. As Li is inter-
the aluminium. This variation confirmed the positive effect calated into the host, the Fermi level moves up in energy
of aluminium as it is demonstrated experimentgBy5] and (3.54-4.80eV) and the all bands are shifted up. Moreover,
predicted theoreticalljg—10]. In this case, the AlV increases  the band ordering is similar comparatively to the host struc-

by about 0.7V in comparison to pur nickel compound. ture.
3.2. Electronic properties 3.2.2. The density of states

The total DOS are shown iRig. 2 for Li,Ni,Al1_,Op,
3.2.1. Band structure wherex = 0; 1 andy = 0; 1. The lithium intercalation effect

In Fig. 1a and bthe LDA calculations of the band struc- can be examined into nickel compound by comparing the
tures of LINIO; and LiAIO; as well as the delithiated corre-  total and partial DOS for LiNi@ and Ni&; shown inFig. 2a
sponding compounds in theNaFeQ structure are shown. It is clear that the O-2s band dominates the first region in
The band structures and band ordering are very similar in the lithiated and delithiated compound. In the second region
the first region characterized by an energetically low lying for the LiNiO,, the O-2p band extends over the wide energy



216 T. Amriou et al./Journal of Power Sources 130 (2004) 213-220

-0,254
-0,6 -

-0,50
-0,8 -0,754

-1,254

1,2
(2)

ol
o
-

(b)

1,04 LiNi, Al, O,

Py
70 70
/\M
——

0,8+

0,41

0,754

056)-\/\

oEF- — ~—— 025 N
o
Mg

CN\ N\ Ni, Al O NIV WANDAVE
o~ AN

NN/ 230

0,01 ——’\/\/ 0,00- g
L N ] S~ = NP N
ranma =] =T =~

—0,2-/\/\/\ L~ ——F—————]

-0,25-
0,4
-0,50-
-0,6
-0,75-
-0,8
_———————

T Il N e S N L Y I~
\/\

1,21 -1,25

(©) F L (d) F L

Fig. 1. The LDA energy band structure of LiMil;_,O, compounds in the layered structure, where- 0, 1 and 0.5.

range with a important contribution of the Ni-3¢J bands. O-2p and Ni-3d bands in Ni©has reduced to a minimum
Moreover, the Ni-3d band is mainly located in the higher of the density of states which separe these two bands in
energy region. The lithium intercalation into NiGnakes LiNiO 2. In addition, the Fermi level Eshift up, from the top
the O-2p band to shift up largely (from0.24 to—0.10 Ryd of the d(b,) to the bottom of the d¢) band in the LiNiQ.

in NiO and LiNiOy, respectively). The overlap between the This feature is attributed to the fact that the intercalated
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electron has to be accommodated in the high energy §i}d(  LiNigsAlg50>. For this purpose, we have chosen the (110)
band. For LIAIG and AlO,, (Fig. 2b), the band ordering is  crystallographic plane which contains lithium, oxygen and
very similar for the first and the second region. The main nickel (aluminium) ions for all compounds. For these cal-
difference concerns the third region which is constituted to culations, all atomic positions were assumed to remain the

the Al-3s and Al-3p characters. same after lithiation.
From Fig. 33 it seems that there is no doubt that the
3.2.3. Valence electron density charge transfer is from the Li to the Ni and O ions in

To study the Li intercalation effect on the valence LiNiO, and only to O ions in LIAIQ. For the quaternary
electron density, we have calculated the difference be- alloy (LiNigs5Alps02), the same feature is observed. From
tween the valence electron density in LINICLIAIO » and Table 3 the difference in the electronic charge inside the
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Fig. 3. Difference in the charge density between the lithiated and the
unlithiated materials. The plane shown is parallel to ¢kexis and con-
tains lithium, oxygen and nickel (aliminium) ions. (a) LINiNIO2, (b)
LiAIO 2/AlO2, and (c) LiNips5Alg502/Nigs5Al0507.

Table 3
Electron charge-transfer values to oxygen (O) and transition metals (M)
upon intercalation of Li into M@ compounds in the-NaFeQ structure

Ni-O Al-O (Nig5Alg5)—-0O
M 0.21 - 0.31 (Ni) - (Al)
(0] 0.21 0.36 0.154 (01) 0.227 (02)

Note that there are two anions per unit cell.

atomic sphere between the crystal (LAPW) va@g;’:in

LiNi yAl1_,O, and the superposed atomic valQéﬂggﬁein

Ni,Al1_,O2 (wherex = 0, 1 and 0.5), which is the quantity
defined the charge transfer in a compounds before and after
the intercalation is presented. From these values, a charge
transfer of about 0.2 an electron from the lithium to the nickel
and the oxygen atoms occurs in the Nickel compound. This
result is similar to those obtained by Aydinol et i7,38]

In the case of the aluminium, there is exclusively a charge
transfer to the oxygen atoms of about 0.36 electron. For the
guaternary alloy, the increasing of the charge transfer to the
nickel by about 32.5% is observed comparatively to LipliO
Moreover, the charge transfer to oxygen is slightly increased
in comparison to pur compound (LiNiCGand LiAIOy).

4, Conclusion

In this paper, we showed that the linearized augmented
plane waves method can be used to estimate the average in-
sertion potentials as well as the electronic structure ofaNiO
AlO2 and Np Al 502 cathodes for secondary lithium bat-
teries. The agreement between the experimentally mesured
and the calculated average potential is consistently underes-
timated by about 1/2V for LiNi@, whith confirms the ac-
curate prediction of the LAPW method for all compounds.
Moreover, we find that the substitution of Ni by Al lead
to higher Li intercalation voltage comparativelly to the pur
compound (LiNiQ) and stabilize the structure. We have
shown that the charge transfer from Li to Ni atoms has an
effect on the AIV without exclude the great importance of
the charge transfer from Li to O atoms as demonstrated by
many authors.
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