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Abstract : It is crucial to investigate the thermal degradation of lithium-ion batteries (LIBs) to
understand the possible malfunction at high temperature. Herein, we investigated the effects of
surface film formation on the thermal degradation of lithium cobalt oxide (LiCoO,, LCO) cath-
ode that is one of representative cathode materials. Cycling test at 60°C exhibited poorer cycle-
ability compared with the cycling at 25°C. Cathodes after the initial 5 cycles at 60°C (60-LCO)
exhibited higher impedance compared to the cathode after initial 5 cycles at 25°C (25-LCO),
resulting in the lower rate capability upon subsequent cycling at 25°C, although the capacity
values were similar at the lowest C-rate of 0.1C. In order to understand degradation of the
LCO cathode at the high temperature, we analyzed the cathodes surface using X-ray photo-
electron spectroscopy (XPS). Among various peaks, intensity of lithium hydroxide (LiOH)
increased substantially after the operation at 60°C, and the C-C signal that represents the con-
ductive agent was distinctly lower on 60-LCO compared to 25-LCO. These results pointed to
an excessive formation of cathode-electrolyte interphase including LiOH at 60°C, leading to the
increase in the resistance and the resultant degradation in the electrochemical performances.
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1. Introduction

Lithium ion batteries (LIBs) have been widely
used, owing to high energy density and long cycle
life.!"® Recently, utilization of LIBs has been
extended to the electric vehicles (EVs) or energy
storage systems (ESSs) as well as portable elec-
tronic devices.”® Such larger-scale LIBs for EVs or
ESSs have to gratify much more stringent require-
ments, such as higher energy density, safety, and
wider range of temperature for the operation.”!?
Especially, the safety has become the first and fore-
most requirements in the use of LIBs in addition to
the electrochemical performances.!” If cycled inap-
propriately, the chemical energy in LIBs can be
released in the form of explosion.'”'® The fire
accidents or explosions that are related with LIBs
are reported worldwide these days, particularly with
larger scale application such as EVs and ESSs.'”
One of the key factors is the resistance of the
LIBs; the increase in the resistance results in more
pronounced Joule heating, which accelerates the
increase in the resistance and corresponding over-
heating over and over again, which lead to serious
instability of LIBs at the end. These serious prob-
lems call for the continued research on the degra-
dation of LIBs in extraordinary conditions such as
high temperature, overcharging, and high voltage
operation.

Lithium cobalt oxide (LiCoO,, LCO), which is a
layered cathode for LIBs, has a high theoretical
capacity and energy density.!® However, the practi-
cal performances of LCO is typically limited by
the instability at higher voltage and temperature.
Dahéron and Lu have reported that HF is generated
in the cell at high voltage, which is concomitant
with the decomposition of electrolyte.'”'® Various
researchers have proposed the degradation mecha-
nism of LCO at high voltage by HF, such as phase
transition'>?? or cobalt dissolution.?” Until now,
many research directions have been devised to
improve the stability of LCO by preventing the
degradation of LCO at the high voltage.>*® First,
several prospective dopants have been investigated
to enhance the stability of LCO.2*2 Second, vari-
ous surface coating agents have been suggested,
such as Sn0,,”” Ti0,,?® 7r0,* and Al,O; to pro-

tect the surface of LCO from the attack of HF.3%3D
Third, lithium-ion conducting materials have been
coated on the surface of LCO as an artificial cath-
ode-electrolyte interphase. Wang et al. and Zhou et
al. coated lithium iron phosphate (LiFePO,) and
lithium phosphate (Li;PO,), respectively, to enhance
the thermal stability.’>

While stability of the LCO cathode has been
magnificently enhanced with the above strategies,
still fundamental studies are highly required to clar-
ify the key mechanisms of degradation for further
enhancement. In this study, we investigated the sur-
face film formation on LCO cathode as a culprit of
thermal degradation at high temperature. For this
purpose, the LCO cathodes were cycled at different
temperature of 25 and 60°C for initial 5 cycles,
followed by subsequent electrochemical characteriza-
tions of the impedance and rate capability. X-ray
photoelectron spectroscopy (XPS) analysis detected
excessive formation of cathode-electrolyte inter-
phase at the high temperature, which was in line
with the increase in the resistance from the electro-
chemical characterizations.

2. Experimental

2.1 Synthesis of LiCoO,

Lithium cobalt oxide was prepared by solid-state
synthesis. First, stoichiometric amounts of lithium
carbonate (Li,COs, Junsei Chemical Co., 99%) and
cobalt oxide black (Co304, Junsei Chemical Co.,
>85%) were ball-milled for fine mixing and grind-
ing. Subsequently, the precursors were transferred to
box furnace for the heat treatment in two steps: (1)
calcination at 800°C forl12 hours followed by natu-
ral cooling and grinding using the mortar and pes-
tle and (2) sintering at 850°C for 24 hours.

2.2 Electrochemical characterizations

In order for the electrochemical characterization
of LCO, the composite electrodes were prepared
using the synthesized LCO as the active material,
carbon black (Super-P, Timcal Co.) as the conduc-
tive agent, polyvinylidene fluoride (PVDF, KF1100,
Kureha Co.) as the binder, and N-methyl-2-pyrroli-
done (NMP, Sigma Aldrich Co., 99.5%) as the sol-
vent for the slurry. They were homogeneously
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mixed so that the ratio of active material, conduc-
tive agent, and binder was 80:10:10 by mass. The
slurry was coated on Al foil using doctor blade,
and the coated electrodes were dried at 80°C under
vacuum for 2 hours. The dried electrodes were then
pressed using roll presser and punched into discs
with diameter of 11 mm. Active mass loading of
the electrodes was controlled to ca. 1.0 mgcm ™.
2032-type coin cells were assembled inside the
glove box using the electrolyte solution of 1.0 M
LiPF¢ in ethylene carbonate and ethyl methyl car-
bonate (EC:EMC = 3:7 w/w, Dongwha Electrolyte
Co.). Lithium metal foil and porous polyethylene
separator (Celgard Co.) were used as the counter
electrode and separator, respectively. The coin cells
were cycled using battery cycler (WBCS3000Le32,
WonATech Co.). The C-rate was determined based
on the theoretical capacity of 273.85 mAh g!. Elec-
trochemical impedance spectroscopy (EIS) was mea-
sured at 3.0 V vs Li/Li" in the range of 200 kHz to
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100 mHz using the rms amplitude of 5mV (VMP3,
Bio-Logic Co.). ZView (Scribner Co.) software was
utilized for the complex nonlinear least squares
(CNLS) fitting of the impedance data. Samples for
X-ray photoelectron spectroscopy (XPS, AXIS
SUPRA, Kratos Analytical Co.) was collected by
disassembling the cells in the glove box, followed
by thoroughly washing with dimethyl carbonate
(DMC) solvent.

3. Results and Discussion

X-ray diffraction (XRD) patterns were analyzed
using Pawley fitting with the space group of R-3m
(hexagonal-166), which exhibits a layered structure
with the unit cell parameters of 2.8160 (a) and
14.0626 A (c) without any evidence of impurities
(Fig. la). Intensity ratio of (003)/(104) was 1.272
(Fig. 1b and 1c), which is higher than 1.2, evi-
dencing the absence of cation mixing that is detri-
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Fig. 1. X-ray diffraction patterns of the synthesized LiCoO,. (a) Pawley fitting of the diffraction pattern and (b-d)

zoomed-in views of the fitted patterns.
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mental for the electrochemical performances.’*
Wang et al. mentioned that the clear splitting of
the doublet of (006) and (102) peaks, as shown in
Fig. 1d, indicates well-ordered layered structure of
LCO.»

The LCO cells were operated at 25°C (25-LCO)
and 60°C (60-LCO) for 5 cycles at 0.1C in the
potential range of 3.0 ~ 4.3V vs Li/Li". As shown
in Fig. 2a and 2b, there were no magnificent dif-
ferences between 25-LCO and 60-LCO in terms of
the capacity, which was close to 150 mAh g for
the two cases during the 5 cycles. It is noteworthy
that the voltage profiles of 60-LCO do not exhibit
a plateau at 4.1 ~ 4.2V vs Li/Li", which is related
with a phase transition from hexagonal to mono-
clinic structure.’® On the other hand, coulombic
efficiency of 60-LCO was 93.9% and 98.2% for
first and fifth cycles, respectively, whereas 25-LCO
exhibited 97.7% and 99.7% for the first and fifth
cycles, respectively (Fig. 2c). The lower coulombic
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efficiency of 60-LCO cell signifies more severe
side reactions at the surface of the electrode. To
confirm the accelerated degradation at high tem-
perature, the 25-LCO and 60-LCO cells were
cycled for 100 cycles at 25°C and 60°C, respec-
tively. Capacity fading was more prominent at 60°C
compared to the operation at 25°C (Fig. 2d); the
capacity retention after 100 cycles was 90.34% and
59.52% at 25°C and 60°C, respectively.

The rate capability and impedance of 25-LCO
and 60-LCO cells were compared at the equivalent
temperature of 25°C (Fig. 3 and 4). To exclude the
influences from the anode side, the cells were dis-
assembled after the initial 5 cycles at each tempera-
ture and the cells were reassembled using fresh Li
metal anodes and electrolyte. Fu et al. pointed out
that the gradual decrease of the capacity by the
current density is mainly due to the polarization.’®
The 25-LCO and 60-LCO cells exhibit relatively
similar discharge capacity of 147.5 and 140.3 mAh
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Fig. 2. Voltage profiles of LCO cells at (a) 25°C and (b) 60°C at 0.1C for 5 cycles. (¢) Coulombic efficiency with respect to
the cycle number during the initial cycling at each temperature. (d) Cycle performances of LCO cells at 25°C and 60°C

under accelerate C-rate of 0.5C.
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¢!, respectively, at the lower C-rate of 0.1C, but tion of 60-LCO cell was concomitant with its
the difference becomes more prominent as raising larger overpotential by 0.18 V at 5C (Fig. 3d).

the C-rate. The capacity retention at 5C was 67.0% In general, the charge transfer resistance is pro-
and 48.5% for 25-LCO and 60-LCO, respectively portional to the over-potential.’” EIS analysis rep-
(Fig. 3b). The significantly lower capacity reten- resents significantly larger resistance for 60-LCO
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Fig. 3. Electrochemical characterization of 25-LCO and 60-LCO cells at room temperature after the initial cycling at 25
and 60°C, respectively. Comparison of (a) the rate capability and (b) the capacity retention at different C-rate.
Overpotential in the discharge profiles were compared at (c) 0.1C and (d) 5C.
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Fig. 4. EIS data compared with the fitted results. (a) Nyquist plots and (b) the zoomed-in view. The equivalent circuit for
the fitting is in the inset of (a).
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Table 1. Fitted parameters from the EIS analysis on 25-
LCO and 60-LCO

25-LCO 60-LCO
R (Q) 1.91£0.01 3.82+0.01
Ciitm (UF) 1.84+0.05 1.67+0.02
Riim (Q) 4.0£0.8 13£1
Cq (CPEY 43+3 22+1
p (CPE) 0.681+0.008 0.717+0.007
Ry (Q) 671 12542
W-R (Q) 2242 4943
W-T (s) 0.040+0.005 0.088+0.006
W-p 0.467+0.001 0.473+0.001

'CPE stands for the constant phase element

compared with 25-LCO (Fig. 4 and Table 1). The
diameter of the semicircle in the Nyquist plot of
the impedance data may comprise surface film
resistance (Rpm) and charge transfer resistance (R.),
while the ohmic resistance (Ron,) is represented by
the x-intercept at the highest frequency. And the
spike at the lowest frequency represent solid-state
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diffusion of ions.?” The fitted values of Rgm + R
(ca. the diameter of the semicircle) was 71 Q and
138 Q for 25-LCO and 60-LCO, respectively (Fig.
4a), suggesting more sluggish charge transfer kinet-
ics by the severer formation of surface film at
60°C. It is noteworthy that the Ry, of 60-LCO
(3.82 Q3) is approximately two times larger than that
of 25-LCO (1.91 Q), implying sluggish migration of
Li" ions by the formation of surface film. Also, the
larger values of diffusion resistance (W-R) and dif-
fusion time constant (W-T) of 60-LCO signify the
higher overpotential of Li* diffusion compared to
25-LCO. Those overall increase in the resistance is
in line with the deteriorated rate capability of 60-
LCO cell compared with 25-LCO cell.

XPS analysis of 25-LCO and 60-LCO revealed
the different composition on the surface of the
cathodes by the operational temperature for 5 cycles
(Fig. 5 and 6). Chemical compositions from XPS
analysis are summarized in Table 2. Most stark dif-
ferences were observed in O 1s region as shown in
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Fig. 5. Results of XPS analysis: O 1s peaks of (a) 25-LCO and (b) 60-LCO, and F 1s peaks of (c) 25-LCO and (d) 60-LCO.



A788HE)A), A 234, A 335, 2020

(a) Li1s ——LiOH + LiCO3
_ | 25°C, 5¢yc. —
S
S
2
‘®
c
2
£
60 58 56 54
Binding Energy (eV)
© [ IR
— 25 °C 5 cyc.
5|
L
=
‘D
c
2
£

288 286 284

29
Binding Energy (eV)

292

63
(b) Li1s ——LiOH + Li,CO,
— | 60°C, 5cyc. TR
3
L
>
‘®
c
2
£
60 58 56 54
Binding Energy (eV)
d) | c1s C=C,C-H+—_ .—C<C
. | 60°C, 5cyc. ‘ ‘
5 o
&
=
‘D
c
L
£

290 288 286 284

Binding Energy (eV)

292

Fig. 6. Results of XPS analysis: Li 1s peaks of (a) 25-LCO and (b) 60-LCO, and C 1s peaks of (c) 25-LCO and (d) 60-LCO.

Table 2. Percentage (%) of chemical compositions in 25-
LCO and 60-LCO based on the XPS spectra

25-LCO 60-LCO
LiOH / Li,COs 65.0 90.0
Ols
C-0 35.0 10.0
LiF 22.6 24.8
F s
P-O-F 77.4 75.2
LiOH / Li,COs 62.4 51.6
Lils
LiF 37.6 48.4
C-C 33.5 34.5
C=C/C-H 22.4 9.9
Cls C-0 31.9 35.2
Li,CO; 73 11.0
PVdF 49 9.4

Fig. 5a and 5b. The 529.3, 532.0, and 533.5 eV
peaks correspond to Li,O, LiOH/Li,CO;, C-O
group, respectively,'® which are representative com-

ponents of CEI film.*® Among them, the peak at
532.0 eV for LiOH or Li,CO; components was
especially intense for 60-LCO compared to 25-
LCO, suggesting that the cathode surface is covered
with CEI with richer proportion of LiOH or Li,.
CO; at 60°C. Regarding the F 1s region, the two
peaks at 685.6 and 687.7 eV are attributed to Li-F
and P-F/P-O-F, respectively.***” Li-F and P-O-F are
the well-known product from the decomposition of
electrolytes. " Peak intensity at 685.6eV of 60-
LCO was slightly larger than that of 25-LCO,
while peak intensities at 687.7 eV were almost
equivalent for both samples (Fig. 5¢ and 5d); this
suggests the accelerated formation of LiF at 60°C.
In accordance with the O 1s and F 1s results, the
Li 1s peak at 56.3 eV for LiOH/Li,CO; or LiF was
more intense for 60-LCO compared to that of 25-
LCO (Fig. 6a and 6b). On the other hand, C 1s
peaks provided more clues to discern which compo-
nents are dominant in the CEI film (Fig. 6¢ and
6d). The C s peaks at 284.5, 285.0, 286.0, 289.5,
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293.1 eV correspond to C-C, C=C/C-H, C-O, Li,.
CO;, and PVdF, respectively. The Li,CO; peak at
289.5eV was not significant for both 25-LCO and
60-LCO, suggesting that Li,CO; can be excluded
from the dominant components in the CEI film of
60-LCO. The C-C and C=C/C-H peaks of 60-LCO
was less intense compared to 25-LCO, while the
intensity of C-O peaks were similar for both sam-
ples; this observation suggests that the conductive
agent was more severely covered by CEI film for
60-LCO. To summarize, it is highly probable that
the thermally accelerated formation of CEI film is
associated with LiOH and LiF as the dominant
components, which lead to the increase in the resis-
tance that limits the electrochemical performances
of cells, owing to their insulating property. Such
accelerated formation of Li species also signifies
the continual loss of Li" ions from the LiPF4 elec-
trolyte or LCO cathode, which starves the electro-
lyte or reduces the utilizable capacity of LIBs at
higher temperature.

4. Conclusions

Decomposition of electrolytes and cathode was
accelerated at high temperature, resulting in the
higher overall impedance and the lower rate capa-
bility even by the initial 5 cycles at 60°C. In par-
ticular, initial cycling at 60°C exhibited more
prominent increase in Li species such as LiOH and
LiF compounds on the surface of the electrodes,
identifying the adverse effects of the insulating film
on the electrochemical performances of LIB cells.
This finding signifies a culprit of thermal instability
of LCO cathodes, and points to the necessity of
mitigating the thermo-electrochemical decomposi-
tion by introducing advanced electrolyte solutions,
additives, and artificial interphase.
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