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We demonstrate a novel and facile approach to surface modification of high-voltage charged LiCoO2, which is
based on encapsulating LiCoO2 by a polyimide (PI) gel polymer electrolyte layer. The PI is introduced onto
the LiCoO2 by thermally curing 4-component (pyromellitic dianhydride/biphenyl dianhydride/phenylene-
diamine/oxydianiline) polyamic acid. The PI nanoencapsulating layer features the high surface coverage,
nanometer thickness, and facile ion transport. These unique characteristics are expected to enable the PI
coating layer to effectively suppress the undesirable interfacial reaction of the LiCoO2 with liquid electrolyte,
which plays a key role in noticeably improving the 4.4 V cycle performance and mitigating the vigorous
exothermic reaction between the charged LiCoO2 and liquid electrolyte.
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1. Introduction

Rapidly growing demands for higher energy-density lithium-ion
batteries continue to stimulate research and development for a new
cathode material capable of delivering large reversible capacity [1–3].
LiCoO2 is currently one of the most popular cathode materials in
commercial lithium-ion batteries due to the ease of preparation, good
C-rate capability, and excellent cycle performance. Charging the
LiCoO2 cathode above 4.2 V has been proposed as an effective way to
increase its reversible capacity [4–6]. However, the corresponding
increase of impedance between the LiCoO2 and liquid electrolyte with
increasing the upper cut-off voltage poses the serious problems with
capacity fading during the cell cycle [5–9]. In order to improve the
electrochemical performance of high-voltage charged LiCoO2, coating
LiCoO2 with metal oxides such as Al2O3, ZrO2, MgO, and ZnO has
been extensively investigated [9–12]. However, metal oxides, often
discontinuously deposited onto LiCoO2, tend to act as an inert layer to
ionic conduction, and require complex and cost-consuming coating
processes.

These limitations motivate us to demonstrate a novel and facile
approach to the surface modification of LiCoO2, which is based on
encapsulating LiCoO2 by a nanometer-thickness gel polymer electro-
lyte (GPE) layer. Judging from the extent of surface coverage onto
LiCoO2 and the feasibility of lithium-ion transport, a GPE is possibly
expected to be promising, because it may easily form a continuous,
lithium-ion conducting coating layer. In this study, polyimide (PI) is
employed as a representative example of GPE coating layers. The PI
is synthesized by thermally curing 4-component (pyromellitic
dianhydride/biphenyl dianhydride/phenylenediamine/oxydianiline)
polyamic acid onto LiCoO2. PI has been widely used in various
applications such as microelectronics, displays, membranes, and fuel
cells, owing to its well-balanced chemical and mechanical stability in
addition to outstanding film-forming properties [13–16]. Therefore, PI
is expected to be suitable for forming the encapsulating layer of
LiCoO2. The thermally-cured PI fulfills the critical requirement that it
must be insoluble in N-methyl pyrrolidone, a common solvent used
during cathode fabrication. The performance of PI-nanoencapsulated
LiCoO2 is investigated in terms of cyclability and thermal stability of
high-voltage (4.4 V) charged cells.
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2. Experimental

The chemical structure of the each component in the polyamic acid is given below.

The 4-component polyamic acid solution was prepared using dimethylacetamide as a solvent. The detailed synthesis on the polyamic acid has
been described in previous publications [15,16]. The concentration of polyamic acid in the solution was fixed at 5 wt.%. LiCoO2 powders (average
particle size=10 um, Umicore) were added in the coating solutions and stirred for 10 min, then filtered. The filtered powders were dried at 30 °C
for 1 h and further vacuum-dried at 30 °C for 4 h. Meanwhile, in order to convert the polyamic acid into the PI, the polyamic acid-coated LiCoO2

powders were thermally imidized via a stepwise imidization process (60 °C for 30 min→120 °C for 30 min→200 °C for 60 min→300 °C for
60 min→400 °C for 10 min) under nitrogen atmosphere. The imidization reaction was confirmed using FT-IR (FT-3000, Excalibur) by measuring
the characteristic peaks assigned to the imide ring of the PI coating layer. A LiCoO2 cathode was prepared by coating NMP-based slurry with a
mixture of 95 wt.% of LiCoO2, 3 wt.% of polyvinylidene fluoride (PVdF) binder, and 2 wt.% of carbon black on an aluminum current collector. The
surface morphology of the PI-coated LiCoO2 was examined using FE-SEM (S-4300, Hitachi) and TEM (Tecnai G2 F30, FEI). A unit cell (2032 coin)
was assembled by sandwiching a PE separator (thickness=20 um) between a natural graphite anode and the surface-modified LiCoO2 cathode. It
was activated by filling with a liquid electrolyte of 1 M LiPF6 in ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (=1/2 v/v). The discharge
capacities of cells were examined as a function of discharge current density using a cycle tester (PNE Solution). The discharge current densities
between 0.2 C (=0.59 mA cm−2) and 2.0 C (=5.87 mA cm−2) were employed at a constant charge current density of 0.2 C under a voltage range
Fig. 1. FE-SEM photographs of (a) pristine LiCoO2; (b) PI-coated LiCoO2; (c) TEM photograph of PI-coated LiCoO2; and (d) IR spectra of PI-coated LiCoO2.
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of 3.0 V–4.4 V. The cells were cycled at a constant charge/discharge current density of 0.5 C/0.5 C. The AC impedance of cells wasmeasured using a
VSP classic (Bio-Logic) over a frequency range of 0.01 Hz to 106 Hz. The exothermic reaction between the charged cathode and liquid electrolyte
was examined byDSC (DuPont Q2000)measurements,where the cellswere charged to 4.4 V at a current density of 0.2 C and then disassembled in
a dry room to remove the charged cathode. The DSC measurements were performed at a heating rate of 10 °C min−1.
3. Results and discussion

The surface morphology of PI-coated LiCoO2 is compared with that
of pristine one. Fig. 1 shows the successful encapsulation of the LiCoO2

with the PI coating layer. Onto the surface of LiCoO2, the PI forms a
smooth and continuous coating layerwith a thickness of around 10 um
(Fig. 1(c)). The polyamic acid's polarity [17] may allow its strong
affinity for LiCoO2. This intimate contact of the polyamic acid with
LiCoO2, in addition to its excellent film-forming properties [13–16],
may contribute to its high surface coverage. The existence of PI onto
the LiCoO2 is further confirmed by the FT-IR analysis (Fig. 1(d)). The
peak assigned to the C=O bond of the PI coating layer is observed at
1723 cm−1, whereas the starting polyamic acid shows the peak for the
C=O bond at 1630 cm−1.

Fig. 2 demonstrates the effect of PI coating layer on the discharge
profiles of cells charged to 4.4 V. The pristine LiCoO2 shows a
conventional voltage plateau and a high discharge capacity of
160 mAh g−1 at a discharge current density of 0.2 C. The discharge
capacities of the PI-coated LiCoO2 are found to be comparable to those
of the pristine LiCoO2, although they are marginally lower at higher
discharge current densities. As the PI coating layer has the continuous
Fig. 2. Discharge profiles of cells charged to 4.4 V as a function of C-rate: (a) pristine
LiCoO2; and (b) PI-coated LiCoO2.

Fig. 3. (a) Discharge capacities as a function of cycle number for cells assembled with
pristine LiCoO2 or PI-coated LiCoO2; AC impedance spectra of cells after the 1st, 50th,
and 100th cycle: (b) pristine LiCoO2; and (c) PI-coated LiCoO2.
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Fig. 4. DSC thermograms of exothermic reaction between 4.4 V-charged LiCoO2 and liquid
electrolyte and schematic representation illustrating interfacial reaction: (a) pristine
LiCoO2; and (b) PI-coated LiCoO2.
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coverage of nanometer thickness, ion transport in the PI coating layer
is likely not to be significantly hindered. The supplement experiment
shows that the PI film swelled with liquid electrolyte has an excellent
ionic conductivity of 0.15 mS cm−1. Therefore, the facile ion transport
and unique structure of the PI coating layer could contribute to
delivering the satisfactory discharge capacities.

Fig. 3(a) shows the effect of PI-coated LiCoO2 on the cycle
performance, i.e. discharge capacity as a function of cycle number,
of cells charged to 4.4 V. Compared to the pristine LiCoO2, the PI-
coated LiCoO2 exhibits the significantly improved cycle performance.
In the first 40 cycles, there is little difference between the pristine
LiCoO2 and the PI-coated one. However, after 40 cycles, the capacity
fading of the PI-coated LiCoO2 is heavily retarded, whereas the
capacity of the pristine LiCoO2 continues to drop with increasing cycle
number. The capacity retention after 100 cycles is found to be 38% for
the pristine LiCoO2 and 76% for the PI-coated LiCoO2. In order to better
understand the improved cyclability of the PI-coated LiCoO2, the AC
impedance spectra of the charged cells after the 1st, 50th, and 100th
cycle are analyzed. It has been known [5–7] that the semicircle in the
high frequency range is ascribed to the resistance of surface film on
the electrode active particles and the semicircle observed at medium-
to-low frequency region is attributed to the charge transfer resistance
between the electrode active particles and liquid electrolyte. Fig. 3(b)
shows that the charge transfer resistance of the pristine LiCoO2

significantly increases after the 100th cycle. This reveals that the
sharp capacity fading of the pristine LiCoO2 (Fig. 3(a)) could be
associated with the undesirable interfacial reaction between the
charged LiCoO2 surface and liquid electrolyte. Previous studies [5–12]
reported that predominantly due to the liquid electrolyte decompo-
sition at high voltage, a resistive layer could be formed on the
electrode particle surface. The resistive layer may hinder charge
transport at the electrode active particles/liquid electrolyte interface,
which consequently deteriorates cycle performance of a high-voltage
charged cell. In comparison to the pristine LiCoO2, the PI-coated
LiCoO2 presents the slightly increased charge transfer resistance
during the 4.4 V cycling (Fig. 3(c)). This demonstrates that the PI
coating layer can effectively suppress the formation of a resistive layer
onto the LiCoO2 surface.
Fig. 4 compares the DSC thermograms of pristine LiCoO2 and
PI-coated LiCoO2 charged to 4.4 V. The pristine LiCoO2 shows a
large exothermic heat (ΔH=326 J g−1) and an exothermic peak
temperature of 239 °C, which is due to the vigorous interfacial
reaction of the charged LiCoO2 with liquid electrolyte [6,7,12]. On
the other hand, for the PI-coated LiCoO2, the exothermic heat is
noticeably reduced (ΔH=213 J g−1) and the exothermic peak is
also shifted to a high temperature of 255 °C. This indicates that the
PI coating layers are effective in mitigating the exothermic
reaction between the charged LiCoO2 and liquid electrolyte.
Schematic illustrations for this interesting behavior of the PI-coated
LiCoO2 are also shown in Fig. 4. The high surface coverage of the
PI coating layer is believed to play an important role in preventing
the LiCoO2 from being exposed directly to the reactive liquid
electrolyte, thus lessening the exothermic reaction.
4. Conclusion

The high-voltage (4.4 V) cell performance and thermal stability
of LiCoO2 have been remarkably improved by the thermally-cured
PI nanoencapsulating layer. The PI coating layer features high surface
coverage, nanometer thickness, and facile ion transport. These
unique characteristics enabled the PI layer to effectively suppress the
undesirable interfacial reaction of the LiCoO2 with liquid electrolyte,
which contributed to improving the 4.4 V cycle performance and
mitigating the exothermic reaction between the charged LiCoO2 and
liquid electrolyte. In future studies, the PI-coated LiCoO2 charged to
various cut-off voltageswill be examined and the chemical structures of
PI coating layers will be also optimized.
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