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In-situ polyaniline modified cathode material 

Li[Li0.2Mn0.54Ni0.13Co0.13]O2 with high rate capacity 

for lithium ion batteries 

Qingrui. Xue,a Jianling. Li,*a Guofeng. Xu,a Hongwei. Zhou,a Xindong. Wanga, 
Feiyu. Kangb 

Lithium-rich layered Li[Li0.2Mn0.54Ni0.13Co0.13]O2 is prepared by a fast co-precipitation 
method, and surface modified with conducting polyaniline (PANI, 5 wt%, 10 wt%, 15 wt%, 
20 wt%, 30 wt% theoretically) via in-situ chemical oxidation polymerization to optimize the 
electrochemical properties. The uniform PANI layer with the thickness of 5 nm (10 wt%) 
has been successfully coated on the surface of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles, as 
observed by field-emission scanning electron microscopy(FESEM) and high resolution 
transmission electron microscope(HRTEM). The X-ray powder diffraction (XRD) results 
show that all of the prepared samples have a typical layered hexagonal α-NaFeO2 structure. 
The PANI layer maintains the integrity of surface material crystal structure of the 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles by protecting the electrodes from external erosion in 
the continuous charge-discharge cycles. PANI-coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2 
electrodes present excellent electrochemical properties at room temperature. The initial 
discharge capacity is 313.5 mA h g-1 (0.05 C) with the coulombic efficiency of 89.01% 
(PANI, 10 wt%), compared with 291.9 mA h g-1 (0.05 C) for the pristine 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 with the coulombic efficiency of 81.31% in the potential range 
2.0–4.8 V (vs. Li/Li+). The discharge capacity retains at 273.5 mA h g-1 after 100 cycles at 
0.1 C. Meanwhile, the PANI-coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2 exhibits excellent high rate 
capacity of 198.6 mA h g-1 at 10 C. The electrochemical impedance spectra (EIS) 
measurements reveal that the thin PANI coating layer optimizes the interfacial 
electrochemical reaction activity greatly by reducing the charge transfer resistance. 
Moreover, the special H+/Li+ exchange reaction during the proton acid doping procedure 
promotes the improvement of electrochemical performance as well. 
 

Introduction 

As the portable energy storage and conversion device, batteries have 
reshaped our concept of energy consumption in the past decades. 
The rechargeable lithium-ion batteries (LIBs) are considered as the 
most advanced energy supplying device for the mobile electronics, 
electric vehicles (EVs) and hybrid electric vehicles (HEVs).1-4 
However, the available LIBs are increasingly unable to meet the 
changing requirements due to the limited electrochemical 
performance of the commercial cathode materials, such as poor 
energy density (LiCoO2, 140 mA h g-1),5,6 low conductivity of 
electron/lithium-ion diffusivity (LiFePO4)

7-9 and the structural 
vulnerability (LiMn2O4).

10-12 Therefore, it is significant to search for 
high voltage, low cost, safe, high energy density and good high rate 
capability cathodes for the advanced LIBs. 

With the deepening of research on cathode materials, a new 
family of lithium-rich layered solid solution cathode materials 
xLi2MnO3·(1-x) LiMO2 (M=Mn, Co, Ni, etc) have attracted great 
interests due to their low cost, high voltage (4.8 V vs Li/Li+) and 
theoretical capacity (over 250 mA h g-1).13-16 It has been reported 
that the initial electrochemical reaction mechanism has great 
influence on the electrochemical performance of the solid solution 
cathodes in the following cycles. Based on the layered hexagonal α-
NaFeO2 structure, Li[Li0.2Mn0.54Ni0.13Co0.13]O2 is consisted of two 
components LiMn1/3Ni1/3Co1/3O2 (space group R 3 m) and Li2MnO3 

(space group C/2m).17,18 During the initial charge process, lithium 
ion deintercalates continuously from LiMn1/3Ni1/3Co1/3O2 
accompanying with the oxidation of the transition metals below 4.5 
V (vs Li/Li+).19 A plateau will be formed between 4.4 V and 4.6 V as 
the result of lithium ion deintercalating from the octahedral 
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interspace of Li2MnO3 accompanying with oxygen releasing in the 
form of Li2O.20 However, the special deintercalation way of lithium 
ion provides Li[Li0.2Mn0.54Ni0.13Co0.13]O2 with high charge capacity, 
as well as induces large irreversible capacity loss caused by the 
inherent properties of Li2MnO3, such as the irreversible oxygen 
release, ion rearrangement, excitation and dissolution of transition 
metal and poor conducting performance,21-23 which lead to the low 
coulombic efficiency in the initial cycle, poor rate capacity, and 
safety hazard due to the reactive oxygen.  

In order to optimize the electrochemical properties of 
xLi2MnO3·(1-x)LiMO2, the damages to the structure and active 
ingredient must be suppressed during the continuous cycles. In 
recent researches, strategies of surface modification,24-26 cation 
doping or replacement at Mn sites,27,28 compositing with other 
electrode materials29 and acid treatment30,31 have been explored to 
improve the capacity, coulombic efficiency, high rate capability and 
cycle stability. The surface modification with electro-active 
materials (Li4Ti12O5, LiMnPO4, LiNiPO4, and MnO2) and high 
conductive materials (C, Al2O3, ZrO2, Sm2O3 and Bi2O3) proved to 
be effective in reducing the electrochemical resistance and 
improving electrochemical performance.32-40 Kim et al41 and Xu et 

al42 reported that the special H+/Li+ exchange during the acid 
treatment contributed to the high capacity and cycle stability by 
enhancing the reduction ability of oxygen and stabilizing the 
electrode surface. However, the conventional modification can 
hardly provide improvements both in the initial electrochemical 
properties and the continuous cycle stability. Thus, it is a feasible 
way to explore the compound modification of surface coating and 
acid treatment for the development of high energy density cathode 
materials.  

Conductive polymer PANI has been proposed as a strategy of 
improving electrical conductivity for the poor conducting cathode 
materials due to its high electrochemical stability, facile synthesis, 
controlled electrochemical performance by protonation and high 
electrical conductivity.43-45 In addition, the active electrode materials 
LiMn2O4,46 Li(Mn1/3Ni1/3Fe1/3)O2,47 MnO2

48 or graphene49 that 
composited with PANI present excellent electrochemical properties 
for the lithium battery and supercapacitor. In this work, PANI is 
introduced as a conductive coating layer by in-situ polymerizing on 
the surface of Li-rich layered Li[Li0.2Mn0.54Ni0.13Co0.13]O2. 
Especially, we extend the proton process in order to induce the 
H+/Li+ exchange reaction occurring on the surface of the prepared 
particles. The synergetic effects of PANI surface coating and acid 
treatment are expected to stabilize interface structure, reduce the 
electrochemical resistance and improve the electrochemical  

performance of the pristine Li[Li0.2Mn0.54Ni0.13Co0.13]O2. 

Experimental 

Synthesis of the materials 

The nanomaterial Li[Li0.2Mn0.54Ni0.13Co0.13]O2 was prepared by a 
fast co-precipitation method.50 Mixed aqueous solution (2 M) of 
NiSO4·6H2O, CoSO4·7H2O and MnSO4·H2O was co-precipitated 
with KOH and NH3·H2O as the precipitant in the stirred reaction 
tank. The reaction PH value was controlled between 11 and 12 under 
the shielding atmosphere of argon. Sulfate ions in the precipitate 
were filtered out by distilled deionized water 5 min later and the 
synthesized precipitates were dried in the vacuum oven at 120 °C for 
12 h. The dried precursor was ground with LiOH·H2O which was 5 
wt% excess in stoichiometric ratio, and then preheated at 450 °C for 
1 h. After the high temperature calcination at 950 °C for 24 h, the 
particles were quenched with liquid nitrogen. 

Aniline was polymerized on the surface of 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles using the method of in-situ 
chemical oxidation polymerization with protonation as proton acid 
doping agent. 1 g of the prepared Li[Li0.2Mn0.54Ni0.13Co0.13]O2 was 
ultrasonically dispersed into 100 ml distilled deionized water for 45 
min, then controlled the PH value between 2 and 3 with the addition 
of hydrochloric acid (1 M) in the stirred reaction tank. Being stirred 
for 1 h at room temperature, the distilled aniline with the specific 
percentage (5 wt%, 10 wt%, 15 wt%, 20 wt% and 30 wt% 
theoretically) was pumped into the turbid liquid under the shielding 
atmosphere of argon. In the chemical polymerization process, 
ammonium persulfate in the molar ratio of 1:1 with aniline was 
added into the aniline solution drop by drop. Following by the 
polymerize reaction for 6 h in ice bath, the green solution was 
filtered by air pump filtration with distilled deionized water several 
times, and then dried in the vacuum oven at 75 °C for 15 h. The 
schematic of synthesis process is shown in Fig. 1. 

Characterizations of the materials 

The real aniline polymerization amount that coated on the surface of 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 was measured by thermogravimetric 
analysis (TGA, TA Instruments DMA2980) at the heating rate  
of 10 °C min-1 under pure oxygen atmosphere. The corresponding 
real coating amount were 1.38 wt%, 1.81 wt%, 2.28 wt%, 2.64 wt%, 
and 3.6 wt%, respectively(Fig. S1†). The crystalline structures of the 
prepared samples were analyzed by X-ray powder diffraction (XRD, 
Rigaku  TTRⅢ )  us in g Cu  Kα r ad i a t ion  a t  2θ=10 °-8 0° 

  

 

Fig. 1  Synthesis schematic of the PANI-coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2.
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with the scanning rate of 3° min-1. The morphology observation 
of the particles was carried out by field-emission scanning 
electron microscopy (FESEM, Zeiss SUPRATM 55), 
transmission electron microscope (TEM, FEI Tecnai F30), high 
resolution transmission electron microscope (HRTEM, FEI 
Tecnai F30) and energy-dispersive x-ray spectroscopy (EDS, 
Sigma Kevex Superdry). The relative contents of Li, Ni, Co, and 
Mn in the prepared samples were monitored by inductively 
coupled plasma-atomic emission spectrometry (ICP-AES, Perkin 
Optima 7000DV) analyses. 

Electrochemical measurements 

The electrochemical properties were tested by galvanostatic 
cycling using CR2025 coin cells. The working electrode slurry 
was smeared on the current collector of aluminum foil by the 
method of doctor blade, consisting of the prepared active material 
(75 wt%), conductive carbon black (15 wt%) and polyvinylidene 
fluoride (10 wt%), and then dried in the vacuum drying oven at 
80 °C for 15 h. LiPF6 (1 M) that dissolved in ethylene carbonate 
(EC) and dimethyl carbonate (DMC) with the volume ratio of 1:1 
was used as electrolyte, Celgard 2400 membrane as the separator. 
The assembly of the coin cells was completed in the glove box 
which was filled with argon. Galvanostatic cycling studies were 
performed under the cut-off potential of 2.0 V and 4.8 V (vs. 
Li/Li+) at different charge-discharge current densities using the 
Land battery test system (LANHE CT2001A). Electrochemical 
impedance spectroscopy was recorded by VMP2 electrochemical 
station (Princeton Applied Research VersaSTAT3) at room 
temperature between 1 MHz and 10 mHz with the amplitude of 
10 mVrms. 

Results and discussion 

Structure and morphology 

The XRD patterns of the pristine Li[Li0.2Mn0.54Ni0.13Co0.13]O2 

(labelled: LNCM) and the modified Li[Li0.2Mn0.54Ni0.13Co0.13]O2 
with PANI in different molar ratios (short for PI1/5 wt%, PI2/10 
wt%, PI3/15 wt%, PI4/20 wt%, PI5/30 wt%) are shown in Fig. 2. 
All of the diffraction peaks can be indexed according to the 
layered α-NaFeO2 structure with the space group R3m layered 
symmetry,51 except for the special weak lattice reflections (space 
group C/2m) between 20° and 23° signed by the red narrows. The 
weak reflections are typically caused by the super-lattice ordering 
the transition metal ions and Li+ in the transition metal layer.52,53 
Good crystallinity has been proved by the sharp diffraction 
peaks. Particularly, the splits between the adjacent peaks of 
(006)/(012), (108)/(110) and the ratio of I(003)/(104)>1.2 indicate 
great two-dimensional layered structure and low cation disorder 
occurred between Li+ and Ni2+.54 Rietveld refinement unit cell 
p a r a m e t e r s  

 

Fig. 2  XRD patterns of the prepared samples. 

 
of the pristine LNCM and PANI coated-LNCM are shown in 
Table 1. In general, surface modification has no effect on 
thelattice parameters of the pristine material, while the increasing 
value of c could be induced by the special acid leaching during 
proton acid doping procedure. The relative contents of Li, Ni, Co, 
and Mn in LNCM and PI2 are presented in Table 2. Obviously, 
the experimental chemical composition is in good agreement 
with the theoretical value, and the Li content decreases from 
1.216 to 1.176 during the acid leaching. The reduction in 
intensity of the peaks (020) and (110) indicates that H+/Li+ 
exchange reaction comes from the Li2MnO3 component.55 The 
diffusion path of Li+ that facilitated by tetrahedral interslab space 
can be calculated based on the following equations.56    

CS hexOXNiO
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In which ZOX=0.2411, Chex=c, 
NiO2

S and
LiO2

I  represent 

interslab distance of NiO2 and LiO2.
57 The resistance of internal 

Li+ diffusion is strongly restricted by the Li slab distance. After 
the acid treatment, the effect on the interslab space between the 
cubic closed-packed oxide ion layers has optimized the diffusion 
path of Li+ (Fig. 3). As we can see, PI2 presents the best ability 
of internal Li+ diffusion with the increased Li slab distance.  

 

Table 1  Rietveld refinement unit cell parameters of the prepared samples. 

Samples LNCM PI1 PI2 PI3 PI4 PI5 

a (nm) 0.285494 0.285494 0.285494 0.285494 0.285494 0.285494 

c (nm) 1.425371 1.426318 1.429420 1.427536 1.426017 1.42556 

c/a 4.99264 4.99597 5.00683 5.00231 4.99264 4.96179 

V(nm3) 0.1006 0. 1007 0. 1009 0. 1006 0.1007 0.1000 
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Table 2  The relative amounts of Li, Ni, Co, and Mn in the pristine 
LNCM and PI2.  

Samples Li Ni Co Mn 

Theoretial sample 1.200 0.130 0.130 0.540 

LNCM 1.216 0.127 0.130 0.540 

PI2 1.176 0.127 0.130 0.540 

 

FT-IR spectra were tested to prove the existence of PANI on the 
surface of the PANI-coated sample and investigate the interfacial 
i n t e r a c t i o n  b e t w e e n  P AN I  c o a t i n g  l a y e r  ( P I 2 )  a n d 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles (Fig. 4). The characteristic 
bands at 1580 cm-1, 1490 cm-1, 1310 cm-1, 1245 cm-1 and 1140 cm-1 
observed in PANI sample (Fig. 4b) are attributed to C=C stretching 
vibrations in the quinoid ring (Q-band), C-C stretching vibrations 
of the benzenoid ring (B-band), N-B-N stretching vibrations, C-
NH+ stretching vibrations and bending modes for the benzenoid 
unit, respectively.58,59 For the PANI-coated sample, the Q-band is 
shifted to higher wavenumber (1631 cm-1), and the intensity  
of C-NH+ band (1310 cm-1) is weakened, which can be interpreted  
by the special interaction between PANI and the transition metal  
oxide surface.60 It could be expected that, the doped PANI  
will enhance the electronic conduction of the layered 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 in the electrochemical reaction due to 
its high electrical conductivity.  

FESEM images of the pristine LNCM and PANI coated-LNCM 
samples are shown in Fig. 5. It can be seen that the particle size of 
LNCM is in the range of 100 nm-200 nm, and there are no changes 
in micro-morphology and particle size after the surface 
modification with PANI in low amounts, as presented in Fig. 5b 
(PI1) and Fig. 5c (PI2). The distinct crystal faces and boundaries 
demonstrate good crystallinity of the LNCM particles indirectly. 
With the increase of coating amounts, fragmentary polyaniline 
slices appear among the crystal boundaries and the smooth particle 
surface become more and more rough, then leading to slight 
agglomeration. The element distributions on the surface of PI2 are 
monitored by energy-dispersive x-ray spectroscopy (Fig. 6). There 
exists acceptable error in the identification results under the 
resolution limit of 130 eV (using Mn, Ka radation), however the 

 

 

          Fig. 3  Li slab distance of the prepared samples. 

 

  

Fig. 4  FT-IR spectra of (a) the pristine LNCM, (b) PANI and 
(c) PI2. 

 

 

 

 
 

Fig. 5  SEM images of the prepared samples: (a) the pristine LNCM, (b) PI1, (c) PI2, (d) PI3, (e) PI4 and (f) PI5.

(b) (a) (c) 

(d) (e) (f) 
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Fig. 6  The elements mapping of PI2: (a) PI2, (b) Ni, (c) Co, (d) 
Mn, (e) O and (f) N. 

qualitative uniform distributions of Mn, Ni, Co, and O indicate that 
the in-situ chemical oxidation polymerization coating do not induce 
surface elements damage of MO2 (M=Ni, Co, Mn). 

For surface modification, thickness of the coating layer is an 
important evaluation factor. The coating layer with appropriate 
thickness will ensure excellent lithium ion transfer ability as well as 
stabilize the interface between electrode and electrolyte. In order to 
observe further morphology, microstructure of the pristine LNCM 
and PANI-coated LNCM were investigated by TEM and HRTEM, 
as shown in Fig. 7. Obviously, the ultra-thin and uniform PANI 

coating layer with the thickness of about 5 nm is formed 
successfully on the surface of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles 
(Fig. 7e, 7f) based on the FT-IR results (Fig. 4) and elements 
mapping results (Fig. 6f). TEM images clearly show that the 
individually dispersed particles become slightly agglomerate with 
superabundant aniline polymerizing on the surface of 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles (Fig. S2†). Further, the 
straight and continuous fringes corresponding to typical layered 
(003) plane of R 3 m demonstrate that there are no crystal form 
transfers on the surface of the particle before and after PANI 
coating.  

Electrochemical performance 

For lithium-rich solid solution cathode material LNCM, the initial 
charge-discharge cycle plays a key role in the following 
electrochemical performance. To investigate the effects of PANI 
coating layer on the very initial charge-discharge performance, the 
cells were tested at low rate (0.05 C) in the potential range 2.0-4.8 
V (vs Li/Li+), as shown in Fig. 8. The similar curves present two 
obvious charge phases: the first stage that lithium ion deintercalates  

continuously from LiMO2 (M = Ni1/3Co1/3Mn1/3, space group R3 m) 
accompanying with the oxidation of the transition metals below 
4.5V as expressed by Eq. 3; the second stage that shown as a 
plateau between 4.4 V and 4.6 V relates to the deintercalation of 
lithium ion from the octahedral interspace of Li2MnO3 (C/2m) 
accompanying with oxygen releasing in the form of Li2O (Eq. 4).35 
The special deintercalation patterns of lithium ion provide 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 with high charge capacity, as well as 
lead to the large irreversible capacity loss, because the oxygen ion 
vacancies are partly occupied by the transition metal.61 

xLi2MnO3·(1-x)LiMO2→ 

xLi2MnO3·(1-x)MO2 + (1-x)Li+ + (1-x)e-   
(3) 

xLi2MnO3·(1-x)MO2→ 

xMnO2·(1-x)MO2 + xLi2O + 2xe-             
(4) 

 

 

(a) (b) 

(a) (c) (b) 

(f) (e) (d) 

(d) (c) 

(e) (f) 
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Fig. 7  TEM images of (a),(b) the pristine LNCM and (d), (e) PI2, HRTEM images of (c) the pristine LNCM and (f) PI2 (inset: electron 
diffraction patterns).

The pristine LNCM has an initial charge capacity of 359.0 mA h 
g-1 exceeding to its theoretical value, while PANI-coated LNCM 
deliver a lower initial charge capacity of 349.1 mA h g-1, 352.2 mA 
h g-1, 354.2 mA h g-1, 350.4 mA h g-1 and 353.5 mA h g-1 for PI1, 
PI2, PI3, PI4 and PI5, respectively. However, higher initial 
coulombic efficiencies are obtained for the PANI-coated electrodes 
as represented in Fig. 9a. In particular, the electrode PI2 exhibits 
the highest coulombic efficiency of 89.01% in comparison with 
81.31% of the pristine electrode. To explore the reasons of the 
anomalous initial electrochemical performance of the PANI-coated 
LNCM, the detailed charge information under different potential 
ranges before and after PANI coating is discussed (Table 3). It is 
clear that all of the PANI-coated LNCM exhibit lower charge 
capacity between 4.4 V and 4.6 V (vs Li/Li+), than that of the 
pristine LNCM, indicating that lithium ion deintercalation (Eq. 4) 
is partly suppressed by the PANI coating layer. For the range of 2-
4.4 V (vs Li/Li+), there is almost no difference in the charge 
capacity. Therefore, the inhibitory effect on lithium ion 
deintercalating from the octahedral interspace of Li2MnO3 (C/2m) 
and the loss of lithium ion (Table 2) during the H+/Li+ exchange 
reaction lead to the ultimate capacity loss. According to our 
previous research, H+/Li+ exchange reaction on the surface of 
LNCM electrode enhanced the reduction ability of oxygen that 
released in the initial charge process.42 What is more, PANI coating 
layer optimized the electrochemical catalytic conditions of the 
interface between particle surfaces and electrolyte. Fig. 9b shows 
the comparison of the discharge open-circuit voltage of the 
electrodes. The smaller discharge voltage drops for the cells with 
PANI-coated electrodes reflect that PANI coating layer has reduced 
the internal resistance of the cell system, which contributes to the 
following cycle stability. 

The cycling performance of the pristine LNCM and PANI-
coated LNCM at the current density of 25 mA g-1 (0.1 C) is shown 
in Fig. 10. PANI-coated LNCM electrodes exhibit excellent cycle 
stability after five cycles of activating at 12.5 mA g-1 (0.05 C). The 
sharp drop of the discharge capacity after five cycles is caused by 
the changes of the current density. The discharge capacity of the 
electrodes are still retained at 209.1 mA h g-1/PI1, 282.1 mA h g-

1/PI2, 260.2 mA h g-1/PI3, 213.6 mA h g-1/P4 and 196.4 mA h g-

1/PI5 with the coulombic efficiency of 59.90%, 80.60%, 73.46%, 
60.96% and 55.56% (relative to the initial discharge capacity) after 
80 cycles, respectively. However, the pristine LNCM retains its 

 

Fig. 8  Initial charge-discharge performance of the prepared 
samples at low rate (0.05 C). 

discharge capacity at 187.7 mA h g-1 with the coulombic efficiency 
of 52.28% after the same cycles. High rate cycling performance of 
the prepared samples is shown in Fig. S3†, further proving PANI 
coating layer improves the cycle stability at high rate (1C). 

The morphology observation of the cycled pristine electrode was 
compared with PANI-coated electrode by HRTEM, as shown in 
Fig. 11. The original distinct crystal faces and boundaries of 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles become uneven with the 
remarkable eroded traces (Fig. 11a), which is possibly caused by 
the erosion of HF during the cyclic process.62 The (003) lattice 
fringes are twisty and discontinuous (Fig. 11b), accompanying  
with the polycrystalline structure on the surface of 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles (Fig. 11c). On the contrary, 
the PANI-coated electrode does not present obvious structural 
damage. After 100 cycles at the current density of 25 mA g-1, the 
PANI coating layer reserved steadily on the surface of 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles (Fig. 11d). There are no 
changes of the straight lattice fringes (003) under the protection of 
PANI coating layer (Fig. 11e). Therefore, the thin PANI coating 
layer shows its advantages in maintaining the integrity of surface 
material crystal structure, which is necessary for the excellent 

 

Table 3  The detailed charge-discharge values of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 before and after polyaniline coating. 

Samples  
Initial charge 

capacity(mA h g-1) 

Initial discharge 

capacity(mA h g-1) 

Charge capacity below 4.4 

V (mA h g-1) 

Charge capacity 

between 4.4 V and 

4.6V (mA h g-1) 

LNCM 359.0 291.9 145.3 170.2 

PI1 349.1 298.3 145.6 164.8 

PI2 352.2 313.5 146.5 158.5 

PI3 354.2 303.7 148.7 162.0 

PI4 350.4 292.8 144.7 163.4 
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PI5 353.5 261.6 148.1 117.8 

  
Fig. 9  Initial coulombic efficiency (a) and discharge open-circuit voltage of the prepared samples (b).

cycling performance. 

The corresponding differential capacity (dQ/dV) curves of the 
pristine LNCM and PANI-coated LNCM (PI2) have been evaluated 
at different cycles, as illustrated in Fig. 12. During the initial charge 
process, two obvious anodic peaks appear around 4.0 V and 4.5 V 
(vs. Li/Li+). The prior peak at 4.0 V attributes to the oxidation        
of Co3+/Co4+ and Ni2+/Ni3+/Ni4+ accompanying with the 
deintercalation of lithium ion from crystal phase LiMO2 (M=Ni, 
Co, Mn),63 while the other anodic peak at 4.5 V relates to the 
oxygen loss with the activation of the transfer metal manganese.64 
In the initial discharge process, only one cathodic peak appears 
around 3.3 V which is attributed to the reduction of Ni4+/Ni3+/Ni2+ 
and Co4+/Co3+ with the lithium ion intercalating back into lithium 
vacancy. The reduced anodic peak intensity around 4.5 V after 
PANI coating illustrates that oxygen loss in the initial charge 
process is partly suppressed by the PANI coating layer, from which 
we surmise that the special hydrogen bond between the polar 
oxygen and hydrogen ( on the amidogen) provides the binding 
force to oxygen. In the following cycles, a cathodic peak is loaded 
around 2.9 V corresponding to the reduction of the activated 
tetravalent manganese (Mn4+/Mn3+) with the anodic peak at around 
3.3 V.62 The dissolution of bivalent manganese ion into the 
electrolyte (Eq. 5) and Jahn–Teller distortion during redox reaction 
of the activated manganese affect the cycle stability of the pristine 
LNCM.65 

 

 
Fig. 10  Cycling performance and coulombic efficiency of the 
pristine LNCM and PI2 at the current density of 25 mA g-1.  

 

 2Mn3+
(solid)→Mn4+

(solid)+Mn2+
(liquid)                              (5) 

What is interesting, activation of the tetravalent manganese is 
proved to be a gradual process. The distinct reduction peak of the 
activated manganese appears during the third discharge process  

 

  

     

 

 

 

 

  

 

 

 

 

Fig. 11  HRTEM images of (a), (b) the pristine electrode after 100 
cycles at 0.1 C; (c) electron diffraction of the pristine electrode; 
HRTEM images of (d), (e) the PANI-coated electrode (PI2) after 
100 cycles at 0.1 C; (f) electron diffraction of the PANI-coated 
electrode (PI2). 

(a) 

(c) 

(f) 

(e) 

(d) 

(b) 

(c) 

(e) 

(f) 
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Fig. 12  The differential capacity vs. voltage curves of (a) the pristine electrode and (b) PANI-coated electrode (PI2).

(Fig. 12a, insert). However, the PANI layer slows down the 
activation of manganese in the charge-discharge cycles (Fig. 12b, 
insert), the anodic peak around 4.5 V disappears after five cycles as 
signed in the rectangle. This moderate way of oxygen loss and 
manganese activation has reduced the impact on the crystal 
structure. 

The high rate discharge capacity of the pristine LNCM and 
PANI-coated LNCM at different rates range 0.05 C (12.5 mA g-1) -
10 C (2500 mA g-1) for each six cycles are shown in Fig. 14. 
Obviously, surface modification with PANI has improved the fast 
discharge capability of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 at high current 
densities. The maximum discharge capacity is 198.6 mA h g-1 at 10 
C (PI2) with the capacity retention of 63.35% in comparison 
with the capacity at a low rate of 0.05 C. The coating quantity has 
great impact on the high rate performance of PANI-coated LNCM. 
As a kind of electronic conductive polymers, polyaniline coating 
layer doped with proton acid accelerates the electronic transmission 
on the surface of LNCM particles and shortens the activation 
process (Fig. 13 insert), which is induced by the insulating 
Li2MnO3 component.66 However, thick coating layer will hinder 
the deintercalate/intercalate efficiency on the surface of LNCM 
particles. According to the electrochemical performance, PI2 
exhibits the most ideal coating features. 

Electrochemical impedance spectra (EIS) of the pristine LNCM 
and PANI-coated LNCM (PI2) are measured to investigate the 
origin of the improvement in rate capability of PANI-coated 
LNCM preferably. The Nyquist plots of the pristine electrode and 
PI2 electrode measured after the 1st, 10th, 20th, 50th cycles are 
shown in Fig. 14. The similar Nyquist plots include two semicircles 
and a long slash under the fully discharge stages. The high-
frequency semicircle represents the migration of lithium ion 
through the interfacial film, and the intermediate-frequency 
semicircle is related to the charge transfer reaction on the 
electrode/electrolyte interface. While the low-frequency slash 
refers to the semi-infinite lithium ion diffusion process in the bulk. 
Table 4 shows the fitting EIS spectra values by using the equivalent 
circuit model. As shown in Fig. 14c, Rs, Rsf and Rct represent the 
electrolyte resistance between the reference electrode and working 
electrode, the surface film resistance of the surface layer and the 
charge-transfer resistance of the surface electrochemical reaction, 
respectively. Meanwhile, CPEs and Zw mean the corresponding 
constant phase elements and the Warburg impedance.67 It is 
obvious that PANI coating layer has improved the conducting 
conditions of the pristine electrode interface. After the initial cycle, 

the pristine electrode possesses higher surface film resistance than 
that of the PANI-coated electrode, indicating that the formation of 
SEI layer is suppressed by PANI coating layer in the initial cycle. 
In the following cycles, the values of Rsf are dramatically increased 
for the pristine electrode, while PANI-coated electrode maintains 
the stabilized values around 7.15 Ω. The charge-transfer resistance 
of the pristine electrode increase from 102.71 Ω at the initial cycle 
to 505.47 Ω after 50 cycles, but in contrast the Rct values of the 
PANI-coated electrode increase from 80.42 Ω to 134.82 Ω at the 
corresponding cycles. Therefore, the improved interfacial 
electrochemical reaction activity has enhanced the cycle stability 
and high rate capacity of PANI coated-LNCM electrode. 

As investigated above, the composite modified LNCM shows 
greater improvement in electrochemical properties than that of the 
layered solid solution cathode materials undergone conventional 
modification, especially in high rate capacity and cycle 
stability.68,69 H+/Li+ exchange reaction on the surface of LNCM 
provides the optimized internal diffusion path of Li+ and enhances 
the reduction ability of oxygen that released in the initial charge 
process, resulting in the high initial coulombic efficiency of 
89.01%. In the initial charge-discharge cycle, formation of the SEI 
film is suppressed under the protection of the ultra-thin PANI 

 
 

 
Fig. 13  High rate performance of the pristine and PANI-coated 
samples, insert: the first six cycles of the pristine, PI2 sample and 
PI5 sample.
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(c) 

 

Fig. 14  Electrochemical impedance spectra of (a) the pristine LNCM and (b) PANI-coated LNCM (PI2) after the 1st, 10th, 20th, 50th 
cycles; (c) the equivalent circuit model used for curve fitting.

coating layer, which is important for the stability of the broadened 
diffusion path of Li+ in the continuous charge-discharge cycles. 
Meanwhile, the ultra-thin PANI coating layer on the surface of the 
PANI-coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2 maintains the integrity 
of the elements and surface material crystal structure by protecting 
the electrode from hydrofluoric acid erosion. Moreover, the special 
interfacial interaction between PANI layer and the 
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particle surface reduces the release of 
oxygen. Thickness of the coating layer is crucial to the 
electrochemical properties of the surface modified electrode 
materials. At low coating amounts, the thin PANI layer increases 
the interfacial electrochemical reaction activity greatly by 
promoting the interfacial electronic conductivity. However, with 
the increasing of coating amount, the lithium transfer efficiency 
through the interfacial film could be hindered due to the thick 
coating layer. Therefore, the PANI surface modification with 
composite impact is efficient to optimize the interfacial 
electrochemical reaction environment, leading to the enhanced 
electrochemical properties. 

Conclusions 

The lithium-rich layered Li[Li0.2Mn0.54Ni0.13Co0.13]O2 was 

 

Table 4 The fitted values of Rs and Rct for the pristine LNCM and 
PANI-coated LNCM after the 1st, 10th, 20th, 50th cycles. 

Sample 
LNCM  PI2 

Rsf Rct  Rsf Rct 

1st 17.58 102.71  7.04 80.42 

10th 64.52 316.83  7.15 90.18 

20th 83.47 387.19  7.19 129.71 

50th 92.76 505.47  7.16 134.82 

synthesized by a fast co-precipitation method, and surface modified 
successfully by PANI (5 wt%, 10 wt%, 15 wt%, 20 wt%, 30 wt% 
theoretically) via in-situ chemical oxidation polymerization in the 
acid medium. The PANI-coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2 
retained the typical layered hexagonal structure of α-NaFeO2, 
accompanying with slightly increasing of unit-cell parameter c in 
the special acid leaching procedure. The amorphous PANI coating 
layer maintained the integrity of surface material crystal structure 
of the Li[Li0.2Mn0.54Ni0.13Co0.13]O2 particles in the continuous 
charge-discharge cycles. The PANI-coated samples present great 
improvements in initial coulombic efficiency, high-rate capacity 
and cycle stability by enhancing the reduction ability of oxygen 
that released in the initial charge process, slowing down the 
dissolution of transfer metal and optimizing the interfacial 
electrochemical reaction activity. Conducting polymer coating by 
in-situ chemical oxidation polymerization in the acid medium not 
only broadened the diffusion path of lithium ions in the special acid 
leaching process, but also the stable conducting polymer layer will 
protect the electrodes from external erosion. Therefore, the 
compound modification of surface coating and acid treatment is 
proved to be an ideal way to improve the electrochemical 
performance of the lithium-rich layered solid solution materials. 
The application of conducting polymers in energy storage areas is 
meaningful to develop new modified or composited electrode 
materials for advanced energy storage devices. 
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