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Carbon nanocages with a hierarchical structure have attracted increasing attention in recent years due to
the high rate capability of supercapacitors based on such materials. In this study, cubic carbon nanocages
(CNCs) with a hierarchical porous structure were prepared by using cubic magnesium oxide as a
template and sucrose as the carbon source. The carbon nanocages interconnect to form 3D nanoparticles,
when used as the electrode material for supercapacitors, exhibit a high specific capacitance and excellent
rate capability. The specific capacitance at a current density of 50 A g* can reach 135 F g 1. The excellent
capacitive performance of carbon nanocages is attributed to the macropores formed by the cavity inside
the cages and interparticle voids, which provide a fast pathway for ion transportation by shortening the
diffusion pathway for electrolyte ions. Moreover, CNCs possess good cycling stability with a
capacitance retention of 96.2% after 10000 cycles.
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1. INTRODUCTION

With the increasing environmental crisis, developing high performance and environment-
friendly energy storage technology has become an urgent task. Supercapacitors have been widely used
in high-power supply equipment, military equipment and smart grids because of their high power density,
long cycle life and fast charging ability[1, 2]. Carbon-based supercapacitors have become the most
widely used devices due to their high specific surface area, excellent electrical conductivity and chemical
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stability. Various carbon materials have been investigated as electrode materials in electrical double
layer capacitors (EDLCs), including activated carbons, mesoporous carbons, carbon nanotubes (CNTS),
graphene and so on[3-5]. However, the tortuous micropore structure of activated carbon results in great
resistance to the transmission of electrolyte ions and exhibits a poor rate capability. A mesoporous
structure is not as good as a microporous structure for charge storage[6, 7].

Therefore, the porous structure of carbon materials has an important effect on their capacitive
performance. Micropores can improve the storage capacity of electrolyte ions; macropores can be used
as a reservoir for electrolyte ions, which shortens the diffusion pathway of electrolyte ions; and
mesopores can reduce the diffusion resistance for electrolyte ions[8, 9]. The synergistic effect of
hierarchical porous carbons with micropores, mesopores and macropores exhibits an excellent capacitive
performance[10, 11]. It should be noted that the development of novel hierarchical porous carbon has
become a research hotspot in the field of supercapacitor electrode materials.

Carbon nanocages have attracted much interest because of their hierarchical porous structure[12-
15]. The stacking of such nanocages leads to the formation of a 3-dimension (3D) nanoarchitecture. The
3D nanostructures can provide a continuous electron pathway to ensure high electrical conductivity. The
cavity inside the cages and interparticle voids can be used as ion-buffering reservoirs. The existence of
such macropores ensures fast ion diffusion via a shortening of diffusion pathways, shortens the diffusion
pathway of electrolyte ions, and improves the rate capability of the electrode material. There features
indicate that carbon nanocages are a potential electrode material for supercapacitors and exhibit high
capacitance and an excellent rate capability. The commonly used methods for preparing carbon
nanocages are chemical vapor deposition and active metal reduction, which are complex and involve a
high cost[12, 14, 16]. Development of a simple and economical method to synthesize high performance
carbon nanocage electrode materials is an important topic at present.

In this work, carbon nanocages were prepared using the cubic structure of magnesium oxide
formed by metal magnesium combustion as a template and sucrose as a carbon source. After high
temperature carbonization, carbon nanocages were obtained after removal of the magnesium oxide
template. The prepared material had a hierarchical porous structure and exhibited a high specific
capacitance and good rate performance.

2. EXPERIMENTAL

2.1. Preparation of porous carbon

A magnesium ribbon was ignited in air. The obtained magnesium oxide was ground into powder.
Then, 1 g sucrose and 2 g magnesium oxide powder were dissolved in 6 g water. The mixture was dried
at 80 °C for 24 h. Pyrolysis was performed in a N2 atmosphere at varying temperatures for 2 h. The
sample was immersed in a dilute hydrochloric acid solution at 80 °C for 8 h to remove the MgO template
and washed to neutral with deionized water. Finally, the sample was dried at 60 °C in an oven and
denoted as CNCX, where X is the carbonization temperature.
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2.2. Physicochemical characterization

Scanning electron microscopy (SEM) images of the sample morphology were recorded using a
microscope (Zeiss ultra plus) at 3 kV; transmission electron microscopy (TEM) characterization was
carried out using a microscope (JEM-2000EX, JOE) operated at 120 kV and (FEI tecnai G2) at 200 kV.
Powder X-ray diffraction (XRD) measurements were carried out using an XRD-6100 (Shimadzu). The
Quantachrome AutoSorb iQ system was used to measure the specific surface area and pore size
distribution. The specific surface area was calculated by a conventional Brunauer—-Emmet—Teller (BET)
plot. X-ray photoelectron spectroscopy (XPS) experiments were performed using a Thermo Scientific
spectrometer with an Escalab 250 Xi X-ray as the excitation source.

2.3. Electrochemical test

Carbon, acetylene black and polytetrafluoroethylene (PTFE) were used according to a mass ratio
of 85:10:5 and ground and mixed evenly. The mixture presented a clay state following the addition of a
small amount of ethanol. A circular electrode membrane with a diameter of 9 mm was sandwiched
between two nickel foams and used as the current collector. The electrochemical performance of the
samples was evaluated in a three electrode cell device, with the prepared sample membrane, a Pt plate
and Ag/AgCI electrode used as the working electrode, counter electrode and reference electrode,
respectively. In the two-electrode system, two working electrodes were placed on both sides of
polypropylene with polypropylene as the membrane and then sealed with a 2032 battery after adding a
steel sheet. The electrolyte used in the electrochemical tests was a 6 M KOH solution. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were performed using an
electrochemical workstation (Shanghai CH Instruments, CHI760E) in a three-electrode system.
Galvanostatic charge-discharge tests were carried out using a battery test station (BTS; Neware, China)
with a symmetric electrode configuration.
The specific capacitance can be calculated from the following formula according to the charge
and discharge data:
4iAt
- AVm
where m, AV, I and At are the total mass of the active material on the two electrodes, voltage
drop, discharge current and discharge time, respectively.
The formula used for calculating the virtual capacitance of the electrode materials by impedance
spectroscopy is as follows:

Zl
n=
2nfm(1Z'1* +12"|%)
where Z', Z", f and m are the real part of the electrode resistance, imaginary part of the electrode
resistance, operating frequency and mass of the active material, respectively[17].
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3. RESULTS AND DISCUSSION

Fig. 1a shows that the magnesium oxide template has a cubic structure with a size range of 100-
200 nm. The morphologies of CNC800 were observed from SEM and TEM images, as shown in Fig. 1b
and Fig. 1c. The SEM image of CNCB800 shows that 3D nanoparticles formed by the stacking of a large
number of tiny cubic particles with a size range of 100-200 nm. The size of the hollow in the cage is
exactly the same as that of magnesium oxide. The shell thickness of the nanocages is typically less than
5nm, as shown in Fig. 1d. Magnesium oxide is used as a hard template in the process of carbonization,
and a carbon layer can be formed on the template by high temperature carbonization of sucrose. With
the removal of magnesium oxide, a hollow cage structure appears.

Figure 1. SEM images of magnesium oxide (a) and CNC800 (b); TEM images of CNC800 (c, d).

XRD was used to characterize the crystal structure of the carbon nanocages, as shown in Fig. 2a.
Broad diffraction peaks can be observed at an angle of approximately 24°, which corresponds to the (002)
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plane of the graphite structure. With the increasing carbonization temperature, the crystal structure of
the carbon materials changes. For CNC900, the diffraction peaks for the (100) plane are observed at 43°,
which shows that the graphitization degree of CNC900 is obviously improved. The results indicate the
amorphous characteristics for the partially graphitized structure of the CNCs.
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Figure 2. XRD patterns of the CNCs (a); XPS spectra of the CNCs (b); high resolution O1s peaks of
CNC800 (c).

XPS measurements were carried out to evaluate the chemical composition on the surface. As
shown in Fig. 2b, the surface of the carbon materials mainly contains two elements: carbon and oxygen.
With increasing carbonization temperature, the atomic percentage of oxygen on the surface of the carbon
nanocages is 10.4%, 6.0% and 3.8%. The high resolution O1s peaks for CNC800 are fitted into five
components originating from the oxygen in the quinone groups (530.4 eV) and oxygen in -COOH (531.2
eV), -C=0 (531.9 eV), -C-0O (532.8 eV), and -OH (533.4 eV), as shown in Fig. 2c[18, 19]. In general,
oxygen-containing functional groups on the surface of the carbon material can improve the wettability
of the electrolyte solution and hence the accessible surface area for enhancing the electrical double
layer[14, 15]. Therefore, the capacitive performance of CNCs will be improved. Studies have indicated
that the oxygen in carboxyl and phenolic groups is more conducive to the formation of an electric double
layer on the surface of carbon materials in an alkaline electrolyte[18, 20]. The content of oxygen in the
phenolic and carboxyl groups is 34.8%; these oxygen functional groups enhance the capacitance of
carbon materials.
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Figure 3. N» adsorption—desorption isotherm and surface area of the CNCs (a); micropore and external
surface area of the CNCs (b).

The specific surface area and porous structure of the carbon materials were characterized by
nitrogen adsorption-desorption measurements. As shown in Fig. 3a, the N2 adsorption-desorption curves
of the CNCs belong to type-1V isotherms (based on the IUPAC classification). The hysteresis loop
appears at a relative pressure of 0.5, indicating that a large number of mesoporous structures exist in the
carbon materials. The specific surface areas of CNC700, CNC800 and CNC900 are 914, 1065 and 1147
m? g, respectively. As the carbonization temperature increases, the specific surface area gradually
increases, possibly due to the activation of magnesium oxide at high temperature.
Microporous structure parameters are obtained by the t-plot method. As shown in Fig. 3b, compared
with CNC700, the proportion of the micropore area in CNC800 and CNC900 significantly decreased.
This decrease in micropore area indicates that there are a large number of mesoporous channels in
CNC800 and CNC900. Moreover, the sharp jump in the curve at higher relative pressures of 0.9-1
suggests the existence of macropores in the CNCs[13]. The nitrogen adsorption experiment shows that
the carbon nanocages prepared by using magnesium oxide as the template have a hierarchical structure,
which is beneficial to shorten the diffusion pathways of ions.

Cyclic voltammetry (CV) measurements were used to investigate the capacitive performance of
the nanocage materials by using a three-electrode system in a 6.0 M KOH aqueous electrolyte. Fig. 4a
shows the CV curves for the CNCs measured at a scan rate of 10 mV s*. The curve presented with nearly
symmetrical rectangular shapes, implying that the capacitive response mainly arises from the
electrochemical double layer capacitance. In addition, broad reversible humps can be observed for
CNC700 and CNC800 due to the pseudo-capacitance that occurs via redox reactions[15]. Compared
with CNC900, CNC700 and CNCB800 have a higher response current, and the response current is
proportional to the capacitance value. Although CNC900 has the highest specific surface area, the
specific surface area is not the only factor that determines the capacitance. The graphitization degree of
the carbon materials will affect the wettability of the electrolyte solution. The high graphitization degree
of CNC900 reduces the wettability between electrolyte and carbon materials. In addition, with the
increasing carbonization temperature, the oxygen-containing functional groups on the surface of the
carbon materials gradually decrease. Oxygen-containing functional groups can produce a
pseudocapacitance through a reversible oxidation-reduction reaction in an alkaline electrolyte [18, 21,
22]. Oxygen-containing functional groups can also improve the hydrophilicity of the surface of carbon
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materials. Therefore, CNC700 and CNC800 have a higher specific capacitance. It is noted that as the
scan rates increased to 1000 mV s, the CV curve for the CNC700 electrode became spindle-shaped and
those for CNC800 and CNC900 still had rectangular-shapes without an oblique angle, indicating the
highly capacitive nature and rate capability of carbon nanocages carbonized at high temperature.
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Figure 4. CV curves for the CNCs measured at a scan rate of 10 mV s7'(a); 1000 mV s’ (b); Nyquist
plot for the CNCs (c); changes in the imaginary part of the capacitance with frequency for the
CNGCs (d).

Electrochemical impedance spectroscopy was used to further study the capacitive characteristics
of the electrode materials. Nyquist plots are shown in Fig. 4c. The intercept of the plot in the high-
frequency region represents the equivalent series resistance, which includes the intrinsic resistance of
the carbon material, electrolyte resistance, and contact resistance of the current collector/electrode
interface[23]. The values of the intersection for CNC700, CNC800 and CNC900 are 0.34, 0.27, and 0.28
Q, respectively. At an intermediate frequency, the curve does not appear to be a semicircle, indicating
fast ion diffusion of the porous electrode material. The EIS curve for the CNC sample is perpendicular
to the real axis in the low-frequency region, which is similar to the characteristic of the ideal capacitive
behavior.
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Figure 5. Galvanostatic charge-discharge curves for CNC800 at varying current densities of CNC800
(a, b); specific capacitance at varying current densities (c); cycling stability tests at a current
density of 10 A g’ for CNC800 (d).

EIS data were processed to obtain the imaginary part of the capacitance to further investigate the
electrolyte ion transport inside the porous electrode, as shown in Fig. 4d. A peak can be observed with
a changing frequency, which is considered to be the demarcation point for the electrode resistance
behavior and capacitance behavior[17]. The reciprocal of the frequency at the peak is the time constant
to, which is the minimum time required to discharge the energy of a device with an efficiency of more
than 50%. The time constant for the CNCs can be analyzed from Fig. 4d. The CNC800 and CNC900
electrodes exhibit a faster frequency response than CNC700, indicating that the carbon nanocage
structure is conducive to the rapid transmission of electrolyte ions and electrons at a high current. The
CV and EIS measurements show that CNC800 is an ideal electrode material for supercapacitors because
of its high specific capacitance and excellent rate performance.

A galvanostatic charge-discharge test for CNC800 was carried out in the two-electrode system.
Fig. 5 shows the charge-discharge curve for CNCB800 at varying current densities. The galvanostatic
charge-discharge curves present nearly symmetrical triangles with a slight deviation, which proves that
the capacitance arises from both double-layer capacitance and pseudocapacitance. At a current density
of 10 A g, there is still no obvious IR drop, indicating that the electrode material has a very small
equivalent series resistance.

The specific capacitance at different current densities is shown in Fig. 5¢c. At a current density of
0.05 A g2, the specific capacitance of the CNC800 reaches 193 F g* and the area-normalized capacitance
reaches 22.1 pF cm™, which exceeds the theoretical specific capacitance of a clean graphite surface[24].
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The presence of oxygen-containing functional groups on the surface increases the hydrophilicity of
CNCs and increases the ion accessible specific surface area for electrolyte ions. In addition,
pseudocapacitance will be generated through faradic reactions in the alkaline electrolyte. The
synergistic effect of the above factors leads to an increase in the area-normalized capacitance. At a high
current density of 50 A g1, the specific capacitance can still reach 135 F g and the capacitance retention
rate can reach 70.0%, showing excellent rate performance. As shown in Tab.1, the results were compared
with hierarchical porous carbons reported in the literature. CNCB800 exhibited a better capacitive
performance than other hierarchical porous carbons. The good capacitive performance of the CNC
material can be attributed to its hierarchical porous structure. First, macropores composed of a cavity
inside a cage with interparticle voids acting as a reservoir for electrolyte ions lead to a shortening of the
pathway for electrolyte ion migration into the micropores and the mesopores, resulting in the easier
transfer of ions at a high current. Second, mesopores are considered to be transport channels for
electrolyte ions, reducing the charge transfer resistance. Finally, the synergistic effect of macropores and
mesopores provides an efficient transport path for ion transport.

Table 1. Comparison of the CNC800 prepared in this work with materials in the literature

Sample Capacitance (F g*) Current density (A g?) Electrolyte Ref
CNC800 135 50 6 M KOH This work
OPC 84 15 6 M KOH 25]
N-PCNs 118 10 6 M KOH 26]
AC3-700 98 1 6 M KOH 27]
HPNC950 70 10 6 M KOH 28]
BAC-2 63 10 6 M KOH 29]
NGC700 84 10 6 M KOH 30]

The cycling stability of the sample was evaluated by galvanostatic charge-discharge cycles of 10
A g?in a two-electrode system. The capacitance retention curve is shown in Fig. 5d. The capacitance
retention curve slightly decreases in the first 500 cycles, but subsequently tends to show a stable
capacitance. After 10000 cycles, the retention rate of the capacitance is 96.2%, suggesting excellent
cyclic stability.

4. CONCLUSION

In this work, carbon nanocages with a hierarchical pore structure were prepared by using cubic
magnesium oxide as a template and sucrose as the carbon source. CNCs have a small intrinsic resistance
and low charge transfer resistance. The synergistic effect of a macroporous and mesoporous structure
reduces the transmission resistance of electrolyte ions. The existence of macropores and voids in the
cage structure reduces the distance travelled by electrolyte ions entering the pore and improves the
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transmission performance of electrolyte ions at a high current. The above results prove that carbon
nanocages are a potential electrode material for supercapacitors.
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