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bstract

The hybrid pulse power characteristics (HPPC) of Li(Ni0.8Co0.15Al0.05)O2 and Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 electrode materials have been evaluated
ccording to the FreedomCAR test manual and found to meet the power requirements for HEV applications. In addition to its excellent power
apability, Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 electrode material has shown much better safety characteristics than the Li(Ni0.8Co0.15Al0.05)O2 electrode
aterial. To investigate the reason for this finding, Li(Ni0.8Co0.15Al0.05)O2 and Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 powders were chemically delithiated using
O2BF4 oxidizer in an acetonitrile medium. The thermal gravimetric results show that both Li0.45(Ni0.8Co0.15Al0.05)O2 and Li0.55(Ni1/3Co1/3Mn1/3)O2

btained powders release oxygen starting from 190 and 250 ◦C with an overall oxygen loss of 11 and 6 wt% at 600 ◦C, respectively. The reactivity

f the delithiated powders with several electrolytes was studied by differential scanning calorimetry (DSC) and accelerated rate calorimetry
ARC) techniques. The relationship between the safety characteristics of Li0.45(Ni0.8Co0.15Al0.05)O2 and Li0.55(Ni1/3Co1/3Mn1/3)O2 powders and
heir thermal stability was discussed in light of their structural rearrangement during thermal heating.
ublished by Elsevier B.V.
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. Introduction

Li(Ni0.8Co0.15Al0.05)O2 oxide is a potential positive active
lectrode for application in batteries for hybrid electric vehi-
les (HEVs) because of its outstanding power characteristics
1,2]. Therefore, extensive work has been carried out at Argonne
ational Laboratory to investigate the thermal behavior of

he fully charged Li(Ni0.8Co0.15Al0.05)O2 powder in the pres-
nce of selected solvents, salt and binders [3,4]. The thermal
buse tolerance study shows that this system generates a
arge amount of oxygen—enough to lead to major reactions

nside a Li-ion cell in the case of overcharge and/or temper-
ture rise of the cell under operational conditions. Because
f the safety hazards associated with lithium-ion batteries,

� The submitted manuscript has been created by UChicago Argonne, LLC,
perator of Argonne National Laboratory (“Argonne”). Argonne, a U.S. Depart-
ent of Energy Office of Science laboratory, is operated under contract no.
E-AC02-06CH11357. The U.S. Government retains for itself, and others act-

ng on its behalf, a paid-up nonexclusive, irrevocable worldwide license in said
rticle to reproduce, prepare derivative works, distribute copies to the public and
erform publicly and display publicly, by or on behalf of the Government.
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here is a need to search for a cathode that has better safety
haracteristics and that could replace Li(Ni0.8Co0.15Al0.05)O2
ithout sacrificing the power characteristics needed for use

n HEV applications [5]. To this end, the low-nickel content
i1.1(Ni1/3Co1/3Mn1/3)0.9O2 electrode material was found to not
nly meet and exceed the power requirements for the HEV appli-
ation, but also to have much better safety characteristics than the
i(Ni0.8Co0.15Al0.05)O2 electrode [6]. The present paper reports
n the thermal and structural stability of Li(Ni0.8Co0.15Al0.05)O2
nd Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 powders after being subjected
o chemical delithiation using a NO2BF4 oxidizer. The general
afety characteristics of the delithiated powders are discussed
ased on the correlation between the oxygen release and the
tructural transformation during the heat treatment of these
ctive materials.

. Experimental

Chemical delithiation [7,8] of the Li(Ni0.8Co0.15Al0.05)O2

nd Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 materials was achieved by stir-
ing the powders in acetonitrile solutions containing NO2BF4
xidizer in excess. After 24 h of lithium extraction at room
emperature, the solutions were filtered and the remaining

mailto:belharouak@cmt.anl.gov
dx.doi.org/10.1016/j.jpowsour.2007.06.092
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Fig. 1. XRD patterns before and after delithiation of Li(Ni0.8Co0.15Al0.05)O2 and Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 materials.

o0.15Al0.05)O2 and C/Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 cell chemistries.
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Fig. 2. Pulse power ASI as a function of DOD for a C/Li(Ni0.8C

owders were washed with acetonitrile several times. The
esulting materials were then dried at 80 ◦C under vacuum for
4 h and thereafter were stored inside an argon-filled glove
ox. The inductively coupled plasma (ICP) analysis results
evealed that after delithiation, Li0.45(Ni0.8Co0.15Al0.05)O2 and
i0.55(Ni1/3Co1/3Mn1/3)O2 were obtained, respectively.

Powder X-ray diffraction (XRD) patterns of the samples
ere recorded on a Siemens D5000 powder diffractometer using
u K� radiation in the angular range of 10◦–80◦ (2θ) with a
.02◦ (2θ) step. The structural parameters were calculated using
ietveld profile matching refinement of the XRD diagrams.

Thermal gravimetric analysis (TGA) experiments under a
urified air flow were conducted on the chemically delithiated
i0.45(Ni0.8Co0.15Al0.05)O2 and Li0.55(Ni1/3Co1/3Mn1/3)O2
owders that were placed inside platinum pans, where the

eference pan of the furnace consisted of an empty platinum
an. The data were collected using a Seiko Exstar 6000
nstrument at a scan rate of 5 ◦C min−1 in the temperature range
f 25–600 ◦C.

Fig. 3. Thermal gravimetric analysis (TGA), conducted under purified air atmo-
sphere, of the (a) Li0.45(Ni0.8Co0.15Al0.05)O2 and (b) Li0.55(Ni1/3Co1/3Mn1/3)O2

delithiated cathodes.
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Fig. 4. DSC profiles of Li0.45(Ni0.8Co0.15Al0.05)O2 and Li0.55(Ni1/3Co1/3M

Differential scanning calorimetry (DSC) experiments were
onducted on the chemically delithiated powders using a
erkin-Elmer Pyris 1 instrument. Typically, 3 mg of Li0.45
Ni0.8Co0.15Al0.05)O2 or Li0.55(Ni1/3Co1/3Mn1/3)O2 powders
nd 3 �L of electrolyte were hermetically sealed inside stainless-
teel high-pressure capsules to prevent leakage of the pressurized
olvents. The DSC curves were recorded between room tem-
erature and 375 ◦C at a scan rate of 10 ◦C min−1. An empty
tainless-steel capsule was used as a reference pan. To ensure
eproducibility, at least two measurements were conducted for
ach data point.

Accelerated rate calorimetry (ARC) experiments were car-
ied out on stainless-steel sealed tubes (2.7 g) containing 100 mg
f Li0.45(Ni0.8Co0.15Al0.05)O2 or Li0.55(Ni1/3Co1/3Mn1/3)O2
nd 100 mg of a 1.2 M LiPF6/EC:EMC (3:7 wt%) electrolyte.
he sealed tubes were mounted in the ARC calorimeter inside
he containment vessel. The bombs were initially heated to
0 ◦C, kept for 5 min at this temperature, and then a 17-min
xothermic reaction search was launched with a self-heating
ate (SHR) greater than 0.02 ◦C min−1. If no reaction activity

W
m
t
b

ig. 5. ARC data (real-time and self-heating rate plots) of Li0.45(Ni0.8Co0.15Al0.05)
3:7 wt%) electrolyte.
2 powders in the presence of 1.2 M LiPF6/EC/EMC (3:7 wt%) electrolyte.

ccurred, the temperature was programmed to increase by 10 ◦C
t a rate of 5 ◦C min−1 and then a new wait-search cycle was car-
ied out until the detection of an exothermic reaction or until the
emperature reached 400 ◦C.

. Results and discussion

Fig. 1 shows the XRD patterns of the Li(Ni0.8Co0.15Al0.05)O2
nd Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 pristine cathodes and their
e-intercalated phases, Li0.45(Ni0.8Co0.15Al0.05)O2 and
i0.55(Ni1/3Co1/3Mn1/3)O2. In all cases, the observed diffrac-

ion lines can be indexed based on the R-3m space group and
re consistent with the layered structure of �-NaFeO2.

The hexagonal lattice parameters for the respective materials
re ah = 2.862 Å, ch = 14.171 Å for Li(Ni0.8Co0.15Al0.05)O2; and
h = 2.860 Å, ch = 14.244 Å for Li1.1(Ni1/3Co1/3Mn1/3)0.9O2.

e noticed that after delithiation, both phases generally
aintained the layered structure of �-NaFeO2 in spite of

he deintercalation of 55% of the initial lithium ions from
etween the metallic planes of Li(Ni0.8Co0.15Al0.05)O2 and

O2 and Li0.55(Ni1/3Co1/3Mn1/3)O2 in the presence of 1.2 M LiPF6/EC/EMC
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i1.1(Ni1/3Co1/3Mn1/3)0.9O2. The unit cell parameters were
alculated using Rietveld profile matching refinement of the cor-
esponding XRD diagrams (Fig. 1): ah = 2.830 Å, ch = 14.432 Å
or Li0.45(Ni0.8Co0.15Al0.05)O2 and ah = 2.829 Å, ch = 14.444 Å
or Li0.55(Ni1/3Co1/3Mn1/3)O2. In both cases, an expansion
f the c parameter was observed compared with the initial
hases.

The HPPC tests were carried out on graphite/Li(Ni0.8
o0.15Al0.05)O2 and graphite/Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 cells
sing a 10 C pulse rate. Fig. 2 shows the area specific impedance
ASI) for the 18-s pulse discharge and 2-s regenerative charge
s a function of depth of discharge (DOD). To meet the power
equirement for HEVs, the ASI values should be lower than
hose calculated from the Argonne National Laboratory battery
esign spreadsheet model for a 25-kW battery pack, which are
5 � cm2 for an 18-s discharge and 25 � cm2 for a 2-s charge
ulse. As can be seen in Fig. 2, both cell chemistries can meet
nd exceed the HPPC requirements for HEVs. In the case of
he Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 electrode, the ASI values are
teady over the total range of the depth of discharge, although
hey are slightly higher than those of the Li(Ni0.8Co0.15Al0.05)O2
lectrode.

Fig. 3 shows the thermal gravimetric analysis curves
f Li0.45(Ni0.8Co0.15Al0.05)O2 and Li0.55(Ni1/3Co1/3Mn1/3)O2
ecorded between room temperature and 600 ◦C under a puri-
ed air atmosphere. In both cases, the weight loss observed for

hese chemically delithiated oxides was associated with the oxy-
en release from their structures, as reported in previous reports
9,10]. However, their tendencies to release oxygen are different
nd strongly depend upon their structural stabilities.

Note that in situ gas analysis during the TGA experi-
ent was conducted on both Li0.45(Ni0.8Co0.15Al0.05)O2 and
i0.55(Ni1/3Co1/3Mn1/3)O2 powders under a high-purity N2
ow. The only gas, other than nitrogen, detected by mass spec-

rometry during the weight loss was oxygen, in agreement with
he report of Guilmard et al. [9,10].

In the case of the thermodynamically less stable
i0.45(Ni0.8Co0.15Al0.05)O2, the loss at 600 ◦C of 11 wt%
xygen was accompanied by significant structural damage,
hereas the mechanism by which Li0.55(Ni1/3Co1/3Mn1/3)O2

ost oxygen was slowed down and resulted in the loss of
wt% oxygen only. More importantly, the results show that

he oxygen release from Li0.55(Ni1/3Co1/3Mn1/3)O2 occurred
tarting from 250 ◦C instead of 190 ◦C as was observed in
he case of Li0.45(Ni0.8Co0.15Al0.05)O2. These fundamental
ifferences in the thermal degradation behavior of these mate-
ials indicate that the Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 has better
afety characteristics than that of the Li(Ni0.8Co0.15Al0.05)O2
aterial.
To initiate the study of their reactivity with electrolytes,

SC and ARC curves were first recorded on Li0.45(Ni0.8Co0.15
l0.05)O2 and Li0.55(Ni1/3Co1/3Mn1/3)O2 powders without elec-

rolyte. In this case, no exothermic reactions were observed.

The reactivity of layered Li0.45(Ni0.8Co0.15Al0.05)O2 and

i0.55(Ni1/3Co1/3Mn1/3)O2 cathode materials in the presence of
.2 M LiPF6/EC/EMC (3:7 wt%) electrolyte was initially stud-
ed by the DSC technique (Fig. 4). The results of this study

f
a
c
a

ig. 6. XRD patterns recorded on the Li0.45(Ni0.8Co0.15Al0.05)O2 and
i0.55(Ni1/3Co1/3Mn1/3)O2 samples recovered after the ARC experiments as
escribed in Fig. 5.

how the following: (1) the onset reaction temperature (210 ◦C)
or the Li0.45(Ni0.8Co0.15Al0.05)O2 compound was found to
e lower than that (260 ◦C) for the Li0.55(Ni1/3Co1/3Mn1/3)O2
ompound; (2) the main exothermic reaction occurs around
50 and 300 ◦C for the Li0.45(Ni0.8Co0.15Al0.05)O2 and
i0.55(Ni1/3Co1/3Mn1/3)O2, respectively and (3) the total gener-
ted heat for Li0.45(Ni0.8Co0.15Al0.05)O2 was almost twice that
easured in the case of Li0.55(Ni1/3Co1/3Mn1/3)O2.
To corroborate these DSC observations, cathode/electrolyte

eactivity was investigated by ARC. The study confirms in
eneral the DSC results, and shows that the oxidation of the
.2 LiPF6/EC/EMC (3:7 wt%) electrolyte occurs at a lower tem-
erature (170 ◦C) when mixed with Li0.45(Ni0.8Co0.15Al0.05)O2
aterial versus 220 ◦C for Li0.55(Ni1/3Co1/3Mn1/3)O2 material,
ith the generation of less heat in the case of the latter (Fig. 5). In

he absence of the electrolyte, no exothermic reaction occurred
s said above. Therefore, we believe that the heat measured by
RC or DSC is due to the oxidation of the electrolyte after reac-

ion with the oxygen released from Li0.45(Ni0.8Co0.15Al0.05)O2
nd Li0.55(Ni1/3Co1/3Mn1/3)O2 materials at high temperature as
eported by other researchers [11–14]. The initiation of the oxi-
ation of the electrolyte itself depends on the structural stability
f these delithiated cathodes. The lower the structural stability
f cathodes, the higher their tendency of oxygen release. The
ombination of DSC and ARC clearly illustrates that the safety
f Li-ion cells based on the Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 elec-
rode material is expected to be much improved compared with
he Li(Ni0.8Co0.15Al0.05)O2 cells.

The XRD results reveal the presence of a NiO-type
hase and LiF for both Li0.45(Ni0.8Co0.15Al0.05)O2 and
i0.55(Ni1/3Co1/3Mn1/3)O2 after reaction with the electrolyte

Fig. 6). In addition, a Ni-metal-type phase was specifically

ound for the Li0.45(Ni0.8Co0.15Al0.05)O2 material because of
n O2 release from a part of the resulting NiO-type phase. In the
ase of Li0.55(Ni1/3Co1/3Mn1/3)O2, there is formation of two
dditional phases, MnCO3 and Li2CO3, that form after a reac-
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ion with the CO2 gas generated after the decomposition of the
lectrolyte.

. Conclusions

This study details the safety characteristics of both
i(Ni0.8Co0.15Al0.05)O2 and Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 sys-

ems. From the standpoint of power characteristics, both the
i(Ni0.8Co0.15Al0.05)O2 and Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 cell
hemistries meet and exceed the FreedomCAR requirement to
ower HEVs. However, it is clear from this safety study that
he adoption of Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 in Li-ion cells will
ignificantly improve cell abuse tolerance and, thus, make this
echnology suitable for HEV applications.
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