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Electrochemical Properties of Polyaniline-Coated Li-Rich Nickel
Manganese Oxide and Role of Polyaniline Coating Layer
Dae-hyun Cho,a Hitoshi Yashiro,b,∗ Yang-Kook Sun,c,d,∗ and Seung-Taek Myunga,∗,z

aDepartment of Nano Science and Technology, Sejong University, Gwangjin-gu, Seoul 143-747, South Korea
bDepartment of Chemical Engineering, Iwate University, Ueda, Morioka, Iwate 020-8551, Japan
cDepartment of Energy Engineering, Hanyang University, Seoul 133-791, South Korea
dDepartment of Chemistry, King Abdulaziz University, Jeddah 21589, Saudi Arabia

Polyaniline is coated on Li[Li0.2Ni0.2Mn0.6]O2 synthesized via co-precipitation. X-ray diffraction patterns exhibit that the polyaniline
coating does not affect structural change of the Li[Li0.2Ni0.2Mn0.6]O2, and the resulting transmission electron microscopic images
show the presence of coating layers on the surface of Li[Li0.2Ni0.2Mn0.6]O2. Electrochemical tests using coin type cells confirm
that the surface modification by polyaniline is effective in maintaining capacity and retention upon cycling. The conducting coating
character also assists improvement in rate capability. The polyaniline layer forms F-doped polyaniline during cycling, as is proved by
time-of-flight secondary ion mass spectroscopy. Therefore, the presence of the polyaniline layers plays a role in lowering HF levels
via scavenging F− from HF in the electrolyte, and this F–doped polyaniline layer also assists in protecting the Li[Li0.2Ni0.2Mn0.6]O2
from HF attack upon cycling, resulting in improved electrochemical properties.
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Owing to a large discharge capacity exceeding 200 mAh g−1,
over-lithiated manganese oxides (Li[LixMyMn1-x-y]O2, M = Ni, Co)
have been intensively studied for the last decade.1–8 The structure al-
lows lithium incorporation into transition metal layers such that the
layer structure is stabilized though a large amount of Mn is intro-
duced in the same layer. Li(Co1-xLix/3Mn2x/3)O2, which is compara-
ble to LiCoO2 in term of capacity, could be synthesized over the
whole compositional range of LiCoO2–Li2MnO3.1,3,4 Substituting Co
to Ni, Li[Ni0.33Li0.22Mn0.55]O2 delivers an exceptionally high capac-
ity of 230 mAh g−1 in operation range between 2.0 and 4.6 V. Below
4.45 V, a reversible redox reaction of Ni2+/4+ accompanies Li+ dein-
tercalation/intercalation though the resulting capacity is limited to
100 mAh g−1, above which a long plateau results from simultaneous
extraction of both Li and O from the crystal structure6,7

Efforts have been made to improve their intrinsic low rate capa-
bility stemming from the tetravalent Mn in the oxide matrix and cy-
clability as well. Hence, partial substitutions of Mn site with other
elements or surface modifications have been made.9–13 The addi-
tion of Co is obviously advantageous toward attaining a better rate
capability although at the expense of capacity.10,12 A recent report
by Kang et al.14 suggested that surface modification by Al(OH)3 on
Li[Li0.2Ni0.2Mn0.6]O2 was fairly effective in capacity retention, rate
capability, and thermal stability. Similar effects were also reported
using Al2O3 coating and AlPO4 coating on the over-lithiated man-
ganese oxides.15,16 Those ceramic coating materials could decrease
the charge transfer resistance during cycling, accomplishing better
electrode performances. Although we do not know the reason that the
attachment of a small amount of those coating materials contributed
to the improved the electrochemical properties, improvement of cell
performances is evident. We speculate that those coating materials
would be a HF scavenger in the electrolyte, according to our previ-
ous studies.17,18 Furthermore, we perceive the main problem of oxide
coating to be difficulty in complete encapsulation of active materials
like core-shell materials due to condensation and crystal growth of
the coating materials even at mild heat-treatment condition; it, hence,
shows an islands-like coating.18 For the reason, we object to complete
encapsulation of Li[Li0.2Ni0.2Mn0.6]O2 using a conductive polyani-
line, which does not need further heat-treatment after polymerization.
Also, the conductive coating layers are expected to improve the rate
capability of the active material. In this paper, we introduce the de-
tails of polyaniline-coated Li[Li0.2Ni0.2Mn0.6]O2 and investigate the
structural and the electrochemical properties and role of polyaniline
layers on the surface of the active materials during cycling.
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Experimental

First, (Ni0.25Mn0.75)(OH)2 was prepared via the co-precipitation
method. An aqueous solution of Ni(II)SO4 · 6H2O (Samchun) and
Mn(II)SO4 · 5H2O (Junsei) (molar ratio of Ni:Mn = 1:3) with con-
centration of 2.0 mol L−1 was dropped into a reaction vessel stirring
with 600 rpm under N2 atmosphere. At the same time, NaOH solution
(2.0 mol L−1) and NH4OH solution (1.2 mol L−1) as a chelating agent
were also separately added into the vessel by adjusting the solution pH
to 12 at 50◦C. Then the precipitated particles were filtered, washed, and
dried in an oven at 80◦C for 24 h. The obtained (Ni0.25Mn0.75)(OH)2

was heated to produce dehydrated (Ni0.25Mn0.75)3O4 at 500◦C for 5 h.
The dehydrates were thoroughly mixed with an appropriate amount
of LiOH (samchun) and calcined at 900◦C for 15 h in air.

In attempt to modify the as-synthesized active materials with
polyaniline (hereafter referred as to be PANi), Cl−-doped emeral-
dine salt state PANi ([C24H26N4(Cl)2]n) was polymerized with aniline
monomer (C6H5NH2) and ammonium persulfate ((NH4)2S2O8,). First,
aniline monomer and ammonium persulfate were separately poured
into 1M HCl aqueous solution, and they were mixed to self-polymerize
for 2 days. And the produced PANi in the solution was rinsed with ab-
solute ethanol and acetone to remove the residual monomer, oligomer,
and low molecular weight organic intermediates. To prepare violet
pernigraniline base state (hereafter referred as to be VPB) PANi which
needs to be dissolved in N-methyl-2-pyrrolinon(NMP) or m-cresol and
so on,19,20 the Cl−– doped PANi was poured into a 1M NaOH aque-
ous solution and continuously stirred at 350 rpm for 2 days. Then, the
solution was dried at 80◦C in air. The obtained VPB powders were
mixed with campor-10-sulfonic acid, β (CSA, Sigma-aldrich, with a
ratio of 4:1 in weight) to prepare (SO)3

2−– doped emeraldine salt state
(hereafter referred as to be ES) PANi and dissolved into N-methyl-2-
pyrrolinon (NMP). The as-sythesized Li[Li0.2Ni0.2Mn0.6]O2 powders
were added into the solution and vigorously stirred to finally coat
the ES-PANi homogeneously at 60◦C. The NMP in the solution was
evaporated in this stage. The coated amounts of the ES-PANi were
1 wt% and 2 wt% for the as-synthesized Li[Li0.2Ni0.2Mn0.6]O2. This
method facilitates the active material to be modified under milder
condition compared to the previous report,21 which coated the active
material under severe condition under HCl. Finally, the ES-PANi-
coated Li[Li0.2Ni0.2Mn0.6]O2 samples were produced as described in
Scheme 1, which explains the detailed procedures for ES-PANi-coated
Li[Li0.2Ni0.2Mn0.6]O2.

X-ray diffractometry (XRD, Rint-2000, Rigaku) and high-
resolution transmission electron microscopy (HR-TEM, JEM-3010,
JEOL) were employed to characterize the synthesized powders. Time-
of-flight secondary ion mass spectroscopy (ToF-SIMS, PHI TRIFT V
nanoTOF, ULVAC-PHI) was also used to confirm the presence of the
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Scheme 1. ES-polyaniline coating procedures; (a) VPB-polymerization of polyaniline, (b) ES-polyaniline coating on surface of the active material.

ES-PANi layer on the surface of the Li[Li0.2Ni0.2Mn0.6]O2 powders.
The chemical compositions of the final powders were determined by
atomic absorption spectroscopy (AAS, Vario 6, AnalyticJena).

For the fabrication of positive electrodes, the as-synthesized and
the surface modified Li[Li0.2Ni0.2Mn0.6]O2 powders were mixed with
conductive materials (Super-P and Ketjen black, 1:1 in weight) and
polyvinylidene fluoride in a weight ratio of 8:1:1 in NMP. The ob-
tained slurries were applied onto Al foil and dried at 80◦C in air.
The electrodes were transferred to a vacuum oven and dried at 110◦C
overnight prior to use. Coin-type cells (2032) were assembled using
Li metal (Honjo chemical) as a negative electrode in an argon-filled
glove box. The electrolyte used was 1M LiPF6 in ethyl carbonate–
dimethyl carbonate (3:7 in volume, PanaX). The cells were charged
and discharged between 2.0 and 4.7 V by applying various currents
for electrochemical tests at room temperature. AC impedance mea-
surements were performed in the frequency range of 1 MHz to 1 mHz
with an amplitude of 10 mV.

For HF titration, the cycled cells were carefully disassembled and
all contents were washed with salt-free solvent in the glove box for
several days. NaOH aqueous solution and Bromothymol Blue as an
indication solution were used for the titration of the cycled electrolyte.

To identify the presence of byproducts on the surface of the active
materials after cycling, the cycled active materials were measured
using a ToF-SIMS surface analyzer operated at 10−9 Torr, equipped
with a liquid Ga ion source and pulse electron flooding. During the
analysis, the targets were bombarded by the 10 keV Ga beams with
a pulsed primary ion current varying from 0.3 to 0.5 PA. The total
collection time was 100 s and rastered over a 120 μm × 120 μm
dimension.

Results and Discussion

Figure 1 shows XRD patterns of bare and surface-modified
Li[Li0.2Ni0.2Mn0.6]O2. The XRD patterns could be identified as an
α-NaFeO2 structure with R3m space group. Some reflections between
20◦ and 25◦ (2θ) were due to the superlattice ordering of Li and Mn
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Figure 1. X-ray diffraction patterns of bare and polyaniline-coated
Li[Li0.2Ni0.2Mn0.6]O2 powders: (a) bare and (b) 1 wt% ES-polyaniline-coated
Li[Li0.2Ni0.2Mn0.6]O2.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-10-05 to IP 

http://ecsdl.org/site/terms_use


A144 Journal of The Electrochemical Society, 161 (1) A142-A148 (2014)

Table I. Calculated lattice parameter of bare and 1 wt% ES-
polyaniline-coated Li[Li0.2Ni0.2Mn0.6]O2.

a-axis/Å c-axis/Å

Bare 2.852(2) 14.224(2)
1 wt% ES-PANi-coated 2.852(3) 14.224(4)
Li[Li0.2Ni0.2Mn0.6]O2

in the transition metal layers.5 Though the Li[Li0.2Ni0.2Mn0.6]O2 was
modified by a polymer layers, there are no significant difference in
the XRD pattern compared to the bare- Li[Li0.2Ni0.2Mn0.6]O2. The
calculated lattice parameters also indicated no change in the crystal
structure before and after the surface modification (Table I). This is
reasonable because the coating temperature was moderate as low as
60◦C, such the condition is unlikely to affect structural change after
the coating.

Since the coating medium is polymer, detection of the material was
not possible using XRD. For this reason, the surface of the bare and
the surface-modified Li[Li0.2Ni0.2Mn0.6]O2 were observed by TEM
(Figure 2). The bare material showed clear edge lines, and no sed-
iments were found on the surface (Fig. 2a). The coated materials
had newly formed layers: 2–10 nm for the 1 wt% and 10–30 nm for
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Figure 2. Bright-field TEM images of Li[Li0.2Ni0.2Mn0.6]O2; (a) bare,
(b) 1 wt%, and (c) 2 wt% ES-polyaniline coated. The scale bar indicates
10 nm.

the Li[Li0.2Ni0.2Mn0.6]O2 coated with 2 wt%. The coating layer was
uniform for the 1 wt% coated sample but porous showing light con-
trast compared to the active material (Fig. 2b). Increasing the coating
amount, however, it is obvious that the coating layers became aggre-
gated (Fig. 2c).

To clarify the coating layer on the surface of the
Li[Li0.2Ni0.2Mn0.6]O2 material, the bare and the coated materials were
analyzed by ToF-SIMS. Figure 3 shows a C4HN+(m = 63.01) frag-
ment detected on the outermost surfaces of the active materials, which
which is the clear evidence of the presence of ES-PANi coating layer
on the Li[Li0.2Ni0.2Mn0.6]O2. Correlating the XRD, TEM, and ToF-
SIMS data, the presence of ES-PANi coating layers did not induce
structural change but the layers resided only on the surface of the
active materials.

Figure 4 shows the first charge-discharge curves and the resulting
differential capacities between 2.0 V and 4.7 V for the bare and the
ES-PANi-coated Li[Li0.2Ni0.2Mn0.6]O2 measured at a constant current
density of 20 mA g−1 at 25◦C. For these electrodes, the electrochem-
ical reaction occurred with two steps on charge (Figs. 4a and 4b):
2.0–4.5 V and 4.5–4.7 V.22 In the first step, deintercalation of the
lithium ion is obvious up to 4.5 V accompanying by the oxidation
of Ni2+ to Ni4+. In the second step, the long plateau above 4.5 V is
related to the removal of Li2O from the structure. The electrodes
charged to 4.7 V exhibited three distinct sequences on discharge
(Fig. 4b). The first two steps are found between 4.6 V and 3.9 V
and between 3.9 V and 3.5 V due to the consequent reduction of Ni4+

to Ni3+ and Ni3+ to Ni2+, respectively, after which Mn4+ is reduced
to Mn3+ between 3.5 V and 2.9 V. From these results, we confirm
that the coated electrode could reduce the first irreversible capacity, in
particular, 1 wt% ES-PANi-coated electrode. Furthermore, the elec-
trode delivered somehow higher capacity than that of the bare. Since
the surface of Li[Li0.2Ni0.2Mn0.6]O2 is surrounded by the porous and
uniform ES-PANi layers, the conducting coating layer is likely to as-
sist improve capacity and, thereby, irreversibility as well. By contrast,
the thicker and less homogeneous coating layers would be the reason
for the slightly lower discharge capacity for the 2 wt% of ES-PANi-
coated Li[Li0.2Ni0.2Mn0.6]O2 electrode, compared to that of the 1 wt%
of ES-PANi-coated one.

The bare and the ES-PANi-coated Li[Li0.2Ni0.2Mn0.6]O2/Li cells
were continuously cycled at a constant current density of 20 mA g−1.
The resulting charge–discharge curves and cyclability plots are shown
in Figure 5. Although the first discharge capacity of the bare material
showed a higher capacity than those of ES-PANi-coated electrodes,
the capacity faded faster than the coated materials upon cycling. At the
50th cycle, capacity retentions of the cycled cells were approximately
78% for the bare, 88% for the 1 wt% of ES-PANi-coated and 91% for
the 2 wt% of ES-PANi-coated electrodes. It is thought that the presence
of ES-PANi coating layers would affect the discharge capacity and
its retention upon cycling. The 1 wt% of ES-PANi coating seems to
be better in terms of capacity and its retention, which is supported by
the homogeneity of the coating layers shown in Fig. 2b. Hence, the
experiments are further progressed for the bare and the 1 wt% of ES-
PANi-coated Li[Li0.2Ni0.2Mn0.6]O2 to identify role of the ES-PANi
coating layer attracting electrode performances.

Figure 3. ToF-SIMS spectrum of 1 wt% ES-polyaniline coated Li[Li0.2Ni0.2Mn0.6]O2 powder.
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Figure 4. (a) The first charge/discharge curves and (b) differential capacities of the bare and ES-polyaniline coated Li[Li0.2Ni0.2Mn0.6]O2/Li cells at room
temperature.

Figure 6 displays discharge curves of the bare and the 1 wt%
of ES-PANi-coated Li[Li0.2Ni0.2Mn0.6]O2/Li cells at various currents
(1C = 210 mA g−1) in the range of 2.0 V and 4.7 V. The cells
were galvanostatically charged with a current of 20 mA g−1 prior to
discharge. The discharge capacity of the bare material decreased faster
with increasing C-rates relative to the coated material. It is suggested
that the ES-PANi coating is effective in delivering capacity at high
rates, probably due to its conductive character.

In order to understand the possible reasons for the improved
electrochemical properties achieved by the ES-PANi coating on the
Li[Li0.2Ni0.2Mn0.6]O2 particles, ac−impedance was employed to trace
variation in the interfacial resistance between the electrodes and elec-
trolyte (Fig. 7). It is clear that the ES-PANi-coated electrode exhib-
ited a lower charge transfer resistance before and after the exten-
sive cycling compared to the bare electrode. The presence of the
conducting ES-PANi layer is likely to contribute to lowering the
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Figure 5. Charge and discharge curves of Li[Li0.2Ni0.2Mn0.6]O2/Li cells at room temperature; (a) bare, (b) 1 wt% ES-polyaniline-coated, (c) 2 wt% ES-
polyaniline-coated, and (d) cyclability plots.
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Figure 6. Rate capabilites of (a) bare and (b) 1 wt% ES-polyaniline-coated
Li[Li0.2Ni0.2Mn0.6]O2/Li cells at room temperature. (1C = 300 mA g−1).

resistance, and this fact, in turn, results in the improved electrode
performances.

To unveil the role of ES-PANi layer, the cycled cells were dis-
assembled, and all components were rinsed with salt-free dimethyl
carbonate for a week. HF titration was carried out using those sol-
vents. In general, HF generation is common for alkyl carbonate elec-
trolytes using LiPF6 salt. This salt is unstable at elevated temperatures,
high operation voltages and in the presence of water molecules. Since
complete removal of water molecules, which appears as an impurity
below 30 ppm for commercially available electrolytes, is impossible,
formation of HF is inevitable as a result of the decomposition process
of the electrolyte salt. Propagation is also facilitated at an elevated
temperature and high operation voltage. As described in Fig. 8, the
detected amount of HF was found to be 163 ppm for the bare elec-
trode. Meanwhile, the amount of HF was reduced as low as 117 ppm
for the 1 wt% ES-PANi-coated electrode and 82 ppm for the 2 wt%
ES-PANi-coated one. It is notable that the voltage profile showed
voltage drop caused by layer to spinel phase transformation for all
samples (Fig. 4). This means that the structural change cannot be
suppressed by the surface modification, as we previously reported in
oxide coating system.17,18 From the point of view, Mn dissolution
from the active materials can be considered as one of the clues for
the capacity fade. Thus, dissolved Mn ions in the cycled electrolyte
were quantified by using AAS. As seen in Fig. 8, Mn ions were less
dissolved for the ES-PANi-coated electrodes, and the content was
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Figure 8. Acidic titration (as HF) and Mn dissolution results using cycled
electrolytes for bare and ES-polyaniline-coated Li[Li0.2Ni0.2Mn0.6]O2/Li cells
after extensive cycling at room temperature.

Figure 9. TEM images of cycled (a) bare and (b) 1 wt% ES-polyaniline-coated
Li[Li0.2Ni0.2Mn0.6]O2 electrodes. The scale bar indicates 50 nm.

the lowest for the 2 wt% ES-PANi-coated electrode. Indeed, active
materials were directly exposed to the electrolyte and continuously
react with the propagated HF into the electrolyte. As a result, the sur-
face of the bare material was severely damaged because of HF attack
during electrochemical cycling (Fig. 9a). For the coated materials,
the outermost surfaces were encapsulated by the PANi layers, so that
the active materials would not have direct contact with the HF. The
ES-PANi-coated material, thus, were able to keep the original smooth

0 300 600 900 1200 1500

0

300

600

900

1200

1500

 Before cycle
 After cycle

-I
m

ag
in

ar
y 

/ Ω

Real / Ω

 a

0 300 600 900 1200 1500

0

300

600

900

1200

1500

 Before cycling
 After cycling

-I
m

ag
in

ar
y 

/ Ω

Real / Ω

 b

Figure 7. Ac-impedance spectra of (a) bare and (b) 1 wt% ES-polyaniline-coated Li[Li0.2Ni0.2Mn0.6]O2/Li cells before and after extensive cycling.
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Figure 10. ToF-SIMS spectra of (a) CH2N2SF+ fragment observed from the extensive cycled bare Li[Li0.2Ni0.2Mn0.6]O2 electrode, (b) CH2N2SF+ fragment
observed from the extensive cycled 1 wt% ES-polyaniline-coated Li[Li0.2Ni0.2Mn0.6]O2 electrode, (c) MnF+ fragment from the cycled bare Li[Li0.2Ni0.2Mn0.6]O2
electrode, and (d) MnF+ fragment from the cycled 1 wt% ES-polyaniline-coated Li[Li0.2Ni0.2Mn0.6]O2 electrode.

surface with the coating layer (Fig. 9b), because the ES-PANi could
work as a shield against the HF attack. This reflects that less contact
with the HF-propagated electrolyte induced less dissolution of Mn
ions from the ES-PANi-coated active materials upon cycling. Sum-
ming, the ES-PANi-coated Li[Li0.2Ni0.2Mn0.6]O2 electrode exhibited
better capacity, retention, rate capability, and lower impedance. In
particular, the lower resistance seems to be highly related to the HF
level in the electrolyte because the produced by-product, HF, readily
decomposes active materials during cycling. The dissolved transition
metals ions tend to be oxidized on the surface of positive electrode
forming insulating oxides byproducts or reduced to metal causing
metal plating on the surface of the negative electrode, which simulta-
neously increases cell impedance. Therefore, the reasons for the better
electrode performance and lower impedance for the ES-PANi-coated
Li[Li0.2Ni0.2Mn0.6]O2 electrodes are understood.

Although we found the reasons for the better electrode perfor-
mances, the role of ES-PANi coating layers are not identified yet. The
extensively cycled bare and ES-PANi-coated electrodes were analyzed
by ToF−SIMS to explore how the coating layers react with elec-
trolyte during cycling (Figs. 10a and 10b). The fragment observed at
m = 92.99 is found to be CH2N2SF+. The formation of HF is general
when LiPF6 salt was used as an electrolytic salt.23,24 Similar to our
prior reports such as Al2O3

17 and other metal oxides,18 the ES-PANi

layer would react with the produced HF during cycling:

[C24H26N4(SO3)2]n + 12HF → [Cx HyNzSαFβ]n + 6H2O

The advent of the CH2N2SF+ fragment indicates the presence of
C−H−N−S−F chemical bonds (Fig. 10b), where the fragment was
absent for the cycled bare (Fig. 10a), suggesting the gradual formation
of F-doped ES-PANi coating layers by consuming the formed HF by-
product in the electrolyte. Then, the HF level in the electrolyte could
be reduced through the above reaction for the coated electrode so that
the loaded active materials are less damaged during the prolonged
cycling. Note, as a result, the lower intensity of MnF+ fragment ES-
PANi-coated electrode, which was ascribed to the Mn dissolution by
followed reaction: MnO + 2HF → MnF2 (Figs. 10c and 10d). Hence,
the propagation of lower amount of HF for the coated samples is un-
derstood. Furthermore, the ES-PANi coating layers would physically
protect the surface of active materials from the HF attack as evident
from the TEM image of Fig. 9b. Therefore, the surface modification
using ES-PANi is effective in the improvement of capacity, retention,
and rate capability. We conclude that the ES-PANi layer leads to low-
ering of the HF level in the electrolyte by scavenging HF, more likely
F−, in the electrolyte.
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Scheme 2. Role of the ES-polyaniline coating layer
on the surface of Li[Li0.2Ni0.2Mn0.6]O2 reacting with
HF.

Conclusion

We investigate the effectiveness of ES-PANi coating for
Li[Li0.2Ni0.2Mn0.6]O2 as a positive electrode material for lithium bat-
teries. Although the surface modification did not affect structural
changes and morphology shown in the results of XRD patterns and
TEM images, the coating layer is formed uniformly because of the low
temperature coating process, as designated. As a result, the ES-PANi-
coated Li[Li0.2Ni0.2Mn0.6]O2 leads to improved capacity, retention,
and rate capability with help of the conducting nature of the coat-
ing medium. ToF-SIMS analysis suggests that the ES-PANi coating
layer forms, performing bifuncions such as scavenge HF and work-
ing as a protection layer from HF in the electrolyte (Scheme 2).
Hence, ES-PANi-coated particles were kept upon extensive cycling.
We suggest that present ES-PANi coating is applicable for not
only Li[Li0.2Ni0.2Mn0.6]O2 but also any kinds of positive electrode
materials.
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