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Ordered multimodal porous carbon (OMPC) with hierarchical nanostructure is successfully 

synthesized by using a hard template method. Scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) and Brunauer-Emmett-Teller (BET) analyses are employed to 

characterize the as-synthesized OMPC sample. Based on the characterization results, it is 10 

confirmed that the as-prepared sample has multimodal porous structure with unique structural 

characteristics, such as high surface area (1161 m2 g-1) and well-developed three-dimensional (3D) 

interconnected ordered macropore framework with open mesopores embedded in the macropore 

walls, which enable the OMPC to effectively store and release large electrical charges. The 

electrochemical performance reveals that the combined hierachical meso- and macroporosity of 15 

OMPC electrode plays an important role in improving cycle stability and rate performance of the 

electrode. The OMPC electrode exhibits a highest specific capacitance of 257 F g-1 at low current 

density of 0.5 A g-1 and 152 F g-1 at high current density of 10 A g-1 in aqueous electrolyte of 1.0 

M H2SO4. This hierarchical nanostructure of OMPC can deliver energy density of 8.4 Wh kg-1 at a 

power density of 5.0 kW kg-1. The specific capacitance of about 90% is preserved after 1200 20 

cycles, revealing excellent cycling stability of OMPC. Such excellent performance is attributed to 

the unique hierarchical nanostructure of the OMPC, which facilitates fast mass transport along 

with large surface area for high electrical charge storage compared to commonly used electrode 

material such as activated carbon (AC).  

1. Introduction  25 

Increasing demand for high-power applications such as 
electric vehicles has triggered significant research efforts in 
the design and development of novel electrode materials for 
advanced energy storage devices. Electrochemcial capacitor 
(ECs) (also known as supercapacitor) as an important next 30 

generation energy storage device, has received extensive 
attention, mainly due to its higher power density than batteries 
and higher energy density than conventional capacitors.1,2 
Electrochemical capacitors can be classified as electric 
double-layer capacitors (EDLCs) and pseudocapacitors. In 35 

EDLCs, energy storage arises from the accumulation of 
electronic and ionic charges at the interface between the 
electrode material (carbon) and the electrolyte solution, 
whereas in pseudocapacitors, faradic reactions of the 
electroactive species take place on the surface of electrode 40 

such as metal oxides.3 Such charge storage mechanism 
requires high surface area. 

The material and structure of the electrode play a key role 
in the development of high performance supercapacitor with 
improved power density, energy density, rate capability and 45 

cycle stability. Carbon materials with large surface area such 
as activated carbon, carbon fibers, carbon aerogels and carbon 

papers have been widely used as electrode materials for 
EDLCs.4-9 The ideal properties of carbon as the electroactive 
material should include: (i) highly accessible electrochemical 50 

active surface area for electrolytes, (ii) good intra-and inter-
particle electrical conductivity in porous network, (iii) good 
electrolyte accessibility to the intra-and inter-pore space of 
carbon materials, (iv) a hierarchically porous structure with 
interconnected channels for facilitating the rapid diffusion of 55 

ions at a high rate and (v) better electrochemical and 
mechanical stability for good cycling performance.10 
However, at high current density the electrochemical 
performance of EDLCs suffers from severe reduction due to 
the electrolyte accessible surface area, and the power capacity 60 

is usually limited by the electrode kinetic constraints, such as 
inner-pore ion transport,11,12 which greatly hinders its practical 
application. 

Activated carbon (AC) has earned its status as an electrode 
material in EDLCs due to its cost effectiveness and the large 65 

specific surface area and its ability to accumulate a large 
number of charges. However, the narrow pore size distribution 
in the range of micropores (<2 nm) makes it difficult for 
electrolyte ions to access the narrow inner pore space. Hence, 
an undesired decrease in capacitance is evident at high current 70 

density due to the resistance to the diffusion and transport of 
electrolyte ions through narrow inner-pores13 and 
consequently, high rate performance can not be realized, 
which is important for high power supercapacitors. All the 
factors mentioned above may affect the electrolyte 75 
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accessibility and the rapid ion diffusion, and thus limit the 
capacitance. Recently, graphene has attracted great interest for 
EDLCs.14,15 As a two-dimensional (2D) carbon nanostructure, 
graphene can potentially combine the advantages of providing 
a fully accessible high specific surface area and high 5 

conductivity. However, a key issue is to avoid the restacking 
of the 2D sheets during electrode preparation, which is quite 
challenging.  

Hierarchically porous carbon materials are widely used for 
energy storage due to their ability to reduce the resistance of 10 

electrolyte diffusion.16-23 Hierarchically porous carbon 
materials, particularly mesopores in combination with 
macropores/micropores structures have enhanced properties 
compared with single-sized pore materials. This is due to the 
improved ionic transport through the larger pores of material 15 

and maintenance of a specific surface area on the level of fine 
pore system through micropores/mesopores.24,25 Despite such 
promissing potential, it is challenging, to synthesize 
hierarchically nanostructured carbon materials with large 
uniform mesopore-size, which enable the ions to enter the 20 

mesopores more easily at a high current density. 
Hierarchical nanostructured porous carbon having high 

specific surface area and 3D interconnected pore arrangement 
can facilitate efficient mass transport,26 and thus is expected 
to display great performance as EDLC electrodes at high 25 

current density.27 In recent years, hierarchical nanostructured 
carbon materials as electrode for EDLC have been reported in 
organic electrolytes 17,28-31 or in aqueous electrolyte in three-
electrode system.10-12,17,19 However, there are only few reports 
on hierarchical nanostructured carbon materials for EDLC 30 

using aqueous electrolyte in two-electrode system. Chen et 

al.32 have synthesized mesoporous hollow carbon spheres by 
CVD method with the specific capacitance of 99 F g-1 using 
two-electrode system in aqueous electrolyte.  Frackowiak and 
his group33 reported the high specific capacitance of 191 F g-1 35 

for mesoporous carbons prepared by an inverse replica 
technique. Guterl et al.34 prepared ordered porous carbon by 
template method and reported the specific capacitance of 208 
F g-1.  

In this work, we report a simple template synthesis of 40 

ordered multimodal porous carbon (OMPC) with hierarchical 
nanostructures including a macropore of 400 nm and 
mesopore of 21 nm in diameter. The as-synthesized OMPC 
possesses not only high surface area of 1161 m2 g-1, but also a 
well-developed 3D hierarchical nanostructure composed of 45 

macro-, meso- and micropores. This unique structure provides 
a more favorable path for penetration and transportation of 
electrolyte ions, demonstrating excellent supercapacitor 
performance of the OMPC especially at high current density. 

2. Experimental  50 

2.1 Materials 

All chemicals were of analytical grade. Polystyrene (PS), 
phenol and paraformaldehyde (PFA) were purchased from 
Sigma-Aldrich. All chemicals were used as received without 
any further purification.Activated carbon was purchased from 55 

SAMCHUN Pure Chemical Co., South Korea.  
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2.2 Synthesis of ordered multimodal porous carbon (OMPC)  

The synthesis method of the 3D interconnected ordered 75 

multimodal porous carbon (OMPC) is adapted from our 
previous work35 and briefly described by the process shown in 
Fig. 1. Ordered hierarchical nanostructured silica (OHNS) was 
first synthesized using monodisperse polystyrene (PS) spheres 
as a template along with colloidal dispersion of small silica 80 

particles as described below. Initially, monodisperse PS 
spheres with 450 nm in size were mixed with a colloidal 
dispersion of much smaller silica particles with ca. 20 nm in 
size in the mass ratio of 100:1 for PS and silica particles, 
respectively. Upon gradual drying of the mixture, the 85 

monodisperse PS spheres self-assembled into an ordered 
lattice where the meso-sized smaller silica particles are forced 
to pack closely at the interstices between the PS spheres, 
which leads to the generation of particulate silica gels around 
the ordered PS lattice. Subsequently, the resulting composite 90 

was slowly heated to 550 °C and kept for 6 h under air to 
remove the PS colloids and to sinter the silica nanoparticles at 
their contact points, which results in firm ordered hierarchical 
nanostructured silica (OHNS) composed of particulate silica 
gels in the wall of the ordered macropore array. Interestingly, 95 

the voids between the sintered silica particles in the resulting 
OHNS also provide fully interconnected mesopores.26 The as-
synthesized OHNS framework was then used as a template for 
the synthesis of OMPC. 0.374 g of phenol was incorporated 
into the interstitial mesopore voids between the silica particles 100 

of 1.0 g of template by heating at 100 °C for 12 h under 
vacuum. The resulting phenol-incorporated OHNS template 
was then reacted with 0.238 g of PFA evaporated under 
vacuum at 130 °C for 24 h for polymerization to generate a 
phenol-resin/OHNS composite. After carbonization of the 105 

composite at 900 °C for 5 h and the etching of silica by 2.0 M 
of NaOH from the carbon/OHNS composite, OMPC was 
produced. The etching of meso-sized silica nanoprticles in the 
carbon/OHNS composite leaves corresponding mesopores in 
the cabon framework in additon to macropores formed by 110 

removal of PS spheres, resulting in OMPC with macro-, meso- 
and micropores in the carbon framework. 

 

  
Fig. 1 Schematic representation for the fabrication of OMPC with 
hierarchical porosity. 
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2.3 Instrumental analysis 

X-ray diffraction (XRD) analysis was performed on a Rigaku 
Smartlab X-ray diffractometer with Cu Kα radiation 
(λ=1.5406 Å) operating at 40 kV and 30 mA. Scanning 
electron microscopy (SEM) analysis was carried out with a 5 

Hitachi (S-4700, Hitachi, Japan) microscope operated at 
acceleration voltage of 10 kV. Transmission electron 
microscopy (TEM) images were collected using JEOL FE 
2010 microscope operated at 200 kV. N2 sorption isotherms 
were measured on Micromeritics ASAP 2020 surface area and 10 

porosity analyser at 77 K. Before measurements, the samples 
were degassed at 150 oC at 20 mTorr pressure for 12 h. The 
specific surface areas (SBET) were determined from nitrogen 
adsorption using the Brunauere-Emmette-Teller (BET) 
equation. The total pore volume (Vtotal) was determined from 15 

the amount of gas adsorbed at the relative pressure of 0.99, 
while the mesopore volume (Vmeso) and micropore volume 
(Vmicro) of the porous carbons were calculated from analysis 
of the adsorption isotherms using the Horvath–Kawazoe (HK) 
method. The pore size distribution (PSD) was calculated from 20 

the analysis of the adsorption branch using the Barrett-Joyner-
Halenda (BJH) method. 

2.4 Electrode fabrication and electrochemical 

characterization 

The electrodes were prepared by mixing 75 wt % OMPC as an 25 

active material, 15 wt % super P, 10 wt % polyvinylidene 
fluoride (PVdF) and few drops of N-methylpyrrolidinone 
(NMP) as a solvent, which was added to form uniform slurry. 
The resulting uniform slurry was then coated onto graphite 
substrate serving as a current collector. The addition of super 30 

P content facilitates electron transport from the active 
materials to the current collector.36 The native carbon not only 
improves the local conductivity but also prevents the 
detachment and aggregation of the active material during 
cycling.37The electrode area and mass of active material were 35 

1.0 cm2 and 1.5 mg, respectively. The coated electrodes were 
dried at 80 oC overnight in vacuum oven. The electrochemical 
performances of the electrodes were characterized by cyclic 
voltammetry (CV), galvanostatic charge/discharge (GCD) 
measurements and electrochemical impedance spectroscopy 40 

(EIS). The commercially available activated carbon was also 
studied under the same electrochemical conditions for the 
comparison. 

The electrochemical properties of the supercapacitor 
electrodes were tested in aqueous electrolyte (1.0 M H2SO4) 45 

using a two-electrode system. The cycling range was 0.0 to 
1.0 V at various scan rate of 10-100 mVs-1. The galvanostatic 
charge/discharge properties were measured in the potential 
range of 0.0 to 1.0 V at the different current densities of 0.5, 
1, 3, 5 and 10 A g-1, respectively. All the electrochemical 50 

measurements were carried out with electrochemical 
workstation (Biologic VMP3). The EIS measurements were 
carried out at Biologic VSP electrochemical workstation in 
the frequency range from 10 kHz to 10 mHz with amplitude of 
superimposed AC signal of 10 mV.  55 

3. Results and Discussion 
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The SEM and TEM images showing the morphology of as-
synthesized OMPC sample are shown in Fig.2(a) and (b). It 
reveals that OMPC sample has a unique multimodal porous 100 

carbon framework with highly ordered hierarchical 
nanostructure. The macropores of OMPC sample are arranged 
in highly ordered hexagonal array with the macropores of ca. 
400 nm in diameter, which are interconnected to each other 
with small connecting pores. The mesopores with ca. 20 nm in 105 

size are also interconnected to each other, embedded in the 
bigger macropore wall and open to the macropore wall. Fig. 
2(a) clearly shows that the pores of the OMPC are uniform, 
closely-packed and roughly spherical with highly ordered 
hierarchical nanostructure. 110 

 

 
Fig. 2 (a) SEM, (b) TEM images and (C) N2 adsorption-desorption 
isotherms, and inset shows pore size distribution curve of OMPC 
material. 
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Fig. 2(c) shows nitrogen sorption isotherm of the OMPC, 
which represents type IV with a H2 hysteresis loop (IUPAC 
nomenclature classification),38 and is similar to typical isotherm 
patterns of mesoporous adsorbents. N2 adsorption at a lower 
relative pressure of < 0.1 P/P0, suggests the presence of 5 

micropores in synthesized OMPC, indicating that the OMPC 
material has micropores as well mesopores and macropores. The 
pore size distribution is centered at ca. 21 ± 3 nm, which is highly 
consistent with that observed from the SEM and TEM images. 
The OMPC exhibits a large BET surface area (SBET) of 1161 m2 10 

g-1 and a total pore volume (Vtotal) of 2.78 cm3 g-1, which are 
mainly attributed to the presence of the mesopores (2 nm < pore 
size < 50 nm) in the framework. The mesopore volume (Vmeso) is 
2.53 cm3 g-1, representing ca. 87 % of the total pore volume. The 
textural parameters of the OMPC are summarized in Table 1. 15 

BET surface area of OMPC is higher than recently reported 
ordered mersoporous carbon (687 m2 g-1),39 mesoporous carbon 
decorated with graphene (903 m2 g-1),40 and template-fabricated 
three-dimensional ordered mesoporous carbon (601 m2 g-1).29 
Compared to commercial activated carbon (AC) which has a BET 20 

surface area of 851 m2 g-1 (Fig. S1 of elelctronic supplementary 
inforamtion (ESI)), as-synthesized OMPC material possesses 
higher surface area along with higher mesoporosity. 

 
Table 1 Textural properties of OMPC and AC. 25 

 

Sample SBET 
 (m2 g-1) 

Vmicro 
(cm3 g-1) 

Vmeso 
(cm3 g-1) 

Vtotal 
(cm3 g-1) 

Pore size 
(nm) 

      
OMPC 1161.6 0.25 2.53 2.78 21 ± 3 

      
AC 851.0 0.37 0.18 0.55 ~ 2 

 SBET: BET surface area, Vmicro: micropore volume, Vmeso: mesopore 
volume calculated by the t-plot method, Vtotal: total pore volume. 

 
High specific surface area along with the unique ordered 30 

hierarchical nanostructure composed of a well-developed 3D 
interconnected ordered macropore framework with open 
mesopores embedded in the macropore walls of the OMPC 
material is favorable for improving both the 
pseudocapacitance and the electric double-layer capacitance 35 

because of the easily accessible hydrated ions in the 
electrolyte to the exterior and interior pore surfaces.41,42  

The electrochemical performance of OMPC as a electrode 
material was examined by cyclic voltammetry (CV), 
galvanostatic charge-discharge (CD) measurement and 40 

electrochemical impedance spectroscopy (EIS) in aqueous 
electrolyte of 1.0 M  H2SO4. Fig. 3(a) represents the CV of the 
OMPC and AC electrode at 10 mV s-1. An ideal rectangular 
CV curve is obtained for OMPC, that exhibits typical 
characteristic of EDLC with a good charge propogation and 45 

easy ion transport in the electrode materials. It is noted that 
capacitive current arising from OMPC electrode is much 
higher than that of AC electrode at the same scan rate, 
suggesting that unique ordered hierarchical nanostructure of 
OMPC electrode has much higher specific capacitance.43 Fig. 50 

3(b) represents the CV curves of the OMPC sample recorded 
at different scan rates (10-100 mV s-1). The rectangular 
symmetry in all CV curves of OMPC electrode can be  
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certainly maintained without drastic changes even at a high 90 

scan rate of 100 mV s-1 which can be attributed to the 
hierarchical meso- and macroporous architectures of OMPC 
sample, which retains the good capacitive behavior even at 
higher scan rate. In addition, combined hierarchical 
micropores/mesopores are beneficial for fast ionic 95 

transportation within the mesopores and diffusion from 

mesopores to micropores.44  

 The electrochemical performance of the unique ordered 
hierarchical nanostructue of OMPC as a electrode material 
was further evaluated by CV and galvanostatic CD 100 

measurements. The specific capacitance (F g-1) was calculated 
by the following equation (1):45 

 2s

I
C

dVm
dt

= ×

×

    (1)  

where Cs is the specific capacitance, I is the applied current, m 
is the mass of the each electrode material, and dV/dt is the 105 

potential scan rate in CV measurements and slope of the 
discharge curve in CD measurements, respectively. The factor 

 

Fig. 3 (a) Cyclic voltammogram profiles of the electrodes 
made from AC and OMPC and (b) cyclic voltammogram 
profiles of the electrode made from OMPC at different scan 
rates in 1.0 M H2SO4 electrolyte. 
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of 2 is used because the series capacitance is formed in a two-15 

electrode system.45  

Fig. 4(a) represents the galvanostatic CD curves of OMPC 
and AC electrodes at a current density of 0.5 A g-1.The 
smaller IR drop suggests a smaller internal resistance of  
OMPC electrode compared to the AC electrode. It is clearly 20 

observed that OMPC electrode shows significantly longer CD 
time, indicating higher specific capacitance (257 F g-1) than 
AC (123 F g-1) electrode at lower current density of 0.5 A g-1. 
These results are in good agreement with CV results in Fig. 3. 
Li et al.16 synthesized mesoporous carbon spheres with a 25 

hierarchical form-like pore structure for electrochemical 
capacitors, and a specific capacitance of 208 F g-1 at the 
current density of 0.5 A g-1 in 2.0 M H2SO4 aqueous solution 
was obtained. Chen et al.32 have synthesized mesoporous 
hollow carbon spheres by CVD method with the specific 30 

capacitance of 99 F g-1 at 0.2 A g-1. Mesoporous carbons 
prepared by an inverse replica technique yielded the specific 
capacitance of 191 and 161 F g-1 at 1.0 A g-1 for two different 
mesoporous carbon structures in 1.0 M H2SO4 electrolyte.33 
Ordered porous carbon synthesized from template method 35 

using sucrose as carbon source showed the specific 
capacitance of 208 F g-1 at 0.2 A g-1 in aqueous solution of 1 
M H2SO4.34 Li et al.46 have shown that mesoporous carbon 
spheres prepared by facile polymerization-induced colloid 
aggregation method provided the specific capacitance of 211 40 

F g-1 in 5.0 M H2SO4.  
To further evaluate the rate capabilities of the OMPC 

electrode, the galvanostatic CD curves at different current 
densities of 0.5 to 10 A g-1 were recorded and shown in Fig. 
4(b). All the CD curves show isosceles triangular shapes with 45 

very small ohmic drop, suggesting good coulombic efficiency 
and excellent capacitive behavior. The specific capacitances 
obtained for OMPC electrode at 0.5, 1.0, 3.0, 5.0 and 10.0 A 
g-1 are 257, 242, 193, 164 and 152 F g-1, respectively. It can 
be clearly seen that the capacitance of OMPC electrode 50 

decays slowly with the increase of current density, suggesting 
a good rate capability. Its capacitance at a high current density 
of 5.0 A g-1 is as high as 164 F g-1, 64 % of 257 F g-1 at 0.5 A 
g-1, and it still keeps 60 % of the initial capacitance even at 
10.0 A g-1 (152 F g-1). On the other hand, the capacitance of 55 

AC electrode decreases to 59 F g-1 at 10 A g-1, 48 % of the 
initial value at 0.5 A g-1  as shown in Fig 4(c).  

The better rate capability is mainly attributed to the 
macroporous architectures in the OMPC sample. Although the 
macoropore size does not have a significant effect on the rate 60 

capability of carbon, but the interconnection of macropores 
plays an important role in the charge-discharge process, since 
the macropores can keep a large amount of electrolyte, and 
their interconnection gives an easy ion transport path from the 
bulk electrolyte to mesopores and microspores which enhance 65 

the rate performance and utilization of micropores.  
The specific energy (SE) and power (SP) densities are 

critical performance indices for ECs, which can be calculated 
at different current densities using the following equations:45 

 
1 21 1000

(Whkg )
2 3600

sE C V−
= ∆ ×  (2) 70 

 
1P(Wkg ) 1000

2

E I V

t m

− ∆
= = ×  (3) 

where E is the specific energy density, Cs is the specific  
capacitance, ∆V is the potential range, P is power density and 
t is the time of discharge.  

Fig. 4(d) shows the Ragone plot of the OMPC and AC 75 

electrodes at different current densities. For both the 
electrodes, as the power density increases, energy density 
decreases but the rate of decrement of AC is much faster 
compare to OMPC electrode. The superior performance of the 
OMPC is highlighted by the excellent energy density retention 80 

over the whole power density investigation region. As shown 
in Fig. 4(d), as the power density increases from 0.25 to 5.0 
kW kg-1, the energy density decreases slowly from 15 to 8 Wh 
kg-1 for OMPC electrode. In contrast, as the power density 
increases from 0.069 to 1.3 kW kg-1, the energy density 85 

decreases quickly from 7 to 2 Wh kg-1 for AC electrode. 
Based on the above results, we can say that the OMPC 
electrode is capable of delivering high power without 
profound loss in energy, indicating a promising application in 
electrochemical capacitors. The result of OMPC material is 90 

comparable to PS-based hierarchical porous carbon material19 
and is better than those obtained from hierarchical structures 
containing mesoporous carbon sphere-graphene oxide sheet47 
and mesoporous carbon nanofiber arrays.48 The excellent rate 
performance of OMPC electrode benefits from its high 95 

specific surface area and unique ordered hierarchical 
nanostructure which favors the rapid charge propogation 
within the electrode and enables the easy access of the 
electrolyte ions to the surface of carbon and mesopores of 
OMPC to form EDLC. In contrast, predominent small 100 

micropores and poor interconnectivity of pores of AC (Fig. S2 
of ESI) with lack of 3D interconnected ordered hierachical 
porosity observed in the OMPC result in less efficient mass  

 
Fig. 4 (a) Galvanostatic charge-discharge curves of the electrodes made 
from AC and OMPC, (b) galvanostatic charge-discharge curves of the 
OMPC electrode at different current densities in 1.0 M H2SO4, (c) 
variation in specific capacitance of AC and OMPC electrodes as a 
function of current density and (d) Ragone plot of AC and OMPC 
electrodes.  
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transport, which validates the importance of hierarchical 
nanostructure composed of macro-, meso- and micropores for 25 

the improvement of electrochemical perfromance like in 
OMPC. 

The Nyquist impedance spectra of the OMPC and AC 
electrodes are shown in Fig. 5(a). It is observed that both the 
plots exhibit a semicircle in the high frequency range and a 30 

sloped line in the low frequency range. The point intersecting 
at the real axis in the high frequency range is the internal 
resistance (Rs) of the electrode material, which includes the 
total resistances of the ionic resistance of the electrolyte, the 
intrinsic resistance of active materials, and the contact 35 

resistance at the active material/current collector interface.49 
The semicircle at high frequency region indicates the 
influence of material porosity and thickness on the migration 
rate of the ions from the electrolyte inside the porous 
carbons,50 and the diameter of the semicircle is a measure of 40 

charge transfer resistance, Rct and is associated with the 
surface area and electrolyte conductivity within the pores of 
electrode materials.19 Generally, a small value of diameter of 
the semicircle indicates a high ion transfer/diffusion rate into 
the pores of electrode materials.51 The Rs of OMPC and AC 45 

electrodes was measured to be 3.46 and 4.01 Ω, respectively, 
while Rct was approximated to be 0.20 and 0.31 Ω, 
respectively. Both the Rs and Rct of the AC electrode are 

higher than those of the OMPC electrode. The significant 
difference in pore structure between OMPC and AC 50 

electrodes clearly demonstrates the excellent ion diffusion 
ability of the OMPC resulting from the hierarchical 
nanostructure. 

The cycle stability of supercapacitors is a crucial 
parameter for their practical applications. The electrochemical 55 

stability of OMPC sample as an electrode material for 
supercapacitor is evaluated by galvanostatic CD cycles at the 
current density of 1.0 A g-1 for 1200 cycles. The variation of 
specific capacitance, Cs as a function of cycle number is 
shown in Fig. 5(b). The CD profiles exhibited an isosceles 60 

triangular shape (inset of Fig. 5(b)), which is the characteristic 
of the double layer charge storage mechanism. The initial 
specific capacitance of the OMPC electrode is 240 F g-1 which 
decreases and remains stable at 216 F g-1 after 1200 cycles. 
The specific capacitance shows slight decrease for the first 65 

200 cycles and then remaines stable with increasing cycle 
number. About 90 % of the intial specific capacitance is 
preserved after 1200 galvanostatic CD cycles, indicating the 
excellent electrochemical cycling stability of OMPC 
electrode, which has high potential for long-term applications. 70 

The high performance of OMPC can be attributed to the 
3D hierarchical nanostructure that plays a very important role 
in the formation of double-layer capacitance and to their 
unique hierarchical porous structures that favors the fast 
diffusion of electrolyte ions into the pores.11 The hierarchical 75 

porous structure design is based on the different behaviors of 
electrolyte in pores with different sizes. Electrolyte in 
macropores, which maintains its bulk phase behavior, can 
reduce the transport length of ions inside a porous framework. 
Electrolyte ions have a smaller probability to crash against 80 

pore walls of large mesopores and hence reduce ion transport 
resistance. Ion-buffering reservoirs can be formed in the 
macropores to minimize the diffusion distances to the interior 
surfaces. Furthermore, the mesoporous walls provide low-
resistant pathways for the ions through the porous framework, 85 

and the micropores strengthen the electric-double-layer 
capacitance.30 Therefore, a combination of macro-, meso-, and 
micropores as found in our OMPC can result in high-
performance electrode materials with short ion transport 
distance, low resistance, and large charge storage density.52 90 

4. Conclusions 

The as-synthesized OMPC possesses not only high surface 
area, but also a unique 3D interconnected hierarchical 
porosities composed of macro-, meso-, and micropores, which 
enable OMPC to store and release large electrical charges 95 

efficiently whether at a low-mid or high rate. The well-
developed 3D interconnected ordered macroporous framework 
along with open mesopores embedded in the macropore walls 
favor fast mass transport at high charge-discharge rates, 
providing better EDLC performance. The OMPC electrode 100 

exhibits a highest capacitance of 257 F g-1 at low current 
density of 0.5 A g-1 and 152 F g-1 at high current density of 10 
A g-1 in aqueous electrolyte of 1.0 M H2SO4. This hierarchical 
nanostructure of OMPC can deliver energy density of 8.4 Wh 
kg-1 at a power density of 5.0 kW kg-1, and about 90 % of 105 

 
Fig. 5 (a) Nyquist impedance plots of the electrodes made from AC 
and OMPC in 1.0 M H2SO4 electrolyte. Inset shows the high-
frequency region and (b) cycle stability of the OMPC electrode at the 
current density of 1.0 A g-1. Inset shows the galvanostatic charge-
discharge curves of first 10 cycles.  
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specific capacitance is preserved after 1200 galvanostatic CD 
cycles, indicating the excellent electrochemical cycling 
stability of OMPC electrode. These results reveal that OMPC 
possesses better electrochemical performance compared to 
commonly used electrode materials such as AC which makes 5 

OMPC a potential candidate for supercapacitor application. 
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