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a b s t r a c t

Efficient energy storage of lithium-ion batteries plays a significant role across lots of sectors including
consumer electronics, electric and hybrid electric vehicles and a smart grid accommodating intermittent
renewable energy sources. Nanostructured cathode materials present fascinating opportunities for high-
performance lithium-ion batteries, but intrinsic problems linked with the high surface area to volume
ratios in the nanometer-range have restricted their adoption for practical applications. We demonstrate
processing platform that realize high-performance nanostructured-LiNi1/3Co1/3Mn1/3O2 (NCM) layer
cathode with carbon coating as a conductive additive. In this paper, we first presented a green, novel,
economic and controllable chemical vapor deposition (CVD) method with sucrose as carbon source to
coating NCM. Sol-gel synthesized NCM of carbon coated with optimized thickness by this formula are
shown to have outstanding rate performance and robust cycle lifetime. The thickness - optimized sample
of discharge capacity is as high as 104.5mAh g�1 for 10 C (6s). High capacity retentions of 94.29% and
94.78% after 100 cycles for 0.1 C, respectively. Compared with the heat evaporation method, with the CVD
method has better uniformity and higher quality. This approach further improves evidently the NCM of
electrochemical performance and thus promotes lithium-ion battery development technology into un-
precedented regimes of operation.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Efficient Electrochemical energy storage systems which can
provide schemes towards a sustainable energy and globally greener
future, play a decisive role in our everyday life [1e3]. At present,
lithium ion batteries (LIBs) are considered the most practicable
candidates for energy storage systems of portable electronic de-
vices, electric vehicles (EV) and hybrid electric vehicles (HEV)
[4e6]. Compared with LiCoO2, layered-LiNixCoyMn1-x-yO2 has
attracted an increasing amount of attention as a prospective
candidate cathodematerial for the next generation LIBs owing to its
multitudinous features in terms of high capacity, thermal stability,
Technology, Lanzhou Univer-
structural stability, safety, low cost, etc [7e9]. Therefore, the
layered LiNi1/3Co1/3Mn1/3O2 is believed to be one of the most
reasonable candidates of the cathode materials for EV and HEV
application, which can be predominantly ascribed to its high
discharge capacity, low cost and excellent thermal stability of the
material. It is known that LiNi1/3Co1/3Mn1/3O2 is almost zero vol-
ume or phase change when cycled among 2.50e4.40 V because the
Ni2þ/3þ/4þ and Co3þ/4þ redox couples provide electrochemical ac-
tivity, and the inactive Mn4þ supplies stable framework to raise
thermal stability [10,11]. In light of some previous literatures, nano-
LiNi1/3Co1/3Mn1/3O2 (NCM) positive-electrode material, appro-
priate particles are synthesized and studied [12,13]. The particle
size plays a momentous role which influences the rate capability of
the positive active materials. The use of nanoscale materials is
deemed to the effective way to ameliorate rate performance due to
the larger contact areawith electrolyte and the shorter Liþ diffusion
path [14]. That is, compared with commercial micro-particles, NCM
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materials are expected to have the potential to diminish electrode
polarization and improve battery capacity by the offered merits of
nanostructure.

NCM integrates the features of LiNiO2, LiCoO2, and LiMnO2.
However, its electronic conductivity is relatively lower than that of
LiCoO2 [15]. However, low electronic conductivity in EV and HEV
field is the biggest challenge for its widespread applications. In
order to address the trouble, tremendous efforts have been
committed, such as cation doping [16,17], surface coating [18e22],
introduction of conductive agents to ameliorate the low electronic
conductivity.

To improve the electronic conductivity and the electrochemical
performance of NCM, carbon coating is considerable as a greatly in
common used measure to improve the electronic conductivity and
the electrochemical performance of NCM. An ultrathin, uniform
and moderate thicknesses carbon coating of NCM applied EV and
HEV is considered the sticking point for excellent long cycle life and
rate performance, but it is often difficult to realize. To date, there
are three major methods: the first is chemical vapor deposition
(CVD) [23], the second one is traditional H2O mixed organic com-
pounds with NCM followed by heat evaporation (HE), the last one is
the freeze drying [24]. Unfortunately, the traditional HE is very
difficult to control the thickness, uniformity, conformity and
composition of the coatings. In addition, it takes a lot of time by the
freeze-drying method of carbon coating. For the sake of compari-
son, the CVD method of carbon coating has merits in terms of
timesaving and simplicity. With the carbon - contained vapor flows
across NCM and carbon deposited on the NCM surface, CVD is
primarily considered as an effective and facile recipe to achieve
uniform carbon coating. In fact, in the light of the different source
offers this scheme can be divided into two types.

One hand is to use C2H4, CH4 or rich-carbon gas with protective
atmosphere and carrier of H2 or N2, and metal salts used as catalyst
[25e27]. However, these gases are not environment and high cost,
these introduced metal salts generally produce impurities. The
other one hand is to use pyrrole monomer [28], benzene [29],
methylbenzene [30] and other volatile organic liquids as carbon
source carried by air or N2 flowing. The organic compounds to be
carbonized as carbon sources and flow across NCM to form
conductive layers straightly [28]. However, these organic steams
are generally high cost and toxicity. To address this issue, uniform
carbon layer coating of the safe, effective, economic and control-
lable CVD is very ideal. In addition, moderate and uniform thickness
of high quality carbon layer could ensure sufficiently ameliorate
electronic conductivity which not mitigate the migration of Liþ

across electrode materials, which promotes lithium-ion battery
development technology into unprecedented regimes of operation.

In this paper, we first presented the green, novel, economic and
controllable CVD method with sucrose as carbon source and N2 as
carrier to coating NCM uniformly which were sol-gel synthesized
Fig. 1. Schematic illustration of the prepar
[31]. The carbon coating NCM thus obtained are shown to have
outstanding rate performance and robust cycle lifetime and
outstanding rate performance even at the 10 C rate. In addition, by
controlling the carbon coated weight content, the electrochemical
performance of NCM was greatly improved compared with carbon
coated by the traditional HE. The influence of the carbon content
coating NCM of the structure and electrochemical performance is
discussed explicitly.

2. Experimental section

2.1. Synthesis

The NCM powder was synthesized using Sol-gel method [32,33].
Stoichiometric amounts of Cobalt acetate Co(CH3COO)2$4H2O,
Nickel acetate Ni(CH3COO)2$4H2O and Manganese acetate
Mn(CH3COO)2$4H2O were used as starting materials for synthesis
of the precursors. In brief, Ni(CH3COO)2$4H2O, Co(CH3COO)2$4H2O
and Mn(CH3COO)2$4H2O (Co: Ni: Mn¼ 1:1:1) were dissolved in
ethanol solution (ethanol: water¼ 6:4), followed by adding the
acetic acid under continuous stirring at 60 �C until it became gel,
and then the mixtures were preheated at 400 �C for 2 h. After that,
the prepared precursors weremixed with LiNO3 in themole ratio of
1.2:1, and heated at 900 �C for 9 h.

The carbon coating NCM of preparation process is listed in Fig. 1.
In Fig. 1, the CVD which was carried out in a quartz tube located
horizontally. The crucible of sucrose was upstream placed close to
the crucible with sol-gel synthesized NCM. The quartz tube was
heated to 550 C at the speed of 10 C min�1 with N2 flow of
200 cm3min�1 and maintained for 1 h. Then, the furnace was
cooled with the N2 flow. We tried to explore the ratios of 2.5:1 and
5:1 for sucrose to bare NCM (labelled by CVD1-NCM and CVD2-
NCM, respectively) on the structure and electrochemical perfor-
mance. In addition, the H2O mixtures of sol-gel synthesized NCM
with sucrose in 1:0.033weight ratio was heated evaporation then
placed into a tube furnace and heated to 550 C in N2 atmosphere for
1 h

2.2. Cell preparation

As a control electrolyte, 1M LiPF6- ethylene carbonate (EC)/
diethyl carbonate (DEC) (1:1) was purchased from Zhangjia-gang
Guotai-Huarong New Chemical Materials Co. Ltd. The positive
electrode was composed of 80wt% NCM, 10wt% acetylene black
and 10wt% polyvinylidene fluoride. Experimental cells (2032 type)
were assembled in argon atmosphere glove box using two lithium
sheets as the anode material, the above prepared electrode as the
cathode material, one of the above-mentioned electrolytes as the
electrolyte, and a Celgard (2400) porous polypropylene as the
separator material.
̊ ̊

̊

ation process of carbon coating NCM.



Fig. 2. The XRD patterns (a) and the zooming of main peaks (b) for sample NCM, CVD1-NCM, CVD2-NCM and HE-NCM.
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2.3. Measurements

Structure characterization of the as-prepared NCM and the
carbon coating NCM samples were performed by X-ray diffrac-
tometer (XRD, Rigaku, D/Max-2400) with Cu Ka radiation (40 kV,
150mA, step size 1⁄4 0.02/s). Data were collected in the 2q range
10e80 with a scan rate 2�/min to obtain the diffraction patterns.
The morphologies were analyzed by transmission electron micro-
scopy (TEM, JEOLJEM-1011) and high resolution trans-mission
electronic microscopy (HRTEM, Tecnai G2 F20 S- Twin, FEI com-
pany, USA) The carbon content was measured by Elemental Anal-
ysis (EA) performed on a VarioEL (CHN Mode). The graphitization
degree of the carbon coating was investigated by Raman spectra
(Renishaw, InVia Raman Microscope).

Electrochemical measurements of cells were carried out on a
LAND CT2001A tester (Wuhan, China) in the voltage range of
2.7e4.3 V at room temperature. Electrochemical impedance spec-
troscopy (EIS) were conducted on the electrochemical equipment
CHI660D electrochemical analyzer (Shanghai Chenghua Company,
China) over the frequency range from 100 kHz to 10mHz with the
amplitude of 5mV.

3. Results and discussion

The XRD patterns of sample NCM, CVD1-NCM, CVD2-NCM and
HE-NCM are presented in Fig. 2a. It is known that LiNi1/3Co1/3Mn1/

3O2 has a hexagonal crystal structure of RNaFeO2 with a space
group of R3m [11]. The XRD patterns of all samples agree with the
pattern of a pure single phase of LiNi1/3Co1/3Mn1/3O2. By virtue of
zooming the main diffraction peaks (Fig. 2b), namely, (003), (101),
and (104), remain at the same 2q values for all of the samples.
Additionally, no impurity phase is observed for the samples pre-
pared in the presence of sucrose, suggesting that the structure of
LiNi1/3Co1/3Mn1/3O2 is unaffected. Because the amount of carbon
present on the particle is small, no diffraction peaks corresponding
to the crystalline form of carbon are detected. R-factor (R ¼
(I006þI102)/I101) is proportional to the hexagonal ordering, the
calculated value of NCM, CVD1-NCM, CVD2-NCM and HE-NCM are
0.51, 0.5081, 0.5080 and 0.5096, which indicates the carbon coating
NCM samples have higher hexagonal ordering. Additionally, the
intensity ratios of I(003)/I(104) peaks are 1.95 for CVD1-NCM, 1.96 for
CVD2-NCM, 1.93 for HE-NCM and 1.92 for NCM, respectively. The
higher this ratio, the lower the degree of cation mixing [8].
Generally speaking, this ratio should be larger than 1.2 for a layered
compound with an outstanding electrochemical performance
[34,35]. This indicates the carbon coating NCM has lower cation
mixing between Liþ and Ni2þ. Therefore, the low cation mixing in
carbon coating NCM infers a better electrochemical performance.

Fig. 3 shows the TEM images of the bare NCM and surface-
modified samples to confirm the conductive carbon coating layers
on the particles surface. For the sol-gel synthesis of bare NCM
(Fig. 3a) has well developed regular particles of quasi-spherical
shape with a diameter distribution in the range of 100e300 nm.
By contrast Fig. 3b, c and d, e, CVD1-NCM has ultrathin carbon
layers about 3 nm thickness, CVD2-NCM has a little thicker carbon
layer about 6 nm, according with the weight content of carbon
confirmed by the EA (Table 1). In addition, there are some carbon
fiber like (CF) that bridge the detached NCM particles and carbon
layer that connect the neighboring particles constitute the 3D
electronically conductive channels in CVD2-NCM (Fig. 3d). A good
electronic conductivity, therefore, can be anticipated for the carbon
coating NCM compound, which is critical for high-power applica-
tion. With sharp compare, there are non-uniform thickness coat-
ings and some free carbon could observe for sample HE-NCMwith a
weight content of 1.301% through a few NCM inspection, as shown
in Fig. 3f and g.

Raman characterization is preferred to probe the vibrational
modes of both crystalline and amorphous materials carbon coating
NCM, which is shown in Fig. 4. The typical Raman spectra of CVD1-
NCM and HE-NCM corresponding with LiNi1/3Co1/3Mn1/3O2 pow-
ders recorded at 632 nm excitation wavelength. The Raman active
vibrations which correspond to the MeO stretching and OeMeO
bendingmodes within MO2 layers are generally contained between
400 and 650 cm�1. The group at ~590 cm�1 is make up of bands at
474, 554 (NieO), 594 cm�1 (MneO), and 486, 596 cm�1 (CoeO) that
represent the vibrations within the hexagonal MO2 lattice [36,37].
Raman spectra of the CVD1-NCM and HE-NCM show intense D-
band at 1343 cm�1 (disordered) and G-band at 1589 cm�1

(graphitic) bands. The D-band is ascribed to the defect-induced
mode, while the G band can be associated with the tangential
stretching (E2g) mode of graphite. The intensity ratios of D to G peak
(ID/IG) are calculated to be 0.988 and 1.037 for CVD1-NCM and HE-
NCM, respectively, which further indicates a higher disorder degree
of HE-NCM. As a result, the carbon coating with the CVD formula
has a better electronic conductivity than using HE, which would
have better influence on the electrochemical performance.

Fig. 5 displays the initial charge/discharge performances of bare
NCM and carbon coating NCM recorded at 0.1 C. The curves



Table 1
The carbon content of CVD1-NCM, CVD2-NCM and HE-NCM.

CVD1-NCM CVD2-NCM HE-NCM

C 1.203wt% 2.514wt% 1.301wt%

Fig. 4. Raman spectra of samples CVD1-NCM and HE-NCM.

Fig. 5. Initial charge/discharge performances of NCM, CVD1-NCM, CVD2-NCM and HE-
NCM.

Fig. 3. TEM of NCM(a), HRTEM of CVD1-NCM (b, c), TEM of CVD2-NCM (d, e), TEM of HE-NCM (f, g).

Table 2
Simulated results for the elements of equivalent circuit.

CVD1-NCM CVD2-NCM HE-NCM NCM

RSEI/U 2.529 2.646 2.741 3.124
Rct/U 41.540 47.270 70.240 72.530
W/U 12.450 27.690 39.640 76.950
DLi

þ/cm2s�1 1.27� 10�9 8.25� 10�10 6.91� 10�10 4.76� 10�10
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correspond to the typical charge/discharge behavior of layered
LiNi1/3Co1/3Mn1/3O2, the charge at the range of 3.75e3.90 V corre-
sponds to the redox couple of Ni2þ/Ni3þ; the subsequent voltage
ranges of 3.90e4.10 V and 4.10e4.50 V relate to the redox couples of
Ni3þ/Ni4þ and Co3þ/Co4þ respectively, which is consistent with the
previous reports by K. M. Shaju [38]. The initial charge capacities of
bare NCM, CVD1-NCM, CVD2-NCM, HE-NCM are 223, 220.8, 218.2
and 219.9mAh g�1 (2.7e4.3 V vs. Liþ/Li) at 0.1 C and the initial
discharge capacities are 190.3, 207.8, 203 and 196mAh g�1,
respectively. The higher specific capacity of CVD1-NCM, CVD2-
NCM, HE-NCM are attributed to the lower cation mixing and the
improved electronic conductivity by carbon coating. The initial
columbic efficiency of bare NCM is 85.3% whereas CVD1-NCM is
94.1%, CVD2-NCM is 93%, HE-NCM is 89.1% as listed in Table 2. The
initial capacity decay was caused by SEI forming and electrolyte
decomposing. The higher initial columbic efficiency of carbon
coating NCM is due to the carbon coating, which inhibits the side
reactions between nano-LiNi1/3Co1/3Mn1/3O2 and liquid electrolyte,
leading to a reduction in the irreversible charge capacity.

Cycle performance is the basic requirement to evaluate the
cathode material's performance, which is awfully crucial for the EV
and HEV application. The samples of CVD1-NCM, CVD2-NCM and
HE-NCMof the cycle performance at the 0.1 C are displayed in Fig. 6.
The capacity retentions of bare NCM after 50 cycles is only 67.1%.
However, their capacity retentions of CVD1-NCM, CVD2-NCM and
HE-NCM after 100 cycles are 94.29%, 94.78% and 84.58%,



Fig. 6. Cycle performances of NCM, CVD1-NCM, CVD2-NCM and HE-NCM at 0.1 C
(2.70e4.30 V).

Fig. 7. Rate capabilities of NCM, CVD1-NCM, CVD2-NCM and HE-NCM from 0.1 to 10 C
(2.70e4.30 V).

Fig. 8. Electrochemical impedance spectra (EIS) of the NCM, CVD1-NCM, CVD2-NCM
and HE-NCM electrodes.
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respectively. Sample CVD2-NCM has the highest cycle capacity
retention after 100 cycles. Though the sample HE-NCM has the
lowest cycle lifetime after 100 cycles, it is still fairly well.

To evaluate the effect of the weight content of sucrose to NCM
and the coating formula of the rate capacity, rate performance of
samples NCM, CVD1-NCM, CVD2-NCM, and HE-NCM 0.1e10C rates
are displayed in Fig. 7, respectively. These samples show fairly
likeness discharge capacities, for example 190.3, 207.8, 203.1 and
196.3mAh g�1 at 0.1 C for samples bare NCM, CVD1-NCM, CVD2-
NCM, and HE-NCM at 0.1 C, respectively. However, with the rate
increased, the rate capability of these samples differently
decreased. At 1 C, HE-NCM sample shows lower capacity compared
with the sample of CVD carbon-coating. At 5 C, CVD2-NCM sample
starts to have a lower discharge capacity than sample CVD1-NCM.
These samples have quite superior high rate performance, yet. At
10 C, NCM, CVD-NCM, CVD2-NCM and HE-NCM samples have ca-
pacities of 91.1, 109 and 104.5, 97.4mAhg�1. The carbon-coating
NCM samples exhibits better rate performance than NCM, which
is mainly due to the coating carbon with excellent electronic con-
ductivity, resulting in lower electrochemical impedance. The elec-
trochemical impedance of NCM and the carbon-coating NCM were
analyzed by EIS, which were conducted after the first cycle (0.1 C) at
25 �C.

EIS analysis is a formidable technology to evaluate the proper-
ties of electrode materials, in terms of conductivity, structure and
charge transport in electrode materials/electrolyte interface. The
Nyquist plots of the discharged bare NCM, CVD1-NCM, CVD2-NCM,
and HE-NCM at the first cycle were obtained using EIS as shown in
Fig. 8. In the fitted equivalent circuit, the semicircle in the high
frequency range represented typically be ascribed to the resistance
of a solid-state interface layer formed on the electrode surface
(RSEI), and the semicircle observed in the medium-to-low fre-
quency range was contributed to charge transfer resistance (Rct)
between the electrode and electrolyte. Moreover, the sloping line at
low frequency region is the Warburg impedance (W), which is
related to the lithium ions diffusion through the solid electrode
[39]. Samples CVD1-NCM has the lowest RSEI and Rct, however,
NCM has highest RSEI and Rct, respectively, as outlined in Table 2.
Lower Rct value of surface modified samples suggested that the
coating layer could protect the cathode materials very well by
inhibiting side reactions with 1M LiPF6-EC/DEC electrolyte of HF
corrosion.

EIS is a considerable technique to study the kinetic processes of
Liþ intercalation/deintercalation in the electrode. As mentioned
above, the straight sloping line at low frequency region is linked
with solid-state diffusion of Liþ in the electrode bulk. Thus, the
diffusion of Liþ can be calculated from the formula below [40e42]:

DLiþ ¼ R2T2

2n4F4A2C2
Liþs

2

R represents the gas constant, T represents the absolute tem-
perature, n stands for the number of electrons involved in the
electrochemical process, F stands for Faraday constant, A represents
the electroactive area. CLi

þ stands for the concentration of Liþ in the
materials, s represents theWarburg factor that can be calculated by
the formula below. The diffusion coefficients of Liþ for samples bare
NCM, CVD1-NCM, CVD2-NCM, and HE-NCM are 4.76� 10�10,
1.27� 10�9, 8.25� 10�10 and 6.91� 10�10 cm2 s�1, respectively,
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which seem to depend on the RSEI and Rct compared with the re-
ported value. The diffusion coefficient of Liþ decreases in the
samples CVD1-NCM, CVD2-NCM, HE-NCM and bare NCM, at the
same time, the rate performance shows the same change. It is noted
that CVD1-NCM sample had the highest Liþ diffusion coefficient
which was achieved by coating with high electronic conductive
carbon. Therefore, the improvement of the electronic conductivity,
uniform protective layer contributes the better electrochemical
performance of the conductively ultrathin carbon coated cathode
materials.

4. Conclusion

We presented the green, novel, economic and controllable CVD
method with sucrose as carbon source to coating NCM. By using
this formula, the carbon layer has more uniform thickness and
higher quality compared with the traditional HE. This way can be
stretched to most low electronic conductivity materials. The acetic
acid sol-gel synthesized NCM carbon coated using this formula
show very high discharge capacity, extraordinary rate performance,
high cycling performance. The thickness - optimized sample has a
discharge capacity as high as 205mAh g�1 and a discharge capacity
for 104.5mAh g�1 at 10 C (6s). High capacity retentions of 94.29 and
94.78% after 100 cycles for 0.1 C, respectively. The work is a
promising coating method for the surface modification of LiNi1/
3Co1/3Mn1/3O2, especially EV and HEV.
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