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Lithium-ion batteries using LiNiggCog.15Alp0502 (NCA) as the positive electrode material and hard car-
bon as the negative electrode material with electrolyte of mixture of ethylene carbonate and dimethyl
carbonate containing LiPFs were fabricated, and the surface materials on the positive electrode were
observed by ATR spectroscopy of FT-IR measurement. Lithium carbonate was mainly observed as the
surface material and the intensity of IR absorption peaks were depended on state of charge (SOC) of the

batteries. The result suggests that the amount of lithium carbonate increases by discharge and decreases
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1. Introduction

Lithium-ion batteries (LIB) have been expected as power sources
for hybrid electric vehicle, plug-in hybrid electric vehicle and
pure electric vehicle. Long calendar life beyond 10 years is one
of important performance required for such usage. Considering
improvement the life of LIB and also development the life predic-
tion method, we are studying degradation mechanism of LIB by
using various analyzing methods [1-4]. In our past study for LIB
using nickel-based oxide as the active material for positive elec-
trode, power fading of the LIB was considered to relate to surface
structure change of the positive electrodes from ac impedance anal-
ysis. Actually, some variations were detected at the surface region
of the material between fresh cells and degraded cells by several
surface analysis such as XAFS, HX-PES, FT-IR and so on. Some sur-
face materials such as lithium carbonate, alkyl lithium carbonate,
and phosphate were found on the electrode, which were formed by
decomposition of electrolyte, and these materials were similar with
components of surface film on lithium metal or carbon negative
electrode which was commonly called as solid-electrolyte interface
after proposal of Peled [5]. Recently, there have been several reports
on the results of surface analysis of positive electrode using nickel-
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based oxide by FT-IR spectroscopy [6-9]. Aurbach et al. reported
that pristine active material was covered by lithium carbonate film
and it was replaced by solution-related surface species upon stor-
age in electrolyte [6,7]. In the report of Song et al., they concluded
that a pre-existing surface layer of lithium carbonate present in
their virgin electrode was eliminated just by storing in the elec-
trolyte, and that no lithium carbonate was found on the positive
electrode after cycling [9]. On the contrary, formation of lithium
carbonate on positive electrode during storage in electrolyte was
observed in Ostrovskii et al.’s work [8]. In our past work, we charac-
terized the materials for the electrodes from the cells at SOC (state
of charge)=0% and 100%, and the amount of lithium carbonate were
remarkably different between these two SOCs, i.e. more lithium
carbonate was observed in the discharged state (SOC = 0%) than the
charged state (SOC=100%) [3]. In addition, the difference between
charged and discharged state became larger in the degraded cells
after cycling test at 40 °C and below. In this study, we characterize
lithium carbonate as a surface material of the positive electrodes of
LIB at several SOCs by FT-IR with attenuated total reflection (ATR)
method, in order to study the formation and decrease mechanisms
of the materials.

2. Experimental

Cylindrical LIB (18650-type) were prepared in which
LiNig gCoq.15Alp 0502 (NCA) from Toda Kogyo was selected as
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the active material in the positive electrode. The electrode also
contained 7 wt% of polyvinylidene fluoride (PVDF) binder (KF1300,
Kureha) and 7wt% of acetylene black (HS-100, Denki Kagaku
Kogyo) as a conductive agent, and had been pasted on a 20 pum
thick Al foil as a current collector. The active material in the
negative electrode was hard carbon (Carbotron P, Kureha). The
electrolyte was purchased from Tomiyama Pure Chemical and
which was a mixed solvent of ethylene carbonate (EC) and dimethyl
carbonate (DMC) containing 1 mol dm~3 LiPFg where volume ratio
of ECand DMC was 1:2. The standard condition of charging we used
consisted two phases, where constant current charging of C/3A
(157 mA, CC phase) was followed by constant voltage charging
at 4.2V (CV phase) after the battery voltage raised to 4.2 V. Total
charging time from CC to CV phases was 3.5 h. On the while, the
standard condition of discharging was constant current of C/3A
(157 mA) and the cut-off voltage was 2.5 V. The discharging initial
capacity C was approximately 470 mAh. Standard temperature
was 25°C, and all charging and discharging were carried out at
this temperature.

We prepared 14 sample batteries for this study and these were
divided into 7 pairs. One pair was disassembled without any history
of charge and discharge. The other 6 pairs were disassembled after
setting the SOC to 30, 50, 70, 90, or 100%, i.e. two samples were
prepared for every SOCs. After the disassembly of the samples in an
argon-filled glove box, extracted electrodes were washed in DMC,
and dried under vacuum condition. A pristine electrode which had
not used in LIB was also supplied for analysis as the reference.

For FT-IR measurement, Magna-560 spectrometer (Nico-
let) mounted a multi-angle ATR attachment Seagull (Harrick)
with Ge hemisphere crystal (n;=4.0) was used. The mercury-
cadmium-telluride (MCT) detector was selected for high sensitive
measurement. The sample electrodes were cut into specimen
whose size was ca. 12 mm x 12 mm. The electrode surface to ana-
lyze was adhered to the ATR crystal. These sampling procedures
were also carried out in the glove box. Measurement of ATR was
carried out in a small room where temperature was controlled to
25°C and humidity was 7%. In order to suppress IR absorption of
H,0 and CO, in the air, N, gas was flowed in the apparatus.

ATR spectroscopy is one of surface sensitive analytical meth-
ods. In this measurement, sample is pressed to an ATR crystal with
high refractive index (17 ), and infrared light is irradiated the sam-
ple from the crystal side. If sample is homogeneous with the optical
properties « and n, as the absorption coefficient and the refractive
index, respectively, absorbance A is described as

A n2E02dp
2nq cosf

(1)

where 6 is incidence angle of the light, Ej is strength of electric field
of the standing wave at the reflecting interface, and dp is penetra-
tion depth. It is one of advantage of the ATR that we can control
dp, which is related to wavelength (1) of the radiation, ny, ny, and
6 and the relationship is well-known as Harrick equation [10],

A
27n14/sin® 6 — (ny/ny )2

and depth profiling of surface materials can be performed with
changing these parameters.

dp = (2)

3. Results and discussion

Relation of SOC and open circuit voltage (OCV) of a LIB were
characterized at first, and the result were summarized in Table 1
and Fig. 1 except for SOC = 0% and 100% where lower and upper lim-
its of voltage were described and plotted instead of OCV. The setting
of SOC was carried out by constant current charging of C/3 A, and

Table 1
State of charge (SOC) of the sample batteries and composition x in
LixN00o.80C00.05Al0.0502 as the positive electrode material.

SOC (%) 0oCV (V) Code of LIB Lithium composition x
0 2.5002 1008 0.802
1022 0.796
30 3.372 1012 0.677
1013 0.674
50 3.667 1014 0.582
1015 0.557
70 3.876 1017 0.479
1019 0.484
90 4.010 1026 0.397
1028 0.394
100 4.100° 1016 0.338
1030 0.340
Non-cycled - 1042 1.060
1043 1.060
Pristine - S091009 1.060

2 Lower limit of voltage (cut-off voltage in discharging).
b Upper limit of voltage (cut-off voltage in charging).

4.5 T T T 1 T I T
L upper limit |
4 L ) Ll

°
L . J
> 35} -
> L ® |
O

O 3+ _
i e OCV |
25 m m Limit T
L lower limit ]

2 ! L . [ . [ !

0 20 40 60 80 100

SOC

Fig. 1. Relation of open circuit voltage (OCV) and state of charge (SOC) in a lithium-
ion battery.

the values of OCVs were measured at 6 h after finish of the charge.
Since OCV shows good relation with SOC in the fresh batteries, SOC
of batteries can be controlled by constant voltage charging at cor-
responding value of OCV for enough time. Hence we set SOC of the
sample batteries for ATR analysis by constant voltage charging for
about 30 min following constant current charging of C/3 A.

Lithium composition x of the positive electrode material
LixNig gCoq.15Alp, 0502 was analyzed by ICP measurement for the
extracted electrodes, and the result was plotted in Fig. 2 as a func-
tion of SOC. Good linearity of the plot suggests SOC of the samples
can be actually controlled by constant voltage charging.
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Fig. 2. Relation of composition x in LixNiggoC00.15Alo0502 and state of charge (SOC)
in a lithium-ion battery.
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Fig. 3. ATR spectra of the positive electrodes of lithium-ion batteries at various
states of charge (SOCs).

Fig. 3 shows ATR spectra of the positive electrodes when the
incidence angle is 40°. The penetration depth d, depends on
wavenumber, and it is ca. 762 nm for 1000 cm~! and ca. 508 nm for
1500 cm™1, if the refractive index of sample is 1.5 which is general
value for organic materials. A lot of peaks were observed in all sam-
ples including the pristine electrode. Peaks in the spectrum of the
pristine electrode could be attributed to IR absorption bands of the
PVDF binder, because there is no surface material as decomposition
products of the electrolyte. Actually, the profile of the spectrum is
similar with that of PVDF. In the reports of Aurbach [6,7] and Song
[9], IR bands of lithium carbonate were observed even in pristine
samples. Matsumoto et al. proposed that a nickel oxide based elec-
trode material, LiNi;_,_,CoxAlyO,, reacted with atmospheric CO,
even at room temperature, and the layer of lithium carbonate was
formed on the surface of the material [11]. Aurbach’s and Song’s
samples would have been affected by CO,. The ATR spectra of the
electrodes extracted from LIBs in Fig. 3 were also similar with that
of the pristine sample. However, slight difference was observed
at around 1430cm~! and 1480cm~. Those two bands could be
attributed to absorption bands of carbonyl (C=0) stretching vibra-
tion in lithium carbonate (Li,CO3) as same as our past study [3].
In general, peak strength shows linear relation with concentration
of the material in FT-IR spectroscopy. However, since the sample
electrodes were not homogeneous bulk material, measured value of
peak intensity varied with sampling position due to surface rough-
ness even in identical sample. In such sample, peak strength of IR
bands depends on contact area between the ATR crystal and the
samples. Contact pressure between sample and ATR crystal also
affected the peak strength. Hence it is difficult to discuss about vari-
ation of intensity for ATR peaks of lithium carbonate depending on
SOC if there is no adequate internal standard. Fortunately, in our
sample electrodes contained PVDF binder. If PVDF dispersed in the
electrode homogeneously, we might be use the PVDF as the internal
standard for quantitative analysis of surface materials. Consider-
ing the penetration depth depends on wavenumber, we select IR
band of PVDF at 1403 cm~! as the standard which is close to IR
bands of lithium carbonate. Fig. 4 shows the relative intensity of
ATR peak at 1480 cm~! for lithium carbonate depending on lithium
composition x in LixNig gCog 15Alp,0502, where larger x corresponds
to lower SOC. The sample from LIBs without cycling history, i.e.
samples 1042 and 1043, shows small peaks of lithium carbonate
suggesting small amount of lithium carbonate may be formed on
the positive electrode by just contacting the electrolyte with the
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Fig. 4. Relative intensity of peak at 1481 cm~! of Li,CO;3 to peak at 1403 cm~! of
PVDF depending on composition x in LiyNipgoC0015Al00502 and states of charge
(SOCs).

electrode. This is same result with Ostrovskii et al.’s work [8] except
that P-, O- and F-containing compounds have been formed more
predominately than lithium carbonate, and their pristine sample
also has not show IR bands of lithium carbonate remarkably. It
seems that pristine sample which is not containing lithium carbon-
ate as impurity shows formation of lithium carbonate by contact
with electrolyte. Although Aurbach et al. had observed ROCO,Li on
their electrode after cycling [6,7], we could not obtain remarkable
peaks for ROCO,Li in our samples. Song et al. mentioned that sur-
face layer on NCA was easily removed by rinsing with DMC [9]. In
our samples, some surface species formed during SOC setting might
be removed in the washing process by DMC.

In Fig. 4, it was clear that the sample from the LIB at lower SOC
such as 0% and 30% shows strong peaks of lithium carbonate. This
lithium carbonate was thought to be formed during discharging
process of the batteries. On the while, relative intensity of the peak
is almost same as that of the electrodes from non-cycled batteries
if SOC is 50% or 90%. In addition, the peak is not remarkable for the
some samples at SOC=70% or 100%. Since the SOC of the batteries
had been set by charging from SOC = 0%, it was suggested that the
amount of lithium carbonate decreased during the charging.

We also prepared LIB using mixture of propylene carbonate (PC)
and diethyl carbonate (DEC) as the electrolytic solvent. However,
any remarkable peaks of lithium carbonate were not observed in
ATR measurement of the positive electrodes. In our past report
[3] using mixed solvent of PC and DMC, lithium carbonate was
observed. Hence the main source of lithium carbonate formation
during discharge could be DMC. We had reported that lithium defi-
cient cubic phase was observed at the surface of NCA electrodes
of degraded lithium-ion batteries by XAFS analysis [1]. Aurbach et
al. speculated a formation mechanism of ROCO,Li on LiNiO; elec-
trode as surface nucleophilic reaction between LiNiO, and EC or
DMC [6,7]. The direct reaction between NCA and DMC may also
occur in our samples at lower SOC region, and it does not produce
ROCO,Li but lithium carbonate on the surface and lithium deficient
cubic phase in NCA, as follows;

LiNiO.gCOOJSAlO.QSOZ (hexagonal) +y CH30C0,CHj3
— Li],zyNio_8C00.15Alo_o502 (cubic) +yLi,CO3 +2y CH;;+ (3)

Another possibility of lithium carbonate formation is side-
reaction during discharge where the surface of NCA may affects
as a catalyst. However, this mechanism cannot explain existence of
lithium carbonate in the non-cycled samples.

For the decrease of the lithium carbonate during charging,
two possible mechanisms should be considered; electrochemical
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Fig. 5. Relative intensity of peak at 1481 cm~! of Li,CO;3 to peak at 1403 cm~! of
PVDF depending on voltage for SOC setting and incidence angle in ATR measurement.

decomposition and runoff by the stress in the volume change of the
active electrode material or affected by formation of some the other
materials on the electrode surface however we could not observe
them in this study. Variation of peak intensity of lithium carbonate
depending on SOC had been also observed in positive electrodes
of cycled batteries in our past study [3]. The repetition of forma-
tion and elimination of lithium carbonate at the electrode surface
during cycling may cause capacity fade of the battery if lithium ion
intercalated in NCA was consumed to form the lithium carbonate as
like Eq. (3), and also cause power fade with growing up the lithium
deficient cubic phase in NCA.

As mentioned above, the incidence angle is one of parameters
to control the penetration depth in ATR. Fig. 5 shows relative inten-
sity of peak at 1481 cm~! measured by several incidence angles as
a function of voltage for SOC setting. The standard peak for the nor-
malization was the band at 1403 cm~! of PVDF as like Fig. 4. The
penetration depths were assumed to be 515 nm for 40°, 402 nm for
50°, and 344 nm for 60°. Apparently higher angle give stronger rel-
ative intensity in Fig. 5. This result indicates that lithium carbonate
disperses in shallow region of the surface of the positive electrodes
compared with PVDF. Since the layer including PVDF is not lim-
ited in surface region but the whole electrode, this result suggests
lithium carbonate has been mainly formed at the electrode sur-

face. In Fig. 5, a small peak is observed at around 4V (SOC=90%).
The reason why the peak increases at 4V and decreases at 4.1V
again during charging is indefinite from only the present data. It
may be related to surface structure of the NCA.

4. Conclusion

Observation of the surface material was carried out by ATR mea-
surement for the positive electrodes of lithium-ion batteries using
NCA as the active material. The IR absorption peaks of lithium car-
bonate were mainly observed on the electrodes, and the intensity
depended on SOC of the batteries. The result suggests that the
amount of lithium carbonate increases by discharge and decreases
by charge.
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