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bstract

13C-carbon black substituted composite LiNi0.8Co0.15Al0.05O2 cathodes were tested in model electrochemical cells to monitor qualitatively and
uantitatively carbon additive(s) distribution changes within tested cells and establish possible links with other detrimental phenomena. Raman
ualitative and semi-quantitative analysis of 13C in the cell components was carried out to trace the possible carbon rearrangement/movement in

he cell. Small amount of cathode carbon additives were found trapped in the separator, at the surface of Li-foil anode, and in the electrolyte.
he structure of the carried away carbon particles was highly amorphous unlike the original 12C-graphite and 13C-carbon black additives. The

ole of the carbon additive, the mechanism of carbon retreat in composite cathodes and its correlation with the increase of the cathode interfacial
harge-transfer impedance, which accounts for the observed cell power and capacity loss is investigated and discussed.

2007 Published by Elsevier B.V.
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. Introduction

High-power Li-ion cells with graphite anodes and
iNi0.8Co0.2O2 or LiNi0.8Co0.15Al0.05O2 cathodes that were
ycled and stored at elevated temperatures display significant
mpedance rise and capacity fade [1,2]. Impedance measure-

ents of the cell components carried out with a Li–Sn reference
lectrode indicated that the composite cathode is primarily
esponsible for the observed cell power loss at elevated tem-
eratures [3,4].

Electrochemical testing of LiNi0.8Co0.15Al0.05O2 cathodes
nd graphite anodes removed from model pouch-type lithium-
on cells, which were cycled at C/2 over different ranges of
OD and at different temperatures, clearly showed that the

ell capacity fade and impedance rise were strongly depen-
ent on temperature, cycling potential limits, and number of
harge/discharge cycles [5].

X-ray diffraction spectroscopy measurements failed to
etect any noticeable changes in the bulk structure of tested

iNi0.8Co0.2O2 and LiNi0.8Co0.15Al0.05O2 cathodes [1,5]. Pos-
ible causes of the increase in cathode impedance and
rreversible charge/discharge capacity loss include the forma-
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ion of an electronic and/or ionic barrier at the cathode surface
6–8]. This is consistent with our earlier studies [9,10], in which
e demonstrated that the non-uniform kinetic behavior of the

ndividual oxide particles was attributed to the degradation of the
lectronically conducting matrix in the composite cathode upon
esting. Carbon additive rearrangement in portions of the tested
iNi0.8Co0.15Al0.05O2 cathodes and/or thin film formation on

he surfaces of carbon and oxide particles is closely linked with
he observed isolation of oxide active material.

Because the composite cathodes typically consist of an active
aterial, two types of carbon additive, and a binder, suitable

nstrumental techniques must be applied to obtain lateral res-
lution comparable to the size and morphology of electrode
urface features. In situ and ex situ application of non-invasive
nd non-destructive microscopies and spectroscopies, including
aman, fluorescence spectroscopy, SEM, and AFM to charac-

erize physico-chemical properties of the electrode/electrolyte
nterface at nanometer resolution provide unique insight into the

echanism of specific chemical and electrochemical processes
hat may be responsible for the electrode and cell degradation.
he extraordinary potential of Raman micro-spectroscopy was
emonstrated by in situ acquisition of space- and time-resolved

pectra of positive and carbon negative electrodes in Li-ion cells
4,9,11–14], single oxide or graphite particle in the compos-
te electrode [10,15–17] or single graphite or LiMn2O4 particle
lectrodes [18–21].

mailto:r_kostecki@lbl.gov
dx.doi.org/10.1016/j.jpowsour.2007.06.195
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This work presents an example of this methodology used in
ost-test analysis of interfacial phenomena on the composite
iNi0.8Co0.15Al0.05O2 cathodes. It describes a detailed Raman
icroscopy study of 13C-carbon black substituted composite
iNi0.8Co0.15Al0.05O2 cathodes which were tested in model
lectrochemical cells to qualitatively and quantitatively moni-
or carbon additive(s) distribution changes within tested cells
nd establish possible links with other detrimental phenom-
na. The role of the carbon additive in composite cathodes,
he mechanism of carbon retreat in composite cathodes and its
orrelation with the increase of the cathode interfacial charge-
ransfer impedance, which accounts for the observed cell power
nd capacity loss, is investigated and discussed.

. Experimental

Ninety-nine percent pure 13C soft carbon CLM-402 from
ambridge Isotope Laboratories, which emulates physico-
hemical properties of acetylene black, was used to manufacture
3C-enriched composite LiNi0.8Co0.15Al0.05O2 cathodes. Prior
o the electrode manufacturing the 13C-carbon powder was
all-milled for 6 h to reduce the particle size and obtain
owder morphology similar to a standard carbon black
dditive. The composite electrodes consisted of 84% of
iNi0.8Co0.15Al0.05O2, 4% 12C-graphite, 4% 13C-carbon black,
nd 4% PVDF binder.

Freshly prepared electrodes were dried in a He-filled glove
ox antechamber vacuum oven at 120 ◦C, 42 h. After heat-
reatment the electrodes were transferred immediately to a
e-filled glove box. All the following tests and measurements
ere conducted in the same glove box, i.e., the electrodes and

ells were never exposed to the air.
Electrochemical cycle life tests were carried out with

wagelok Li-ion cells, which consist of a LiNi0.8Co0.15Al0.05O2
3C-enriched cathode, Li-metal anode, 1.2 M LiPF6 in ethylene
arbonate + diethyl carbonate (EC/DEC, 3:7 vol.) electrolyte,
nd a Celgard® 2300 separator.

Cycle-life testing was carried out at room temperature and
5 ◦C at C/10 rate between 3.0 and 4.1 V cell voltage limits. At
he end of cycling, the cell was fully discharged at C/25 to 3.0 V
100% DOD), and the discharged cell was disassembled in the
lovebox. The cathode was soaked in DEC for 2 h and dried in
he glovebox prior to diagnostic evaluations.

A Raman microscope system “Labram” (ISA Groupe Horiba)
as used to analyze and map the cathode surface structure

nd composition. The excitation source was an internal He–Ne
632.8 nm) 10 mW laser. The power of the laser beam was
djusted to 0.1 mW. The diameter of the laser beam at the sam-
le was ∼1.2 �m. Individual Raman spectra were processed and
econvoluted using the PeakFit 4.0 commercial software pack-
ge. SEM imaging was carried out with a Hitachi S-4300 SE/N
DX microscope.
. Results and discussion

The discharge capacity versus cycle history for the cell tested
n this study is shown in Fig. 1. The cycle coulombic efficiency

t

d
T

ig. 1. C/10 discharge capacity of 13C-enriched LiNi0.8Co0.15Al0.05O2/1.2 M
iPF6, EC/DEC/Li-foil Swagelok cells at 25 and 45 ◦C, 100% DOD.

veraged 99.71%, which led to a 52% capacity fade during
/10 cycling after 180 cycles at room temperature, and 99.47%
oulombic efficiency, which corresponds to 91% capacity loss
fter 170 cycles at 45 ◦C. The room-temperature cell exhibited
ost of its discharge capacity loss within the initial 50 cycles
hereas the cell tested at 45 ◦C showed a gradual degradation
uring cycling. Post-cycling C/25 low-rate capacity measure-
ents showed only 30% and 65% capacity fade at 25 and 45 ◦C,
hich indicates that impedance changes in the cell are respon-

ible for a significant fraction of the observed capacity fade
t C/10. The observed irreversible discharge capacity loss and
mpedance rise is entirely attributed to the tested 13C-enriched
iNi0.8Co0.15Al0.05O2 cathode with reference to the fresh cath-
de. Although it appears that the cathode degradation is the most
mportant contributor to the cell failure mechanism during the
ong-term cycling versus Li anode, X-ray diffraction spectra of
he cycled cathode (not shown here) indicate no new phases or
igns of structural damage on the LiNi0.8Co0.15Al0.05O2 active
aterial.
Fig. 2A shows a typical average ex situ Raman

icroscopy spectrum of a fresh 13C-enriched composite
iNi0.8Co0.15Al0.05O2 cathode. It consists of two groups of
ands: a broad maximum centered at ∼510 cm−1, character-
stic for LiNi0.8Co0.15Al0.05O2 oxide, a broad band at ∼1280,
nd two peaks at 1530 and 1582 cm−1. The band at 510 cm−1

onsists of two Raman-active vibrations characteristic for
iNi0.8Co0.15Al0.05O2 oxide, which crystallizes in the rhom-
ohedral layered structure of �-NaFeO2 (R3m). The bands at
igher frequencies originate from carbon black conducting addi-
ives, which are the carbonaceous components of the composite
athode (Fig. 2C). The (G) band at 1582 cm−1 corresponds to the
2g active mode of 12C-graphite [22]. The low intensity (D) band
f 12C-graphite, which is located at ∼1324 cm−1 is assigned to
he A1g mode and is associated with the breakage of symmetry
hat occurs at the edges of graphite sheets.
The frequencies of vibrational modes of the crystal lattice
epend on the interatomic force constants and the atomic masses.
hus, the frequencies of modes can be altered by isotopic sub-
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Fig. 2. (A) A typical average Raman spectrum of the fresh 13C-enriched LiNi0.8Co0.15Al0.05O2 electrode, (B) 52 �m × 75 �m Raman microscope image of the
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resh 13C-enriched LiNi0.8Co0.15Al0.05O2 cathode, and (C) individual Raman sp
ollected at 0.7 �m resolution. The intensities of red, blue, and green colors c
espectively.

titution, and the corresponding band shift can be monitored
y Raman spectroscopy. The Raman D and G bands for disor-
ered carbons, where the natural abundance of 13C is 1.1%, are
ocated at ∼1324 and 1590 cm−1, respectively. The change in
tomic mass when 12C is replaced by 13C induces a shift and an
symmetric broadening of the Raman lines. The carbon bands’
hift that can be calculated from the Redlich-Teller product rule
or 100% 13C-substituted carbon black can be expressed by the
elation [23]:

ω13C = 0.9608h̄ω12C (1)

here �ω13C is the position of the Raman lines of 13C-
ubstituted carbon, and �ω12C is the frequency of bands in
2C-carbons. This gives the band shift for 100% 13C-substituted
arbon black of ∼63 and 53 cm−1 for G and D bands, respec-
ively. These theoretical values are in agreement with the
bserved band shift for the 13C-carbon black used in this work.

A semi-quantitative surface analysis of the cathode sur-
ace composition was carried out by Raman mapping of a
2 �m × 75 �m section of the cathode surface at 0.7 �m res-
lution (Fig. 2B). The Raman spectra of individual cathode
omponents recorded at different surface locations are shown
n Fig. 2C. The mapping and spectral analysis procedure was
escribed in detail in [14]. Thousands of Raman spectra were

econvoluted, analyzed, and displayed as color-coded points on
he composition image map. The color saturations of red, bright
lue, which constitutes a superposition of intense blue and green
ontributions from D and G bands of carbon black, and green

c
l

p

of 12C-graphite, 13C-carbon black, and LiNi0.8Co0.15Al0.05O2. The image was
pond to the integrated band intensities of the oxide, and D, G carbon bands,

rom the dominant G-band in graphite are proportional to the sur-
ace concentrations of LiNi0.8Co0.15Al0.05O2, 13C-carbon black,
nd 12C-graphite, respectively. The resulting color for each loca-
ion corresponds to the local surface concentration ratio of the
omponents of the composite cathode.

Fig. 3 shows representative micro-Raman surface composi-
ion image maps of a 13C-enriched fresh cathode and the cathode
rom a Li-ion cell that exhibited 52% charge capacity loss. The
urface composition Raman maps clearly indicate that the fresh
omposite electrode is almost fully coated by 13C-carbon black
nd 12C-graphite. The carbon additives prevent detection of the
nderlying oxide active material at most locations. Post-mortem
icro-Raman analysis of cathodes from the tested cells showed
noticeably higher surface concentration of the active mate-

ial and lower surface concentration of the carbon additives
Fig. 3B). These results are in concert with our earlier diag-
ostic Raman observations from commercial Li-ion batteries
nd model cells which correlated carbon redistribution and the
oss of electronic conductance within the composite cathodes
9,10,14].

Carbons display much greater Raman scattering cross-
ection than LiNi0.8Co0.15Al0.05O2, so the color-coded maps
ust be considered a semi-quantitative representation of the

urface composition. However, they provide clear evidence for a

hange of surface distribution of the electrode components upon
ong-term electrochemical charge/discharge cycling.

SEM images (Fig. 4) of the cathodes display large 2–8 �m
olycrystalline agglomerates which consist of 100–200 nm pri-
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Fig. 3. 52 �m × 75 �m Raman microscope images of the composite 13C-
enriched LiNi0.8Co0.15Al0.05O2 cathodes: (A) fresh cathode and (B) cathode
from the cycled cell which lost 52% of charge capacity.

Fig. 4. 2.4 �m × 1.7 �m SEM images of the composite 13C-enriched
LiNi0.8Co0.15Al0.05O2 cathodes: (A) fresh cathode and (B) cathode from the
cycled cell which lost 52% of charge capacity.
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ary particles of LiNi0.8Co0.15Al0.05O2. The images show no
isible structural damage to the LiNi0.8Co0.15Al0.05O2 oxide
articles induced by electrochemical cycling. However, the fresh
lectrode shows a continuous surface film of 13C-carbon black
hereas the agglomerates of the active material appear free
f carbon additive in many areas. This result is in agreement
ith the surface carbon redistribution effect observed on surface

omposition Raman maps.
A Raman qualitative and semi-quantitative analysis of 13C in

he cell components, i.e., the separator, the surface of the anode,
nd the electrolyte was carried out to trace the possible carbon
earrangement/movement in the cell. Only small and insignif-
cant amounts of fine carbon particles were carried away from
he cathode. Micro-Raman spectra of the surface of the Li anode
evealed trace amounts of carbon contaminants that could orig-
nate from the cathode. We also identified and characterized a

odest amount of fine carbon particles trapped in the separator
n the anode side (Fig. 5).

Interestingly, almost all micro-Raman spectra collected from
he anode and separator reveal contributions from inorganic and
rganic components of the SEI layer. The peak at 1091 cm−1

orresponds to Li2CO3 and the broad band at 1450 cm−1 as
ell as peaks that overlap with carbon D and G bands could be

onsistent with the symmetric vibrations of –C–O and –C O
roups of organic products of the electrolyte decomposition.
icro-Raman spectra of the anode and separator were often
ampered by very strong fluorescence signal form fluorophos-
hate compounds, which originate from the decomposition of
iPF6 [24–26].

ig. 5. Micro-Raman spectra of carbon particles found at the surface of the Li
node (A) and trapped in the separator of the cycled cell (B).
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[
[
[12] J.-C. Panitz, P. Novák, O. Haas, Appl. Spectrosc. 55 (2001) 1131.
ig. 6. Two representative micro-Raman spectra of the carbon residue removed
rom the Li-anode of the cycled cell. The spectra of 13C-carbon black and 12C-
raphite additives are provided for reference.

To extract carbon particles from the anode and eliminate pos-
ible contributions from the SEI layer’s organic and inorganic
ontaminants, the Li anode was dissolved in distilled water. The
emaining black residue was filtered out, dried and analyzed.
ig. 6 shows two representative micro-Raman spectra of the
lack residue with reference to the spectra of 13C-carbon black
nd 12C-graphite. Interestingly, the spectra of carbon particles
aried slightly at different locations and displayed broad D and G
ands typical for highly amorphous carbons unlike the original
raphite and 13C-carbon black. On the other hand, contributions
rom the corresponding 13C- and 12C-carbon D and G bands can
e clearly identified.

These amorphous carbons could be natural contaminants of
he graphite and 13C-carbon black additives. They also could
esult from mechanical processing during electrode manufactur-
ng. Another possible mechanism of carbon additive degradation
n the cathode is gradual carbon particle delamination due to
F6

− anion intercalation–deintercalation during electrochemi-
al cycling.

There have been numerous studies of PF6
− anion intercala-

ion into graphite for potential applications in “dual graphite”
ells [27–29]. Discharge capacities of about 100 mA g−1 were
eported at potentials above 4.2 V. The irreversible losses of
apacity observed during charge–discharge cycles prevent any
ractical application of the graphite cathode in a non-aqueous
attery cell. It was suggested that electrolyte decomposition
nd/or graphite structure destruction by cointercalation of PF6

−
ons and solvent molecules is responsible for the graphite elec-
rode degradation [29]. Unfortunately, no similar studies were
arried out on the effects of anion intercalation into amorphous
arbons. However, one can assume that carbon blacks could
xhibit a similar mode of degradation. Experimental evidence

o support this hypothesis will be the subject of a separate study.

Although the amount of carbon additives that could
ndergo structural damage during mechanical processing and
harge–discharge cycling is very small, the consequences for the

[
[
[

ources 174 (2007) 1046–1051

lectrochemical performance of the composite cathode could be
evere. Even slight loss and/or rearrangement of carbon addi-
ives on the surface of the active material agglomerates can lead
o an increased resistance within the agglomerate where pri-

ary particles were originally in poor electronic contact with
ach other. The loss of direct electronic contact between pri-
ary particles and the receding carbon matrix leads to partial

nd, in extreme cases, total isolation of oxide particles. These
ocal effects may be responsible for non-uniform local kinetic
ehavior of individual oxide particles and the overall degrada-
ion of electrochemical performance of the electrode. Thus, the
egradation of contact resistances within composite cathodes is
ikely responsible for the observed cell power and capacity fade.

The experimental evidence presented in this work suggests
hat carbon particle decrepitation upon anion intercala-
ion/deintercalation followed by removal from the cathode is
he likely mode of the composite cathode degradation. How-
ver, other detrimental processes such as the loss electrode
echanical integrity, gas evolution, surface film formation, and

lectrophoretic transport of fine carbon particles across the
eparator toward the anode can also affect the electrode elec-
rochemical performance. Further fundamental studies of these
pecific phenomena will be conducted to determine and rem-
dy the critical issues of the materials science and Li-ion battery
ngineering.
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