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Abstract 

Carbon nanocages have been prepared by a catalytic decomposition of p-Xylene on a 

MgO supported Co and Mo catalyst in supercritical CO2 at a pressure of 10.34 MPa and 

temperatures ranging from 650 to 750 oC.  The electrochemical performance of these carbon 

nanocages as anodes for lithium ion batteries has been evaluated by galvanostatic cycling.  

The carbon nanocages prepared at a temperature of 750 oC exhibited relatively high reversible 

capacities, superior rate performance and excellent cycling life.  The advanced performance 

of the carbon nanocages prepared at 750 oC is ascribed to their unique structural features: 1) 

the partially graphitized carbon shells and the well inter-cage contact ensuring the fast 

electron transportation, 2) the porous network formed by the fine pores in the carbon shell and 

the void space among the cages facilitating the penetration of the electrolyte and ions within 

the electrode, 3) the thin carbon shells shortening the diffusion distance of Li ions, and 4) the 

high specific surface area providing a large number of active sites for charge-transfer 

reactions.  These carbon nanocages are promising candidate for the application in lithium ion 

batteries.  
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Introduction 

Due to the capacity and safety concerns associated with pure Li metal, carbon electrode 

materials have received considerable attention and are playing a key role in the field of 

lithium ion batteries.1-6  So far, graphite is still the most commonly used carbon electrode 

materials.  However, the theoretical lithium storage capacity in graphite is only up to 372 

mA h/g, which can not satisfy the demand for the lithium ion batteries with high energy 

storage capacity.  Thus, there is still need to improve or optimize the carbon electrode 

materials to enhance the storage capacity, the cycleability and the rate performance.  Usually, 

the chemical diffusion of lithium ions within the electrode materials is the rate-limiting step.7,8  

Therefore, much effort has been made to nanostructured carbon materials, especially to 

carbon materials with well-controlled dimensions and morphologies.  Carbon nanotubes, 

including multi-walled nanotubes or nanofilaments (MWNTs)1,9-15 and single-walled 

nanotubes (SWNTs)16-18 have been studied as anode materials for lithium ion batteries.  

Although a high reversible capacity of 400 – 600 mA h/g can be reached, the low graphitized 

carbon nanotubes with high specific surface area are usually less stable during the 

galvanostatic cycling.14-16,19  Moreover, for high-graphitized carbon nanotubes, long-term 

stability can be achieved, but the reversible capability is low, even lower than that of 

graphite.15  Recently, mesoporous carbon materials prepared by a soft or hard template 
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method have been considered as anode materials for lithium ion batteries.6,20-22  Taking the 

advantages of the high specific surface area and the well-ordered porous channel systems, 

mesoporous carbon materials exhibit high lithium storage capacity.  However, the 

amorphous wall and the poor electronic conductivity of the mesoporous carbon lead to the 

poor cycling and rate performance.6,20-22 

Carbon nanocages, with remarkably large mesoporous volumes, have been fabricated by 

the deposition of p-Xylene over a Co/Mo catalyst in supercritical carbon dioxide.23  The 

structure of the nanocages produced can be well-controlled by tuning the reaction temperature 

and pressure.  In this work, the electrochemical properties of these carbon nanocages for 

lithium ion batteries have been evaluated.  These carbon nanocages with unique structure 

features are expected to meet the demands for the electrode materials with high storage 

capacity, good cycling and rate performance. 

 

Experimental 

The carbon nanocages were prepared by the deposition of p-Xylene over a Co/Mo catalyst 

in supercritical carbon dioxide as described in our previous work.23  The surface area and 

pore volume of the nanocages produced were manipulated by tuning the reaction temperature 

and pressure employed.  Typically, a quartz boat containing 0.5 g MgO supported 3 wt % Co 
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and 4 wt % Mo catalyst was placed in the center of a high-pressure stainless steel reactor 

(Inconel 625 GR2- Snap-tite, Inc.), followed by the heating treatment in a reducing 

atmosphere of H2/Ar (1:9, v/v) at a flow rate of 200 mL min-1 for 30 min.  P-Xylene was 

first added into a 450 mL stainless steel reservoir and charged with CO2 at 40 oC.  The 

gaseous mixture maintaining above the critical temperature and pressure of CO2 flowed 

through reactor at a constant pressure and a controlled flow rate.  The reactions were 

conducted at temperatures of 650, 700, and 750 oC, respectively, for approximately 1 h, 

followed by the cooling down to room temperature under an Ar flow.  The carbon nanocages 

were obtained by treating the resulting black powder in 6 M HNO3.  The carbon nanocages 

prepared at temperatures of 650, 700, and 750 oC were denoted as CNC-650, CNC-700, and 

CNC-750, respectively in the context.  

 

X-ray diffraction (XRD) patterns were recorded in a θ-2θ mode on D/max-2200/PC 

diffractometer from Rigaku Corp. Japan.  The morphology of the carbon nanofiber arrays 

was characterized by scanning electron microscopy (SEM) performed on a field-emission 

scanning microscope (FESEM; Carl Zeiss Gemini Supra) operating at 10 kV.  Transmission 

electron microscopy (TEM) images were recorded using a JEOL 2010F microscope operated 

at 200 kV.  Raman spectra were obtained with a Super LabRam microscopic Raman 
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spectrometer.  The wavelength of the exciting radiation provided by an inner air-cooled 

He−Ne laser was 632.8 nm. 

 

To prepare the electrodes, the carbon nanocages were mixed thoroughly with 

polyvinylidene fluoride (PVDF) in a weight ratio of 95:5 in N-methyl-2-pyrrolidone (NMP).  

The mixtures were then pressed onto nickel mesh (100 mesh) as the working electrode.  The 

electrode was dried at a temperature of 100 ºC under vacuum for approximately 24 hour.  Li 

metal pressed on a nickel mesh was used as the reference and counter electrodes. 

Galvanostatic discharge–charge measurements were performed in 1 M LiClO4 in EC-DEC 

(EC/DEC = 1/1, v/v) within voltage limits of 3.5-0.01 V (vs. Li+/Li) under constant current 

densities of 0.1, 0.5, 1, 2, 5, and 10 A g−1. 

 

Results and discussion 

Cage-like carbons are prepared by the catalytic decomposition of p-Xylene on a MgO 

supported Co/Mo catalyst in supercritical CO2 at a pressure of 10.34 MPa over a temperature 

in the range from 650 to 750 oC.23  No obvious difference in the morphology of these carbon 

nanocages is observed in the SEM images as shown in Figure 1.  In the reaction, the 

pyrolysis of p-Xylene occurs on the surface Co/Mo/MgO catalyst nanoparticles.  The carbon 
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nanocages are obtained by the following dissolution of the Co/Mo/MgO catalyst in HNO3.  

So the morphology of the catalyst determines the dimensions of the carbon nanocages.  

Given the fact that the same catalyst is used in the reaction, the carbon nanocages prepared at 

different temperatures exhibit the same spherical morphology.  

Currently, carbon materials have been widely used as the electrode materials for lithium-ion 

batteries.  The electrochemical performance of these electrode materials largely depends on 

the properties of the carbon materials, including the porosity, the specific surface area, the 

conductivity and morphology.  Carbon with cage-like morphology is a promising candidate 

as electrodes for electrochemical applications.  In order to demonstrate the potential 

application of these carbon nanocages as anodes, the Li insertion/extraction behavior of these 

materials have been investigated in this work.  Figure 2 shows the first discharge/charge 

profiles of the nanocages of CNC-650, CNC-700, and CNC-750 at a discharge/charge rate of 

0.1 A/g.  As listed in Table 1, the first discharge and charge capacities of CNC-650 are 2504 

and 627 mA h/g, respectively, comparable with those of mesoporous carbon CMK-3.6  The 

discharge capacities of CNC-700 and CNC-750 are of 1397 and 1272 mA h/g, respectively, 

obviously lower than that of CNC-650.  However, the reversible capacities of these carbon 

nanocages are in the same range, indicating that the irreversible capacity of CNC-650 is larger 

than those of CNC-700 and CNC-750.  No obvious plateau is observed in the discharge 
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profiles of the carbon nanocages, similar to the typical carbon materials with low 

graphitization degree.24,25  The slope between 0.9 and 0.5 V is ascribed to the formation of 

solid electrolyte interface (SEI).  

The large irreversible capacity occurred in the first discharge/charge cycle is a common 

phenomenon for carbon materials, especially for hard carbon materials.6,25-27  The 

irreversible capacity is originated from the formation of a SEI layer by the decomposition of 

the electrolyte on the electrode surface, and the reaction of Li with active sites in the 

electrode.25,28  Thus, the irreversible capacity is related to the surface area and disorder 

degree of the electrode materials.  As revealed in Table 1 and the following XRD, TEM and 

Raman investigations, compared with CNC-700 and CNC-750, CNC-650 has a higher 

specific surface area and a low graphitization degree. The high specific surface area and the 

low graphitization degree provide more active surface for the formation of the SEI layer and 

plenty of active sites for the irreversible reaction with Li ions, resulting in the large 

irreversible capacity. 

Powder XRD diffraction technique is a useful tool to investigate the graphitization degree 

and disorder nature of carbon materials.  The XRD pattern of CNC-750 shown in Figure 3 

clearly exhibits two diffractions located at approximately 24.2, and 43.4 (2θ), corresponding 

to the (002) and (100) diffractions of graphite, respectively.  The increase in the intensity of 
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the (002) diffractions with the reaction temperature and the absence of the (100) diffractions 

in the XRD patterns of CNC-650 and CNC-700 suggest that the graphitization degree of 

carbon nanocages prepared at 750 oC is higher than those prepared at lower temperatures, 650 

and 700 oC.  The d-spacing between the (002) planes of the carbon nanocages is 

approximately 0.37 nm, higher than the value of graphite.  The large d-spacing and 

broadened diffraction peaks indicate that amorphous structures present in these carbon 

nanocages, even for the sample prepared at a temperature as high as 750 oC. 

The structure and graphitization degree of these carbon nanocages are further revealed by 

the HRTEM observation. As shown in the HRTEM images in Figure 4, the thickness of the 

carbon shells are ranging from 2.0 to 3.0 nm for CNC-650, and from 4.0 to 5.0 nm for 

CNC-700 and CNC-750.  The thicker carbon shells of CNC-700 and CNC-750 result from 

the faster pyrolysis rate of p-Xylene on the surface of the catalyst at elevated temperatures.  

The amorphous nature of CNC-650 is observed clearly in the HRTEM image (Figure 4a).  

The micropores presented in the carbon shell account for the high specific surface area of 

CNC-650.  HRTEM image in Figure 4b reveals that the carbon nanocages CNC-700 are 

composed of curved carbon structure consisting of 5-10 carbon layers.  However, no obvious 

graphite domains with ordered graphene sheets are observed, indicating that the graphitization 

degree of CNC-700 is still quite low.  Higher graphitization degree is achieved by further 
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increasing the reaction temperature to 750 oC.  As shown in Figure 4c, graphite domains are 

clearly observed in the carbon shell of CNC-750.  The spacing among the graphene sheets is 

approximately 0.35 nm, consistent with the XRD investigation.  The graphitization degree of 

the carbon nanocages prepared at different temperatures is also evaluated by the investigation 

on the vibration properties of the carbon structures by Raman technique.  As shown in 

Figure 4d, all of the carbon nanocages exhibit two Raman peaks located at approximately 

1336 and 1580 cm-1, corresponding to the D- and G-band of polycrystalline carbon, 

respectively.  The D-band is associated with the defects, curved sheets, dangling bonds in the 

carbon structures, and G-band corresponds to E2g mode of graphite.29  The higher intensity 

of the G-band of CNC-750 over that of CNC-600 and CNC-700 suggests the higher 

graphitization degree of CNC-750, consistent with the XRD and HRTEM observations. 

The graphitization degree and porosity give an important impact on the coulombic 

efficiency of carbon materials.  Low coulombic efficiency is expected for amorphous carbon 

with large specific surface area and low graphitization degree.  As listed in Table 1, the 

coulombic efficiency of the first discharge-charge cycle is 25%, 36%, and 47% for CNC-600, 

CNC-700, and CNC-750, respectively.  The variation in the coulombic efficiency of the first 

cycle is consistent with the nature of the carbon nanocages as revealed by the XRD, TEM, 

and Raman investigations.  The coulombic efficiency variations of these carbon nanocages 
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are plotted as a function of the cycle number in Figure 5a.  The coulombic efficiency of 

CNC-750 increases dramatically with discharge-charge cycles, reaching over 98% when 

discharge-charged for about 10 cycles.  However, for CNC-700 and CNC-650, they have to 

be discharge-charged at the same current density for over 40 and 60 cycles, respectively, to 

gain such high coulombic efficiency.  

The cycling stability during the Li insertion/extraction processes is an important factor for 

the successful application of carbon materials as electrodes for lithium-ion batteries.  The 

cycling performance of the carbon nanocages is tested at a current density of 0.1 A/g.  Figure 

5b shows the profile of the charge capacities of the carbon nanocages varying with the 

discharge-charge cycles.  The reversible capacities of CNC-650 decay gradually with the 

discharge-charge cycles.  After discharge-charged for about 60 cycles, a reversible capacity 

of approximately 131 mA h/g is remained for CNC-650, only approximately 20 % of its initial 

charge capacity.  Cycled at the same current density, the reversible capacities of CNC-750 is 

significantly higher than that of CNC-650.  CNC-750 shows superb cycling stability.  No 

obvious decay is observed for CNC-750 when discharge-charged for more than 60 cycles at a 

current density of 0.1 A/g.  After 60 cycles, a reversible capacity of approximately 574 mA 

h/g, which is almost 96 % of its initial capacity, is well maintained for the CNC-750.  

CNC-700 also exhibits relatively good cycling stability, but lower reversible capacity.  The 
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better cycleability of the carbon nanocages prepared at relatively higher temperatures is 

ascribed to the increased graphitization degree and lowered specific surface area.  CNC-750 

even shows higher reversible capacity and better cycling stability compared with 

hierarchically porous carbons,25 the necklace-like hollow carbon nanospheres,30 and carbon 

nanofilaments.31  

Besides the high cycleability, the carbon nanocages prepared in supercritical CO2 also 

exhibit promisingly high rate performance.  Figure 6 shows the variations of the reversible 

capacities of the carbon nanocages with the current densities and discharge-charge cycles.  

The cells was first cycled at 0.1 A/g for 10 cycles, followed by the cycling at current densities 

increased stepwise to as high as 10 A/g.  Compared with CNC-650 and CNC-700, CNC-750 

exhibits superior rate performance.  For CNC-750, a reversible capacity of approximately 

400 mA h/g is achieved at a current density of 0.5 A/g, 235 mA h/g at 2.0 A/g and 58 mA h/g 

at 10 A/g.  Once the current density lowered back to 0.1 A/g, a reversible capacity of 510 

mA h/g is restored, indicating the good reversibility of these carbon nanocages.  Cycling at a 

current density of 2.0 A/g, reversible capacities of approximately 85 and 75 mA h/g were 

obtained for CNC-650 and CNC-700, respectively, much lower than that of CNC-750.  It is 

surprising to note that cycled at current densities over 1.0 A/g, the reversible capacity of 

CNC-650, which has high specific surface area and low graphitization degree is comparable 
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to that of CNC-700. Given the high specific surface area, the energy might be stored in the 

carbon nanocages following a mechanism similar to the electric double-layer capacitor 

(EDLC) when cycled at high rate. Due to the significant contribution of the energy stored by 

EDLC, the capacity of CNC-650 at rates over 1.0 A/g is higher than that of CNC-700.  The 

current density of 10 A/g is too high for CNC-650 and CNC-700 to get satisfactory reversible 

capacities, indicating the poor rate performance of these carbon nanocages.  It is also noted 

that the higher the current density, the better the cycleability, consistent with the hierarchically 

porous carbon monoliths reported in the literature.25. 

The high reversible capacities and superior rate performance of the carbon nanocages 

prepared by the supercritical fluid method in this work are ascribed to the unique structure of 

these carbon nanocages which favors both the electron transportation and electrolyte 

penetration (as illustrated in Figure 7).  First, the highly graphitized carbon shell and the well 

contacted cages ensure the fast and continuous transportation of electrons.  Second, the 

unique porous structure of the carbon electrodes provides a pathway for the fast distribution 

of the electrolyte and ions.  N2 adsorption-desorption analyses of these carbon nanocages 

reveal the presence of fine pores,23 with a mean diameter of about 2.3 nm, and large 

mesopores, with a mean diameter of approximately 20 nm, probably resulting from the 

opening in the carbon shell and the inter-cage space among the cages. The dissolution of the 
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catalyst inside the cages by the HNO3 acid also indicate that pore channels, which work as the 

pathway for the acid, exist in the carbon shell.  The large inter-cage mesopores, together with 

the fine pores in the cage shell form a network, facilitating the diffusion of electrolyte into the 

cages, and thus the fast transportation of the ions.  Third, the readily accessed void space 

inside the cages works as a reservoir for the electrolyte, leading to efficient Li insertion into 

the carbon shells from both the outer and inner surface of the cages.  Moreover, the shell 

thickness of these carbon nanocages is only several nanometers, greatly shortened the 

diffusion distance of Li ions.  The fast electron transportation among the well-graphitized 

carbon nanocages, the efficient electrolyte penetration in the porous network, and the shorten 

Li diffusion distance in the thin carbon shells might account for the high electrochemical 

performance of the carbon nanocages.  

 

Conclusion 

Carbon nanocages have been prepared by a catalytic decomposition of p-Xylene in 

supercritical CO2 at a pressure of 10.34 MPa and temperatures ranging from 650 to 750 oC.  

Due to the high graphitization degree of the carbon shells, the carbon nanocages prepared at a 

temperature of 750 oC exhibited better electrochemical performance than those prepared at 

temperatures of 650 to 700 oC.  The high reversible capacities, superior rate performance, 
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and good cycleability of the carbon nanocages prepared in this work are ascribed to the 

unique structure of these carbon nanocages.  The well-contacted carbon nanocages with fine 

pores in the thin carbon shells ensure the fast electron transportation among the 

well-graphitized carbon nanocages, the efficient electrolyte penetration in the porous network, 

and the shorten Li diffusion distance in the thin carbon shells.  
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Captions 

 

Figure 1  SEM images carbon nanocages prepared in sc-CO2 at (a) 650, (b) 700, and (c) 750 

oC. 

 

Figure 2  The first discharge-charge profiles of the carbon nanocages at a current density of 

0.1 A/g. 

 

Figure 3  The powder XRD patterns of (a) CNC-650, (b) CNC-700, and (c) CNC-750. 

 

Figure 4  HRTEM images of (a) CNC-650, (b) CNC-700, (c) CNC-750, and (d) Raman 

spectra of these carbon nanocages. The high magnification TEM image of 

CNC-750 (inset in c) shows the graphene sheets in the carbon shell. 

 

Figure 5  (a) Coulombic efficiencies and (b) cycling performances of the carbon nanocages. 

 

Figure 6  Rate performances of the carbon nanocages. 

 

Figure 7  Schematic representations of electron transportation and Li ion diffusion in the 

carbon shell, and electrolyte penetration within the porous network of the carbon 

nanocages. 
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Table 1 The specific surface area of the carbon nanocages determined by N2 

adsorption-desorption, and the first cycle discharge, charge capacity and 

coulombic efficiency of these carbon nanocages discharge-charged at a current 

density of 0.1 A/g.  

 

 
Temperature 

(oC) 

SBET 

(m2/g) 

1st Discharge 

Capacity 

(mA h/g) 

1st Charge 

Capacity 

(mA h/g) 

Coulombic 

Efficiency 

(%) 

CNC-650 650 1240 2504 627 25 

CNC-700 700 698 1397 460 36 

CNC-750 750 680 1271 598 47 
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Figure 1  
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Figure 2  
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Figure 3  
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Figure 4  
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Figure 5 
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Figure 6 
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Figure 7  
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