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High-power Li-ion cells stored or cycled at elevated temperatures showed a significant impedance rise and power loss associated
primarily with the LiNiy Coy ,0, cathode(positive electrode The processes which led to this impedance rise were assessed by
investigating the cathode surface electronic conductance, surface structure, and composition at the microscopic level with local
probe techniques. Current-sensing atomic force microscopy imaging revealed that the cathode surface electronic conductance
diminished significantly in the tested cells, and that the rate of change of the electronic conductance increased with cell test
temperature. Raman microscopy measurements provided evidence that surface phase segregation of nickel oxides is at least
partially responsible for the observed cathode impedance rise.
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The U.S. Department of Energy’s Advanced Technology Devel-was reported in Ref. 1 and 2. A so-called fresh cell was subjected
opment(ATD) program supports the development of high-power only to formation cycles. Four cells were subjected to life-cycle
Li-ion batteries for hybrid electric vehicle applicatiohincluded in testing with 3% and 9% swings in their state of cha(d&0Q0 at
the ATD program are diagnostic evaluations of Li-ion cells that were 60% and 80% SOC, respectively. Calendar-life tests were performed
aged and/or cycled under various conditién&.primary goal of on four other cells by storing them at temperatures between 20 and
these diagnostic tests is to determine the mechanisms responsible f@0°C.
the cell power loss that accompanies life tests at elevated tempera- We used current-sensing atomic force microscp$AFM) to
tures. Impedance measurements of the cell components indicateithage the surface of the LiNiCo, ,O, cathodes under a controlled
that the LiNp ¢Coy O, cathode is primarily responsible for the ob- N, atmosphere. The microscope consisted of a Molecular Imaging
served cell power loss at elevated temperatures. Among the possibl@/l) scanning probe microscope coupled with a Park Scientific In-
causes of cathode impedance rise is formation of an electronigtruments(PSI) AutoProbe Electronic Module. The Si atomic force
and/or ionic barrier at the cathode surface. However, studies of thenicroscope(/AFM) tips were coated with a thin conductive layer of
mechanism of the LiNi_,Cq,0O, degradation in high-power Li-ion  W,C. All CSAFM experiments were performed in constant-force
cells have not been reported in the literature. mode with controlled oxide-tip voltage difference. A single scan of

Partial substitution of Co for Ni in LiNi_,Co,0, cathodes sup- the tip over the cathode surface simultaneously produced two im-
presses the Jahn-Teller distortion associated with the low-spirages; a topographic image and a conductance image. The latter rep-
Ni%*:3d7 ion, and this substitution leads to good capacity retentionresents oxide-tip current variations during scanning at a given oxide-
and improved thermal stability when compared to the layeredtip voltage difference.

LiNiO, cathode®® However, LiNj,_,C0,0, cathodes still experi- An integrated Raman microscope system “Labram” made by
ence an inherent structural instability during long-term cycling at ISA Groupe Horiba was used to analyze the structure and composi-
moderate temperatur@sAlthough LiNiO, is isostructural with  tion of the LiNip4Coy ;O, cathodes. The excitation wavelength was
LiCoO,, and the Co and Ni atoms in Lii,Co,0, lattice occupy ~ Supplied by an internal He-N@32 nm 10 mW laser. The power of
equivalent sites in the R3m lattice, the electronic and coordinationthe laser beam was adjusted to 0.1 mW with neutral filters of various
structures around them vary. Nakai and Nakagbreported thatin ~ Optical densities. The size of the laser beam at the sample was
Li;_4Nig <Coy <O, the oxidation of Ni ions occurs immediately upon ~1.6um.

charging and halts at about= 0.5, whereas the oxidation of Co

ions continues tx = 0.8. Results

In this study, we investigated possible failure modes of the
LiNi 3gC0y 0O, cathode upon storage or cycling in high-power Li-
ion cells. Because X-ray diffraction spectroscopgiled to detect
noticeable changes in the bulk structure of the tested cathodes,

Figure 1 shows CSAFM images of a representativg 5 pm
area of the LiNj gCq, O, cathodes fronfA) a fresh cell(B) a cell

cled at 40°C, 60% SOC, and 9%SOC, andC) a cell cycled at
focused our attention on cathode surface processes. We demévlg(g (k:1 60;? dSC()lcf,t)arrld 3%‘50(:"' T?ensu;facg n:or?hlololgya of thﬁ d
strated that the innovative use of noninvasive local probe tech- esh cathodeie eveals well-pronounced crystal planes a

; ; ; : edges of individual grains of the active material. Examination of the
nigues, such as current-sensing atomic force micros¢api) and : : S
Raman microscopy, can provide unique information on surface phegopographlc AFM images of the cycled cathodes shows a significant

nomena at practical battery electrodes. These phenomena can havé:'%f"nge in the surface morphology. Considerable amounts of nano-

) L ; . crystalline deposit accumulated in the intergranular spaces and
dominant efiect on LiNj£Cay. /O, cathode impedance behavior. across the crystal planes of the active material. In our previous study

. we determined that the amount of deposit and the extent of morphol-
Experimental ogy modification depended on the test temperatiires.

Nine 18650 Li-ion cells were fabricated by PolyStor, Inc. for the  The right-hand panel of Fig. 1 is the oxide-tip current response
ATD Program according to a design provided by Argonne National (conductance imagef the same area as shown the left-hand panel
Laboratory(ANL) and tested at the Idaho National Engineering and at a 1.0 V voltage difference.e. the cathode sample was poised at
Environmental Laboratory, ANL, and Sandia National Laboratories. a positive potentials.the CSAFM tip. In the conductance image, a
A summary of the cell chemistry and test conditions for these cellsdark color represents high electronic conductance, whereas a white

color represents areas of low or zero electronic conductance. Taking

into account that the tip is in physical contact with the oxide, the
* Electrochemical Society Active Member. magnitude of the current is determined by the local electronic prop-
2 E-mail: frmclarnon@Ibl.gov erties of the electrode and the tip, the tip-sample voltage difference,
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Figure 2. Average surface electronic conductance of the composite
LiNi g ¢Cay O, cathode normalizests. the cathode from a fresh Li-ion cell.
The conductivity was determined by a statistical analysis of a series of 5
X 5 um images from different locations on the cathode surface.

rated even further. Almost its entire surface became insulating ex-
cept for a few locations, mainly in the deep crevices and intergranu-
lar spaces, which remained conductive.

To quantify the CSAFM results and identify a clear relationship
between the cathode surface conductance changes and the cell test
temperature, a statistical analysis of the CSAFM images was carried
) ) ) out. For every cathode a series of CSAFM images was recorded at
Figure 1. CSAFM images of surface conductan@eght) and topography ifferent locations and median values of surface-average conduc-
(left) of a 5X 5um region of the cathode surface at 1.0 V tip-sample tance were calculated. Fi

. =90 . . Figure 2 shows the surface-average conduc-
voltage difference(A) virgin cell, (B) cell cycled at 40°C, 60% SOC, and :
o tance expresseds. temperature. The results are normalizedthe
% A Il | t 7 % . ) - .
9% ASOC, and(©) cell cycled at 70°C, 60% SOC, and AGOC fresh cell at 20°C. It is clear from Fig. 2 that surface electronic
conductance decreases monotonically with increasing cell test tem-
perature. Interestingly, the reduction of electronic conductance was
and the specific geometries of the CSAFM tip and the local cathod early identical in calendar-life cells and cycled cells. The cells
o .~ 0 S X
surface. The finite dimensions of the tipadius of curvature c%srrggc?;nloec exhibit only 5% of their original surface electronic
<30 nm and th? finite response_time of the scanner electro_nic_ feed- To gain additional insight into the nature of the observed loss of
bac_k loop may In some cases give rise to SI'.g.ht current variations aEurface electronic conductance at higher temperatures, we studied
grain boundaries and along su_rfac_e |rre_gu|ar|t|es. Because the U196 structure and composition of the cathode surface with Raman
zsv?ggl]efrg%rzegootgsﬁgid deurnl?rgitlrgfaigf]lggll\?fc(t)k;]e\/ect‘?dtahOdfg ntinds t?ni(:roscopy. Figure 3 shows microraman spectra of cathodes taken
. upp h B ’ from the fresh cell and the cell which was stored at 70°C. The size
:J_Ie%lenc_iln% on thg location, we think that g%o_met(y factors are Negy¢ 1o Raman probe was 1,6m, which is about one order of mag-
igible in the conductance images presented in Fig. 1. . . : . .
: itude smaller that the size of an average ki article.
The surface conductance image of the cathode from the fresh ce[r_he Raman spectra of both cathodes arg dlgﬂr?gfgé Ey a group of

exhibits areas of mostly excellent electronic conductance and onl iy " -
few insulating regions. Highly conductive graphite and acetylene)t’a.nds between 470 and 580 cin characteristic for LiNj Cay 20
xide. Recorded spectra of the fresh cathode were identical at all

black, which are present in the composite cathode, form conductiv - h hod face: h . f a broad
paths on the cathode surface and bulk, and are primarily responsibl@cations on the cathode surface; each spectrum consists of a broa
peak centered at about 500 chand a sharp peak at 555 ¢t In

for the observed high tip current. The Lj may also con- s
tribute to the tip cgrrenri but its electro%(cjogggcziuctgnce is signifi- marked contrast to the fresh cathode, the spectral characteristics the
: Gathode stored at 70°C vary strongly as a function of location on the

cantly lower than that of carbon. The insulating areas on the cathod hod ¢ . hiahl ” hod ;
surface are most likely associated with the presence of PVDF bindefathode surface, suggesting a highly nonuniform cathode surface
composition and structure. The broad peak at 500%split into

and/or a solid electrolyte interphag8El). ! road pe
The conductance images of cathodes which were cycled at eltWo peaks at 475 and 550 ey which indicate the presence of at

evated temperatures show a dramatic increase of surface resistandeast partially charged LiNig gCqO,. The cathode surface SOC
The conductance image of the cathode cycled at 40°C reveals ni/aries between individual grains of active material and, at some
merous small sites with good conductance scattered across the sUpcations, the spectra correspond to fully charged material, even
face. However, one can identify on the corresponding morphologythough the cell was fully discharged at the end of testing and before
image (left-hand middle pangllarger grains of cathode active ma- disassembly. In addition, side peaks appear at positions close to the
terial which became completely insulating. The surface electronicmain peaks at 475 and 550 chusually associated with vibrations
conductance of the cathode from the cell cycled at 70°C, deteriocharacteristic of the Ni@lattice.
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Figure 3. Microraman spectrum of the cathode from a fresh ¢epper
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curve), and microraman spectra from different locations on the cathode from

a cell which was stored at 70°@wer curves.

system increase with increasiiygand decrease with increasing Li
content. The development of sharp Raman peaks at positions
slightly shifted from their original locations is characteristic for
separate nickel oxide phases with different Co and Li contents.

A plausible explanation for the observed phenomena is Co and
Ni oxide phase segregation, which was discussed in Ref. 2. It is
clear that such surface processes can affect the surface electronic
conductance. The Ni and Co oxide phase separation may create an
additional electronic barrier at the cathode surface and thereby lead
to increased electronic impedance. However, the presence of
charged material at the cathode surface may also indicate that some
particles of LiNp¢Cay50, became electrically disconnected from
the remaining part of the cathode due to mechanical stress, carbon
additive loss, or formation of a very thin SEI layer in the cathode
during testing at elevated temperatures. Ostrowekiil® suggested
the formation of a relatively thick layer of LCo; and P-, O-, and
F-containing compounds upon storage of LiNiCoO, in
LiPFg-containing electrolyte at 80-90°C. Our Raman measurements
as well as Midinfrared spectral (wave number range
600-4000 cm?) data revealed no observable SEI layer on the cath-
ode surfacé.Although we do not expect such surface processes to
decrease the bulk electrode capacity to a significant extent at low
cell charge and discharge rates, they may account for the substantial
loss of the power observed in these cells when charged and dis-
charged at high rates.
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