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The overcharge behavior of AIR@oated LiNiy Coy1Mng 10, cathodes was compared to that of AlRPEated LjCoO, cath-

odes in Li-ion cells. The former exhibited less heat generation than the latter as the charge voltage increased. Moreover, the coated
Li,Nig ¢Cy 1Mnq 1O, cathode showed two distinct sets of exothermic peaks beginnin@aiand~200°C, respectively, while the

coated LjCoO, exhibited relatively continuously increasing exothermic peak beginningl&0°C. The results were consistent

with the 12 V overcharge tests using Li-ion full cells. As the C rate increased from 1 to 3 C, the cell-surface temperature with the
AlPO,-coated LjNij ¢Cay ;Mng 1O, cathode did not exceed125°C, and that of the coated, o0, exceeded-170°C. However,

the Li-ion cells containing either cathode with the AlR@anoparticle coating did not exhibit thermal runaway, although short-
circuits occurred at 12 V durgna 3 Covercharging rate. It is evident that the AllR€oating layer on the powder drastically
reduced the violent exothermic reaction between the electrolyte and cathode, controlling the overall safety of the Li-ion cells.
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~ Along with the improvement in the electrochemical properties of firing at 900°C for 24 h. To coat the AIPnanoparticles on the
Ni-based cathode materials (LiNkM,O, where M= metals),  |iCo0, cathode3 g of AI(NO);-9H,0 and 1.04 g of (Ni),HPO,
thermal instability with respect to €00, is a great concern for use  \yere dissolved and stirred in 20 g of water until a white AJPO

in Li-ion cells}*? Ni-based cathode materials have not met the nanoparticle suspension was observed. LIC6mO0 g with an av-
safety _gwdellnes_that require no explosions, fire, or smok_e dl.”.'ngerage particle size of 10 um was added to the coating solution and
the nail penetration test at a 4.35 V overcharged state in I""Onthoroughly mixed for 5 min. The slurry was then dried in an oven at

cells® In terms of thermal stability, the violent exothermic reaction :
. ! : . 20°C fa 6 h and heat-treated in a furnace at 700°C for 5 h. Trans-
of the cathode with the electrolyte accompanying substantial heag‘ ission electron microscop§TEM) confirmed that the Al and P

generation should be avoided. Otherwise, it causes thermal runawa lements were confined within10 nm from the surfack®
exhibiting fire, sparks, and explosions. ) X . sl .
To minimize oxygen evolutiotheat generationaddition of Mg, The Nip gCop ;Mno ,(OH), starting material consisting of spheri-
Ti, or Al in LiNIO, was reported to be effective in reducing the €&l particles~13 um diam was prepared by co-precipitation from
exothermic reaction, but greatly sacrificed the discharge® Solution containing stoichiometric amounts of nickel and cobalt
capacity*#15 For example, a LiNj;Tig 1Mgo 1:0, cathode showed nitrates, and. manganese nitrate by _the addition of NaOH and
190 mAh/g even at the charged voltage of 5 V, and its specificNH4OH solutions in the reactdrThe LiNio 4C0y ;Mg 10, was pre-
capacity at a 4.3 V cutoff is smaller than LiCeG* To overcome  Pared by mixing stoichiometric amounts of LiOH and
the thermal instability of Ni-based cathode materials, some additivesNio §C0 1Mng 1(OH),, followed by heat-treatment at 800°C for 20 h
(for example,y-butyrolactong were used to reduce the direct reac- in a stream of dried air. An excess amount of(Li02 mol¢ was
tion of the cathode with the electrolyte at the charged states. Thisised to compensate for the loss of Li during firing. The resultant
solvent was reported to decompose into the organic productspowders showed a Brunauer, Emmett, and TéBdET) surface area
thereby encapsulating the cathode, blocking any direct reaction withof 1 m?/g. The process for AlPQcoating on the cathode is identical
the electrolyté® As a consequence, Li-ion cells containing this sol- tg the LiCoG described above.
vent did not explode during the nail penetratiat 4.35 \j) and
overcharge tests to 12 V. However, such an additive has raised con- Preparation of test cells—The cathodes for the battery test cells
cerns about its compatibility with the anode and cathode, whichwere made from the cathode material, Super P carbon black, and
therefore still needs to tailor its electrochemical properties. polyvinylidene fluoride (PVdF) binder (Kureha Companyin a
Recently, a more fundamental approach was used to improve theveight ratio of 96:2:2. The electrodes were prepared by coating a
thermal stability of the cathode materiafsChoet al. demonstrated  cathode-slurry onto an Al foil followed by drying at 130°C for 20
that a nanoparticle-AlPQcoating on the LiCo® cathodes blocked min. The slurry was prepared by thoroughly mixing a N-methyl-2-
the thermal runaway of the Li-ion cell, and significantly reduced the pyrrolidone (NMP) solution of PVdF, carbon black, and the pow-
electrolyte oxidation as well as Co dissolution into the electrolyte. Indery cathode material. The coin-type battery test dglize 2016
this paper, we report the 12 V overcharge behavior of theprepared in helium-filled glove box contained a cathode, a Li metal
AIPO,-coated LiCoQ and LiNiygCoyMng 0, in terms of their anode, and a microporous polyethylene separator. The electrolyte
exothermic behavior. was 1 M LiPR with ethylene carbonate/diethylene carbonate/ethyl-
methyl carbonatéEC/DEC/EMQ (30:30:40 vol %, Cheil Ind. Ko-
rea. We used standardized coin-cell pa(@16R-type, and nor-
Synthesis 0AIPO,-coatedLiCoO, and LiNi y gCoy ;Mng 10,.— mally the amount of the electrolyte was0.1 g in each_ cell. Each
LiCoO, was prepared from stoichiometric amounts o@0; and  test cathode contained~25 mg of either LiCoQ@ or
Co;0, (average particle size of 248m). After mixing these starting ~ LiNiggC01Mng;0,. The test cells were aged at room temperature
materials using an automatic mixer for 2 h, the mixture was pre-for 24 h prior to the electrochemical test. Cells with a dimension
heated at 600°C for 6 h, and thoroughly remixed again, followed by3.4 X 40 X 62 mm were used for the 12 V overcharging experi-
ments, and the anode material was synthetic graphite. The dimen-
sional ratio of anode to cathodmatching ratip was 1.08:1 for the
* Electrochemical Society Active Member. Li-ion cells. The overcharge test used the guidelines reported
2 E-mail: jpcho@kumoh.ac.kr elsewheré’” The cell-surface temperature was monitored using a
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Figure 3. Plots of the first discharge curves from the AlRated LiCoQ
and LiNig gCoy 1Mng 10, cathodes in the coin-type half-cells between 4.3 and
3V at0.1 C ratdlLi as an anodg while the 1 C rate corresponds to 140 and
180 mA/g, respectively.

AlPO,-coated LiCoQ and LiNiy gCoy ;Mng 10, were carried with a
Figure 1. (3) and (b) SEM micrographs for bare LiCoQ and (c) for discharge rate of 0.5, 1, and 2(@hile the charge rate was fixed at
AlIPO,-coated LiCoQ@. (d) and (e) Micrographs of bare 10).
LiNi o gCop ;Mng 10, . ) Micrograph from  AIPQ-coated The Li-ion cells for the differential scanning calorimeSC)
LiNi o gCop ;Mng 10, . tests were charged to the pre-determined cell voltages, 4.2 and 4.6 V
for bare cathodes, and 4.2, 4.4, 4.6, and 4.8 V for the coated cath-
odes at the constant-current mode of 1(T10 and 820 mA for
i,CoO, and LiiNip¢CoyMng,0,, respectively, which was fol-
owed by holding these voltages until the currents decreased to 30
mA. The charged cathodes were then disassembled from the cells in
a dry room. The cathode electrode typically containre20 wt %
Electrochemical and DSC testirgTo compare the capacity of electrolyte,~25 wt % Al foil, a ~5 wt % combined binder and
the AIPQ-coated LiCoQ with LiNigCoy ;Mng ;0, cathode, coin-  carbon black, and a50 wt % cathode material. Approximately 10
type half-cells were used with a charge cutoff voltage of 4.3 V at themg of the cathode was cut and hermetically sealed in an aluminum
charge and discharge rates with a constant current of Q24G@nd DSC sample pan. Only the cathode material was used to calculate
18 mA/g, respectively The cycling tests of the Li-ion cells contain- the specific heat flow. The heating rate of the DSC tests was 3°C/
ing AlPO,-coated LiCoQ and LiNiy gCoy ;Mn, ;0, were carried out ~ min. Due to the high reactivity of the electrolyte with moisture, its
by charging and discharging the cellsaal Crate for 200 cycles at ~ content in the dry room was maintained below 50 ppm. Because the

21°C. The rate-capability tests of the Li-ion cells containing dry room was used for dissembling the cells for the DSC experi-
ments, compressed DSC pans may contain oxygen. However, our

DSC experiments up to 300°C showed negligible effects: pans as-
sembled in the dry room were identical to those assembled in a

K-type thermocouple placed on the center of the largest face in th
cell can, and the thermocouple was tightly glued with insulating
tape.

v T T " v T T ? v i glove box.
_ AIPO,-coated LiNi  Co, Mn, O, . .
g g Results and Discussion
=3 - = Scanning electron microscopySEM) images of the bare,
g AIPO4-coat<_ed ITiCoQ and LiNio_BCoO_anO_loz_ cathode particles
8 = are shown in Fig. 1. The surface morphologies of both coated par-
= e ticles are distinctly different from those of the bare ones, and that of
~ gs - ~— B85 _ the coated LiNjgCoyMng 0, changed from a rough to smooth
:E‘ es g 8 5 exc < shape after the coating. This suggests that the AlR&hoparticles
L [ T H " at least reacted at the surface of powders. A high-resolution TEM
2 image of the coated LiCoQOshowed the AIPQ nanoparticles em-
£ AIPO,-coated LiCoO, bedded in a nanoscale-coating layer 640 nm. The nanoscale-
coating layer consisted of random-oriented A}jP@anoparticles
1 Il M.J with an average diameter 6f3 nm, and the Al and P components
were distributed uniformly in the nanoscale-coating ldyer.
. 4 . 4 L 4 1 . L 4 Figure 2 shows the X-ray diffractionfXRD) patterns of
20 30 40 560 60 70 AIPO,-coated LiCoQ and LiNiygCoy;Mng 0, powders. Both
Scattering Angle 26 (degree) materials are indexed to the hexagonal-type space gronp RB8e

lattice constantsa and c, for the AIPQ,-coated LiCoQ@ material
Figure 2. XRD patterns of the AlP@coated LiCoQ and are a = 2.815+ 0.004 A and c = 14.051+ 0.043 A (with
LiNi 5 gC0p sMn, 10, cathodes. 2.816+ 0.004 A and 14.034- 0.043 A, respectively, for bare
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Figure 4. Plots of(a) the rate capabilities of the AlIP&oated LiCoQ and
LiNigCay1Mngy 4O, cathodes in the Li-ion cells at 0.5, 1, and 2 C rates
between 4.2 and 3 V, an@) the discharge capacity as a function of the cycle
number &1 C rate.

sampleg and those for the coated LipNCoy;Mng 0, material
are a = 2.874+ 0.001 A and c = 14.217+ 0.008 A (with
2.877+ 0.001 A and 14.21% 0.003 A, respectively, for bare
samples The XRD patterns of the coated LiCgOor
LiNigCay1Mny O, powders are identical to those of the bare

samples, even though the possible formation of hanophases or inteH-].

diffusion could not be ruled out.

To examine the electrochemical properties, coin-type half-cells

with the coated LiCo® and LiNip Cay ;Mng 10, were charged be-
tween 4.3 and 3 V at a rate of 0.1 @4 mA/g and 18 mA/g,
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Figure 5. XRD patterns of (a) coated L{CoO,, and (b) coated
LixNig ¢C0y1Mnq 1O, cathode electrodes as a function of the charge voltage
during the first charge.

LiNi gCay1Mng 1O, exhibits better capacity retention than the
LiCoO, cathodes after 200 cycles, as shown in Fig. 4b.

Figure 5 compares the XRD patterns of the charged
AIPO,-coated LiCoO, and LiiNiy Cay 1Mng 1O, cathode electrodes
at 4.2, 4.4, 4.6, and 4.8 V in Li-ion cellgvith carbon anode In
both cases, thé03) lines shift toward lower diffraction angles dur-
ing the charge up to 4.2 V, and then shift back to the higher diffrac-
tion angles as the Li ions are further removed. At 4.8 V, the XRD
pattern of the coated LCoG, is indexed to the hexagonal unit cell
the space group of P3m1 (Gdir O1 type. Because 4.8 V in the
i-ion cell corresponds te-4.9 V vs.Li metal, the Li content in the
Li,CoG; is zero at 4.8 V. These results agree well with Ohzuku
et al’® and Amatucciet al*® On the other hand, the XRD patterns

of the coated LiNig gCoy1Mng 1O, are indexed to the R8 (CdCh

respectively. The first discharge curves in Fig. 3 show that the OF O3 typg space group even at a low Li content. Usually, the1)

initial voltage profiles of the coated LibliCoy;Mng .0, cathodes
above 4 V are higher than that of the coated LiGo®he discharge
capacity of the coated LiliCo, ;Mng 10, is 188 mAh/g while that
of the coated LiCo@is 150 mAh/g. These values are identical to

those of the bare cathodes. The larger discharge capacity of th

LiNi g gC0y.4Mnq 1O, cathode than the coated LiCo®@ expected to
increase the nominal capacity of the Li-ion cell.

The rate capabilities of the coated LiCoO and
LiNi g gC0y.4Mnq 1O, in the Li-ion full cells (between 4.2 and 3 V
are shown in Fig. 4a at a discharge rate of 0.5, 1, and(®ith the
charge rate of 1 L With relatively good capacity retention, the
overall voltage profiles of the coated L{NCo:Mng 40, appear

and (104) peaks for a hexagonal lattice observed for Libli@ere
split into two peaks in the monoclinic lattic€€2/m).?° However,
these are not observed in the XRD patterns of
LiyNig gC0y.1Mng 105, which is similar to those of LNiysCoy 0,
Baving a homogenous hexagonal phase transifiddhzukuet al.
and Amatucciet al. reported that delithiated LNiO, to x ~ 0
maintained the R® structure without a monoclinic distortion at a
low lithium content, which is unlike LiCo@.*8° Similarly, the
XRD patterns of LjNiggCoy;,Mng 0, show that its structure at
X ~ 0 (at 4.8 V) remains as R3.

A comparison of the AIP@coating effect on the cathode mate-
rials was investigated using DSC. Figure 6 shows the DSC scans of

the

enhanced as the C rate increased from 0.5 to 2 C, compared to thiae AIPQ,-coated and the bare JGoO, cathodes in the Li-ion cells

coated LiCoQ@. For the cycle-life performance, the coated

at different charge voltages. It shows continuous heat generation of
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Figure 7. DSC scans of the coated and bargNip gCa, ;Mng 10, cathodes
Figure 6. DSC scans of the coated and bareddO, cathodes at different ~ at different charge voltages. The cathodes were extracted from the Li-ion
charge voltages. The cathodes were extracted from the Li-ion cells, and thé&ells, and the scan rate was 3°C/min.
scan rate was 3°C/min.

covalent-bond nature of (R{F~ with the Al cation contributes to a
strong resistance to the reaction with the electrolyte. Oxides with
%PO4)3’ bonding were reported to be thermally stable even at the
ully delithiated state, and the ME@M = Fe and Cp compounds
exhibited a minimal weight loss from oxygen evolution when heated
to 500°C?+%°

The coated LiNiy gCoy ;Mny 1O, cathode exhibits more diffuse
peaks than the coated,doO, with increasing cell voltage, suggest-

cathodes beginning at150°C. As the charge voltage increases, the
exothermic peak above 150°C, which is indicative of oxygen evo-
lution from cathode decomposition, increases in both cathodes. Th
peak area of the coated LiCg@athode is approximately 2 to 3
times lower than that of the bare LiCgO

Figure 7 compares the DSC scans of the AJROated and the
bare LiNiygCo 1Mng 4O, cathodes in the Li-ion cells at the differ-
ent charge voltages. The coated i gC0y1Mng 0, shows two
sets of exothermic peaks at75 and~200°C, which is similar to
the bare ones. The peak a75°C may be related to the decompo-
sition of organic compounds residing at the particle surfacé. BV !
Anderssoret al?! reported that the delithiated LiliCoy ,0, cath- | Bare LiNi, ,Co, Mn, 0,/C
ode surface contained a mixture of organic polycarbonates species 121 5¢ (= 360 mA/g)
LiF or Li,PRO,-type compounds, and electrolyte species due to 10'_ B
high surface reactivity of the cathode powd&A solid-electrolyte S I i . {300
interphase(SEl) layer on delithiated electrodes containing various T 8 - Bare LiCoO,/C E
organic and inorganic electrolyte-decomposition products showed ¢ 2C (= 280 mA/g)
mild heat generation below 100923

The DSC results suggest that the AlRP@anoparticle coating re-
duces heat generation during the electrochemical reactions. It shoulg
be noted that the peak size of the bare cathodes is significanth©®
diminished after the AIPQcoating(Fig. 6 and 7. The BET surface
area of all the samples were measured, and values from the LICoO
and LiNi §Ca, ;Mn, 10, powders were 0.6 and 1%g, respectively, o Ll— . . ; . .
whether the samples were coated or not. However, the DSC result 0 5 10 15 20 25 30 35
showed significant heat reduction after the AjP&dating, indicat-
ing that the crucial factor governing the exothermic reaction is the
interfacial reaction with the electrolyte and cathode. With the sur-Figure 8. Plots of the cell voltage and cell-surface temperature in Li-ion

face reaction minimized by the coating, the oxygen generation in-cells containing the bare LiCoOand LiNi,gCa,Mn, 0, cathodes as a
side the powders can be reduced. It is also believed that théunction of time @2 C rate during the 12 V overcharge test.
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Figure 9. Plots of the cell voltage and cell-surface temperature in Li-ion
cells containing AIP@-coated LiCoQ and LiNiy Coy ;Mng 10, cathodes at
1, 2, and 3 C rates during the 12 V overcharge test.

ing possibly slower reaction kinetics. This indicates thgiClaO,

has a higher chance of undergoing thermal runaway compared to the>

LiyNig ¢Cqy1Mng 105, with the competing heat-generatioa. heat-
dissipation rates in Li-ion cel@ To evaluate the effect of heat
generation on the bare and Alp©oated LiCoQ and
LiNi g gC0y.4Mnq 1O, in the Li-ion cells during the overcharge to 12

V, the cells were charged at three different current rates of 1, 2, and7.

3 C to 12 V (Fig. 8 and 9. At higher C rates, the cell-surface

Al1711

cell increases greatly. Eventually, this causes a decrease of current,
resulting in a decrease in temperature. However, the coated LICoO
cathode exhibits continuous heat generation beginning 0°C

with a slimmer peak shape. Because this behavior causes faster heat
accumulation than heat dissipation, the maximum cell-surface tem-
perature at 12 V increases. This is well supported by the fact that the
cell temperature of the bare LiCg@athode increases abruptly to
~400°C at 12 V upon short-circuiting, as shown in Fig. 8. However,

a Li-ion cell containing bare LiNigCo1Mng 10, exhibits a maxi-
mum temperature of-225°C, accompanying only smoke from the
bottom rupture of the can.

Conclusions

The DSC and 12 V overcharge tests demonstrated the enhanced
thermal stability of the AIP@-coated LiNj gCo, ;Mn, 1O, cathodes
compared to the AIPQcoated LiCoQ. Although the reduced heat
generation by the nanoparticle coating resulted in an improved ther-
mal stability at high charge voltages, the distinctly separate heat
generation with a wide temperature gap in the coated
LiNi g gC0y.4Mnq 1O, plays a key role in decreasing the cell-surface
temperature, unlike LiCoQ
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