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A new cathode material based on LiNi0.8Co0.15Al0.05O2 (LNCA)/polyaniline (Pani) composite was prepared by in situ 
self-stabilized dispersion polymerization in the presence of LNCA. The materials were characterized by fourier 
transform infrared spectroscopy (FT-IR), ultraviolet-visible spectroscopy (UV-Vis), X-ray diffraction (XRD), and 
scanning electron microscopy (SEM). Electrochemical properties including galvanostatic charge-discharge ability, 
cyclic voltammetry (CV), capacity, cycling performance, and AC impedance were measured. The synthesized 
LNCA/Pani had a similar particle size to LNCA and exhibited good electrochemical properties at a high C rate. Pani 
(the emeraldine salt form) interacts with metal-oxide particles to generate good connectivity. This material shows 
good reversibility for Li insertion in discharge cycles when used as the electrode of lithium ion batteries. Therefore, 
the Pani coating is beneficial for stabilizing the structure and reducing the resistance of the LNCA. In particular, the 
LNCA/Pani material has advantageous electrochemical properties.
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Introduction

Layered transition metal oxides have been extensively 
investigated as cathode materials for lithium ion batteries. 
Many transition metal oxides such as LiCoO2 and LiNiO2 

have been developed as cathode materials for Li ion 
batteries.1-3 Lithium nickel cobalt mixed oxide has played an 
important role in the field of lithium ion batteries.4,5

Ni can be used to improve the properties of LiNi0.8Co0.2O2 

and enhances its electrochemical properties.6 However, 
LiNi0.8Co0.2O2 has rapid moisture uptake and both Li2CO3 and 
LiOH impurities can be formed on the cathode surface,7,8 
which reduces its electrochemical performance. In recent 
years, many researchers have shown that the electrochemical 
characteristics of LiNi0.8Co0.2O2 are closely related to the 
stability of the layered structure. Partial substitution by proper 
cations like Al ions are electrochemically inactive during the 
cycling process, and the strong Al-O bond can stabilize the 
layered structure. When Li ions participated in the inter- 
calation-deintercalation, Al was inserted instead of Li ions in 
the hexagonal structure.9,10

To overcome the above problems, hybrid materials of 
LiNi0.8Co0.2O2 combined with a classic conducting polymer 
such as Pani have been prepared.11 The development of 
conducting composite has received significant attention, 
prompting new studies using other polymers combined at the 
molecular level with different inorganic solids.12,13 There 
have also been satisfactory results using inorganic redox 
oxide, yielding systems suitable for electrochemical Li inter
calation and their applicability as electrodes for rechargeable 
lithium batteries. Many of these systems involve inorganic 
hosts that exhibit a layered structure susceptible to exfoliation 
by guest polymer intercalation. Non-intercalable and three
dimensional structured metal oxides can also be combined 

with conducting polymers such as Pani or polypyrrole (Ppy) 
giving rise to microcomposites, materials combined at the 
micrometer scale, or even composites, taking into account the 
micrometer or nanometer scale size of the involved oxide 
particles.14,15 The resulting cathodes can exhibit better electro
chemical, mechanical, morphological, and thermal properties 
than the former components and some of them have also been 
tested in rechargeable lithium battery applications.16

Among the conducting polymers, Pani is particularly inter
esting due to its ease of doping, simple preparation, moderate 
conductivity, environmental stability, and low cost. In addition, 
Pani has wide applications in electronic, optical, and magnetic 
materials including formation, storage, rechargeable batteries, 
electrochromic display devices, sensors, and nonlinear optics.17-19 
In contrast to conventional homogeneous dispersion poly
merization using an aqueous medium containing aniline, acid, 
and oxidant, this new polymerization is carried out in a hetero
geneous biphasic (organic and aqueous) mixture without any 
stabilizers.

In this paper, we prepared a new cathode material based on 
LNCA/Pani by in situ self-stabilized dispersion polymerization 
in the presence of LNCA. The structure of LNCA/Pani and its 
electrochemical properties were studied by several techniques. 
The Pani coating improves the electrochemical cycling 
ability, capacity retention, and rate capability of LNCA/Pani 
composites.

Experimant시

Synthesis. The LNCA/Pani composite was prepared by in 
situ self-stabilized dispersion polymerization in the presence 
of LNCA (Ecopro Co. Ltd, Korea). The LNCA (20 g) was 
dispersed in ethanol/water (3:1 by volume) and then sonicated 
for 15 min using a Branson 3200 ultrasonic liquid processor
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operating at 200 kHz. 0.98 mL (5 wt.%) aniline (reagent
grade; Aldrich) was added drop-wise to this dispersion, and 
the solution was sonicated for 10 min. Polymerization was 
carried out at 5 oC by drop-wise addition of ammonium 
peroxydisulfate [(NH4)2S2Os or APS; Aldrich, aniline:APS at 
a 4:1 molar ratio] in 10 mL 1 M HCl with magnetic stirring for 
15 h. The resulting solution was washed with absolute ethanol 
to remove monomer, oxidant, and its decomposition products, 
and then with acetone to eliminate low molecular weight 
organic intermediates and oligomers. The powder composite 
was vacuum dried at 60 oC. After drying, camphor sulfonic 
acid (HCSA; Aldrich) was used as a doping agent in acetone.

Characterization. Fourier transform infared (FT-IR) spectra 
were recorded using a FT-IR spectrometer (Varian 2000) in 
the 500 〜3,000 cm-1 wave number range and the solid samples 
were diluted in KBr pellets. Ultraviolet-visible (UV-Vis) 
spectra were recorded by Varian Karry UV-Vis spectroscopy. 
The reagents were dissolved in NMP. Powder X-ray diffrac
tion patterns were measured with a Rigaku ultra-X (CuKa 
radiation, 40 kV, 120 mA) at a step scan rate of 0.02 o/s in the 
20 range of 10 〜80o. This was carried out to identic the 
crystalline phase of the as-prepared materials. The morphology 
and size of the powder particles were measured by scanning 
electron microscopy (SEM; Supra40) analysis.

The 2016R coin cells were assembled with LNCA/Pani, 
super-p, and polyvinylidene fluoride (PVDF; KF #1300) in 
N-methyl pyrrolidinone (NMP; Aldrich) solvent at a mass 
ratio of 92:4:4 (0.008 g/cm2) as a cathode, Li metal as an 
anode, separator (Cellgard 2500), and the 1.3 M LiPF6 solution 
dissolved in a 3:3:4 mixture (by weight) of ethylene carbonate 
(EC), dimethyl carbonate (DMC), and ethylene methyl carbonate 
(EMC) by volume ratio (Technosemichem Co. Ltd, Korea) as 
an electrolyte in an argon-filled glove box. The cells were 
galvanostatically tested for (Maccor) charge and discharge 
cycling with current densities of 0.05 ~ 3 C and for 40 cycles 
(0.1 C) in the range of 2.8 〜4.3 V or 4.5 V to evaluate the 
electrochemical behavior of the cathode materials. The AC 
impedance (IVIUM) was measured after charges of 0.1, 0.2, 
1, and 2 C for structural resistance in the range of 5 kHz to 0.1 
Hz and cyclic voltammetry was conducted (CV, Macpile 
Biology) at a 0.05 mV/sec scan rate.

posites based on the in situ intercalative polymerization of 
Pani within the mixed oxide layers. It should be noted that 
although this procedure was apparently successfully applied 
to obtain intercalation compounds of related solids such as 
LiCoOz, LiNiOz, and LiNi0.8Co0.2O2.20 In our case (Fig. 1), the 
resulting compounds consisted of a homogeneous mixture 
formed by Pani and the starting mixed oxide without inter
calation. For the preparation of LiNi0.8Co0.15Al0.05O2/Pani 
composite, for aniline dispersion, the ultrasound treatment 
appears to be more effective than conventional methods such 
as magnetic stirring to produce more homogeneous material 
containing a large amount of metal oxide particles.

FT-IR and UV-Vis spectra. Figure 2 아lows FT-IR spectra of 
bulk Pani and the LiNi0.8Co0.15Al0.05O2/Pani composite. The 
adsorbance ratio of benzennoid to quinoid bands can be taken 
as a measure of the oxidation state in polyaniline-type 
conducting polymers.21 The ratio of adsorbance of benzenoid 
to quinoid bands will be unity if the Pani possesses an 
emeraldine structure. In bulk Pani, 3,010 cm-1 is attributed to 
the N-H stretching mode and 1,477 and 1,566 cm-1 are
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Figure 1. Preparation of LNCA/Pani composite. Figure 3. UV-Vis spectra of (a) bulk Pani and (b) LNCA/Pani.
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attributed to the characteristic C=C stretching of the quinoid 
and benzenoid rings, respectively. The peaks at 1,292 and 
1,245 cm-1 are assigned to C-N stretching modes of the 
benzenoid ring. The broad and strong peak at around 1,150 
cm-1 is associated with vibrational modes of -N=quinoid=N 
and the peak at 772 cm-1 is attributed to C-H out of plane 
vibration. We confirmed that the peak tendencies of bulk Pani 
and LNCA/Pani are similar.

UV-Vis absorption spectra (Fig. 3) of bulk Pani and LNCA/ 
Pani were recorded in NMP. For bulk Pani, two electronic 
bands were seen at 328 and 639 nm. These originated from the 
n-n* transition and benzenoid and quinoid excitonic transi
tion respectively. For the LNCA/Pani composites, the n-n* 
absorption bands shifted to 310 nm. These types of shifts in 
the absorption bands have not been observed for composites 
in which metal particles are loaded onto simple LNCA in the 
absence of Pani.

Stuctural characterization. Figure 4 shows XRD patterns 
of the pristine LNCA and the LNCA/Pani composites. All of 
the diffraction patterns indicate the formation of a layered a-
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Figure 4. XRD patterns of pristine LNCA, LNCA/Pani, and bulk 
Pani.

NaFeO2 type structure assuming a hexagonal setting in the 
Rm space group. This convincingly demonstrates that the 
synthesized samples had a layered structure and did not contain 
another lattice. In general, the splitting degree of the hexagonal 
(006)/(102) and (108)/(110) as well as the intensity ratio of 
(003) to (104) are accepted as criteria to judge the structural 
ordering of materials.22 The intensity ratio of hexagonal 
doublet peaks (006)/(102) to the (101) peak23 suggests that the 
material has an enhanced hexagonal ordering structure. The 
two characteristic diffraction peaks centered correspond to 
Pani in its emeraldine salt form. The peak (100) reflection is 
slightly more intense than the peak (110) reflection. In a 
result, the little bit of Pani peak shows up after coating. As to 
the reason, Pani exists in LNCA due to coating. The average 
thickness of the Pani was estimated by using scherrer’s 
equation24

D = KZ/pcos0 (入:X-ray wave length (1.5406 A))

(K: shape factor, D: average diameter of the crystals,
0: Bragg angle, p: full width at half-maximum expressed 

in unit of 20)

The Pani coating thickness is 8 〜9 nm. However, there was 
no difference between coated and uncoated particles except in 
the lattice parameters.

Morphology. Figure 5 shows SEM micrographs of the 
LNCA pristine oxide and LNCA/Pani composite. The particle 
morphology and particle size distribution of cathode materials 
greatly influence battery performance. Cathode materials with 
small particles tend to have large initial capacity and low 
cycle stability and vice versa. The images show the shape and 
size of the electrode particles and the detailed structure of 
each individual particle. The LNCA sample had an average 
particle size of 8 〜10 gm with smooth particle surfaces. The 
pristine LNCA consisted of spherical particles. The particle 
size determines the effective surface area and smaller particles 
tend to improve the capacity of the battery by reducing the ion 
diffusion pathway during the insertion and desertion processes

(b)

(a)

Figure 5. SEM images of (a) pristine LNCA and (b) LNCA/Pani.

Voltage (V, Li+/Li)

Figure 6. Cyclic voltammograms of pristine (a) LNCA and (b) 
LNCA/Pani with a voltage range of 2.7 〜4.8 V at 0.05 mV/sec.
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of Li+ ions.25 The LNCA/Pani composite made a net form on 
the oxide surface so that the net form of Pani connect between 
the LNCA.

Electiochemic지 peifoimance. Cy이ic voltammetiy: Cyclic 
voltammetry is sensitive to phase transformations of materials 
which occur during electrochemical reactions. Hence, slow 
scan cyclic voltammetry was performed to examine the effect 
of the coating on the phase transition that accompanies the 
chage-discharge processes.26 Figure 6 shows the cyclic voltam- 
mograms of the pristine LNCA and the LNCA/Pani composite. 
For the pristine LNCA (Fig. 6(a)), the anodic peaks were 
centered at 3.98, 4.20, and 4.40 V and correspond to delithiation 
from the lattice. The cathodic peaks were centered at 4.18, 
3.95, and 4.52 V along with the major peak at 3.69 V which 
corresponds to the intercalation of Li ions. For the coated 
LNCA/Pani (Fig. 6(b)), the first cycle anodic peaks were 
centered at 3.96, 4.20, and 4.40 V and the cathodic peaks were 
the same as those seen in pristine LNCA. In the second cycle, 
the anodic peak was centered at a lower potential of 3.72 V. 
Further cycles showed minor shifts in the anodic and cathodic 
peak potentials, which indicate reversibility of the charge
discharge reaction. The major anodic/cathodic peaks at 3.72 
V are assigned to the oxidation/reduction of Ni3+/Ni4+ delithia- 
tion/lithiation processes. The peak potentials remained almost 

constant, but the relative peak intensities and area under the 
peak decreased with cycle number, corresponding to capacity 
fade. In Fig. 6(b), the minor peaks are associated with phase 
change. For example, the anodic peak at 3.72 V has a shoulder 
at ~3.78 V, which is characteristic of the two-phase region 
corresponding to the hexagonal (H1) to monoclinic (M) phase 
transition in LNCA/Pani. This peak is not evident in the 
cathodic peak. The anodic/cathodic peaks corresponding to 
4.06/3.95 V and 4.22/4.18 V are assigned to the M to hexagonal 
(H2) and H2 to hexagonal (H3) phase transitions, respectively. 
It can be observed in Fig. 6(a) that the peaks corresponding to 
phase changes persisted upon continuous processing. Therefore, 
it is significant that coating the pristine cathode resulted in a 
decrease of impedance, phase transitions, and enhanced cycle 
stability of the materials.

AC impedance: To further investigate the improved electro
chemical properties of the LNCA/Pani composites, AC impe
dance measurements were performed at different charge states 
for the LNCA and LNCA/Pani composites. Each of the impe
dance spectra includes two semicircles: a semicircle at high- 
to-medium frequencies reflecting the resistance for Li+ ion 
migration through the surface film and film capacitance, and a 
semicircle at lower frequencies reflecting charge transfer 
resistance and interfacial capacitance between the electrodes
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Figure 8. Discharge capacity and cyclic performance of (a) pristine 
LNCA and (b) LNCA/Pani with a voltage range of 4.3 and 4.5 ~ 2.8 V 
at 0.05, 0.1, 0.2, 1,2, and 3 C.
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Figure 9. Charge-discharge capacities vs. cycle number of (a) pristine 
LNCA and (b) LNCA/Pani for 40 cycles at 0.1 C.

and electrolyte. The sloping line at very low frequencies reflects 
Li+ ion diffusion in the solid state electrode. In electrochemical 
impedance spectroscopy of lithium-ion cells, the cell impedance 
is attributed mainly to cathode impedance, especially charge
transfer resistance.27 Thus, we can obtain information about 
the cathode impedance change during cycling from a comparison 
of the first semicircle, which reflects charge-transfer resistance. 
It is clear from Fig. 7 that there is a pronounced difference in 
the second semicircle between the LNCA and LNCA/Pani 
composites. We investigated the effect of Pani coating about 
the variation of chaining current for the cells by AC impedance 
analysis. The variation of the resistance depending on the charg
ing current in LNCA/Pani was small than pristine LNCA. The 
diameter of the first semicircle of LNCA/Pani deceased from 
0.1 C to 2 C and did not change at high C rates. In high C-rate 
(2C), the resistance of pristine LNCA and LNCA/Pani owing 
to the diffusion and migration of Li ions on the surface of 
cathode was similar, but LNCA/Pani effectively suppressed 
the Li+ diffusion by Pani coating layer and positively acted on 
the capacity retention and cycle ability.

Discharge capacity and cyclic peifoimance: Figure 8 presents 
the discharge capacity and cyclic properties of the pristine LNCA 
and LNCA/Pani at each selected C rate at room temperature. 
The LNCA/Pani composite was more stable than the pristine 
LNCA at the high rate (2 and 3C) because the Pani coating 
makes a stable structure during the Li insertion-extraction 
reaction. In particular, at high voltage (4.5 V), the LNCA/Pani 
composite showed more stable rate capability at all C rates 
demonstrating that the synthesis of the Pani coating on the 
LNCA.

The cycling abilities of pristine LNCA and LNCA/Pani 
composites were examined via galvanostatic cycling test and 
the results are shown in Fig. 9. LNCA/Pani demonstrated the 
good cycling performance than pristine LNCA to 40 cycles. 
By coating Pani on the surface of the LNCA particles, the 
electrical conductivity can be significantly improved which 
facilitates the charge-transfer reaction, leading to better utiliza
tion of the active materials. The LNCA is embedded, thereby 
generating connectivity in the system by the coating. The 
good contact between polymer and oxide particles results in 

the observed increase in the electrical conductivity of the 
composite compared to the pristine oxide.

Conclusions

Pani was coated on LNCA particles to form LNCA/Pani 
composites by in-situ self-stabilized dispersion polymerization. 
By evaluating the electrochemical performance of these com
posites, we concluded that the Pani coating improved the 
electrochemical properties of LNCA and therefore facilitated 
the charge-transfer reaction, as confirmed by AC impedance 
and other electrochemical measurements. The LNCA/Pani 
composites show better discharge capacity and cyclabilty 
than the pristine LNCA at a high C rate. The LNCA/Pani had 
good discharge capacity and cyclability. This composite 
maintains the Li-insertion ability of the oxide counterpart and 
shows improved behavior as an electrode for rechargeable 
lithium batteries. Furthermore, it is possible to perform cycling 
at higher current values in the LNCA/Pani composite than the 
LNCA composite.
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