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Abstract

Lithium carbonate is commonly found on the surfaces of lithiated cathode active materials that have been exposed to air. Long-term
exposure of LiNg sCop.15Al 00502 electrodes produced a denseCOs coating, approximately 10 nm in thickness that severely reduced
both the accessible capacity and the rate at which the electrodes could be cycled. Ex situ X-ray diffraction patterns of cycled electrodes
revealed a bimodal distribution of active material in different states of charge. Particle isolation is proposed to contribute to both capacity
and power losses, and possible mechanisms related to the formatigiC@slare discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental

The presence of lithium carbonate on the surfaces of The LiNiggCap.15Al00502 cathode laminates, obtained
active cathode materials such as LiNi@nd its analogues  from the USDOE Advanced Technology Development Pro-
LiNi1—,—,C0,Al,O, has long been notel—10] Mat- gram[11], contained 84 wt.% LiNjgCap.15Al0.0502 pow-
sumoto et al. carried out a detailed stJ@y of the reaction ~ der (Fuji CA1505), 4wt.% amorphous carbon (Chevron),
of LiNi1_,_,Co.Al, O, with CO, and concluded that the 4 wt.% graphite (SFG-6, Timcal) and 8wt.% polyvinyli-
rate of reaction was limited by diffusion of GQhrough a dene difluoride (PVDF) binder (Kureha KF-1100). The

dense surface layer of 3€0Os. The formation of LH)CO3 is “air-exposed” electrodes had been stored in an open enve-
presumed to take place via reaction (1). lope for a period of about 2 years. Fresh, new electrodes
were prepared for comparison from identical active ma-
LiNi 0.8C00.15A10.0502 + 3102 + 3xCO; terial that had been stored in a dry, airtight container.
= Liz_,NiaCan15Al0,0s02 + xLioCO3 1) Swagelof-type cells using 1.6 chcathodes, Li counter

electrodes, Celgard 3401 polypropylene separators and
While some correlations between electrochemical properties1 M LiPFg in 1:1 ethylene carbonate:propylene carbonate
and LbCOs contamination have been demonstrated, no de- (Ferro Corporation) were assembled in a He-filled glove
tailed study has specifically addressed the issue of capacitypox (O, < 1ppm, HO < 5ppm). Galvanostatic cycling
and power losses that result from its presence in electrodestests were performed in sealed cells at ambient temperature.
Here we show that air exposure of LiNC0p 15Al0,0502 Cathodes were removed from the cycled cells and washed
cathodes fabricated for use in high-power cells may producewith dry dimethylcarbonate in the glovebox to remove
a large amount of LICOs that severely limits the perfor-  electrolyte residues.
mance of the electrodes by means of partial or complete FT-IR measurements were performed using a Nico-
isolation of active material. let Nexus 870 spectrometer, equipped with a broadband

mercury—cadmium-—telluride (MCT) detector. The spectra
* Corresponding author. Tek:1-510-486-8619; faxt-1-510-486-g610,  WEre acquired in the highly surface-sensitive attenuated
E-mail address: irichardson@Ibl.gov (T.J. Richardson). total reflection (ATR) mode with a spectral resolution of
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4cm L. The ATR-FT-IR spectra were corrected for the light
penetration depth~0.4.m) as function of wavelength. A
linear background correction was also performed to elim-
inate the sloping spectral background caused by surface
roughness. The vibrational modes of LilgiCa 15Al 0.0502

are outside the spectral region measured (4000-708xm
Transmission electron microscopy (TEM) was carried out
using a Philips CM200 microscope with energy dispersive
X-ray analysis (EDX). Samples were scraped from elec-
trodes, washed with dimethyl carbonate, and mounted on L
carbon grids in the glove box. X-ray diffraction (XRD) pat- L
terns were acquired in reflection mode using a Panalytical 20 30 40 50 60 70

Xpert Pro diffractometer with monochromatized Cux K 2 Theta (deg)

radiation. The scan rate was 0.061t! from 15 to 70° Fig. 2. XRD pattern of air-exposed [NiggCoy 15Al00502 electrode.
260 in 0.0 steps. Lattice parameters, state of charge, and Locations of diffraction peaks due to ACO; are marked in the inset
compositions were determined by whole pattern refinement plot. The peaks‘at 18?7and_26.5 are (003) for the active material and
using the program RIQAS (MDI Inc.). (002) for graphite, respectively.

Intensity (arbitrary units)

due to the PVDF binder. The strongest peak (1174%ns
attributed to CE asymmetric stretching mode in PVDF.
Although the LpCO3 content in electrodes is difficult to
qguantify by ATR-FT-IR, by comparing the peak intensity ra-
The ATR-FT-IR spectrum ng 1, curve a) of LiNp.g- tios at 1422 and 1174 cm (Flg 1, curves b and C), WhICh
Co.15A1 0,0s02 powder that had been stored in a sealed con- &€ characteristic of the carbonate group and @fup in
tainer until just before the measurement consists entirely PVDF, respectively, itwas estimated that the old, air-exposed
of absorptions due to bCOs, although no evidence for electrode contained abouttwmg as mucfﬂﬂ)g as the fresh
Li,COs contamination was found in XRD measurements ©ne- Ithas been reported thayCiO; disappears from FT-IR
(detection limit ca. 0.1%). The strong peak at 1422 ¢mnd spectrg[12] of LiCoO and LiMn,O4 electrodes and from
shoulder at 1479 cm are the C—O asymmetric and sym- X-Tay photoelectron specti8] of LiNiogCap 20, cathode
metric stretching modes of 4C0s, while the CQ group ;urfaqes after cycllpg. Recgn'ltly, we observed similar behav-
bending mode gives rise to a sharp peak at 870%rifhe iorin lightly contaminated LiNj sCou.15Al 0,050 electrodes
discrepancy between ATR-FT-IR and XRD can be attributed Stored or cycled in LIPEEC/DEC (1:1) electrolyt¢13].
to the fact that the FT-IR technique has high surface sen- Li2COs in the freshly prepared electrode as determined
sitivity and is largely unaffected by crystallite size. In the PY XRD was about 0.5wt.% of the oxides present, while
spectra of the cathodebig. 1, curves b and c), the region the electrode exposed to air for 2 years contained more than

between 1300 and 880 crh is dominated by absorptions 6 wt.% LioCOs (Fig. 2). The latter was well crystallized (av-
erage crystallite size: 50 nm). Since the lattice parameters

of Li;_xNig.gCay.15Al 00502 vary in an approximately lin-

T ear fashion withx [14], these were used to make a rough
estimate of the state of charge of materials in electrodes and
powder samples. The active material in the long-exposed
electrode was significantly oxidizeddble J). If all of the
c lithium carbonate found in this electrode had been produced
by extraction according to reaction (1), the active material
would havex ~ 0.16. This is about twice the value esti-
b mated from the change in lattice parameters. Some excess
lithium may be present in the raw powder in the form of
Li>O or LiOH, which are not easily detected by XRD. Ex-
posure to atmospheric moisture and £®ay convert this
a synthetic residue to crystalline4COs. This would also help

— L to account for the very rapid appearance of@©3 on the
4000 3000 20?0 1000 surfaces of fresh sam)pl)lespfollof/)vpi)ng brief exposure to air.
Frequency (cm™) A high-resolution transmission electron micrograph of

Fig. 1. FT-IR spectra of (a) LiNigCop15Al0,050> powder, (b) surface of fresh LiNip.gCop.15Al0.0502 powder fig. 3a) shows good
fresh cathode, and (c) surface of air-exposed cathode. crystallinity at the edges of the grains and no evidence

3. Results and discussion

3.1. LioCOs in air-exposed powder and electrodes

10.005

Absorbance
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Table 1

Cell parameters and approximate state of charge from XRD analysis

Sample LBCOs ag(A) c(A) xxrp mol %

(Wt.%)

Fresh powder 0.0 2.863 14.178 0.00 100

Fresh electrode 0.5 2.861 14.184 0.02 100

Fresh electrode 0.5 2.842 14.248 0.12 70
charged 2.857 14.182 0.03 30

Air-exposed electrode 6.1 2.862 14.226 0.07 100

Air-exposed electrode 3.0 2.836 14.358 0.29 57
after charging 2.862 14.212 0.05 43

Air-exposed electrode 3.0 2.839 14.339 0.26 59
after 7 days 2.861 14.213 0.06 41

aActive components only.

for a surface film. By contrast, oxide particles from the
air-exposed cathodé-ig. 3) are covered by an apparently
continuous layer at least 10 nm thick. Elemental analysis by
EDX showed the coating to be composed primarily of car-
bon and oxygen, consistent with its identification as lithium
carbonate by FT-IR and XRD. The surface area of the active
material is 0.4rig~1, and the porosity of the electrode is
about 38%. A uniform coating of 6 wt.% €Oz on all sur-
faces of the active particles would be roughly 75nm thick
and would occupy about 1/6 of the pore volume, assuming no
volume expansion of the cathode composite due }€0g
formation. The fact that the observed coating is thinner than
predicted supports the notion that not all of the@D;
present was formed by extraction from the layered oxide.

3.2. Electrochemical performance

Charge and discharge potential profiles for cells made
from fresh and air-exposed cathodes are presentEi)ir#.
The cells were cycled five times at the lowest rat€’(i's
the discharge capacity at this rate) and then the rates were
gradually increased. The capacity of the heavily contami-
nated electrode cathode was much lower at all rates than
that of the fresh cathode. Even at very low rates, the highly
contaminated electrode delivered less than half the capacity [T 1
of the fresh one. Both cells exhibited high resistance on the
first charge, requiring extended charging at a reduced cur-
rent, i.e. taper charging, at 4.1V. On discharge, nearly all Fig. 3. TEM images of (a) fresh NiggCop.15Al 00502 powder and (b)
of the first charge capacity was recovered. The decrease inLi:NiogCon15Al00502 grain from air-exposed electrode.
resistance following this first charge may reflect some dis-
solution or electrolyte penetration of the carbonate coating,
possibly due to production of acid species during charging j total charge of 28@Ah cm~2, corresponding ta = 0.12,
or to dimensional changes in the underlying particles. Even had been passed. The cell was disassembled within a minute
after extended cycling and following overcharging to 4.3V, and the electrode was washed thoroughly with dimethyl car-
however, more than half the initial $€0O3 was still present  ponate and vacuum dried before removal from the glove box.

in the heavily contaminated electrode. Fitting of the entire pattern was carried out to obtain the cell
parameters. For simplicity, only the LipgCag 15Al0.0502
3.3. Ex situ XRD 003 peak profiles for the fresh and charged electrode are

shown inFig. 5. The active material in the fresh electrode is
A fresh electrode was charged as rapidly as possible with- single-phase and in the fully discharged stdt&b{e J). Be-
out damaging it by polarizing the cell at 4.1V for 1.6 h until cause the material expands in the direction ofttlais as it
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Fig. 4. Charge and discharge profiles for (a) fresh cathode and (b) @
air-exposed cathode. Inset: discharge capacity vs. rate. 2>
2
2
£
is charged, this peak moves to a lower angle. Following the
rapid charge and immediate removal from the electrolyte,
the primary phase present is charged to abott 0.12. A

small amount of a second phase (ca. 30% of the total) with
x ~ 0.03 is also present as a shoulder on the main peak, )
which has a similar line-width to that of the fresh electrode,
indicating a homogeneous distribution of charge within the Fig. 5. (003) XRD profiles for fresh cathode (a) before and (b) after
primary phase. The presence of a second phase with a lowerapid charging.

state of charge in this rapidly charged electrode may be due

to the lower rate capability of larger particles, resulting in

an internal lithium concentration gradient that upon equili- decreased by a similar amount, but its state of charge has
bration in the absence of electrolyte produces particles with increased only slightly. LICOs is still present in both pat-

a lower average state of charge than that of the smaller par-terns, but at a reduced level relative to that in the uncharged
ticles. electrode.

The behavior of an air-exposed electrode is strikingly dif-  This bimodal behavior is strong evidence for isolation of
ferent, even when it is charged slowly. After charging at LiNiggCop.15Al0.0502 particles by some mechanism asso-
62pnAcm=2 (C/20) for 6h (x = 0.18), relaxing at open  ciated with the formation of LICOs. The isolated particles
circuit for 1 h, and standing after washing and drying for are not charged even at a low rate and remain nearly unaf-
24 h, there are two very different phases presé€ig.(6a). fected by the presence of charged particles in the electrode
One is at a higher state of charge = 0.29) and rep- (we can estimate from the charge—discharge curves a driving
resents about 57% of the active material. The rest is es-force for equilibration of the two phases of at least 300 mV).
sentially unchanged from its initial state before charging Particle isolation may result from a variety of causes, in-
(Fig. 2. The line-widths of diffraction peaks due to the cluding: (1) electronic disconnection due to the presence of
charged phase are significantly broader than those of thean insulating coating or to physical separation of particles
uncharged phase, presumably because there is a range dfom the conducting matrix as a result of growth of an in-
states of charge present. This is clear from a pattern taken 7soluble phase; (2) blocking of ions due to the presence of
days later Fig. 6b). The profile of the charged phase has be- a surface layer with low ionic conductivity; or (3) obstruc-
come sharper as the distribution of charge has become mordion of electrolyte transport by an accumulation of insoluble
uniform. The average state of charge for this phase has de-material in pores. LICOz has no electronic conductivity,
creased slightly, and it represents a somewhat larger fractionand its lithium ion conductivity is estimated by extrapolation
of the active material. The amount of uncharged phase hasfrom high temperature daf45,16]to be about 10° Scnt L.

18.50 18.75 19.00

2theta(degrees)

0 1
18.00 18.25 19.25
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200 ——————— 4. Conclusions

A thick surface coating formed on LilCag.15Al 0.0502
particles due to prolonged air exposure was shown to con-
sist of lithium carbonate. This coating appears to have been
formed by reaction of atmospheric carbon dioxide with
lithium oxide residue in the powder and/or by reaction with
Li from the LiNiggCaop.15Al0.0502 active material. It pro-
duces severe deleterious effects on the capacity and power
characteristics of cathodes in lithium cells. An ex situ XRD
study showed a distinct bimodal charge distribution in
heavily contaminated cathodes which relaxes very slowly.
Particle isolation due to LCO3 formation on the surface of
the active material is proposed as the mechanism for power
and capacity losses relative to fresh electrodes.
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