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The interface reaction between 8k-coated Li[Li odNip4C0p19VNg 4O, and liquid electrolyte was
investigated. The ADs-coated Li[Li.0dNio.4C0.19VIN JO- showed no large difference in the bulk structure,
comparing to bare Li[LdogdNio 4C oy 19VINg 4O2. The coated AO; was found to have an amorphous structure
from X-ray diffraction study. A small amount of ADs; coating (0.25 wt % in the final composition)
showed that a uniform mesoporous,®@4-coating layer whose thickness is of about 5 nm covers
Li[Li 0.08Ni0.4C0p19MINg O, particles, as confirmed by transmission electron microscopy. At higher
concentration (2.5 wt % in the final composition), the irregular tens of nanometer-siz&d gdwders
were observed on the surface of the active material instead of the uniform coating layer. Despite the
insulating nature of AlOs, the thin coating was effective to improve the battery performances, depending
on the thickness of the ADs-coating layer, and used electrolytic salt. The@y coating resulted in a
higher capacity retention, especially at ®D. The alumina layer was significantly protective against HF
attack into the electrolyte during cycling so that the decomposition of active material from HF attack
would be greatly suppressed. The lower impedance would be ascribed to the positive effects on the
electrode/electrolyte interface, the less amount of decomposition of active material by HF and/or scavenging
of HF by Al,Os-coating layer into the electrolyte. These effects made it possible to maintain the morphology
of active material during extensive cycling. Meanwhile, the bare particles were severely degraded by
cycling due to HF.

Introduction To maintain high capacity, there are two kinds of ways to
improve the nature of active materials, partial substitution
and coating of active materials. Modification of positive
electrode material by substitution is greatly effective with

::!2'%2’ E.m?hL'an?“‘ Amlo ng tr:jem, Lt'_th'LI’m ca_balt (I)X'?e’ d respect to structural stabilization, good cyclability, and ther-
IL0%%, 1S theé most popuiar and practical positive lectrode stability even at a highly oxidized state. However, such

material in lithium secondary battery systems. Th|s material .substitutions were usually done for electrochemically active
has seve Ta' atjvantages, ease of pre.para'uon, high elect.r_o N&lements so that it, in turn, caused a lowering of capacity
conductivity, high rechar.geab!e capac_|ty, good rate capability, and Li" diffusion because the substituents are usually elec-
and so forth:—2 Meanwhile, this material has a poor thermal trochemically inactive ingredients, that is, Al, Mg, Zn, and

s[,)tgb 'I'Ityt. relat:cvg to | Mn-b?sfedthand Fe;basted t?atEﬁéls'.t so on120n the other hand, a coating approach is beneficial
ISsolution ot ©-o element Turther accelerates the capacity i, respect to delivery of the original capacity because there

i i 6,7
fading of LIC0Q. is no reduction of the amount of electrochemically active
element in the parent oxide. Therefore, improvements of

Recently, several kindsfa! V class positive electrode
materials are commercially available, that is, LiGpO
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and ZrQ coating as suggested by Cho et®&l¢The coating Experimental Section

resulted in reduced Cq dissolution dur.|ng cycI!ng, and .|t, To prepare AlOs-coated Li[Lk odNio £C0p 1Mo Oz, aluminum
subsequently, Caus_ed improved capac_lty and its rEt_entlon'triisopropoxide (Kanto) was first completely dissolved in etha-
They further explained that the coating resulted in NO no at room temperature. The active material, Li[seNio 4Coo.15
structural change with zero-strain. Fastet Hiffusion and Mno.4O. (3 M), was slowly poured into the solution. The starting
rate capability with good cyclability were also reported by ratio of Li[Li g 0fNig.4C 19VINg 4O2 versus aluminum triisopropoxide
Wakihara et at>'6and Eftekhart’ Dahn’s group also agreed ~ was 99:1 in weight. Then, the solution containing the active material
with the high-capacity retention by coatiffgHowever, they was cons_tantly stirred at 8 for 2 days, accompanieq by a slow
revealed that coating had no effect against structural Changeeyaporatl_on of solvent. The solutlon-treate_d, as-recelveql, ar_ld bare
as studied by in-situ XRE® which is a controversial result Li[LT o 0Nio. 400 18MINo JO; powders were fired at 400C in air

for 5 h in air.
14 9,20 i iNi
of Cho et ak* Sun et af**?used ZnO coating on LiNi- X-ray diffractometry (XRD, Rigaku Rint 2200) and transmission

Mn 50, and found a greatly improved cycling behavior at' 5 gjectron microscopy (TEM; 200 kV, Hitachi, H-800) were employed
V due to the reduced reactivity of HF with the ZnO interface. to characterize the prepared powders. XRD data were obtained at
Recently, a new concept of materials, such as LjfNi 20 = 10—80°, with a step size of 0.03and a count time of 5 s.
CouMny0, and Li[NiyMny2]O,, was introduced by X-ray photoelectron spectroscopy (XPS', PHI 5690, Perkin-Elmer)
Ohzuku et ak-22The chemistries of these materials are quite measurements were performed to get information on the surface

. . . o L of Al,Os-coated Li[LipodNig.4C0n19MINg 4O,. Macro-mode (about
interesting. Different from LiNi@, whose average oxidation 3 mm x 3 mm) Ar-ion etching was used to examine concentration

state of Ni is+3, the formal charges of Ni, Co, and Mn in  gepth profiles of the coated powders. The etching rate was estimated
Li[Ni 15C01sMn1g|O2 or Li[Ni12Mny7]O; are+2, +3, and  as 5 A min't for silica.

+4, respectively. In this case, the average oxidation state of For fabrication of positive electrodes, the prepared powders were
Mn is tetravalent so that the electrochemically inactive mixed with carbon black and polyvinylidene fluoride (94:3:3) in
tetravalent Mn provides significant structural stability during N-methylpyrrolidinon. The slurry thus obtained was coated onto
electrochemical cycling even at a high-voltage cutoff limit Al foil and roll-pressed at 126C in air. The electrodes were dried

of 4.6 V. Due to the reduced amount of €pthe thermal at 120°C overnight in a vacuum state prior to use. Preliminary

. . . - cell tests were done using 2016 coin-type cell adopting Li metal
stability was greatly improved at a highly oxidized state, as the negative electrode. The long cycle-life tests were performed

comparing to LiCo@?® However, Li[NiyzC01sMnyO; is in laminated type full cell wrapped with Al pouch (thickness, 18
known to have unstable cycling performance, and its capacity mm; width, 90 mm; and length, 160 mm). MCMB (Osaka gas)
fades gradually, especially when charged to a higher voltagewas used as the negative electrode. The electrolyte solution used
(~4.5 V versus Li¥* Comparing to LiCoGQ, Co-poor was 1 M LiPF in ethylene carbonatediethyl carbonate (1:2 in

Li[Ni 15C0o1sMn1,3O- or Li[Ni2Mn;2]O, composition had volume). A preliminary cell formation was performed for Li-ion
also relatively poor rate capability. cell: five cycles were performed at room temperature at 601

T . 0.5Crates in the voltage range of 3-:04.2 V. TheC-rate is defined
We successfully coated Li[bbsNio4C0p.19MNo.4O2 with as the exchange of 0.5 F per formula unit in 1 h. The cells were

Al>03 using a wet chemical process. The material contains charged and discharged between 3 and 4.2 V by applying constant
less amount of Co so that the material may have a somewhaturrent densities at 25 and 6C. Ac-impedance measurements
poor rate capability, comparing to Li[NiC013Mny;3]O5. using beaker type 3-electrode cell were carried out by applying
From the above review? 8 it is found that battery perfor- 100 kHz to 1 mHz frequency range with @e-amplitude of 10
mances obviously enhanced, by metal oxide coating, for ex- MVms (HZ-3000, Hokuto Denko). The electrochemical cell was -
ample, cyclability and rate capability. With help from,@k composed by the composite electrode as the working electrode, Li

. . ribbon as the counter electrode, and Li needle as the reference
coating, therefore, such poor characteristics are expected tQactrode.

be improved. However, a detailed reason is not clarified yet o HF titration, the cycled cells (adapting carbon as the negative
from the above review. In this paper, we would like to report electrode) were carefully disassembled and all contents of the cell
the possible reason of improved battery performances bywashed thoroughly with Li salt-free solvent for one week in the
metal oxide coating of positive electrode material by means glovebox. NaOH aqueous solution (Kanto) and Bromothymol Blue
of Al,Os-coated Li[Lip osNio.4C0p.19MNg 4Os. (BTB, Aldrich) as an indicating solution were used for the titration
of the extensively cycled electrolyte.

To confirm the presence of byproducts on the surface of the
active materials after extensive cycling, the cycled active materials

(13) Cho, J.; Kim, Y. J.; Park, Bl. Electrochem. So@001, 148 A1110.
(14) Cho, J.; Kim, Y. J.; Kim, T. J.; Park, BA\ngew. Chem., Int. EQ001,

40, 3367. were examined using a time-of-flightecondary ion mass spec-
(15) Kim, S.-S.; Kadoma, Y.; lkuta, H.; Uchimoto, Y.; Wakiharsl. troscopy (ToFSIMS, ULVAC-PHI TFS2000, Perkin-Elmer)
(16) Kotiegoa. . R. .. Kadoma, ¥, I, H.. Uchimolo, Y., Wakinara, SU1Tace analyzer operated at 3Torr, equipped with a liquid Ga

M. Electrochem. Solid-State Le®002 5, A275. Y " ion source and pulse electron flooding. During the analysis, the
(17) Eftekhari, A.J. Electrochem. So@004 151, A1456. targets were bombarded by the 10 keV Ga beams with pulsed
(18) Chen, Z.; Dahn, J. FElectrochem. Solid-State Le#002 5, A213. primary ion current varying from 0.3 to 0.5 pA. The total collection

(19) Sun, Y.-K,; Lee, Y.-S.; Yoshio, M.; Amine, KElectrochem. Solid-
State Lett2002 5, A99.

(20) Sun, Y.-K.; Yoon, C. S.; Oh, |.-HElectrochim. Acte2002 48, 503.

(21) Ohzuku, T.; Makimura, YChem. Lett2001, 30, 642. i i

(22) Ohzuku, T.; Makimura, YChem. Lett2001 30, 744. Results and Discussion

gig :‘(Agé‘r?gWSST ’B}éllgs'ueb};\méﬁigﬁ \,\(A'.'.K\?;r?; X.L_tht'.zgﬁétzc’?.aFilsgcise} o Figure 1 shows XRD patterns of bare and solution-treated
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time was 300 s and rastered over a 12 mni2 mm area.
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Figure 1. XRD patterns of (a) bare and (b) &s-coated Li[LipoNio 4 Material )
C(b,ld\ﬂnolz;]Oz (0.25 wt %).
Table 1. Comparison of Lattice Parameters of Bare and E
Al03-Coated Li[Li 0.09Nip.4C0p.19MN o 4O2 (0.25 wt %)?2
H oMo L Mo dO2 e e Figure 2. TEM bright-field i f (a) b d d Li[Li
igure 2. right-field images of (a) bare and As-coated Li[Li o5
z?re d 22'87711(5) 11'22773(225) Ni0.4C00.19Mno.dO2 (b—d): (b) 0.25 wt % of ApOs-coated (at lower
20s-coate 871(3) 279(26) maghnification), (c) 0.25 wt % of ADs-coated (at higher magnification),
aFor comparison, the bare materials were also fired at*@for 5 h in and (d) 2.5 wt % of AlOs-coated Li[Lip.odNi0.4C00.19VINo.4O2.

ailr.

surface of Li[Li.osNio4Cp.18MNg 4O-, which confirms the
uniformity of Al,Os; coating shown in Figure 2b,c. The
observed patrticle size of the active material was of about 1
um in diameter. Clearly, Ni, Co, and Mn were well-
distributed throughout the crystalline oxide.

XPS results further support the evidence of the uniform
coating of Li[Lio.0sNio.4C0p.18MNp 4O by Al>O3 in Figure 4.
At the beginning, the atomic concentration for Al element
was of about 7%,as seen in Figure 4b. With increasing
sputtering time, the relative intensities of JjliMny, and

fact, thea-axis parameter corresponds to the distance of metalco2p became stronger as compared to their initial state in

and oxygen. If the distance is changed, it clearly means thatlFIgure 4a. Onttth_e othTehr hand, th?t (t)'f theszAil/as gettu:jg I
foreign element should be incorporated into the crystal ower on sputiering. 1he concentralion became gradually

structure. Therefore, we believe that the coating layer lower on Ar-ion etching, and it finally reached zero when

consisted of amorphous Ab; in consideration of the starting the etching was done. for 10 min |n.F|gur(.e 4b. Meanwhl_le,
material and the heat-treatment condition. the concentration of Nl, Co, and Mn mgredlen.ts were getting
Figure 2 illustrates bright-field TEM images for the bare higher aftgr sputterm_g. Therefore, it is believed tha.t the
and AbOs-coated Li[Li osNio.sC.19MNe 4O varying the Al,0z-coating layer exists almost on the surface of Lifié
Al,0s-coating concentration. The bare material showed very Ni.4Cp.19VINg 4O, powders.
smooth edge lines, and there is no other layer on the surface Figure 5 exhibits continuous charge and discharge curves
in Figure 2a. As can be seen in Figure 2b, thedcoated  ©f the bare and AbDs-coated Li[Li.osNio.sC0p.19MNo 4| O/Li
material (0.25 wt %) clearly showed a smooth and uniform Cells by applying different current densities atZ5(1C =
coating line on the surface of Li[bbsNio.4C0p.19VINo.4O>. 150 mA g %) between 3.3 and 4.3 V versus Li. The coated
When the coating layer was magnified, it exhibited a thin concentration of AlO; was 0.25 wt %. The cells were
coating layer of about 5 nm in thickness and the coating charged galvanostatically with 0@, and then discharged
layer could be a porous structure comparing to the active at different C-rates. Obviously, the ADs-coated sample
material in Figure 2c. With increasing coating amount to delivered a little higher capacity at all currents, comparing
2.5 Wt %, the uniform layer is hardly distinguishable. The to bare material in Figure 5a. The similar results were also
mesoporous coating structure was changed to nanoparticlegreviously reported by Cho et af:}* Wakihara et al*>*®
whose particle size is of about 2@0 nm at the higher ~ and Eftekhart’ It seems from Figure 5 that AD; coating
concentration of coating solution as shown in Figure 2d. Was effective at achieving higher rate capability with respect
Therefore, it is found that low concentration of,@ resulted 10 the delivered capacity.
in a thin and uniform AJOs-coating layer, but higher amount Dependence of AD; coating amount on the electrochemi-
of Al,O; coating led to nanosized AD; particles on the  cal properties of Li[Lé odNio 4Cp19MINg 4O4/Li was examined

The diffraction patterns can be identified as a hexagonal
a-NaFeQ structure with space group3m for bare and
Al,Oz-coated materials in Figure 1a,b, respectively. Though
the Li[Lio0Nip4C0p19VINg 4O, was coated by foreign alu-
minum, there is no significant difference in the crystal
structure after the coating, as seen in Figure 1 and Table 1,
suggesting that Al doping did not occur in the parent oxide
because the coated amount is very small in the final product
(~0.25 wt %) and/or the coating material is in an amorphous
state when it is fired at the temperature as low as4Ddn

surface of Li[Li.ogdNio.4C0.19MNg 4 Oo. and was shown in Figure 6. The cells were cycled at different
Figure 3 presents STEM and EDX elemental mapping C-rates at 25°C. All cells had high-capacity and good-
images of the AlOs-coated Li[Lb ogNio.4C0.19MINg 4O, pow- capacity retention even at high rates, as seen in Figure 6.

ders (0.25 wt %). AlO; is homogeneously covered on the The obtained capacity was greatly dependent on the coating



3698 Chem. Mater., Vol. 17, No. 14, 2005 Myung et al.

a

Figure 3. (a) STEM image and corresponding EDX elemental mappings of (b) Al, (c) Co, (d) Ni, and (e) Mn for the 0.25 wt ¥©gicahted Li[Li o5
Nio.4C0p.19VINg.4]O2.

concentration of AlO;, as expected. As the coating concen- 15—20% of the initial capacity decaying is observed for the
tration becomes higher, the obtained capacity decreases dubare sample, comparing to the 8k-coated Li[Li.odNio 4

to the thicker A}Os; insulating layer, as nanosized ,8; C0p19VINg 4O in Figure 8b,c. Moreover, the difference in

particles were observed in Figure 2d. the operation voltage is found to be lower, about 0.1 V at
After reproducible rate capability tests during 12 cycles, 50% of depth of discharge (3 andZrates). The cyclability

the bare and ADs-coated Li[Li.od\Nio4Cp.19VINg 4O2/Li cells for the bare and coated material was relatively good at room-

were continuously cycled by applying differe@Gtrates at temperature cycling in Figure 8a. At elevated temperature
25 °C. The corresponding results appear in Figure 7. The test (1 C rate at 60°C), the AbOs-coated material had
bare material cycled at € had a slow capacity fading in  somewhat higher capacity and operating voltage, comparing
Figure 7a, and the capacity loss was of about 20 mAh g to the bare sample in Figure 8d. These results clearly in-
during cycling (86.4% capacity retention). For the;®¢- dicate that the uniform coating of the surface of Li[bd
coated Li[Li.odNio.4Cn.19VINg 4O, (1 C cycling) in Figure Nio.4Can.13MNg 4O, by Al,Os led to higher capacity and lower
7b, the cell showed superior cyclability and the capacity loss resistance at various conditions. Capacity fading af®0
was only about 5 mAh ¢ during cycling (96.8% capacity was about 34% at the 300th cycle for the bare material.
retention). At 3C cycling (Al,Os-coated) shown in Figure  Meanwhile, the fading was approximately 16% for the coated
8c, it delivered quite a higher capacity and the capacity loss material in Figure 9b. From the above half- and full-cell
was about 10 mAh ¢ showing 92.9% of capacity retention results, it is found that the AD; coating of Li[Lio.oNio.4
during cycling. Cm.19VIng 4O is very effective at enhancing battery perfor-

To observe long-term cycling properties, carbon electrode mances with respect t&-rate, capacity retention, and
was employed as the negative electrode. Figure 8 exhibitstemperature properties.

initial discharge curves of the bare and®@¢-coated Li[Li s To elucidate the difference in electrochemical properties,
Nio.4C00.19MNo 4O/C cells by applying different current it was first doubted that the AD; coating of active material
densities at 25 and 6TC between 3.0 and 4.2 V. At C, may suppress the structural changes in the host structure as
the obtained discharge capacity was slightly smaller for the jt was suggested by Cho et &l Therefore, in-situ XRD
bare as compared to the s8s-coated Li[Li.oNio.4Co.15 measurements were carried out to understand structural

Mno4O2/C cell in Figure 8a. The voltage profiles were changes of the bare and the@4-coated Li[Li oNio4C.15
exactly matched for each other, which can say that th@Al  Mn, O, materials. Diffraction peaks of stainless ex-met
coating layer exists only on the surface of LifkiNio.<C.15 (revealed as S) are used as the internal standard. As Li
Mno 4O, powders. If a small amount of ADs is incorporated  deintercalated from the host structure, Ij0peaks were
into the host structure, the corresponding voltage should varygradually shifted toward lower angle for the bare and coated
as we previously reported in spinel LiIMRAIO,?° and materials in Figure 10a,b, respectively. On the other hand,
LiCo;-,Al O, systemd. This result confirms again that the

coating media exists only on the surface of LifbdNio - (25) Myung, S.-T.; Komaba, S.; Kumagai, Bl. Electrochem. So@001,
C0p.19VIng 4O2. At 3 and 5C rates, on the other hand, about 148 A482.
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Figure 4. (a) XPS spectra for O, Ni, Mn, Al, Co, and C and (b) corresponding depth profile for the 0.25 wt %@fédated Li[Li osNio.4C0p 19MNg 4O2.
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Figure 5. Rate capability of (a) bare and (b) 0.25 wt % ofB4-coated were shown in Figure 11. As tiions were extracted from

Li[Li 0.08Nio.4C00.1Mno.JO4/Li cells at 25°C. the host structure, theeaxis decreased monotonically, which
corresponds to the reduction of the metaletal interslab

all other peaks were shifted smoothly toward a higher angle distance, because the ionic radii of*Ni Ni*", and Cd",

in 20 during the first charge without any peaks of secondary formed during charge, are smaller than those &f Nind

phases in the XRD pattern of Figure 10a,b, which means Cc®", respectively. This, therefore, leads to a decrease of

that a single phase reaction occurred topotactically during metal-oxygen distance. Theaxis constant increased in the

Li* deintercalation. Apparently, there is no large difference following deintercalation for Li-s[Li ¢.0dNio.4C0p.19MNg 4 Oo.

in the XRD patterns for the bare and®k-coated Li[Li.os The increase in the-axis parameter is due to the increase

Nio.4C0p.19MINg 4O, materials. in the Coulombic (electrostatic) repulsion force between the
From in-situ XRD patterns in Figure 10, lattice parameters oxygern—oxygen layers by the ionicity of MO bonding.

were calculated by a least-squares method and the result&Vhether the active material is coated or not, suppression of
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As shown in Figure 12, one can see a great difference in

:'z 3 - 3 interface impedance. By comparing the diameter of the main
) >ﬂ semicircles, the charge-transfer resistariRg for the bare
35 'a 3 material was about two times larger than that fop@y
> 30F : bt coated material, as described in Table 2. AS deinterca-
— 45F 10013 1 lated from the host structure, th®; increases greatly for
o 40F 3 the bare Li—s[Li.0dNig4C0p18MNg 4O in Figure 12a. On the
g 35 3 other hand, sa mall increase is observed for th©4Atoated
E 3.0 .b . ) 10013 3 Liz—s[Li0.09Ni0.4C0.19MNG 4 O2 in Figure 12b. As mentioned
ask in _Table 2 t_h(_e_lncreasgﬂdf_or t_he bare_ material is almost
twice of its initial R... It is quite interesting to note that the
40F E thin Al,O3 layer, which covers the active material shown in
35 -C 3 Figure 2a-c, obviously enhanced the kinetics of the lithium
3O0F L L, intercalation in Figures 69, whereas AlO; is an electric
0 50 100 150 insulator. If the coating layer is insulating, the layer should
Capacity / mAhg block the direct interconnections between active particles and
Figure 7. Continuous charge and discharge curves of biniOAC()O.lg' an electrolyte solution, and this would deteriorate the charge
gﬂt”féogln L(; ‘E’Ce)";E‘éjgogieéazot.’ggeﬁtwf)';?)g'%ﬁggi};‘és(owﬁewéO/r‘?e transfer from active particles to the current collector, causing
after rate tests for 12 cycles. an increase iR However, the obtained results are quite

different from this general expectation in Figures%and
Table 2. Therefore, it is reasonable to think that the improved
battery performances of the A);-coated Li[LiofNio 4C0o15

Mng 4O, shown in Figures 7 and 9 would be related with
the lower impedance of the coated active material which
might depend on the thickness of the alumina layer.

the structural changes by A&); coating was hardly observed
from the in-situ XRD study, which is quite different from
the report of Cho et &t This would be because the coating
amount of AO3 is quite small and the layer is composed
of amorphous structure. From this result, it is believed that
Al,O; coating of active material does not contribute to the

suppression of the structural changes during cycling in our _Resistances (at 1 kHz) of the bare and.(ycoated
experiment. Li[Li 0,08\ 4C0n19VINg 4O2/C cells were also measured before

Hence, it was thought that the difference in battery and after cycling at23C (5C) and 60°C (1C), as described
performances would be related to the interface reaction N Table 3. Obviously, the ADs-coated Li[LosNio.«Cov.1s
including lithium intercalation/deintercalation at the interface MNo4O2/C cells showed greatly reduced resistance after
between positive electrode and electrolyte. To provide more €ycling, especially cycling at 60C. The difference in
information for the improved electrochemical property, ac- resistance of cycling at 6@ was about 20 times. This result
impedance measurements were performed for the bare anglearly |nd|cates_th§'F decomposition of active mz_iterlal or
Al,05-coated Li[Lip.odNio.4Co.1MnoJO- during the first Li elef:trolyte was significantly suppressed by@{ coating of
deintercalation as a function of Li contents. Corresponding active material.
impedance spectra were presented as -€0l@e plots in The cycled cells were carefully disassembled, and all
Figure 12. After fabrication of the electrochemical cell, the contents were washed thoroughly with Li salt-free solvent
cell was aged for 2 days to reach equilibrium state at the for one week in the glovebox. Figure 13 shows naked-eye

electrode/electrolyte interface. images of separators selected from the extensively cycled
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Figure 8. Initial discharge curves of bare and.®k-coated (0.25 wt %) Li[Ld.08Nio.4C00.19MNo 4]O2/C cells at 25 and 60C.
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Figure 12. Cole—Cole plots of (a) bare and (b) ADs-coated Li_s-
[Li 0.08Ni0.4C00.19MINg 4/O2 during the first charge.

the other hand, a relatively small area is covered by the
compounds for the case of the separator ofQAdcoated
Li[Li 0.08Ni0.4C0.19VINg 4 O/C cell in Figure 13b. Such com-
pounds consisted of Ni, Co, and Mn elements that would be
formed from the decomposition of active materials. The
highest possibility for decomposition of the active material
is due to HF attack in the electrolyte during cycling, because
cells at 60°C. One can see in Figure 13a that dark olive- the propagation of HF is much facilitated at elevated
green-colored compounds cover most of the separator. Ongemperature, such as 8C. Therefore, appropriate amounts
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Figure 14. XPS spectra of the extensively cycled:@-coated Li[Lip o5
Nio.4Cay.19Mnp 402 electrode at 60C: (a) F and (b) O spectra.

Figure 13. Separator images of (a) bare and (b}®@d-coated Li[Lb.os Table 4. Acidic Titration (as HF) Results Using Cycled Electrolyte
Nio.4C00.13MIN0 4 O-/C cells after extensive cycling at 6C. for Bare and Al,O3-Coated Li[Li 9.0dNio.4C0.19MIn .4 O2/C Cells after
) Extensive Cycling at 60°C
Table 2. Charge Transfer Resistances of Bare and ADs-Coated — - -
Li 1-s[Li 0.08Nig.4C00.09MN ¢ 4O Calculated from Figure 13 Li[Li 0.09Ni0.4C00.19MINg 4 O/C cell acid content as HF (ppm)
din charge-transfer resistanc@y bare 300
Li 1—§[Li o,oﬂ\“oACOo,og\/lno,A;]Oz bare AbOg-coated A 203—C03ted 163
5=0 61.5 30.6 From the above results in Figure 13 and Table 3, it was
g = 8'(1); 1?)‘;-; ggi thought that the generated HF continuously attacks the active
5=0.27 1116 374 material in the electrolyte, and the active material, thus_,,
6=0.37 117.6 38.6 consequently, decomposes as the cycle goes by, causing
g = g-g; 5;-9 43 capacity fading as shown in Figures 7 and 9. Decomposition
5=067 1354 444 of LiPFg §alt into the elegtrolyte was clearly seen l_)y XPS
observation of the extensively cycled@k-coated Li[L.os
Table 3. Comparison of Resistance at 1 kHz for Bare and Niq .C ne A0, electrode in Figure 14. and according to
Al,03-Coated Li[Li ¢.09Nip.4C0p.19MN o 4O2/C Cells before and after ho'élt I(|30.1N 0'4] 2 9 db ,A bach é‘ialhc?
Cycling at 25 and 60°C the ollowing reactions, as suggested by Aurbac
— Edstran et al.?”
Li[Li 0.09Ni0.4C00.19MNg 4O/C cell  bare (nf2)  Al,Osz-coated (nf2)
before cycle 6.83 6.12 LiPF;— LiF! + PR (1)
after 500 cycles at & (25°C) 12.7 7.2
after 300 cycles at € (60°C) 780 36 PR+ H,O— POF, + 2HF (2)

. POF, + 3Li,O" — 6LiF! + P,0g (or Li,POF)  (3)
of the washed solvent containing cycled electrolyte were

analyzed by HF titration. The amount of HF was about 300 As seen in Figure 14 a, LiF was deposited on the surface of
ppm for the bare material and 160 ppm for the@y-coated the active material. In Figure 14b pectrum has a sharp
Li[Li 0.0dNi0.4C0p.1Mno 4O, as seen in Table 4 which had feature around 529 eV originating from the oxygen of@y
excellent battery performances in Figures 7 and 9. This resultcoated Li[Li.osNio.4C0.19MNg4]O.. Another strong band
clearly means that propagation of HF is greatly suppressedoccuring around 531536 eV is due to both organic and
by the ALOs coating during cycling so that the ADs-coated ~ inorganic material, typically poly(oxyethylene);#® com-

Li[Li 0.04Ni0.4C0p18MNo4O2/C cell was able to maintain the  pound, and LiCOs, which would be originated from solvent
initial capacity of about 84%, whereas that of the bare was decomposition or contamination with air during sampling.
only 66% during 300 cycles at 61C. Consequently, it re-
sulted in quite less of an increase in resistance after extensivx{%) Aurbach, D.J. Electrochem. S0d.989 136 906.

- ) - . = 27) Edstion, K.; Gustafsson, T.; Thomas, J. Blectrochim. Acte2004
cycling, especially 60C, leading to superior cyclability. 50, 379.
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Figure 15. ToF—SIMS results (high mass resolution spectra) of extensively cycle@sAdoated Li[Lip.osNio.4C0p.19MNo 402 electrode at 60C.

It is also obvious that if decomposition of the active
material by the HF attack proceeds, byproduct is inevitably
formed. To confirm the formed byproduct, TelSIMS
observation was carried out for the ,8k-coated Li[L.os
Nio.4Cp 19VINg 4O electrode after extensive cycling at 60
°C, and the corresponding results were presented in Figure
15. Though quantitative analysis is difficult by TelSIMS,
this tool has a very high sensitivity to detect molecule ions
qualitatively for surface analysis. In fact, LiRBased elec-
trolyte always contains a small amount of water. The water
amount is greatly propagated from the decomposition of
LiPFs salt at elevated temperature. The existence of a small
amount of water consequently causes breakdown of the
electrolyte accompanying by HF generation. The generated
HF attacks the Als-coated Li[LioosNio4C0p19MnNg 402
particles; hence, it is possible to suppose that Ni, Co, and
Mn ingredients produce byproducts on the surface of the
active material by HF attack during extensive cycling. Then, Figure 16. TEM bright-field images of extensively cycled bare and@y-
the byproducts would b detected as fragments havingNi _ f9ie0 LLudlo £ s Jos Seeuonee o o, ba ceciont, 0
and Mn-F bonding as seen in Figure 15a,b, assuming the (c) jower magnification and (d) higher magnification.
following reactions;

the electrolyte. From their supposition, the following reaction
LiLi o odNig 4CO 1gMNg JO, + 2HF + Li* + e — was first considered: AD; + 6HF — 2AIF; + 3H,0.
Li;_s[Li g odNig4C0y 1dMN, JO, + LiF + H,O (4) However, the reaction did not occur directly. Surprisingly,
_ ToF—SIMS gave us very interesting results because
MnO -+ 2HF = MnF, + H,0 ®) Al—O—F and A-F fragments were detected as presented
CoO+ 2HF— CoF, + H,0O (6) in Figure 15c,d. It is thought that the formation of- AD—F

. . would be in an intermediate stage to be transformed teFAl

NIO + 2HF = NiF; + H,0 (7) bond which scavenges From HF, assuming the following

Thus, these byproducts would adhere to the surface of the'®actions based on TefSIMS results:
separator as shown in Figure 13, leading to great increase .
in resistance (Table 3). This decomposition would much Al20z + 2HF = Al,OF; + H,0 8)
easily occur for the case of bare LiflggNig.4C0p.18MNg 4]O2 AlLO,F, + 2HF— Al OF, + H,O 9
because the material is directly exposed to HF. On the
other hand, the AD; layer covers the surface of Li[bbs Al OF, + 2HF— 2AIF; + H,0 (10)
Nig4C0p19VINg 4]0, so that such decomposition reactions
would be delayed because the insulating@llayer works
as a protecting layer against HF attack.

Moreover, Van Landschoot et #.suggested that the
Al Oz-coating layer scavenges the acidic HF species from

From this reason, it is believed that the amount of HF
generated during cycling is quite suppressed by th©Al
coating of Li[Lip.0dNio.4C019MNg 4O, with the interface
effect as mentioned above.
Figure 16 exhibits TEM bright-field images of the
(28) Van Landschoot, N.; Kelder, E. M.; Kooyman, P. J.; Kwakernaak, extensively cycled bare and A)s-coated Li[Lb.oNio.«C1s
C.; Schoonman, Jl. Power Source2004 138 262. Mng4O,. For the case of bare material which showed
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relatively severe capacity fading at 8G, the material was
severely damaged by electrochemical cycling as shown in
Figure 16a. A magnified image clearly presents that the
single particle was disrupted to smaller particle of which the
particle size is about 20 nm in diameter in Figure 16b,
comparing to Figure 2a. As mentioned above, such break-
up of particles would be mainly ascribed to the HF attack
into electrolyte during cycling. Moreover, the destroyed
particles would lose the electric contact between active
material and conducting agent so that the capacity fading
and increase of polarization would be significantly facilitated
during cycling as it was seen in Figures 8 and 9b for the
bare material, especially cycling at 8G. The coating layer
swelled a little after extensive cycling in Figure 16c,d,
probably due to penetration of the electrolyte into the
porous AbOs-coating layer during the cycling. Also, it is
clear from Figure 16¢,d that the As-coated Li[Li osNio.4+
Cap.19VINg 4O still maintained its original smooth edge by
the ALO; coating, leading to relatively higher capacity
retention in Figures 7 and 9 due to the,®4-coating layer
working as protection and scavenging layer against HF attack
into the electrolyte.

Such improved battery performances, especially at higher
rates, usually appeared in inorganic material-coated systems
for example, AJOs- and ZrQ-coated graphite by Wakihara's
groupg®and AbOs-coated LiCoQ*® and LiCoPQ.Y” Sum-
marizing the above results, it was found that thglAlcoated
Li[Li 0.09Nip.4C0n.1dMINg 4O had greatly improved cyclability
with high rechargeable capacity due to the impact of the
Al,O3 coating in protecting the surface against HF attack in
LiPFs-containing electrolyte solution. And, the amphoteric
surface of the AlO; layer scavenges the acidic HF species
from the electrolyte. Van Landschoot efakxperimentally
proved that bulk electronic conductivity of the palletized
Al,Oz-coated LiCqod&.08VO;4 is slightly higher than that
of the bare. Furthermore, direct tunneling of electrons through
the coating is also possible when the coating is thinner than
4 nm as described by Groner etalGenerally, a relatively
thick passive layer of AD; is formed onto Al foil in air,
but electrical contact on Al is easy through the insulating
Al O3 layer. From these considerations, higher capacity at 3
and 5C is understandable for the As-coated Li[LiodNio.s
C0p.19Mno 4O, as shown in Figures 8 and 9a; that is, the
sufficiently thin ALOs layer does not interfere with the
electrochemical reaction, and simultaneously, it would have

Myung et al.
Conclusion

We have tried to understand the enhanced battery perfor-
mances of AlOz-coated Li[Li.oNio 4Cn.19MNno 4O, as posi-
tive electrode material for lithium-ion battery. A uniform and
thin Al,Os-coating layer was formed on the surface of Li-
[Li0.08Nig.4C0.19MNp 4O, and the layer5 nm) was com-
posed of amorphous structure. Higher amount ofQAl
coating produced tens of nanometer-sizegDAlparticles on
the surface of Li[LoNio4C0o1dMNg4O2 From TEM,
STEM, and XPS analyses, it was found that the thin layer
existed only on the surface of Li[bbsdNio4Cp19VNg 402
particles. The AlOs-coated Li[Li.odNig.4C0p19VINg 4O, had
much higher capacity when the coating layer was thinner
employing LiPR-containing electrolyte. The coating was
obviously effective at higher rates and elevated temperature
battery performances with help of the thin, insulating@
layer, which significantly suppressed the propagation of HF
during extensive cycling. The reduced generation of HF
consequently resulted in less decomposition of the active
material so that the impedance of the cell was quite lower
comparing with employing the bare Li[d.dgNip 4Cap 1dVINg 4-
O, electrode. Furthermore, the coating layer worked as an
HF scavenger, as confirmed by ToBIMS. These combina-
tions, simultaneously, made it possible to maintain the
original particle shape of the ADs-coated Li[LiodNio 4L 15
Mno 4JO, powders during cycling at long terms. From the
above results, it was found that the thickness of the coating
layer and the uniformity are critical conditions to have better
battery performances. Therefore, it is concluded that the thin
coating layer does not disturb theflintercalation reaction
at the interface between electrode and electrolytic interface,
and it substantially improves battery performances.

Acknowledgment. The authors thank Mr. S. Takahashi and
Ms. A. Ueyama for their helpful assistance in the experimental
work. This study was financially supported by the program in
2000-2004 “Development of Rechargeable Lithium Battery
with High Energy/Power Density for Vehicle Power Sources”
of the Industrial Technology Research Grant Program from the
New Energy and Industrial Technology Development Organiza-
tion (NEDO), Japan.

CMO050566S

the positive effects on the interface including solid electrolyte
interface, electric double layer, and so on.
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