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Abstract

LiNi g sMng 502, LiNig 475Al 0.0sMNg 47502, and LiNig sMng 45Ti0.0s0, Were prepared via the emulsion drying method. The as-prepared mate-
rials showed different degrees of cation mixing. Rietveld refinement of X-ray diffraction data revealed that Al and Ti doping4NhgND,
was significantly effective to decrease the cation mixing in the octahedral Li layers. The cation mixing consequently affected to the charge and
discharge capacities. The irreversible capacity was the smallest for the Al dopgdMiNisO,, which showed the smallest cation mixing. Al
and Ti doped LiN§ sMng 50, delivered a stable capacity of about 175 mAf with high reversibility. Such higher capacities were possible
to be obtained by the achievement of structural stabilization and enhancement of structural integrity by Al and Ti dopingMrigibD,.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction electrochemically inactive M provides structural stability
by stable electronic configuration like AMnOs—NiO solid
LiIMO2 (M =Co, Ni, Mn)is of greatinterestforapplication  solution, the material shows a stable high capacity of about
in rechargeable Li-ion battery system. Even though LiNIO 150 mAh g1, good cyclability, and thermal stability upon
exhibits relatively higher capacity, the material shows irre- cycling in the voltage range.
versible phase transitions during charge and discharge, which  However, it was known that powder preparation of
may cause capacity decrease on cycling. Also, the exothermicLiNj y sMng 50, is not so easy by a conventional ceramic
decomposition of LiNiQ in a highly oxidized state at higher  method. In order to synthesize LifiMng 505, most of re-
temperature<{200°C) raises greater safety concefhk search groups have selected co-precipitation method to pre-
Recently, LiNpsMnosO2 was introduced by Ohzuku  pare double-transition hydroxide, i.e.,g8Mng s(OH), as a
and Makimura[2] and Dahn and coworkerf3]. They  precursor. Purity of a large amount of transition metal doped
suggested that the average oxidation state of Ni and Mnhydroxide as a precursor played a significant role to decide
in LiNigsMngsOz are 2+ and 4+, respectively, and the the quality of the targeted materials.
electrochemical reaction is mainly based o™i re- In this work, the process of the metal double hydrox-
dox couple between 2.5 and 4.6V versuS.|Because the  ide preparation was successfully replaced by employing an
emulsion drying method, as we reported systematically. Pre-
* Corresponding author. Present address: Tokyo University of Science, viously, we have successfully prepared the wide solid so-
fShinjlg(luégOzkzygslfjg8601, Japan. Tel.: +81 3 5228 8749; lution range of spinel type LiAMn,_4O4 [4] and layered
ax: 61 < : _ LiMnyCr1_xO5 [5]. Here, we report on powder structural and
E-mail addresskomaba@rs.kagu.tus.ac jp (S. Komaba). electrochemist[rylof layered Al Ff):lnd Ti oFI)oped LNMng 502
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Kyonggi-Do 450-090, South Korea. prepared by the emulsion drying method.
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2. Experimental g o Observed

Calculated

Al and Ti doped LiNpsMngsO, powders were pre- =
pared by the emulsion drying method. We previously
reported details of the emulsion drying methi@. Start-
ing materials used for the synthesis of Al and Ti doped
LiNig.sMngs02 were LINOs (Kanto), Mn(NG),2-6H,0
(Kanto), Ni(NGs)2-6H20 (Kanto), AI(NGs)3-9H,0 (Kanto),
and Ti[OCH(CH)2]4 (Aldrich). In the starting emulsion, ) ‘
the atomic ratios of Li/(Ni+Mn), Li/(Ni+Mn+Al) and ———— — —————
Li/(Ni+ Mn + Ti) were 1.25. The obtained powder precursors ()
were preliminary annealed at 400 for 6 h in air to oxidize
Mn'" into Mn'V, because the average oxidation state of start- —— T T T
ing Mn source was 2+. And then, it was calcined at 95@or S e
12 h in air. The resulting powders were thoroughly washed
with distilled water to remove residual lithium salt, then dried
at 110°C. To understand structure of the prepared materials,
X-ray powder diffraction (XRD) measurements were carried
out using a kv radiation of Rigaku Rint 2200 diffractormeter.
The collected intensity data of XRD were analyzed by the
Rietveld refinement program, Fullprof 2004. i

For electrode preparation, the prepared powders from —— r r r r T r
the emulsion-dried precursor were mixed with 5wt.% o) S
of graphite, 10wt.% of acetylene black and 5wt.% of
polyvinylidene fluoride binder itN-methyl pyrrolidinone un- Fig. 1. Rietveld refinement XRD patterns of (a) LiMisAl 0.0sMno.47:07
til a slurry was obtained. The slurry was pasted onto Al foil, and (b) LiNip sMng 45Tio 0502 calcined at 950C for 12 h in air.
and the electrodes were dried at 22Dfor 1 h, and then roll-
pressed and dried at 8C for 1 day under vacuum state. For resulting XRD peaks are quite narrow, which indicates high
electrochemical investigation, a coin-type cell (2032) con- crystallinity. The prepared materials haveNaFeQ struc-
sisted of cathode, lithium foil as an anode, separator and 1 Mture (space groupR3m) and can be indexed as hexagonall
LiPFgin ethylene carbonate:diethylcarbonate (2:1involume) |attice. In all cases, a single phase was observed. From chem-
as an electrolyte. The assembly of the cells was carried outical analyses by atomic absorption spectroscopy, it was found
in an Ar-filled glove box. The cells were firstly charged, and that the final products have stoichiometric compositions. For
then discharged between 4.6 and 2.7 V versQsutiih cur- the refinements, it was supposed that’Nocated at 3a sites
rent densities of 20 MAg' at 25°C. can exchange the sites with*Loccupied at 3b site due to

In situ XRD data were obtained using a Rigaku Rint 2200 similarity of their ionic radii (Li": 0.69A, Ni2*: 0.76A [8]).
diffractormeter from 2=10"to 70°, with a step size of 0.03 A possibility of the cation mixing was excluded for other el-
and a count time of 5s. The in situ cell and attachment were ements due to difference in the ionic radii. As can be seen
fabricated by Rigaku Inc., with a polypropylene film window in Fig. 1, the observed and calculated patterns match well
fitted in the base of the cell to avoid the corrosion of a con- for the Al and Ti doped LiN§ sMno 5O-. The integrated in-
ventional beryllium window at higher potentials. The cellwas tensity ratios oflgg3/l104 Were 0.993, 0.984 and 0.955 for
charged and discharged with a current density of 20mAg Al and Ti doped and undoped ones, that is, the highest was
(CI7). The lattice parameters were calculated by the follow- obtained for the Al doped sample filg. 1a, which indicates
ing method: the positions of the individual peaks were fitted the lower cation mixing as it was also proved by Rietveld
with a psuedo-Voigt or Lorentz function, and typically 30 or refinement inTable 1 This implies that the cation mixing
35 peak positions were input to fit the program which mini- could be suppressed by Al and Ti replacements. According
mizes the least-squares difference between the calculated an¢b the Gibbs free energies of the formation at 298K it is
measured peak positions by adjusting the lattice constant and
the vertical displacement of the sample. Table 1

Structural parameters of LiblsMng 502, LiNiga75Al0.0sMng 47502, and
LiNig.5Mng 45Tig 0502 calcined at 950C for 12 h in air

Intensity / A.U.

Intensity / A.U.

3. Results and discussion Composition a(A) c(A) Ni?*inLi  Rup
layer (%) (%)
Fig. 1 and Table 1show Rietveld refinement results of  LiNiosMnos0, 2.887(7) 14.286(11) 9.8 13
XRD patterns of the synthesized powders; lgh¥ing 50>, LiNio.475Al0.0Mn0.4750,  2.875(2) ~ 14.265(11) 4.8 n
LiNi 0_5Mn0_45T|0_0502 2.889 (11) 14.300 (15) 5.1 .40

LiNig.475Al0.0sMNg 47502, and LiNig.sMng 45Tig.0s02. The
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able to deduce that the metal-oxygen bonding strength wouldNi and Ti doped LiN sMng 502, however, the cation mix-
be ARO>Ti—O>Mn-O>Ni—O. Therefore, the stronger ingin the Lilayer was suppressed effectively so thatibns
bonding stabilizes the host structure, resulting in enhance-would be less blocked by Rii ions, resulting in high capacity
ment of structural integrity. retention shown iifrig. 2b and c. Therefore, it was found that

Lattice parameters are greatly dependent on the dopingthe enhancement of structural integrity by Al and Ti doping
elements ifmable 1 Al doping resulted in decrease in bath LiNi 9.sMng 502 made possible to be highly reversible"Li
andc-axes. On the contrary, Mn replacement by Ti brought de-/intercalation during cycling.

aboutincrease in botiz andc-axes. Itis closely related to the Fig. 3 illustrates in situ XRD patterns during the ini-
ionic radii of dopants; Aloand Ti. lonic roadii can be summa- tial charge and discharge for LijNi75Alo.05Mng.47502,
rize as follow: Li"=0.76A, Ni2*=0.69A, Al3*=0.535A, and LiNigsMng.4sTig 0502. For the measurements, a con-

Mn%*=0.5304, Ti4*=0.60A [8]. By consideration of the  stant current (20mATg') was applied across the cath-
ionic radii, such variations in lattice parameterSable lare ode. Though the XRD pattern of LiplgMngsO2 was not
fairly reasonable, obeying Vegard’s law. This indicates that shown here, the resulting diffraction patterns were simi-
the emulsion drying method is effective synthetic method to lar to that of LiNigsMng 45Tig.0502. One striking feature
prepare lithiated transition metal oxides. is the variation in (0 @) plane of LiNi 475Al 9.0sMNg.47502
Electrochemical properties of the prepared Lij¥ng 5 as a function of Li contents, comparing to LfNMng 50>
O», LiNig.475Al0.0sMnNg.47502, and LiNiysMng 45Tig 0502 and LiNig sMng.45Tig.0s02. The plane gradually moved to-
were examined. The charge—discharge profiles between 2.#vard lower angle during [Ci extraction and it reversibly
and 4.6V versus Liby applying 20mAg? at 25°C were returned to higher angle by Liinsertion inFig. 3a. For
shown inFig. 2a—c. As shown irFig. 2, all the samples ini- LiNig.5sMng 45Tig.0502, however, the (0 O plane first moved
tially delivered higher charge capacity over 200 mAttg to lower angle and one point the plane moved back to higher
However, the discharge capacity was dependent on the com-angle in charge and dischargehig. 3b.
position. LiNigsMngs0> had an initial capacity of about Such behaviors can be seen much clearly in the varia-
155mAh g 1. More badly, the capacity gradually faded to tion in c-axis shown inFig. 4 For Al doped sample, the
130mAhg? by electrochemical cycling. On contrast, Al  c-axis varies monotonously during’Lile-/intercalation. The
and Ti doped samples delivered higher discharge capacitysimilar behavior was also observed in Al doped LiGpO
of about 175 mAh gt and the higher capacities were main-
tained during cycling. The coulombic efficiencies of the first . . .
cycle were about 73%, 88%, and 78% for LiNMng 502,
LiNi 0.475A1 0.05MNg 47502, and LiNig.sMng 45Tio.0502, re-
spectively. It seems that such properties are related to cation
mixing in the host structure. Because’Nions are located at
octahedral Li sites so that theNliions can block Li interca-
lation and diffusion. Since the progressive blocking dfini-
gration by NZ* inthe Li layer exists, as can be seeiffig. 2a,
there was a gradual capacity fading for LiMng 5s02. For

Discharage

Intensity / A.U.
© 99 0O0000 ©
SO NONBWN =

TRPVE URERAN &

Charage

g
oo
- w

>3
JI
=]

40 50 60 70
CuKo 26

S

1

> n )
<
3 4 -
© R - . .S
= b =) 2
> ] < =]
. B
S5k ] ‘a 5
c £
ST b = 3}
3.0F (¢) b
25[ . . , 50:25.1, ] 1 40 50 60 70
0 50 100 150 200 250 (b) Cu Ko 26
Capacity/mAh g™
Fig. 3. In situ XRD patterns obtained during the initial deinterca-
Fig. 2. Continuous charge—discharge curves of (a) ¢.éNings02, (b) lation and intercalation of (a) kisNig.475Al0.0sMng.47502 and (b)
LiNi 0.475A1 0.0sMng 47502 and (c) LiNig.sMng 45Tig.0502. The applied cur- Li1_sNip.sMng.4sTip.0s02. The applied current density was 20 mAlgat

rent density was 20 mAd at 25°C. 25°C.
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2.90 Charge . Discharge lar effect pn spinel LIAIMn2_yO,4 systent4]. The (_jramatic
' T o liNMmoO ' ' changes in tha- andc-axes may result from the high degree
2.88] o L N, M, Ti, .0, : of cation mixing. The reason why Al doped sample shows a
°< L g6l o Ly Nig 7Rl oM, 750, ] strong ionic bond character during charge and discharge is
% 24l V/ ] not clear at this time. Further extensive studies are necessary
o to elucidate this phenomenon.
2.82} E
14.50— : . . = . .
ot 1445} 4. Conclusion
% 14.40F ] ] ] ]
S 1435 By calcination of the emulsion-dried precursor at
14300 950°C for 12h, it was able to obtain high crys-
; talline LiNigsMngs02, LiNig475Al0.0sMng.47502, and
128 e 08 06 04 02702 04 06 08 10 LiNi 9.sMng 45Tig.0502. Rietveld refinements revealed that
Li content /& the Al and Ti substitution could reduce the cation mixing

i o . o - of LiNi g sMng 502. The reduced cation mixing overcame the
Fig. 4. Variation in lattice parameters of L8Mno.sO, LiNio.a7sMlo.os initial irreversibility, which is one of the main disadvantages
Mng 47502 and LiNig.sMng 45Ti0.0502 as a function of Li content during the ’
first cycle. of the parent compound. The effect consequently affected to

the enhancement on the cycling performances. Thatis, higher

) . capacities were retained upon cycling for Al and Ti doped
as we previously reportefll0]. For LiNiosMnosO, and LiNi 9.sMng 50,. In situ XRD results showed that Al and Ti
LiNi0.5Mno 45Ti0.0502, however, thec-axis constant in-  doped samples resulted in smaller lattice variation duriig Li
creased by when 0.5 mol of Lwas extracted. Then, the value  extraction and insertion due to the achievement of structural
of axis parameter decreased in the first charge. The similarstapilization and enhancement of structural integrity. There-
variation was also observed in Mn based Lim_xO2 [5].  fore, itis concluded that Al and Ti doping in LipsMng sO2
The increase in the-axis parameter is due to the increase in |attice has positive effect in respect to reduced cation mix-

coulombic (electrostatic) repulsion force between oxygen- ing and structural stabilization which consequently effect on
oxygen layers by ionic bond character. And, the decrease iNimprovement on capacity and its retention.

the c-axis parameter at highly oxidized state is probably due

to the formation of covalent bond between transition metal

and oxygen resulting in less electrostatic repulsion betweenAcknowledgements
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