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Although LiNig ¢Coy ;Mng 1O, cathode material has a larger specific capacity than LiGdBeir thermal instability has hindered

their use in Li-ion cells. An AIPQ coating on the LiNjgCqy;Mny 40O, cathode, however, noticeably diminished the violent
exothermic reaction of the cathode material with the electrolyte, without sacrificing the specific capacity of the bare
LiNigCoy 1Mng 10, (188 mAh/g at 4.3 V charge cut 9ffThe results were consistent with the thermal abuse tests using Li-ion
cells; the AIPQ-coated LiNp gCoy 1Mng 10, cathode did not exhibit thermal runaway with smoke and explosion, in contrast to the
cell containing the bare cathode. In addition, the AlR®@ated LiNjgCoy;,Mng 40, cathode exhibited a superior cycle-life
performance compared to the bare LgMTo, ;Mng 10, .
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Many studies of Ni-based cathode materials (LINM,O, important thermal abuse tests such as nail penetration, systematic
where M= metals) have generally been focused on improving theovercharge, and differential scanning calorime@sC) results.
electrochemical properties of the material by a partial substitution of In  this paper, we report the synthesis and thermal/
Ni with another transition metdfather than improving the thermal electrochemical properties of AlR@oated LiNjgCoyMng 10,
stability).1”” For example, the substitution of Ni with Co up 3o cathodes for the first time. Appropriate stoichiometry of
= 0.5 has been reported to improve its structural stability on cy-LiNi;__,Co,Mn,O, was selected in this work with a small amount
cling, although the substitution slightly reduces the electrochemicalof Co and Mn, not to sacrifice the discharge capacity, and to guar-
capacity. Such an improvement is understood to be due to the reantee the structural stability during deep charging. In particular, this
duction of hexagonal and monoclinic phase transitions that causétudy demonstrates that a nanoparticle coating on the cathode
NiO, layer distortion at voltages above 4°¥? In terms of the ~ Suppresses the upsurge of oxygen generation from the
thermal stability of the LiNj_,M, O, cathodes, a violent exothermic  LiNiogC 1Mng 10, cathode. In addition, a direct comparison of
reaction of the cathode with the electrolyte accompanied by substanPail penetration and 12 V overcharge results were not tried before,
tial heat generation should be avoided. Otherwise, it causes thermalthough these are very critical evaluation techniques for the cath-
runaway exhibiting fire, sparks and an explosion. In order to mini- odes in Li-ion cells. The starting material gdCa;, ;Mng 5(OH), for
mize the amount of oxygen evolutigheat generationvia the exo- preparing the cathode was coprecipitated from solution, which has a
thermic reaction, the addition of Mg, Ti, or Al in LiNiDwas re- great adyantz;ge over the conventional sol-gel method for controlling
ported to be effective, but it greatly sacrifices the dischargethe particle size and Brunauer-Emmett-TellBET) surface area.
capacity*>'*Another problem in Ni-based cathode materials is that
its average cell voltage is lower than LiCe®y approximately 0.1-
0.2 V. Hence, the specific capacity of Ni-based cathodes should be Synthesis of NigCoMny4(OH), and LiNi gCayMng 10,.—
~5% higher than LiCo®, to compensate for the low working NiggCoy4Mng4(OH), starting powders consisting of spherical par-
voltage. ticles (~13 um in diameter were prepared by coprecipitation from

As yet, Ni-based cathode materials have not met the safetya solution containing stoichiometric amounts of nickel/cobalt/
guidelines requiring no explosion, fire, and smoke during the nailmanganese nitrates by the addition of NaOH and®H solution in
penetration test at the 4.35 V charged state in the Li-ion'ceh. a speciaIIBy designed reactor for spherical particles according to the
order to overcome this technical hurdle, some additi{fes ex- reactiond
ample,y-butyrolacetonpwere used to reduce the direct reaction of . N N
the cathode with the electrolyte at the charged state. This solvent 0-8NF*(ag + 0.1C&*(ag + 0.1Mr*(ag) + xNH,OH(aq)
was reported to decompose into the organic products, which encap- ; 2+
sulate the cathode, thereby blocking any direct reaction with the — [NiogC00 Mo {(NH3)o 1" (aq) + 0.1H,0
electrolyte’® As a consequence, Li-ion cells containing this solvent + (x—0.1)NH,OH(aq) [1]

did not explode during the nail penetration tests at 4.35 V and the

overcharging tests to 12 V. However, the additives decreased thand

cycle life performance and rate capability. Therefore, its electro- ] - B
chemical properties still need to be customized. Recently, a more [NiggC01Mng1(NH3)o 1] (ag) + yOH™ + zH,0

Experimental

fundamental approach for improving the thermal instability of the : _
cathode materials has been reported by @hall’ They demon- — Nig gC0pMng (OH)2(s) | + zZNH,OH + (0.1-2)NH;
strated that a nanoparticle-AlR@oating on the LiCo@ cathodes + (y—2)OH"™ 2]

blocked the thermal runaway of the Li-ion cell, and significantly
reduced the electrolyte oxidation and Co dissolution into the elec-The N, gCa, ;Mn, 1(OH), particle size was controlled by the reac-
trolyte. However, this study showed the enhanced 12 V overcharggion time in order to enhance the BET surface area. A longer reaction
behavior of the LiCo@ cathode by AIPQ coating, without other  time in the solution resulted in a larger particle size. The coprecipi-
tated particles continued to be rotated at 1000 rpm in the reactor at
50°C. The pH was maintained at 11.5 by controlling the amount of
* Electrochemical Society Active Member. NaOH. Coprecipitation methods are industrially well known.
2 E-mail: jpcho@kumoh.ac.kr Ohzukuet al. used commercial hydroxide precursdt©n the other
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Li metal anode, and a microporous polyethylene separator were pre-
pared in a helium-filled glove box. The electrolyte used was 1 M
LiPFg with ethylene carbonate/diethylene carbonate/ethylmethyl
carbonatg EC/DEC/EMQ (30:30:40 vol %. After the addition of
the electrolyte, the test cells were aged at room temperature for 24 h
before commencing the electrochemical tests.

Li-ion cells with a 840 mAh standard capacifgell size: 3.4
X 40 X 62 mn (thicknessx lengthx width)] were used for the
4.35 V nail penetration and 12 V overcharging tests, and the test
procedure followed the guideliné3Bare and AIPQ nanoparticle-
coated LiNj ¢Coy ,Mng 10, were used as the cathode, and the anode
material was synthetic graphite. The cell surface temperature was
monitored using a K-type thermocouple placed on the center of the
largest face in the cell can, and the thermocouple was tightly glued
with an insulating tape.

Figure 1. SEM micrographs of (8 bare and (b) AIPO,-coated Electrochemical and DSC testsIn order to compare the capac-
LiNi ¢ ¢C0p sMNg 10, powders. ity of the bare and AlP@coated LiNjgCaoy4Mng 0, cathodes,
coin-type half cells were used with a charge cutoff voltage of 4.3 V
at the charge and discharge rates of 0.1=8 mA/g). The cycle-
S _life performance of the Li-ion cells was tested at 1 C rate for 200
hand, Dahn's group used the coprecipitation method by controllingcycles at 21°C. The rate capability tests of the Li-ion cells were
with LiOH,%° and their recipe could not yield high density. However, carried out by varying the discharge rate with 0.2, 0.5, 1, or 2 C
we obtained spherical powders with high density through the copre{while the charge rate was fixed at 2.C
cipitation method by controlling with NjOH and NaOH. Differential scanning calorimetryDSC) samples of the cathodes
LiNiggCoyiMng 0, was prepared by mixing stoichiometric were prepared by charging the coin cells to 4.5 V at a 0.1 C rate,
amounts of 1.02:1 in LiOH and NiCoy ;Mng 1(OH),, followed by followed by holding them at that potential for 5 h. These cells were
a heat-treatment procedure at 800°C for 20 h in a stream of dried aitthen disassembled in a glove box to get the charged cathode part,
An excess amount of Li was used to compensate for the loss of Liwhich typically contained~35 wt % electrolyte~25 wt % Al foil,
during firing. (The resultant powders showed a BET surface area of~2 wt % combined binder and carbon black, an@8 wt % active
1.0 nf/g, while that of the powders prepared from the sol-gel material. The heating rate of the DSC experiment was 3°C/min.
method was 2.1 ﬁ/\g_) In order to coat the AIP@particles on the Li-ion full cells for the DSC experiments of the cathodes were
LiNi  4Cop ;MNg 10, cathode 3 g of AI(NO;)3-9H,0 and 1 g of charged to the predetermined cell vc_)ltages of 4.2 an(_JI 4(6éovte-
(NH,),HPO, were slowly dissolved in 20 g of water until a white SPOnding t0o~4.3 and ~4.7 V vs. Li metal, respectively at a
AIPO, nanoparticle suspension could be observed. The X-ray dif-constant-current mode C rate, followed by holding these voltages
fraction (XRD) patterns of the AIPQ nanoparticles annealed at until the currents _decreased to 30 rA1/30 Q'. The charged cath- .
700°C showed orthorhombic crystalline phaQ(cPDS 48-0652 odes were then disassembled from the ceI_Is inadry room. Approxi-
with the chemical composition of AP,O,. Fifty grams of mately 10 mg of the cathode was hermetically sea:led in an alumi-
LiNi 4 4<C0 ;Mg 10, With an average particle size 6f13 um were num DSC sample pan, and the scan rate was 3°C/min. Only the
0.8-00.1MMNg 1% : ge p . R - cathode material was used to calculate specific heat flow.
added to the coating solution and thoroughly mixed for 5 min. The
slurry was then dried in an oven at 120°C for 6 h, and heat-treated in  X-ray diffraction (XRD)}—A M18XHF-SRA diffractometer
a furnace at 700°C for 5 h. Electron probe microanalyEBMA) (MACScience Co. with a Cu target tube was used for XRD
mapping (with cross-sectioned powd@rand Auger electron spec- measurement with a graphite monochromator. The scattered X-rays
troscopy (with sputtering confirmed the nanoscale coating layer, for the range of 15%< 26 < 70° were detected for every 0.02°
consistent with the previous resulfs?* For the ALO; coatingona  increment.
bare cathode, the same coating procedure was used with the previ-
ous work?? Five grams of Al-isopropoxide was first dissolved in
isopropanol, and a bare cathod®00 g was slowly added and
mixed for 10 min. The mixture was dried and heat-treated at 130 and The XRD patterns of the bare and AlpCoated
700°C for 10 and 5 h, respectively. LiNi g gCop ;Mng 10, materials are shown in Fig. 2. Both materials
The particle shapes and morphologies of the bare andare indexed to the hexagonal-type structural groRBng). The lat-
AIPO,-coated powders are shown in Fig. 1a and b, respectivelytice constantsa and ¢ for the AIPQ,-coated LiNj Ca, ;Mng 10,
After coating the particles with AIPQ) the surface morphology of material are 2.8782 0.0004 and 14.21% 0.004 A, respectively,
the particle showed densely packed, rock-shaped grains. Thigaving similar values to the bare ore= 2.8766+ 0.0003 A and
indicates that the AlIP©nanoparticles had partially reacted with the ¢ = 14.219+ 0.003 A.
LiNi 9 gC0y 1Mng 10, during firing at 700°C. Auger electron spectros-  Figure 3 shows the XRD patterns of the AlRGoated
copy (AES) and transmission electron microscopyTEM) Li,Nig §Cay ;Mng 10, cathode electrodes at 4.2, 4.4, 4.6, and 4.8 V
demonstrated that the AIRQoating thickness was approximately (during the first chargein the Li-ion cells with a carbon anode
10 nm1"#3 (corresponding to approximately 0.1 V higher voltageLi metal,
Preparation of test cells—Cathodes for battery test cells were respectively. The shift in the(003 peakslls.notlceable in the XRD
made from the active materid~25 mg, Super-P carbon black Patterns of the charged AlR&@oated LiNipgC0,Mno,0,. The
(MMM, Belgium), and a polyvinylidene fluoridéPVDF) binder (003) peak shifts toward a lower angle during the charging up to 4.2
(Kureha Comparlyat a weight ratio of 96:2:2. A cathode slurry was ¥+ @nd then shifts back to a higher angle as Li ions are further
prepared by thoroughly mixingl&-methyl-2-pyrrolidendNMP) so-  deintercalated. In addition, th@09) and (107 peaks are observed
lution with the PVDF, the carbon black, and the powdery cathode!© Shift to higher angles. Ohzulet al™ and Liet al™ reported that
active material. The electrodes were prepared by coating th&lelithiated LiNiO, (x ~ 0) maintained its hexagonal structure.
cathode-slurry onto an Al foil, followed by drying at 130°C for 20 Similarly, the XRD patterns of the bare and AlpCoated
min. Coin-type battery test cellsize 2016 containing a cathode, a  Li,Nip¢C0y;Mng 0, remains asR3m at x ~ 0 (4.8 V), and the

Results and Discussion
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Figure 2. XRD patterns of the bare and AlR@oated LiNj gCoy 1Mng 10,
powders.
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of the XRD patterns of the bare cathode was similar to those of the

AIPO,-coated cathode.
The discharge curves of the bare and AjRDated
LiNi g gC0y1Mng 1O, between 4.3 and 3 V at a rate of 0.1(@ith

Figure 4. Plots of (a) discharge curves of the bare and AlRPEated
LiNi o gCay.1Mng 10, cathodes in the coin-type half cells between 4.3 and 3 V
at 0.1 C rate(=18 mA/g), and (b) DSC scans of the bare, AIR© and

coin-type test cells using Li-metal angdare compared in Fig. 4a. Al,Oz-coated LiNiggCoy,Mng 10, cathodes at 4.5 Mwith a Li metal
Both samples exhibit a discharge capacity of 188 mAh/g. Figure 4banode.

shows the DSC scans of the bare, AlRPOand ALO;-coated
LiyNig gCqy1Mng 10, electrodes charged at 4.5(Using a Li metal

anode. The inset is the voltage curve during the charge to 4.5 V of bare LiNj, ¢Ca, ;Mnq 0, cathode, showing the charge capacity of
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Figure 3. XRD patterns of the AlIP@coated LiNiy ¢Cq,,Mng 1O, cathode
material as a function of the charge voltage.

235 mAh/g. The bare LiNigCo, ;Mn, 1O, cathode exhibits a steeply
rising heat flow height up to 40 W/g beginning-aR00°C. This is a
great concern during the thermal abuse tests in Li-ion cells, because
rapid heat generation from the decomposition of the cathode in a
very short time can be much faster than the heat dissipation to the
environment, which causes thermal runa\KFayHowever, the
AlPO,-coated LiNj Coy ;Mng 10, shows more diffused exothermic
heat, with only a quarter of that observed in the bare cathode. In
addition, the A}JO5-coated cathode produces approximately double
the heat than that of AlPQcoated LiNj gCaoy,Mng 10,. These in-
dicate that the degree of heat generation strongly depends on the
coating materials; the AlPQOcoating layer minimizes the exother-
mic reaction of the cathode with the electrolyte, which triggers the
violent evolution of oxygen generation from the cathode.

These thermal results correlate with the nail penetration tests of
Li-ion cells at 4.35 V chargécorresponding te-4.5 V vs.Li metal),
which is considered to stimulate an internal short in Li-ion cells.
This test directly shows the thermal stability of the cathodes because
a sudden internal short accompanying an abrupt increase in joule
heat is induced. Figure 5 shows the cell appearance after the test. A
maximum surface temperature 6400°C was observed in the cell
with the bare LiNj¢Caoy1Mng .0, with accompanying sparks and
fire, while the cell with the AIPQ-coated cathode showed a maxi-
mum temperature of-80°C without thermal runaway.

In order to investigate the thermal properties of the cathodes at
different overcharge states, the DSC scans of the bare and



Figure 5. External appearance of the Li-ion cells ¢f) bare and(b)
AIPO,-coated LiNj gCoy 1Mng 10, cathodes after finishing the nail penetra-
tion test at 4.35 V charge.

AIPO,-coated LiNj gCoy ;Mng 1O, cathodes are compared in Fig. 6,
which were obtained from the Li-ion cells with a carbon anode at
4.2 and 4.6 V(corresponding to~4.3 and~4.7 V vs. Li metal,
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respectively. As the charge voltage increases, the major exothermicrigyre 7. plots of the cell voltage and cell surface temperature in the Li-ion
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Figure 6. DSC scans of the bare and Alp©oated LiNjgCoyMng 0,
cathodes at 4.2 and 4.6 W. carbon(~4.3 and~4.7 V vs. lithium, respec-

cells containing bare and AlR&oated LiNj¢Ca,;Mng .0, cathodes as a
function of time @2 C and 6 C rates during the 12 V overcharge test.

peaks at around 200°C in the bargMlij, {Coy;Mng 0, are split,
which is probably related to the slower reaction kinetics. However,
the total heat generation increases with more delithiation in the bare
LiyNig gCqy 1Mng 10,5, showing similar trends of undoped,NiO,
cathodeé?”?8 The AIPQ, coating leads to significantly reduced exo-
thermic heat, which is onlga. one-quarter of the bare cathodes at
both charge voltages. It is believed that the covalent bonding nature
of (PQ,)®~ with the Al cation leads to strong resistance to the reac-
tion with the electrolyte, and oxides with (g3~ bonding have
been reported to be thermally staBe® Moreover, the decrease of
cathode surface exposed to the electrolyte plays a role in reducing
the oxygen generation. More detailed studies on the nature of the
coating layer for thermal passivation against the exothermic reaction
with the electrolyte are currently underway.

While the nail penetration test is sensitive to the thermal stability
of the cathode at very short times, the 12 V overcharge tests are
sensitive to the cumulative heat generation of the cathode during a
longer time, because a continuous current is applied even after all
the lithium ions have been removed from the cathode. In order to
evaluate the effect of heat generation from the bare and
AIPO,-coated LiNj gCay 1Mng 1O, on the Li-ion cells during the 12
V overcharge, the cells containing cathodes were charged to 12 V at
the 2 and 6 C rate@=ig. 7). At a higher C rate, the cell temperature
increases rapidly due to accelerated electrolyte oxidation, cathode
decomposition, and other cell component reactions by the rapid in-
crease of joule heat. Among these, the cathode decomposition reac-
tion was reported to trigger a thermal runaway of the Teif A
Li-ion cell containing bare LiNjgCo 1Mng 4O, cathode exhibits a
cell surface temperature of up to approximately 250°C, accompany-
ing by smoke with the bottom of the can ruptured. On the other
hand, the AlIPQ-coated LiNj ¢Cay ;Mng O, cathode is limited to a

tively). The cathodes were extracted from the Li-ion cells, and the scan ratgnaximum temperature of110°C. Even at the extreme case of a

was 3°C/min.

high current corresponding to 6 &5 A) applied to the cell con-
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Figure 9. Plots of the pH changes in the NMP solutigith 0.5 wt % water
contenj containing the bare or AlP@coated LiNj ¢Co, ;Mng ;0, materials.

ions in Ni-based cathodes were easily extracted through contact with

180 water. This was critical for preparing the cathode slurry since the

dissolution of Li from the cathode induced an increase in the pH of
i the slurry, thus increasing the viscosity of slurry over 10,000 poise
within 30 min. (Normally the slurry viscosity should be stabilized
within ~5000 poise. As shown in Fig. 9, the pH of both NMP

170

Discharge Capacity (mAh/g)

160 Bare LiNiy gCoy ;Mng ;0,/C solutions abruptly increased from 11.5 to 12 at 10 min after immers-
ing each cathode into the NMP solution. However, after that, the pH
ol of solution in the bare LiNjgCoy1Mngy O, continued to increase,

which is in contrast to the coated cathode case. This suggests that
the AIPQy-nanoscale coating layer blocks lithium dissolution from
the powder surface.

0 20 40 60 80 100 120 140 160 180 200
Cyele Number

Figure 8. Plots of (a) discharge curves of the bare and AlREated

LiNigCay1Mng 410, cathodes in Li-ion cells at various C rates between 4.2
and 3V, and(b) discharge capacities of the bare and coated cathodes as a
function of cycle number.

Conclusions

An AIPO,-nanoscale coating on the LifNiCo, 1Mng 10, cathode
improved both the thermal stability and electrochemical properties.
Coated LiNj ¢Coy ;Mn, ;0, material had a noticeably reduced exo-
thermic reaction of the cathode with the electrolyte, without sacri-
taining AIPQ,-coated LiN} §Caq, ;Mng 0, cathode, the cell does not  ficing the specific capacity of the bare LiNC0o, ;Mng :0,. These
show thermal runaway, and the cell surface temperature is similar tgesults are consistent with the thermal abuse tests of Li-ion cells.
the 2 C rate case. In this condition, all the exothermic decomposition
reactions of the cell components occur withitb min, but the cell
remains stable suggesting that the amount of heat generated from the
cathode is an indication of whether or not a catastrophic failure of
the cell will occur. Note that the cell does not show an abrupt tem-
perature increase although there is a sudden short-circuit1at Kumoh National Institute of Technology assisted meeting the publication
min. For the 12 V overcharge experiments, five cells were tested foicosts of this article.
each condition, and the results were reproducible.
Figure 8a shows the discharge curves of the bare and

AIPO,-coated LiNj ¢Caqy1Mny 1O, by increasing the discharge rate 1. W.Li, J. N. Reimers, and J. R. DahBiolid State lonics67, 123(1993.
from 0.2 to 0.5, 1, ath 2 C rates. The discharge curve of the coated 2 J: Cho. G. Kim, Y. Park, and S. Kim, U.S. Pat. 62,4192001.

. o . 3. Y. Nishida, K. Nakane, and T. Satoh, Power Source$8, 561 (1997).
cathode is better than the uncoated one, and similar behavior was;”  \watanabe, T. Sunagawa, H. Fujimoto, N. Nishida, and T. Nolaayo Tech.
observed in the AlO;-coated LiCoQ.?? The capacity retention of Rev.,30, 84 (1998.
the Li-ion cell between 4.2 and 3 V is~100% with the 5. Y. Sato, T. Koyano, M. Mukai, and K. Kobayakawa, Abstract 109, The Electro-

Shpe . . hemical iety Meeting Abstr: Vol. 97-2, Paris, France, A 1- 1997.

AIPO,-coated LiNb 405 ;Mno.,0; , While that of the bare cathode is g Vochi, . Neguehi, -1 ioh, M. Okada, and T- MouT Power Sourcedo,
92% after 200 cycles, as shown in Fig. 8b. In the bare  176(2000.
LiNi ¢Cay1Mng 10,, the concentrations of dissolved Co and Ni 7. F(;:A l\g%oze, F. Ansart, C. Laberty, J. Sarrias, and A. RoudsBpwer Sourcef)9,
W.ere 80. and 20 ppm .after CyC“ng’ respectlvely, Wlth.n69llg.lb|e .Mn 8. J. (Cho,DH. Jung, Y. Park, G. Kim, and H. S. Lit, Electrochem. Soc147, 15
dissolution. Amatucciet al. reported that cobalt dissolution is (2000.
closely related to the weakening of the crystal structure by the re- 9. J. Cho, G. Kim, and H. S. Lim]. Electrochem. Soc146, 3571(1999.
moval of the binding lithiun?® However, the AIPQ coating layer ~ 10. W.Liand J. C. Currie). Electrochem. Socl44, 2773(1997).
blocks the potential HF attack from the electrolﬁemproyed rate 12‘_ g: ngga;ﬁc"' fagﬁ;’tj‘sg E?gcﬁbg‘;‘:n@éﬁgi‘ﬂ gg%caggfgs(lgga.
capability and cycle life performance may be also partially associ-13. v. Gao, M. V. Yakovleva, and W. B. EbneElectrochem. Solid-State Lett, 117

ated with the catalytic effect of AlIPQcoating layer to dissolve Li (1998.

ions in the electrolyte. 14. U. Isozaki, K. Kubo, S. Yamada, and M. Kanda, Abstract 143, The Electrochemical
. . . Society Meeting Abstracts, Vol. 2002-2, Salt Lake City, Utah, Oct 20-24, 2002.

We consider a pH change of cathode powders immersed in NMPlS. Guideline for the Safety Evaluation of Secondary Lithium Cel&pan Battery

(normally containing~0.5 wt % wate). In contrast to LiCoQ, Li Association(1997.
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