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Cation Mixing During Lithium Intercalation into 
and Deintercalation from 

LiAlyNil,Oz (0 I y I 0.25) Electrodes 

SU-IL PYUN, MIN-HYUNG LEE, HEON-CHEOL SHIN 
and SUNG-WOO KIM 

Department of Materials Science and Engineering, Korea Advanced Instituted of 
Science and Technology, 373-1 Kusong-Dong, Yusong-Gu, Tuejon 305-701, 

KOREA 

Cation mixing during lithium intercalation into and deintercalation from Lil.~A1yNiI.yO~ 
(y = 0; 0.05; 0.25) electrodes was investigated by using galvanostatic intermittent titration 
technique (GITT) and X-ray diffrdctometry (XRD). From thc XRD patterns obtained from 
the Lil.&Ni02 electrode, the interlayer spacings of the lithium-poorest H3 phase were deter- 
mined to be smaller than the neighbouring hexagonal H2 phase by 0.03 nm. The cation mix- 
ing, i.e., the substitution of nickel ions for lithium vacant sites can account for this shrinkage. 
The diffusion of lithium ions in the H.? phase was strongly impeded by both the shrinkage of 
interlayer spacings and the presence of nickel ions in the lithium vacant sites. From the 
experimental findings that the width of potential plateau at 4.20 V L ~ / L ~ +  became niirrower 
with increasing aluminum content, y, it was suggested that the substitutive aluminum ions 
stabilize the layered structure, thus suppressing the cation mixing. 

Keywords: cation mixing; Li,.~AI,Nil.,O~ electrodes; galvanostatic intermittent titration 
technique (GITT); X-ray diffractometry (XRD); aluminum ions 

INTRODUCTION 

The lithiated transition metal oxides such as LiCoOj’’, LiNiO2lz1, and 
LiMn2OJ3’ have been of great interest as cathode materials for secondary 
lithium batteries. In particular, LiNi02 has attracted considerable attention[*.” 
because of its low cost and good charge retention compared with the first 
commercial material LiCoO2. However, the ideal stoichioinetric LiNi02 is 
dificult to synthesize, and the capacity loss occurs during the overcharge 
process above 4.20 VL,L,+[~’. Recently, several studies have been devoted to  the 
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stabilization of the layered structure by substituting aluminum ions for nickel 
ions, i.e., formation of a solid solution with LiAIyNil.,02 (0 < y 5 0.25) 
cornposition"* 'I. 

This work discusses the cation mixing during the lithium intercalation into 
and deintercalation from the Lil.GAlyNii-yOZ (y = 0; 0 05; 0.25) electrodes in 
terms of measured interlayer spacings and diffusivities of lithium ions in the 
electrodes. For this purpose, we employed galvanostatic intermittent titration 
technique (GITT) and X-ray diffractometry (XRD). 

EXPERIMENTAL 

The LiAIYNil.,O2 (y = 0; 0.05; 0.25) powders were prepared by the calcination 
of pressed mixtures of LiN03, AI(OH),, and NiCO, in a molar ratio of cations at 
600 c for 5 h in air. followed by heating them at 750 'c for 10 h under an 
oxygen stream (500 sccm (standard cc per minute)) with intermittent grindings. 
The prepared oxide powders were then mixed with 6 wt.% Vulcan XC-72 
carbon black and 2 wt.% PVDF (poly-vinyliedene fluoride) in NMP (n-methyl 
pyrrolidone) solution. The stirred mixture was spread on 3 16 stainless steel ex- 
met. Upon the evaporation of NMP, the carbon-dispersed composite electrode 
specimens were dried under vacuum over 6 h 

A three-electrode electrochemical cell was employed for the 
electrochemical experiments. Both the reference and the counter electrodes 
were constructed from lithium foil (Foote Mineral Co. U S.A.. purity 99.9%) 
and 1 M lithium perchlorate (LiCI04) propylene carbonate (PC) solution was 
used as the electrolyte. The apparent geometric area of the working electrode 
was 2 cm2. All electrochemical experiments were conducted at room 
temperature in a glove box (MECAPLEX GB94) filled with purified argon gas. 

Galvanostatic intermittent charge-discharge curve was obtained by using a 
solartron 1287 Electrochemical Interface (ECI). Applying a constant current to 
the cell upon charging', the resulting cell potential transients were recorded. 
M e r  interruption of the current pulse, the decay of the open circuit potential 
was followed with time until the fluctuation of the open circuit potential fell 
below 0.01 VLik,+ This potential value was just recorded as an electrode 
potential, The application and interruption of the constant current continued 
until the electrode potential of the LiNiO? and LiAIYNil.,O2 (y = 0 05; 0.25) 
electrodes reached 4.8 and 4.4 VI.,~,,., respectively, after which we performed 
the measurement in the reverse direction, i e , upon discharging" until the cell 
potential attained 3.0 VL;~,,, I n  order to characterize the change of crystal 

* Upon charging the cell by application of anodic current, the lithium 

**Upon discharging the cell by application of cathodic current, the lithium 
deintercalation occurs from the LiAI,Nil.,02 electrode. 

intercalation occurs into the LiAI,Ni,.,O, electrode 
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structures during the lithium intercalation into and deintercalation from the 
LilaNiOl electrode, XRD patterns were recorded at various lithium contents, 
( I S ) ,  on an automated Rigaku powder diffractometer using Cu K, radiation. 
The XRD was carried out over the scanning angle 20 range of 10 to 80 O at 
the scan rate of 4 "/min. 

RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of the LildNi02 electrode during the lithium 
deintercalation at various lithium content, ( 1 4 ) .  As can be seen in Figs. l(a), 
I@), and I(c), it was observed that the hexagonal phase of an as-prepared 
LiNi02 electrode, H1, is changed first to monoclinic phase, M, which is further 
transformed to another hexagonal phases having different lattice parameters, H2 
and H3, as lithium is deintercalated 

(a) LiNiO, Hexagonal H1 

3 
I 
arb ;o ;o 40 ;o $c :o 

20ldeg  

5 Li,,,NiO, 
a . I (') Hexagonal H2 and H3 I 

(b) Li, ,NiO, Monoclinic M 

FIGURE 1 X-ray diffraction 
patterns of LilaNiOZ (a) as 
prepared, (b) charged to cell 
potential 3.85 VL,~,,. ,  (c) charged 
to cell potential 4 30 VI.,IL,+ The 
Miller indices of the Bragg peaks 
are indicated over the each peak 

20ldeg  

The interlayer spacings of the H3 phase were calculated from the analysis 
of the XRD patterns to be smaller by 0.03 nin in value than those of the H1, M, 
and H2 phases which are approximately the same. This shrinkage was in good 
agreement in value with those obtained by Ohzuku et al.'9' and Arai et al."'" 
Delmas'''] reported that the considerable shrinkage in H3 phase is strongly 
caused by the migration of nickel ions into lithium vacant sites. For higher 
degrees of deintercalation, the layered structure of Lil.aNi02 becomes unstable 
since the number of remaining Li' ions is not large enough to screen the 02--0'- 
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repulsions between the two sides of the Van der Waals gap. To stabilize the 
structure during the overcharge process, some nickel ions move from the slab to 
the intersheet space. Using Rietveld refinement method, Hirano et al.’”’ also 
found that the nickel ions substituted for lithium ions prevent the lattice 
distortion during the lithium deintercalation. 

Figure 2 demonstrates the first galvanostatic intermittent charge-discharge 
curve and open circuit potential transients in the potential range of 3.0 VLii+ to 
4.8 V ~ a i ,  obtained from the A-undoped LiI4NiO2 electrode as a function of 
lithium content, (l-C5), in 1 M LiCIOs-PC solution. The deviation from the ideal 
stoichiometry of LiNi02, 6, was calculated from the values of the mass of the 
oxide and of the electrical charge that is transferred during the application of 
current pulses. The open circuit potential transients of the Li~aNiOz electrode 
display three potential plateaux at 3.65 VL,&;+, 4.00 VL,&,., and 4.20 VL,&,+, 
which proved to be caused by coexistence of H I  and M in equilibrium, M and 
H2, and H2 and H3, respectively[’”. 

U H : Hexagonal slruclure 
A 5  M Monoclinic structure 

.3 4.0 t 
0 a 3.0 

(1-8) in Li,,NiO, 

FIGURE 2 First galvanostatic 
intermittent charge-discharge 
curve and open circuit potential 
transients in the potential range 
of 3 0 to 4.8 VL,&,, obtained from 
the Lil.sNiOz electrode. Open 
circle and open triangle symbols 
represent open circuit potentials 
during charging the cell 
(deintercalation from the 
electrode) and discharging the 
cell (intercalation into the 
electrode), respectively. 

Figures 3(a) and 3(b) illustrate the first galvanostatic intermittent charge- 
discharge curves in the potential range of 3.0 VL, ,~, .  to 4.4 V1.i~~. obtained from 
the Al-doped Lil~A10.UJNiu.9J02 and Lil.6AIl~.2JNi0.7~02 electrodes, respectively, 
as a hnction of lithium content (1-6) in I M LiCI04-PC solution. From the 
comparison of the first galvanostatic charge-discharge curves for the A-doped 
LilaAlyNil.,02 (y = 0.05; 0.25) electrodes with those results for the AI-undoped 
L i l d i 0 2  electrode, it was found that the potential plateau at 4.20 VM,, was 
narrowed in width with aluminum content and finally the potential plateau 
disappeared in the Al-doped LiI,Ala ~J”I~, 7 ~ 0 ~  electrode. This means that the 
layered structure of the Lil.PAlyNil.y02 electrodes is  stabilized by the substitutive 
aluminum ions. As a consequence, the cation mixing is suppressed during the 
lithium deintercalation with aluminum content and finally it does not occur in 
the A-doped L i l&l~ .2~NiU.7J02  electrode. Such an impediment of the cation 
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where D L , , . ~ ~ ~  is the component diffusivity of lithium ions (cm2s'l); R, the gas 
constant; T, the absolute temperature and -[1<7Y(f-4b-j(d#dE) represents the 
inverse of the thermodynamic enhancement factor. The component diffusivity is 
a measure of the random motion of lithium ions in the absence of a 
concentration gradient and is mainly determined by the number of vacant sites 
available for the jump of lithium ions in the oxide and the structural modification 
of the oxide induced by the intercalated lithium iond'""7! 

The chemical and the component dityusivities of lithium ions in the single 
phases such as HI, M, H2, and H3 during the lithium deintercalation from the 
LilaA1,Nil.,02 (y = 0; 0.05; 0.25) electrodes are plotted in Figs. 4(a) and 4(b), 
respectively. as a function of li thium content, (1-6). The diffusivities of lithium 
ions obtained from the Lil.sA1,NiI.y02 (y = 0; 0.05; 0.25) electrodes in the range 
of (1-6) 2 0.4 decreased with lithium content. The decrease in the difisivities 
with lithium content is attributable to the reduced number of vacant sites 
available for the jump of lithium ion$". I 7 I  

lo* p" 

L 
10-'0 0.1 0 2  03 

0 LiAI,,Ni,,O, 
A LiAI, ,Ni, 7502 

A 0 4  0 5  06 0 7  08 

0 

A 

0 1  

LiAI,,Ni,,02 
A LiAI,,Ni,,,O, 

2 02 03 0.4 0 5  0 6  07 08 

(1-6) in Lil,AlyNil.yO, (1-5) in Li,,AlyNil.yO, 

FIGURE 4 (a) Chemical diffusivity. G,,. ' I ,  and (b) component diffusivity, 
D,.,,, of lithium ions in the Lil.sAlyNil.,O~ (y = 0; 0.05; 0.25) electrodes 
during the lithium deintercalation as a ftinction of lithium content (1-8) at 
room temperature. 

In the case of the Al-undoped Lil.SNiOZ electrode, the diffusivities of 
lithium ions in the H3 phase in the range of (1-6) 2 0. I ,  were smaller in value 
than those in the H2 and M phases by about one or two orders of magnitude 
This suggests that the diffusion of li thium ions through the H3 phase is strongly 
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impeded by the shrinkage o f  interlayer spacings and the presence of  nickel ions 
in the lithium vacant sites. O n  the other hand, the diffisivities in the Al-undoped 
Lil&02electrode at various lithium contents above (1-6) = 0.4 were nearly the 
same in value with those o f  the A-doped LiI.&l,Nil.yO~ (y = 0.05; 0.25) 
electrodes. It is indicated that the cation mixing impeding the diffusion o f  
lithium ions does not occur in this range of (1-6) t 0.4. 

CONCLUSIONS 

In the present work, the cation mixing during lithium intercalation into and 
deintercalation from the Li,aAIyNil.,02 (y = 0, 0.05, 0.25) electrodes has been 
discussed in view o f  interlayer spacings and diffusivities of  lithium ions 
determined from XRD patterns and galvanostatic intermittent charge-discharge 
curves, respectively. The results are summarized as follows; 
1. The diffisivities of lithium ions in the H3 phase of the Al-undoped LildNiOZ 
electrode were smaller in value than those in other phases such as  the 
monoclinic M and hexagonal H2 phases by about one or two orders of 
magnitude. This suggests that the diffusion of lithium ions within the H3 phase 
is strongly impeded by both the shrinkage of  interlayer spacings and the 
presence of nickel ions in the lithium vacant sites as confirmed from the analysis 
of the Mu) patterns. 
2. As aluminum content y in the A!-doped Lil.sAIyNil.yO~ electrodes increased. 
the potential plateau at 4.20 VI.A,, which results due to  the coexistence of  H2 
and H3 phases was more narrowed in width. This means that the aluminum ions 
stabilize the layered structure, thus impeding the cation mixing. 
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