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Abstract The carbon-coated Li[Ni;;3Co;3Mn;;3]0, was
synthesized from the porous Li[Ni;;Co;3Mn;;3]0, pre-
cursor using citric acid as the carbon source. The
electrochemical results showed that both cycling perfor-
mance and rate capability were improved by the carbon-
coating of the Li[Ni;;3Coy,3Mn;3]O, materials. It is
proposed that the enhanced electrochemical properties
by the carbon-coating are attributed to the increased
electronic conductivity because the carbon distributed
among the surfaces of spherical Li[Ni;;Co;,3Mn;;3]0,
powders favored the transference of electron and reduced
cell polarization.

Keywords Lithium-ion battery - Cathode -
Li[Ni;3Coy,3Mn; 5]O, - Carbon-coating

Introduction

In recent years, Li[Ni;3Co;3Mn;,;3]O, cathode material has
been studied widely for use in Li-ion battery to replace the
presently popular LiCoO, [1]. This material has attracted
significant interests because the combination of nickel,
manganese, and cobalt could provide many advantages
such as higher reversible capacity with milder thermal
stability at charged state [2], lower cost, and less toxicity
than L1C002 Thus, Li[Ni1/3C01/3Mn1/3]02 mlght be one
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of the most promising candidates of cathode material for
high-energy, high-power lithium-ion batteries [3].

Despite the positive effect of Li[Ni;3Co;3Mn;;3]0;
for the electrochemical property, the delivered capacities
have shown a fading while the high rate current density
was applied [4]. The addition of dopants [5-8] or the
modification of surface [9] of Li[Ni;;3Co13Mny;3]0;
have been studied to improve its performances during
cycling at high rate. Many research works confirmed that
carbon-coating can enhance electron conductivity to
improve the battery’s high rate performance [10]. Good-
enough et al. [11] have successfully prepared carbon-
coated LiMng sNipsO, cathode material and proved the
effectiveness of a carbon-coating in increasing the
discharge capacity at high current densities and reducing
the capacity fade. However, since the preparation of Li
[Ni;,3Co0;,3Mn /3]0, need air atmosphere [1], it is difficult
to realize the coating through conventional method in
inert atmosphere. In this investigation, based on the
porous Li[Ni;;3Co;/3Mn;;3]0, cathode powders, we filled
the pores and coated the surfaces with carbon via the
carbonization of citric acid in air and the electrochemical
properties were characterized.

Experimental

Sample preparation

Li[Ni;3Co;/3Mn; 3]0, was prepared by the slurry spray
drying method based the precursors Li,CO3, NiO, Co30y,
and MnCOj; (all bought from Sinopharm Chemical Reagent

Co., Ltd.) as described previously [12]. The spherical and
porous cathode materials were obtained after being heated

@ Springer
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Fig. 1 a TG-DTA-DSC curves of the ball-milled precursors (mixture
of Li,CO3, NiO, Co304, and MnCO3). b TG-DSC curves of the citric
acid-LNCMO composite

at 950 °C for 10 h in air, according to the TG analysis in
Fig. 1(a). Carbon-coated Li[Ni;;;Co;;3Mn;;3]0, was pre-
pared as show in Fig. 2. The citric acid (Sinopharm
Chemical Reagent Co., Ltd.) was chosen as carbon source
and was first dissolved in ethanol. The Li[Ni;;Co;,3Mn;;3]
O, particles were then dispersed in the solution. The
solution was stirred for 2 h under vacuum environment,
allowing the citric acid solution permeate into the pores of
Li[Ni;3Co1/3Mn;;3]0,. After drying, the mixture was
calcined at 600 °C for 0.5 h in air to obtain carbon-coated
Li[Ni;5Co013Mn;3]0,. The TG-DTA analysis of the citric
acid—Li[Ni; 3Co;3Mn; 3]0, was shown in Fig. 1(b).

Fig. 2 Illustration of the syn-
thesis of carbon-coated Li[Niy,
3C013Mn, 3]0,

LNCMO particles
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(SEM, JEOL JSM-6700F) was applied to observe the
surface morphology before and after the coating process.
The inductively coupled plasma optical emission spectrom-
etry (ICP-OES) was used to determine the chemical
composition of the synthesized LiNi;;;Mn;;3Co;/30, mate-
rial. The specific surface area was analyzed by the BET
method using a Micromeritics Tristar 3000 in which the N,
gas adsorption was employed. Each sample was heated at
150 °C for 4 h to remove any adsorbed water before the
measurement. The carbon content was measured by
thermogravimetric analysis (TGA, NETZSCH 409 PC)
from 501,000 °C under air with a heating rate of 10 °C/
min, and the content was taken as the difference between
the relative weight losses exhibited by C-LNCMO and
uncoated LNCMO. In order to investigate the nature of the
carbon, the Raman spectra were recorded by a Dilor
LabRam-1B Raman spectrometer, equipped with a
6.4 mW, 632.8 nm He—Ne laser. The size of the laser beam
at the sample was ~0.7 pm.

Heated in the air

LNCMO particles filled
with citric acid in the pores

LNCMO particles
coated with carbon
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Table 1 Chemical composition, lattice parameters, and tap density for the as-prepared Li[Ni;;3Co;,3Mn;3]0,

Sample Composition a(Ah) c(A) cla Toos/Ti04
LNCMO Li; 3Nig 330C00 33:Mng 33305 2.859 14.225 4.975 1.22

The electrochemical performance of the powders was
evaluated with coin-type cells (CR 2025) with a lithium
foil counter electrode and an electrolyte consisting of a
1 M LiPFg4 solution in EC/DMC (1:1, v/v; Zhangjiagang
Guotai-Huarong New Chemical Material Co., Ltd.) at
room temperature. Microporous polypropylene membrane
was used as the separator. The working electrode was
prepared from a paste consisting of 80 wt.% active
powders, 10 wt.% conductive acetylene black, and
10 wt.% PVDF binder in NMP solvent. The paste was
then coated on an aluminum foil, and finally dried under
vacuum at 100 °C for 10 h before electrochemical
evaluation. The battery was assembled in a glove box
(VAC AM-2) filled with pure argon. All the cells were
allowed to age for 10 h before testing. The galvanostatic
charge—discharge tests were conducted on a LAND
CT2001A battery test system with the cut-off voltages of
2.5 and 4.5 V (vs. Li/Li") with a charge current density of
32 mA g ' and discharged at different rates.

Fig. 4 SEM images of a, b
pristine LNCMO and ¢,
d C-LNCMO powders

Results and discussion

Figure 3 showed the XRD patterns of pristine Li[Nij/;
Coy/3Mn; 3]0, (LNCMO) and carbon-coated Li[Nij;
Co13Mn 3]0, (C-LNCMO). The XRD peaks of both
samples were narrow, indicating high crystallinity of the
products. The chemical composition of LNCMO was
determined to be Lil.03Nio.330C00_332Mn0.33802 determined
by ICP-OES. All of the peaks could be indexed based on
the a-NaFeO, structure, and no impurity phase was ob-
served. This indicated that the carbon-coating process did
not destroy the original layer structure of Li[Ni;;3Coy/3
Mn;3]0;. The cell parameters and the intensity ratio of the
main XRD peaks of 003 and 104 were shown in Table 1.

SEM images of LNCMO and C-LNCMO were shown in
Fig. 4. It could be seen that the pristine LNCMO was
porous and surface of the crystal grain was very smooth
apparently (Fig. 4a, b). In contrast, the surface morphology
of the carbon-coated Li[Ni;;3Co;;3Mn;3]O, was distinctly
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Fig. 5 Raman spectra of the pristine and the carbon-coated Li[Ni;/;
Co13Mn; 3]0,
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Fig. 6 Rate capability of the a pristine LNCMO electrode and b C-
LNCMO celectrode
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Table 2 Comparison of rate capabilities between pristine LNCMO
electrode and C-LNCMO electrode

Rate (C) LNCMO C-LNCMO

Discharge capacity Ratio  Discharge capacity  Ratio

(mAhg ™) (%)  (mAhg) (%)
0.2 188.9 100.0 185.8 100.0
174.2 92.2 177.9 95.7
4 151.9 80.4 159.5 85.8

“Ratio”: Discharge capacity of different C rates compared with that of
02C

different from that of the pristine Li[Ni;;3Co;3Mn;;3]0;.
The surface is rough, covered with a layer of homoge-
neously distributed beads of carbon (Fig. 4c, d, as shown
by arrows). BET analysis performed on this material gave
an average specific surface area of 3.3 m*> g ', which was
slightly lower than 3.9 m? g~' obtained from the uncoated
material. This might be due to the further growth of the
crystal size of LNCMO under 600 °C.

TGA analysis demonstrated ~0.61 wt.% of the carbon
content in the C-LNCMO. It was indicated that the
carbonization process conducted in air resulted in much
lower carbon content than that in inert atmosphere. We also
tried to calcine the sample under argon atmosphere to
obtain higher carbon content. However, the XRD results of
the product under argon indicated that the layer structure of
Li[Ni;3Co13Mn; 3]0, was destroyed due to the reaction
with organic precursors.

To investigate the nature of the carbon, Raman micro-
probe spectroscopy was employed. The Raman spectra of
LNCMO and C-LNCMO were shown in Fig. 5. Both
spectra had a broad band between 400 and 650 cm '

200 —s—LNCMO
- 180F —o— C-LNCMO
o0 L
< 160 ] ) ™
E i 2 160 prus e
> 140 B i ‘\\\T‘.:::‘.."‘-. e, ®-0-%0-0-0.0-0-0¢
£ - £ 120, N
g 120 B % LLL*AA,;_ v —"V-'v“'wﬂ
= . g 80 S
© 100 8 —+—LNCMO-IC S
) I & 40| —+—C-LNCMO-IC
; 80 L _g —4—LNCMO-4C
= S 04| —v—C-LNCMO-4C
] i a - . - . . X
a 60F 0 5 10 15 20 25 30
0 L ' ‘ ' . Cyc!e Numlber . . ' '
0 10 20 30 40 50 60 70 80 90 100
Cycle Number

Fig. 7 Cycling performance of the pristine LNCMO electrode and the
C-LNCMO celectrode cycled between 2.5 and 4.5 Vat 0.2 C, 1 C and
4 C (inset)
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comprising of bands at 474, 554 (Ni-O), 486, 596 (Co-0),
and 594 cm ' (Mn-O), respectively, which represented
the vibrations within a hexagonal lattice belonging to
the same space symmetry group (R3m) [13]. In the case
of C-LNCMO, there were two relatively small bands
respectively at 1,346 and 1,531 cm ™', which are typical
bands of carbon nominated as the D band and G band
originated from the amorphous and graphitic forms, respec-
tively. It was therefore indicated that the carbon coated
on LNCMO was highly disordered consisted of short-
ordered sp?- and sp>-coordinated carbon clusters [14, 15].

Figure 6 showed the discharge curves for LNCMO and
C-LNCMO at 0.2 C, 1 C, and 4 C rates between 2.5 and
4.5 V, respectively. As seen, the discharge capacity of the
LNCMO sample dropped with increasing current density,
from 188.9 mAh g ' at 0.2 C to 1742 mAh g ' at 1 C and
151.9 mAh g " at 4 C. This result was comparable or even
superior to that of the popular hydroxide co-precipitation
method, which might be attributed to the particular porous
morphology formed by the spray drying process that was
favorable for the charge transfer during the deintercalation
and intercalation cycling [12]. The rate capability was
improved further by carbon-coating. The C-LNCMO
sample presented a capacity of 159.5 mAh g ' at current
density of 4 C, corresponding to 85.8% of its capacity at
0.2 C. The electrochemical properties summarized in
Table 2 confirmed the positive effect of carbon-coating in
improving the rate capability of Li[Ni;;Co;;3Mn;3]0,
which would be related to the increased electronic
conductivity between the primary particles.

Comparison of cycling performances between carbon-
coated Li[Ni;;3Co;;3Mn;;3]0, and the pristine one was
shown in Fig. 7. The initial discharge capacity of LNCMO
at 0.2 C was about 188.9 mAh g '. Compared with the
pristine one, carbon-coated C-LNCMO exhibited compara-
ble discharge capacity, i.e., 185.8 mAh g '. After the 100th
cycling at 0.2 C, the cell delivered about 86.9% and 92.4%
of the initial discharge capacity for the pristine LNCMO
and carbon-coated C-LNCMO, respectively. Especially C-
LNCMO displayed distinctly lower fading rate than
LNCMO at higher rate (inset in Fig. 7), though both
materials showed similar capacities. Similar effect was also
found in carbon-coated LiNiysMngsO, material reported
by Goodenough’s group [11]. The capacity fading of Li
[Ni;5Co;/3Mn;;3]0O, was normally ascribed to the polariza-
tion effect [16], therefore it became more serious at higher
current densities. After carbon-coating, the electronic
conductivity was increased, which reduced cell polarization
and prevented the evolution of oxygen from the cathodes at
the end of charge, thus suppressed the capacity fade
especially at high rates.

Conclusions

The carbon-coated Li[Ni;;3Co;3Mn;,;3]0, was synthe-
sized from the porous Li[Ni;;3Co13Mn;3]0, and citric
acid. The carbonization process conducted in air main-
tained the original layer structure of Li[Ni;;3Co;,3Mn 3]
O, and resulted in highly disordered carbon coated on
LNCMO. The electrochemical results showed that both
cycling performance and rate capability were improved by
the carbon-coating. It is believed that the enhanced
cycling properties by the carbon-coating are attributed to
the increased electronic conductivity because the carbon
distributed among the surface and in the pores of spherical
powders favored the transference of electrons among the
particles and lead to the reduction of cell polarization, thus
prevented the evolution of oxygen from the cathodes at
high charge voltage, and improved the cycling perfor-
mance at high rate.
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