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Spinel LiNig sMn; 504 shows promise as a potential candidate for Li-ion batteries due to its high energy
density and high rate performance. However, LiNigsMn; 504 (LNMO) spinel oxides usually deliver poor
cycle life because of the increasing impedance and gradually dissolving Mn resulting in the destruction
of crystal structure. Here, a conductive polymer poly-(3,4-ethylenedioxythiophene) (PEDOT) surface
modified strategy is introduced to settle the above challenges. The main purpose is to construct
a uniform and dense shell film on the surface of LiNigsMn;sO4 (Industrial Grade), which is prepared by
a simple chemical in situ oxidative polymerization method. The Mn dissolving from the lattice during the
long-term cycling is well inhibited as the polymer shell protects LiNigsMn; sO4 from direct exposure to
the highly active electrolyte. As expected, the 3 wt% poly-(3,4-ethylenedioxythiophene) coated sample
reveals long cycle life with acceptable capacity of 114.5 mA h g~ and high capacity retention of 91.6%
after 200 cycles, compared to 70.9 mA h g~* and 56.5%, respectively, for the bare LiNig sMn; 504 sample.
Furthermore, the coated sample demonstrates a higher capacity of 110 mA h g~* and 63 mA h gt at 5C

and 10C rate respectively. The improved performance is believed to be attributed to the formation of
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Accepted 12th January 2019 high conductivity and stable interface structure between electrolyte and LNMO, which is beneficial to

suppress the destruction of crystalline structure due to the Mn dissolution and undesired side-reaction
between electrolyte and LiNigsMn; 504 in long cycle, and improve simultaneously the conductivity and
interface stability of LiNig sMn; 504 for high voltage lithium-ion batteries.
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1. Introduction

The high energy and power density capability of lithium ion
battery technology has been attracting widespread interest over
the past few years due to potential applications in portable
devices, hybrid electric vehicles (HEV) and full electric vehicles
(EV).** Many Li compounds, including olivine-type materials,
silicates, Mn-rich and Ni-rich layered materials, were investi-
gated to improve the energy density and power density of
commercial lithium-ion secondary batteries.>™® Spinel LiNi, s-
Mn; 50, (LNMO) is a promising candidate to replace layered Ni
or Co oxide materials as cathode for high power density lithium
batteries.”** However, the commercial application of spinel
LiNiysMn, 50, is hindered by several drawbacks. Firstly,
LNMO's major charge-discharge platform is up to 4.7 V, which
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exceeds the stable voltage (4.5 V) of the conventional LiPFg
electrolyte, leading to rapid electrolyte decomposition and
unwanted side reactions occurring between the active electrode
and the electrolyte.'>*® Furthermore, dissolution of Mn*" in
LNMO is another serious issue, which would cause destroyed
material structure and reduced cycle life of LNMO."?" Mean-
while, decomposition of electrolyte causes an electrolyte/
electrode interface (SEI) on the surface of LNMO during
cycling, it would prevent the insertion/extraction of Li" and
result in poor cycle life.>*

In this regard, many strategies have been proposed to tailor
the structures and morphologies of the LiNi,sMn; 0, mate-
rials through ion-doping, nanoarchitecture, or surface modifi-
cation.”®” Among the above-mentioned approaches, surface
modification is researched mostly due to its efficiency in facing
electrolyte eroding. Hence, many inorganic compounds, such as
oxides, fluorides, and phosphates, were explored as the coating
layer to stabilize the surface structure.'>**** However, these
coatings will lead to lower conductivity, raise the interface
impedance and have limited contribution to fast lithium ion
transport of LiNigsMn; 50,.** In this regard, Gao et al*
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Fig.1 Coating process of PEDOT on LNMO and the facial structure for PEDOT-coated LNMO.

constructed a inorganic/polymer combined core/shell structure
by coating spinel materials with organic PPy, and this
composite material shows better rate capability and cycle
stability in the potential range of 3.5-4.9 V vs. Li/Li" at 25, 55 °C.
As the polymers surface modification can form a dense film on
the surface of cathode materials, which show improved
performance, it was widely used in coating electrode materials.
PEDOT coating was reported to be more effective due to the
high conductivity and stability at high potential. Such as Zhang
et al*® use PEDOT modified Li,TiO;, shows improved rate
performance, and Kang et al® reported a PEDOT coated
Li;V,(PO,); material without addition of conductive carbon
black can effectively promote electrochemical performance.

In this paper, conductive polymer PEDOT film was in situ
synthesized on the surface of LiNi,sMn,;s0, by a simple
chemical oxidative polymerization method. Compared with the
bare material, PEDOT@LNMO composite shows significantly
improved cycling stability and rate capability. The possible
mechanism and effect of PEDOT coating layer on the electro-
chemical performance of LiNi, sMn; 50, cathode was explored
in detail.

2. Experimental section
Synthesis of the PEDOT@LNMO composite

Fig. 1 illustrates the synthetic process we have newly designed
for PEDOT@LNMO composites. The LNMO in this experiment
was purchased from Sichuan Xingneng New Material Co. Ltd.
(Industrial grade, SHBS-LNMO-100). The synthesis process
contains following steps, Firstly, 1 g of purchased LNMO

3082 | RSC Adv., 2019, 9, 3081-3091

material was dispersed in 20 ml aqueous solution. Then,
a certain solution contains EDOT and p-toluenesulfonic Acid
(PTS) (EDOT : PTS = 1.65 : 1 (mol)) after continuous stirring
for 30 min was added. Followed by adding the Ammonium
persulphate (APS) (EDOT : APS = 1: 2.2 (mol)) solution with
a continuous stirring. The reaction was carried out under
anitrogen atmosphere and in an ice bath over 24 h. During the
synthesis process, the PEDOT layer was prepared through the
oxidative polymerization of EDOT by using APS as the oxidant.
Finally, the powder was washed several times with distilled
water and ethanol, and dried at 80 °C overnight to obtain the
PEDOT@LNMO composite.

Materials characterization

Thermogravimetric analysis (TGA, TA corporation Q60, heating
rate is 10°C min ') was used to determine the PEDOT
content.*®**® The crystal structures and of bare LNMO and
PEDOT@LNMO samples were investigated by X-ray diffraction
patterns (XRD, Bruk-D8X with Cu Ka,) at a scan rate of 2° min ™"
from 10° to 80°. The electrical conductivity of the composites
was tested by Four-Point Probes (RTS-8, current range: 10 pA,
average distance between probes: 1.00 mm). The presence of
PEDOT was proved by using FTIR (Bruker, Alpha-P) in the
spectral range of 400-4000 cm ™ and 2 cm ™ resolution ratio at
room temperature. The morphologies of the samples were
observed by scanning electron microscopy (SEM, HITACHI S-
4800) and high-resolution transmission electron microscopy
(TEM, FEI Tecnai F20). The surface chemical state of the

samples was characterized by an X-ray photoelectron

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) TGA curves, with the inset showing an enlargement of the indicated region, (b) X-ray diffraction patterns, and (c) FT-IR spectra of the
samples.

spectroscopy (XPS, Thermo Fisher Scientific ESCALAB250). The
content of dissolved Mn element after cycles was measured on
ICP-MS*

Electrochemical measurements

The electrochemical properties of the cathodes were tested by
using CR2016 coin cells. The electrode slurries were made by
fully mixing 80 wt% active material, 10 wt% super-p, and
10 wt% poly-(vinylidene fluoride) (PVDF) binder in N-methyl
pyrrolidone (NMP) solvent. Lithium sheets, 1.2 M LiPFq in 3 : 7
ethylene carbonate-ethyl methyl carbonate (v/v), and micro-
porous polypropylene film (Celgard 2400) were used as
cathode, electrolyte and separator respectively. Cell perfor-
mance such as cyclability, C-rate capability and discharge
capability were characterized by battery test equipment (LAND
CT2001A). The coin cells were cycled in the voltage range
between 3 V and 4.9 V at 0.2C (1C = 147 mA g ') at room
temperature. The cells were maintained 0.2C rate charging,

This journal is © The Royal Society of Chemistry 2019

discharging at 0.2, 0.5, 1, 2, 5, 10C-rate respectively, when
testing the rate performance. AC Impedance (EIS) and Cyclic
Voltammetry (CV) investigations were estimated on Princeton
Versa STAT. the EIS were recorded over the frequency range
from 0.01 Hz to 10® Hz. The CV curves were obtained between
3.0 and 4.9 V at scan rate 0.1 mV s .

3. Results and discussion

Thermogravimetric curve of the pristine LiNi, sMn; 50, and all
coated samples are shown in Fig. 2(a). The test temperature
raised from 50 °C to 700 °C in N, atmosphere at a heating rate of
10 °C min~'. Compared with pristine LiNigsMn; 50,4, the
samples coated with PEDOT show obvious thermal weight loss
at 200-530 °C. The weight percentage calculated from the
thermogravimetric curves of the coated composites is 1 wt%,
3 wt% and 5 wt%, respectively. Fig. 2(b) shows the XRD pattern
of bare sample and PEDOT@LNMO composite materials. As
can be seen, the diffraction peaks of the coated samples are

RSC Adv., 2019, 9, 3081-3091 | 3083
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Fig. 3 SEM of (a) LNMO, (b) 1% wt% PEDOT@LNMO, (c) 3 wt% PEDOT@LNMO, (d) 5 wt% PEDOT@LNMO.

similar to the pristine LNMO can be well indexed to the spinel-
structured LNMO standard card (space group = Fd3m, PDF#80-
2162), indicating the in situ coating of PEDOT did not change
the structure of LNMO. To further understand the chemical
structure of the coated samples, FTIR spectroscopies were used
to characterize the chemical formation on the surface of the
PEDOT@LNMO composites. The peaks located at 501 cm™* and
624 cm™" in Fig. 2(c) are character to LNMO. For PEDOT, the
peak at 849 em ™" is oxyethylene ring stretching vibration, the
characteristic peaks at 1529 cm™ ", 1367 cm ™" and 980 cm ™ are
the stretching vibration of C=C, C-C and C-S respectively. The
C-0O-C bond is located at 1090 cm ', all the characteristic peaks
of PEDOT were clearly observed in the spectrum of
PEDOT@LNMO composites. Moreover, the peak intensity of the
infrared absorption for PEDOT increased with the amount
coating on the LNMO. Combined the XRD and FT-IR analyses,
we can find that the PEDOT coating did not change the struc-
ture of the LNMO and the EDOT was successfully polymerized
on the surface of LNMO particles to form PEDOT.**™*

Fig. 3 shows the morphologies of pristine LNMO and
PEDOT-coated composites. The image in Fig. 3(a) reveals that
the bare sample is composed of uniformly distributed octahe-
dral particles with diameters in the range of 200 nm to 1 um,
smooth facets and sharp edges. When coated by PEDOT
(Fig. 3(b-d)), the surface of the coated samples turned rougher
and fuzzier. This observation indicates that the surfaces of
LNMO are almost fully covered by PEDOT without
agglomeration.

3084 | RSC Adv., 2019, 9, 3081-3091

To further confirm the effective coating of PEDOT on the
surface of LNMO particles, we also carried out high-resolution
TEM characterizations contains TEM image, HR-TEM image
and EDS mapping of Mn, Ni, O and S for the 3 wt% coated
samples. In Fig. 4(a) and (b), a layer of amorphous PEDOT with
thick of 8 nm to 10 nm can be detected, which can be further
proved by the mapping map of the well distributed S element.
Moreover, Fig. 4(b) directly shows the legible lattice fringes with
basal distances of 4.70 A which are corresponding to the (111)
planes of LNMO. This observation is in good agreement with
SEM (Fig. 3) results, indicating a uniform PEDOT layer had been
coated successfully on surface of the LNMO. Table S1f pre-
sented the electrical conductivity of bare and coated LNMO. It
can be seen that the electronic conductivity of samples
increased from 9.74 x 10°°Sem ™" to 7.14 x 10> S cm™ " with
the increase of PEDOT coating. The improved electronic
conductivity may attribute to the particular conducted channel
build by the PEDOT in composite materials.

Electrochemical testing of all the samples was conducted at
a rate of 0.2C at room temperature in a 3.0-4.9 V window. The
voltage versus capacity data for one of these tests is shown in
Fig. 5. As can be seen, the bare sample shows a representative
profile of spinel LiNi,sMn, 0, cathode, comprising two
obvious stages in the charge curve. The first stage at around
4.70 V and 4.75 V originated from reversible Ni*"*" and Ni**/**
reactions, while the other one near 4.0 V should be attributed to
the transition of Mn®"4* 446 Compared with the bare sample,
the PEDOT coated samples exhibited almost the same charge/

This journal is © The Royal Society of Chemistry 2019
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Fig.4 TEM image (a) and HRTEM image (b) and (c) STEM image for the 3 wt% PEDOT@LNMO and the related EDS mapping images of Mn, Ni, O

and S elements.

discharge curves, except for the polarization between charge
and discharge. The polarization increased with the increase of
PEDOT coating amount during the first cycle. However, the
polarizations for coated samples become constant in following
cycles, while the bare one shows an increasing polarization. The
initial discharge capacities of the bare samples and the 1 wt%,
3 wt% and 5 wt% coated samples are 13.7 mA h g,
114 mAhg ', 87mAhg " and 5.6 mA h g " at 3.0-4.9 V,
respectively. The decreased capacity in the first cycle may
attributed to activation process of batteries. The cycling
performance of four samples indicating that the coating PEDOT
can help to enhance cycling stability of spinel core, which is
probably due to maintaining crystal structure of the spinel
material by the coating PEDOT. Similarly, this phenomenon is
more obvious in 5 wt% PEDOT@LNMO in Fig. 5(d). The
discharge capacity at the 50™ and 100™ times is higher than the
10th time, and the 10th discharge capacity is higher than the
first time. This may be because the thicker PEDOT layer sepa-
rates the active material from the electrolyte, the infiltration of
electrolyte to porous battery is slowed down. Therefore, the
active material could not fully charged-discharged. what's more,
3 wt% PEDOT@LNMO has better electrochemical cycle stability
compared to other samples. It is shown that the discharge
capacity is 114.5 mA h g, and the capacity retention is 91.6%
after 200 cycles.

The cycle performances of the pristine and coated materials
are investigated with a 0.2C charge-discharge rate (Fig. 6). All

This journal is © The Royal Society of Chemistry 2019

the samples show an increasing capacity within few cycles,
which can be ascribed to the activate process. The pristine
material shows capacity retention of 56.5% after 200 cycles.
After PEDOT coating, the capacity retention increased with the
coating amount. From Fig. 6(a), the coated samples with various
PEDOT balances the obtainable capacity with the cycling
stability, thus, it demonstrates the best performance among the
samples compared in this work, the 3 wt% PEDOT coating
sample revealed capacity retention of 91.6% with a capacity of
114.5 mA h g~ after 200 cycles, and the coulomb efficiency is
very stable and high. However, it has to be pointed out that if
the film becomes thicker (as the 5 wt% coated LiNi, sMn; 50,),
it would be more difficulty for the electrolyte to infiltrate to
porous cathodes to obtain high capacity within initial cycles,
further support the protection of dense PEDOT film formed on
the surface of LNMO.

To further evaluate the effect of conductive PEDOT on the
electrochemical performance of the PEDOT@LNMO cathodes.
The comparisions of bare LNMO and 3 wt% PEDOT@LNMO
obtained in the range of 3.0-4.9 V at different discharge rates
are shown in the Fig. 6(b). The discharge capacities of coated
samples are almostly higher than that of the bare LNMO,
especially for cycling at rate of 5C and 10C, the capacity for
LNMO were 10 mA h ¢~" and close to 0 mA h g~ respectively,
while for the coated sample, they reached to 108 and
63 mA h g~' respectively. Additionally, when the test rate
recovers to 0.2C, the bare LNMO show obviously capacity decay

RSC Adv., 2019, 9, 3081-3091 | 3085
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Fig. 5 1st, 10th, 100th and 200th cycle charge—discharge curves of (a) bare LNMO, (b) 1 wt% PEDOT@LNMO, (c) 3 wt% PEDOT@LNMO, and (d)

5 wt% PEDOT@LNMO at 0.2C and room temperature (25 °C).

after various rates cycle compared to the coated sample. As
a result, PEDOT@LNMO exhibits better rate capability than
bare LNMO, indicating the benefits of conductive PEDOT
modification.

XRD was used to understand the structure changes of the
bare LNMO and 3 wt% PEDOT@LNMO after long-term cycles.
As can be seen from the Fig. S1,7 (111) peak for pristine LNMO
shifts slightly to the high 2-theta, indicated that the decrease
of intensity and lattice parameter of the LiNi, sMn, 50, elec-
trode without PEDOT.*->° But there is no evident of diffraction
peaks shift of the cycled LNMO electrode with PEDOT coating.
The diffraction peak shift for the electrode cycled in pristine
LNMO is most likely caused by the dissolution of Mn** from
the bulk structure, which leads to generate the smaller radius
of Mn*" via the disproportionation reaction.***? Furthermore,
the Rietveld refinement results in Table. S21 presented the
lattice parameters are 8.17 A and 8.15 A for LNMO before and
after cycle, respectively, and the lattice parameters of the
3 wt% PEDOT@LNMO before and after cycle are 8.17 A and
8.167 A, respectively. The evolution of the lattice parameter
and diffraction peaks shift proved that coating PEDOT on the
surface of LNMO can suppress the dissolution of Mn** and the

3086 | RSC Adv., 2019, 9, 3081-3091

shrinkage of the crystal lattice, further supporting the advan-
tages on improving the structure stability.

Microstructural analysis after long-term cycling is presented
in Fig. 7 and 8 For LNMO further cycling to 200 cycles leads to the
formation of a surface with fragment and micro cracks, while the
PEDOT coated sample reveals a much more smoother surface
structure similar to the sample before cycling. Furthermore,
Fig. 8 shows the typical TEM image of the two cathodes after
long-term cycling with micro-scaled fracture identified. With
higher magnification in Fig. 8(e) and (f), we see that fracture
occurs along the (111) planes. These defects may be ascribed to
the dissolution of transition metal ions due to the reaction
between electrode and electrolyte and Jahn-Tell crystallographic
distortion happen in LiNigsMn; 50,. In addition, the twisted
fringes suggest significant internal stress caused by Jahn-Teller
and electrolyte corrosion that result in structural collapse on the
micro-scale. Surprisingly, the particle of 3 wt% PEDOT@LNMO
maintains its structure integrity possibly ascribe to the protective
film formed by in situ synthetic method.

Fig. S27 displays the impedance spectra of pristine LNMO
and the coated sample collected at initial and 200 cycles. The
isolated domains should lead to an increase of the internal

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Electrochemical performance of pristine LNMO and PEDOT@LNMO composite (a) cycle life and coulombic efficiency of 3 wt%
PEDOT@LNMO, (b) rate performance of LNMO and PEDOT@LNMO composites.

resistance in. The equivalent circuit was applied to describe
the profiles. R represents the solution resistance, and the
diameter of the semi-circle gives the charge transfer resistance
as R...>® As can be seen, the lower R, and R, for electrode of
PEDOT coated LNMO may attribute to outstanding electrical
conductivity. In comparison with the freshly prepared cell,
there is a large increase in both Ry and R, values as 4.811 Q
and 226.59 Q which is consistent with Table. S31 for bare
LNMO. At the same cycle, the coated LNMO possess obviously
lower interface resistance and surface charge transfer resis-
tance compared to the comparative LNMO, indicating of more
stable structure. Although the impedances increase with cycle
numbers for all spinel samples, the coated LNMO electrode
shows relatively less enlargement as 1.583 Q and 116.7 Q,
which is consistent with its better capacity retention and
particular rate capability and further indicates the advantages
of PEDOT@LNMO.

This journal is © The Royal Society of Chemistry 2019

The lithium ion diffusion coefficient (Dy;) was calculated
from the EIS spectra in the low frequency region by the follow
equations:**>¢

Ze = Ry + Ry + o™ 2 (1)
R:T?
Li — 2 (2)
2n2F4A2C a2

where the meaning of R is the gas constant, F is the Faraday
constant, 7T is the absolute temperature, n is the number of the
electrons in the reactions, Cy; is the concentration of Li* ions, A
is the area of the cathode, ¢ is the Warburg factor that is rela-
tionship with Z.., and w is the angular frequency in the low
frequency region. The Z'-w ™2 plots are presented in Fig. 52(c).t
According to eqn (1) and (2), the lithium diffusion coefficients
of bare LNMO and 3 wt% PEDOT@LNMO are calculated to be
approximate 1.197 x 10" em® s™' and 1.72 x 107 ° em” s},
respectively. This suggests that 3 wt% PEDOT@LNMO

RSC Aadv., 2019, 9, 3081-3091 | 3087
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Fig. 7 (a and b) SEM images at different magnification of pristine LNMO, and (c and d) 3 wt% PEDOT@LNMO after 200 cycles.

Fig. 8 (a—c) TEM and HRTEM images at different magnification of pristine LNMO, and (d—f) 3 wt% PEDOT@LNMO after 200 cycles.
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(a) Mn 2p spectra for LNMO at different states (pristine LNMO before cycling, pristine LNMO after 200 cycles, 3 wt% PEDOT@LNMO after

200 cycles), fitted spectra of (b) pristine LNMO before cycling, (c) pristine LNMO after 200 cycles, (d) 3 wt% PEDOT@LNMO after 200 cycles.

contributes to the enhancement of ionic conductivity, and is
favorable for migrating lithium ion and improving the electro-
chemical properties of LiNiy sMn; 504.

As described in the XRD analysis about the evolution of the
structure in long-term cycles, the XPS spectra for Mn 2p at
various cycles of bare and coated samples were presented in
Fig. 9. As shown in the Mn 2p spectra, the bonding energies of
654 eV and 642.5 eV for the cycled samples, which can be
assigned to Mn 2p,,, and Mn 2p;, are changed obviously as
compared to those of the bare samples, indicating the evolution
of Mn valence state. In order to obtain detailed information
about the valence state of Mn in different states, the curve
fitting of Mn 2p;/, spectra was carried out.’” The results shown
in the Fig. 9(b-d) indicating the percentage of Mn**, Mn** and
Mn>" in pristine LNMO are 68.6%, 29.9% and 1.5% (Fig. 9(b)).
After 200 cycles, the proportion of Mn** and Mn>" increased to
81.5% and 3.3%, respectively, while the percentage of Mn**
decreased to 15.2%. It has been reported that the evolution of
the Mn valence was caused by the disproportion reaction. On
the contrary, the Mn valence for 3 wt% PEDOT@LNMO changes
less. The disproportion reaction can be further support by the
ICP results shown in Table. S4.F For cycled LNMO electrode, Mn
in the solution is 1.274 mg L~ which is calculated to be
0.0636 mg. The electrode prepared in the test contains 1.8 g
LNMO, thus the dissolution percentage is close to 3.538%.
Fortunately, the dissolution of Mn was inhibited by adopting
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PEDOT coating for it is only 1.2% of Mn dissolute in the elec-
trolyte for 3 wt% PEDOT@LNMO after 200 cycles. These results
further proved that the PEDOT coating on the surface of LNMO
can greatly enhance the stability of the interface between
cathode and electrolyte thus inhibited the dissolution of Mn.
Moreover, the inter structure stability is significant improved
with the improvement of the surface structure stability during
long term cycling.

4. Conclusions

In summary, an innovative method of in situ polymerize PEDOT
on the surface of LNMO to improve the electrochemical
performance has been demonstrated. The uniform and dense
PEDOT layer on the surface of LNMO work as a conductive and
protective structure, ensured better cycle stability and rate
performance compared to the bare sample. An electrode made
with 3 wt% PEDOT@LNMO delivered a stable output capacity of
114 mA h g~' with a capacity retention of 91.6%, which was
mainly ascribed to the limitation of disproportion reaction and
decrease of the Mn dissolution, as these side reactions would
possibly lead to collapse of the surface structure and the
shrinkage of the crystal lattice in cathodes. Moreover, the
PEDOT coated material exhibited excellent rate performance of
110 mA h g ' and 63 mA h g " at 5C and 10C rate respectively
due to the high electrical conductivity. The enhanced
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performance is due to the reasonable design in stable the
surface structure of the material, which suggests that the
approach of inorganic/polymer compositions will be very help-
ful in the industrialization development of advanced Ni-Mn-
spinel LiNi, sMn, 50, cathode materials with long cycle life at
high voltage for high-energy density lithium ion batteries.
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