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Abstract 

In this paper, we report results of a novel synthesis method of thin film conductive carbon 

coatings on LiNi1/3Co1/3Mn1/3O2 cathode active material powders for lithium-ion 

batteries. Thin layers of graphitic carbon were produced from a solid organic precursor, 

anthracene, by a one-step microwave plasma chemical vapor deposition (MPCVD) 

method. The structure and morphology of the carbon coatings were examined using 

SEM, TEM, and Raman spectroscopy. The composite LiNi1/3Co1/3Mn1/3O2 electrodes 

were electrochemically tested in lithium half coin cells. The composite cathodes made of 

the carbon-coated LiNi1/3Co1/3Mn1/3O2/C powder showed superior electrochemical 

performance and increased capacity compared to standard composite LiNi1/3Co1/3Mn1/3O2 

electrodes. 
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Introduction 

The new generation of layered mixed transition metal oxides, LiMO2 (M=Co, Ni, 

and Mn), with the α-NaFeO2 structure currently considered for use as cathode materials 

in Li-ion batteries offers a high, reversible charge capacity and improved safety 

performance. These compounds, which include LiNi1/3Co1/3Mn1/3O2 (LNCMO) among 

other compositions, are potential candidates to replace commercial LiCoO2. 

LiNi1/3Co1/3Mn1/3O2 exhibits reversible capacities of ~200 mAhg−1 between 2.8–4.6 V 

and ~160 mAhg−1 between 2.5–4.4 V [1,2,3,4]. The electrochemical processes below 

~4.3V primarily involve the two electron transfers Ni2+ ↔ Ni4+, whereas the oxidation 

state of Co and Mn ions remains +2 and +4, respectively [5].  

 

Low electronic conductivity of cathode active materials can limit the power 

capability of lithium batteries. Conductive carbon additives are routinely used to enhance 

the utilization of the active material in composite cathodes and improve rate performance. 

This problem is acutely pronounced for olivine-structured LiMPO4 materials (M=Fe, 

Mn), which exhibit inherently low electronic conductivity (<10-9 Scm-1 for LiFePO4) 

[6,7]. To overcome the insulating behavior of the phosphate, the particles are often coated 

with a thin, conductive layer of pyrolytic carbon from various organic precursors 

[8,9,10,11,12,13]. The conductivity percolation threshold for C-coated nano-structured 

phosphate particles is usually observed at ~1.5 wt. % of carbon [12,13]. 

 

The oxide-based cathode materials exhibit much higher electronic conductivity 

(10-1-10-5 Scm-1) [14,15]. The composite oxide cathodes consist of a simple mechanical 
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mixture of active material, conductive carbon additive, and binder. However, such a 

simple manufacturing procedure can produce quite a non-uniform distribution of carbon 

black in the composite electrode [16] that may lead to non-uniform utilization of the 

active material and loss of reversible charge capacity and rate capability [17].  

 

The effect of coating oxide-based cathode materials with conductive carbon layers 

has been investigated less often than that of carbon-coated olivines. Direct carbon-black 

coating of oxide cathode materials using a gelatin surfactant helped improve the carbon 

distribution, and consequently, increased the capacity of a Li-ion cell and minimized cell 

polarization [16,18]. The pyrolyzed carbon coating from a resorcinol-formaldehyde 

polymer on LiMn0.5Ni0.5O2  [19] or acrylonitrile and styrene-acrylonitrile-based polymers 

on LiMn2O4 spinel [20] suppressed capacity fade and reduced cell polarization. The 

amorphous carbon coating from pyrolyzed sugar on LiNi1/3Mn1/3Co1/3O2 improved 

thermal stability and rate capability of the cathode [21]. 

 

LNCMO materials are most commonly synthesized by a mixed hydroxide method 

and calcined in air or in pure oxygen at temperatures >800 oC. Under these conditions, 

carbon formed from any added organic precursors either during synthesis or in a post-

treatment step is likely to oxidize to CO. Furthermore, carbothermal reduction to the 

elemental metals or reduced oxides may occur if the reaction is carried out under an inert 

atmosphere to prevent loss of carbon[19,21].  At low temperatures, highly amorphous 

carbons of poor and highly non-uniform electronic conductivity are formed [22].  Thus it 

is not straightforward to co-synthesize LNCMO/C composites as is typically done with 
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LiFePO4/C. 

 

High-power microwave plasma chemical vapor deposition (MPVCD) techniques 

have been widely used to prepare thin-films of diamond [23,24] and carbon nano-tubes 

[25,26]. The MPVCD synthesis of amorphous, sp2- coordinated carbon thin-films [27], 

carbon fibers [28], and nano-crystalline graphite (NCG) [29] has also been published. 

Recent reports on MPVCD synthesis of carbon-Pt and carbon-Sn composite thin films 

[30,31] for fuel cell and battery applications demonstrate the potential of this 

experimental approach. The objective of this work was to adapt and use MPCVD to 

produce highly conductive graphitic coatings on cathode active material powders and 

enhance their electrochemical performance in Li-ion batteries [32].  

 

Experimental 

Figure 1 shows a diagram of the two-segment Pyrex glass tube and a schematic 

representation of the deposition process. Carbonaceous films can be produced on various 

types of conductive and non-conductive substrate materials from organic precursor 

without using stabilizers or reducing agents. A detailed description of the experimental 

setup can be found in [30,31]. In this work, a small amount (~2 mg) of anthracene 

(Sigma–Aldrich) organic precursor was placed at one end of a glass slide and ~200 mg of 

LiNi1/3Co1/3Mn1/3O2 powder (SEIMI) was positioned ~5 mm away from the precursor at 

the other end of the glass slide. The reactor was purged with Ar for 30s with a flow of 3 

dm3/min, evacuated to 1.1x10-1 Torr, and positioned in close vicinity to a 2.45 GHz, 1200 

W magnetron. The MPACVD reactor was enclosed in a nitrogen-filled glove box to 
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eliminate any possible interference from oxygen impurities. 

 

The Ar-plasma discharge resulted in a fast evaporation of the anthracene 

precursor followed by a rapid pyrolysis and precipitation of carbon on the 

LiNi1/3Co1/3Mn1/3O2 powder. The geometry of the system was designed to keep the hot 

edge of the Ar-plasma near the organic precursor source and the cool edge of the plasma 

glow near the substrate. A typical MPCVD process was carried out at 1200 W microwave 

radiation power for 2s and produced ~10-20 nm thick carbon layer on the powder. The 

deposition process was repeated three times for each powder sample. To ensure a 

relatively uniform carbon coating, the LiNi1/3Co1/3Mn1/3O2 powder sample was agitated 

prior to each deposition. The qualitative analysis of the carbon coated powders by 

inductively coupled plasma spectroscopy and combustion infrared detection produced a 

carbon content of 0.8-1.2 % wt. 

 

The structure of carbon in composite Sn/C films was analyzed by Raman 

microscopy (Labram, ISA Group Horiba) with a laser excitation wavelength of 632.8 nm, 

at 1 mW power at the sample surface. The morphology of the LiNi1/3Co1/3Mn1/3O2 

powder and the thin-film coating were characterized by transmission electron microscopy 

(TEM, model JEOL 200CX), and scanning electron microscopy (SEM, model Hitachi S-

4300 SE/N). An X-ray powder diffraction pattern of a LiNi1/3Co1/3Mn1/3O2 /C material 

was obtained using a Philips X-Pert PRO diffractometer operating in Bragg-Brentano 

mode with Cu Kα radiation. 
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LiNi1/3Co1/3Mn1/3O2 composite electrodes were prepared as follows. The 

composite thin-film (~60 µm, ~1 mAhcm-2) cathodes consisted of a 84 wt.% of pure 

LiNi1/3Co1/3Mn1/3O2 or carbon-coated LiNi1/3Co1/3Mn1/3O2/C, 4 wt.% carbon black 

(Shawinigan), 4 wt.% SFG-6 (TIMCAL), and 8 wt.% PVdF (Kureha) deposited from a 1-

methyl-2-pyrrolidinone slurry on carbon-coated Al foil (Intelicoat Technologies). The 

freshly prepared electrodes were dried in a He-filled glove box antechamber vacuum 

oven at 120 ◦C, 0.2 Torr for 42 h. Disks of 1.8 cm2 were punched from the cast electrode 

and assembled in 2032 coin cells with Li-foil anodes, Celgard 3401 separators, and 1 M 

LiPF6, ethylene carbonate + dimethylcarbonate (EC/DMC, 1:2wt.%) electrolyte solutions 

in an inert atmosphere glovebox. 

 

Electrochemical characterization was conducted at room temperature using a 

BT/HSP-2043 (Arbin Instruments) testing system. The coin cells were cycled 

galvanostatically between 2.0 and 4.4 V. The charge process was always carried out at 

C/25 rate followed by a 15 min relaxation period at an open circuit voltage, unless 

otherwise specified. 

 

Results and Discussion 

Fig. 2 shows the X-ray diffraction patterns of the original LiNi1/3Co1/3Mn1/3O2 and 

MPCVD carbon-coated LiNi1/3Co1/3Mn1/3O2/C powders. All peaks could be indexed to 

space group R3_m (the α-NaFeO2 structure), in both cases. The pattern of 

LiNi1/3Co1/3Mn1/3O2 /C is nearly identical to pure LiNi1/3Co1/3Mn1/3O2 indicating that no 

thermal decomposition or phase transformation (including formation of a superlattice 
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structure caused by rearrangement of metal ions in 3a sites) took place during the 

microwave treatment. No peaks attributable to graphite could be detected in the pattern of 

LiNi1/3Co1/3Mn1/3O2/C due to its low carbon content.  

 

The typical Raman spectra of fresh LiNi1/3Co1/3Mn1/3O2 and MPCVD carbon-

coated LiNi1/3Co1/3Mn1/3O2/C powders recorded at 632.8 nm excitation wavelength are 

displayed in Fig. 3. The Raman active vibrations that correspond to the M–O stretching 

and O–M–O bending modes within MO2 layers are generally contained between 400 and 

650 cm−1 [33,34,35]. The group centered at ~590 cm−1 (Fig. 3a and b) is comprised of 

bands at 474, 554 (Ni–O), 594 cm−1 (Mn–O), and 486, 596 cm−1 (Co–O) that represent 

the vibrations within the hexagonal MO2 lattice.  

 

The spectrum of LiNi1/3Co1/3Mn1/3O2/C (Fig. 3b) exhibits two intense peaks 

assigned as the G- and D-band at 1596 and 1325 cm−1 that correspond to the E2g and A1g 

carbon vibration modes, respectively [36]. The D-band is associated with the break in 

symmetry that occurs at the edges of the graphite sheets. A shoulder at 1620 cm−1, known 

as the D’-band, is also attributed to discontinuity and disorder within graphene planes, 

but the exact nature of this peak is still under dispute [37].  

 

The presence of strong graphite G and D modes along with the absence of a sharp 

diamond Raman peak at ~1330 cm−1 in the Raman spectra suggests that the carbon film 

consists of a sp2-coordinated carbon phase similar to nano-crystalline graphite with a high 

degree of disorder [38]. The presence of Raman bands characteristic of 
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LiNi1/3Co1/3Mn1/3O2 in the spectrum of the carbon-coated material indicates that the 

carbon layer is relatively thin and/or non-uniform. Importantly, the Raman spectra of the 

LiNi1/3Co1/3Mn1/3O2/C composite powder corroborate the XRD data in that there is no 

sign of new phase formation due to, e.g., thermal decomposition. 

 

SEM images of the fresh and carbon-coated powders are shown in Fig. 4. The 

LiNi1/3Co1/3Mn1/3O2 powder constitutes of 0.5x2 µm elongated primary particles fused 

tightly into large 8-10 µm polycrystalline spherical agglomerates. Interestingly, the 

carbon layer cannot be clearly identified in the micrograph of LiNi1/3Co1/3Mn1/3O2/C due 

to its inherent thinness. The SEM images show no visible structural or morphology 

changes in the LiNi1/3Co1/3Mn1/3O2 oxide particles that could result from overheating or 

chemical reactions with the carbon film.  

 

The HRTEM image of the carbon-coated LiNi1/3Co1/3Mn1/3O2/C (Fig. 5) reveals 

an ca. 10 nm thick layer of carbonaceous material with an average interlayer spacing 

d002=3.6 Å. The large d-spacing compared to that of graphite (3.3545 Å) is typical for 

carbon blacks where graphene planes are parallel but randomly shifted with no 

turbostratic order. On the other hand, the relatively large dimensions ~30-50 Å of 

graphene clusters in the carbon film correspond to graphitized carbon blacks produced by 

heat treatment at T>1500oC. The carbon layer also displays regions where shorter layers 

of irregular shape prevail, which are typical of carbon blacks [39]. 
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To evaluate the power capability of the carbon-coated LiNi1/3Co1/3Mn1/3O2/C 

material, the composite electrode was tested at different discharge rates. Figure 6 shows 

the discharge curves for the carbon coated and uncoated powders at C/2, 1C, and 2C 

rates, which correspond to 0.5, 1.0, and 2.0 mA/cm2 discharge currents, respectively. The 

rate performance of the LiNi1/3Co1/3Mn1/3O2/C composite cathode exhibits a smaller 

polarization potential drop and better capacity retention than the electrode produced with 

the uncoated LiNi1/3Co1/3Mn1/3O2 powder. Such improved rate performance suggests that 

the thin graphite layer on active material particles helps assure good electronic contact 

within the composite cathode and does not impede Li+ transport across the 

LiNi1/3Co1/3Mn1/3O2/electrolyte interface. 

 

The cycling performance of the uncoated and carbon-coated 

LiNi1/3Co1/3Mn1/3O2/C composite cathodes is illustrated in Figure 7. The galvanostatic 

charge-discharge cycling of the carbon-coated LiNi1/3Co1/3Mn1/3O2/C electrode over 40 

cycles at C/5 rate shows only ~4% capacity fading, which presents a significant 

improvement compared to the electrochemical performance of the uncoated electrode, 

which displays ~10% capacity fade at the end of cycling.  

 

The improved electrochemical behavior of the MPCVD C-coated 

LiNi1/3Co1/3Mn1/3O2 material is due to better electrical contact between the particles in the 

composite cathode as well as the current collector. In the absence of any significant 

structural degradation, the capacity loss and cell impedance rise are usually associated 

with the loss of electronic conductivity within the composite cathode [35]. It is 
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particularly important to provide a direct conductivity path to the primary particles in 

larger agglomerates of active material, which are often intrinsically in poor electronic 

contact with each other [40]. The slightly higher carbon content in the composite 

electrode manufactured from the carbon-coated LiNi1/3Co1/3Mn1/3O2/C could have also 

contributed to the improvement the electrochemical performance. However, it has been 

demonstrated that the uniformity of carbon additive distribution within the composite 

electrode is a critical parameter that determines the electrode kinetics [16].  

 

A simple co-synthesis or pyrolytic route to produce carbon coatings is not 

available in this case because the oxides are usually synthesized in air or under oxygen at 

temperatures >800 oC, which will oxidize any carbon source to CO2 or CO. The MPCVD 

of thin graphitized carbon coatings on lithium metal oxides offers a unique and effective 

way of enhancing the rate and cycling performance of metal oxide cathode materials for 

Li-ion batteries. This manufacturing methodology provides an easy, fast, and inexpensive 

method for the direct formation of uniform and highly conductive carbon thin films on 

any type of electrode materials. Although the present batch process is impractical for 

large scale production, MPCVD can be easily envisioned in a continuous deposition 

configuration which allows nonstop feeding of electrode material into the reactor.  

 

Conclusions 

We demonstrated a novel direct deposition method of thin film conductive 

graphitized carbon coatings on LiNi1/3Co1/3Mn1/3O2 cathode active material powder for 

lithium-ion batteries. Thin layers of graphitic carbon were produced from a solid organic 
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precursor anthracene by a one step microwave plasma chemical vapor deposition 

(MPCVD). The carbon deposition process did not induce thermal decomposition or 

transformation to new oxide phases. The carbon film consists of a sp2-coordinated carbon 

phase similar to nano-crystalline graphite with a high degree of disorder, which 

corresponds to graphitized carbon blacks produced otherwise by pyrolysis at T>1500oC. 

The improved electrochemical behavior of the MPCVD C-coated LiNi1/3Co1/3Mn1/3O2 

material is due to good electrical contact between primary particles of the active material. 

The thin graphite layer on active material particles helps assure good electronic contact 

within the composite cathode and does not impede Li+ transport across the 

LiNi1/3Co1/3Mn1/3O2/electrolyte interface. 
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Figure Captions 

Figure 1. A diagram of the microwave plasma chemical vapor deposition system (a), 

schematic representation of the deposition of carbon thin-films on LiNi1/3Co1/3Mn1/3O2 

powder (b). 

 

Figure 2. X-ray diffraction pattern of the fresh LiNi1/3Co1/3Mn1/3O2 and MPCVD coated 

LiNi1/3Co1/3Mn1/3O2 /C powders.  

 

Figure 3. Micro-Raman spectra of the fresh LiNi1/3Co1/3Mn1/3O2  (a) and 

LiNi1/3Co1/3Mn1/3O2 /C (b) powders recorded at 632.8 nm excitation wavelength.  

 

Figure 4.  SEM micrographs of the fresh LiNi1/3Co1/3Mn1/3O2 (a) and MPCVD 

LiNi1/3Co1/3Mn1/3O2 /C (b) powders.  

 

Figure 5. HRTEM image of the MPCVD carbon-coated LiNi1/3Co1/3Mn1/3O2 /C powder. 

 

Figure 6. Discharge capacities of Li cells containing LiNi1/3Co1/3Mn1/3O2  (solid line) and 

LiNi1/3Co1/3Mn1/3O2 /C (dashed line) cathodes at different rates (cells were charged at 

C/25 prior to discharge at given rate). 

 

Figure 7. Discharge capacities of Li cells containing LiNi1/3Co1/3Mn1/3O2 (●), and 

LiNi1/3Co1/3Mn1/3O2/C (▼) cathodes during cycling at room temperature at C/5 rate 

between 4.3 and 2.0V. (charging was carried out at C/25 rate). 
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