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Abstract Hierarchical porous carbons (HPCs) were syn-

thesized by a colloid crystal template method with phenolic

resin as carbon source and triblock copolymer Pluronic F127

as a soft template. The obtained HPCs with tunable macro-

pore size of 242–420 nm exhibit large BET surface areas

(*900 m2 g-1) and large pore volumes (*1.2 cm3 g-1).

With an increase in the diameters of silica template, the BET

surface areas and pore volumes of HPCs decrease. The

electrochemical properties of the HPCs with various mac-

ropore sizes used as supercapacitor electrodes materials were

evaluated using cyclic voltammetry, galvanostatic charge–

discharge, and electrochemical impedance spectroscopy

techniques. The results show the HPC with the macropore

size of 242 nm possesses the largest specific capacitance

among the HPCs. The excellent capacitive behavior of HPC-

242 can be attributed to its faster ion transport behavior and

better ion-accessible surface area.

Introduction

Over the past few years, hierarchical porous carbons (HPCs)

with three-dimensionally interconnected micro-, meso-, and

macroporous network have attracted considerable attention

due to their promising applications in catalysis, adsorption,

drug delivery, and energy storage [1–4]. In particular, HPCs

used for electrode materials in supercapacitors have been the

subject of intense studies in recent years. Supercapacitors

are well-known energy storage devices which can deliver

high power and store remarkable energy [5–10]. To develop

an advanced supercapacitor device, an active electrode

material with high capacity performance is urgently

required. HPC materials would be an appropriate candidate

for the fabrication of advanced supercapacitors because they

can combine the structural advantages of multi-level pores.

It is now widely accepted that the micropores enhance the

electric double-layer capacitance, the mesopores provide

low-resistant pathway for ions’ transport, and the macrop-

ores act as ion-buffering reservoirs to decrease the diffusion

distance [11–14]. Therefore, high-performance electrode

materials with fast ion transport and high charge storage

capability could be obtained by the combination of different

pores in carbon nanomaterials.

So far, various approaches towards the synthesis of HPC

materials have been conducted based on template strategy,

which involves filling the void space of a template with

carbon sources followed by carbonization under an inert

atmosphere and subsequent removal of the template

[15–19]. For instance, Cheng and coauthors [16] synthe-

sized 3D HPC material using alkaline system Ni(OH)2/NiO

as hard template and it exhibited high energy and power

densities in both aqueous ad organic electrolytes. Carbon

capsules with hierarchical porous structures were synthe-

sized by Yu and coauthors [17] using a solid core/meso-

porous shell silica spheres as a template, and its specific

surface area was around 1230 m2 g-1. However, the mes-

oporous structure of the obtained porous carbon materials

was disordered. In order to achieve better electrochemical

capacitance of HPC, a more ordered mesoporous structure
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is desirable. Therefore, some block copolymers were used

as a soft template to get uniform mesopores during the

preparation of porous carbon. Zhao and coauthors [20]

reported the preparation of HPC using silica colloidal

crystals and triblock copolymer (Pluronic F127) as a dual

template . HPC were also synthesized using poly(methyl

methacrylate) or polystyrene instead of silica as template.

The formation of macropores and mesopores is attributed

to the large silica or polymer hard template and triblock

copolymers soft template, respectively, and micropores are

formed due to carbonization of polymer. In addition, an

effective template-free fabrication of a novel type of HPCs

by constructing carbonyl crosslinking bridges between

polystyrene chains has also been recently reported by Wu’s

group [21].

In spite of the fact that there are many studies con-

cerning the design and fabrication of such HPC materials

via template or template-free methods, the macropore size

which affects the structural and electrochemical properties

of HPCs has not been clarified yet. Herein, we report the

synthesis of HPCs with various macropore sizes through

the control of the size of silica spheres template. The effect

of the macropore size on the structural and electrochemical

properties of HPCs is investigated to further elucidate the

relationship between the pore structure and the electro-

chemical capacitive behavior of porous carbon materials.

Experimental

Materials

Tetraethyl orthosilicate (TEOS), ethanol, aqueous ammo-

nia (28 %), hydrofluoric acid (HF, 40 %), and F127

(amphiphilic triblock copolymer PEO127–PPO70–PEO127)

were purchased from Aldrich. Phenolic resin was obtained

from Bengbu Tianyu high temperature material Company,

China, and other reagents were used as received without

further purification.

Synthesis of HPCs

The HPCs were prepared by impregnating phenol resin and

F127 into the void of silica microsphere. The silica

microspheres with different diameters (260, 380, and

450 nm) were synthesized according to stöber’s method. In

a typical synthesis strategy, X ml ammonia was added in a

mixed solution (7-ml deionized water and 20-ml absolute

ethanol) and stirred for 10 min, then 3-ml TEOS and 11-ml

absolute ethanol were poured into and stirred for 8 h to

form milky white liquid. Subsequently, 0.5 g F127 and 4 g

of 20 wt% ethanol solution of phenolic resin were added

and stirred for another 24 h, the hybrid system was evap-

orated for 12 h in a petri dish under room temperature, and

followed by further heating to 120 �C for 24 h. Finally, the

resulting compound was carbonized under N2 via heating

ramps of 1 �C/min from room temperature to 350 �C and

hold for 4 h, and then ramped at 5 �C/min to 800 �C and

hold for 2 h. The obtained black powder were treated with

10 wt% HF solution to remove silica template, followed by

washing with deionized water and ethanol and dried at

60 �C for 12 h to give HPCs (The particle size of silica

spheres is 260, 380, and 450 nm when X is 1, 3 and 5,

respectively).

Characterization

The morphology and structure of materials were charac-

terized by the filed-emission scanning electron microscope

(FE-SEM, JEOL JSM-6700F) and transmission electron

microscopy (TEM H-800). Nitrogen adsorption–desorption

isotherms were performed with ASAP 2020 Micromeritics

analyzer at 77 K and the specific surface areas (SBET) were

deduced by using the BET equation. Raman spectra of the

powders were collected on a Lab Ram Infinity Raman

spectrometer, using 514.5 nm lasers.

Electrochemical measurements

To measure the electrochemical property, a working elec-

trode mixture with 80 wt% active materials, 10 wt% car-

bon black, and 10 wt% polytetrafluoroethylene (PTFE)

were prepared. Then, the mixture was pressed into thin

disks with uniform thickness, followed by evaporating the

residual water by vacuum-drying at 60 �C for 24 h, and

then immersed in 1 mol L-1 aqueous H2SO4 for 24 h. The

mass loading of the active materials on each electrode is

about 8 mg cm-2. A symmetric sandwich two-electrode

system was used to measure the electrochemical properties.

Cyclic voltammeter (CV) and electrochemical impedance

(EI) experiments were conducted with a PARSTAT

2273/CS130 electrochemical station; and galvanostatic

charge–discharge (CD) curves were performed with LAND

CT2001A at room temperature. The potential range for

CV, EI and CD examinations varied from -0.2 to 0.8 V.

Results and discussion

Characterization of materials

The monodisperse silica microspheres with diameters of

260, 380, and 450 nm (Fig. 1) are used as the hard template

for preparation of HPCs. The macropore size of HPCs are

depended on the size of the silica spheres. The morphology
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and structure of the as-prepared HPCs are shown in Fig. 2.

As shown in Fig. 2a, c and e, all the HPCs composed of

honeycomb-like cavities possess interconnected porous

networks, indicating that the 3D macrostructure of the

colloid silica crystals is successfully replicated. The mes-

oporous structures of porous carbons were observed with

TEM. Figure 2b, d and f illustrate the TEM images of the

HPCs. Ordered mesopores (8–10 nm) formed within

the walls of macropores, which are created by removal of

the soft template F127 [18, 20], can be clearly observed.

Meanwhile, the diameters of the macropores measured

from Fig. 2b, d and f are about 242, 353, and 420 nm,

respectively, which are slightly smaller than those of the

silica microspheres used as the template for the macrop-

ores. This phenomenon is mainly caused by shrinkage of

the macropores during the carbonization [20].

Figure 3a presents the N2 adsorption–desorption iso-

therms of the HPCs. The nitrogen adsorption isotherm at

77 k for the HPCs can be classified as type IV isotherms

with a hysteresis loop. The adsorption patterns at low rel-

ative pressure (P/P0 \ 0.4) indicate the existence of mi-

cropores, while those at higher pressures than 0.4 P/P0 are

attributed to capillary condensation of nitrogen in the

mesopores and multilayer adsorption on the mesopores and

macropores. The pore size distributions of the HPCs cal-

culated from the adsorption branches of nitrogen isotherm

by the BJH method are shown in Fig. 3b. All the HPCs

show two sharp peaks centered at *3.0 and *10 nm,

which are probably caused by the removal of phenolic resin

and F127, respectively. The porous characteristics of HPCs

are summarized in Table 1. With the increase in the silica

microsphere diameter, the BET surface areas and pore

volumes decrease, and HPC-242 exhibits the largest BET

surface areas and pore volumes.

The Raman spectrum of the HPC-242 is shown in

Fig. 4. There is a strong peak at 1595 cm-1 (G-band) and

weak peak at 1350 cm-1 (D-band). The G-band is attrib-

uted to the vibration of sp2-bonded carbon atoms in a two-

demensional hexagonal lattice, which stands for typical

graphite [22, 23], while the D-band is characteristic of the

disordered or amorphous carbon. The intensity ratio of

G-band (1680 a.u.) to D-band (1380 a.u.) is 1.22, indicat-

ing that the HPCs are partially composed of graphite

structures [24].

Electrochemical properties

Typical cyclic voltammograms (CVs) of the prepared HPC

materials were measured at a scan rate of 2 mV s-1 in 1 M

aqueous H2SO4 are shown in Fig. 5a. It can be found that

all HPCs exhibit quasi-rectangular CV shape, indicating

their good double-layer capacitive behavior at low voltage

scan rate. In addition, the responding current density of

electrode materials is increased with a decrease in the size

of macropores of HPCs. The largest current density

response of HPC-242 implies the highest specific capaci-

tance than that of HPC-353 and HPC-420, which is mainly

due to the fastest ion transport behavior in HPC-242. Fig-

ure 5b presents the CVs of HPC-242 at different scan rates.

As the scan rate is increased, the rectangular shape of CVs

is maintained with only slight distortion, which demon-

strates that the HPC-242 has an excellent capacitive

behavior at high voltage scan rates and a small mass-

transfer resistance [25]. This reveals that the hierarchical

porous structure results in good capacitive behavior of

HPC-242. First, the combination of different pores in HPCs

can provide a harmonious electrochemical environment for

the full realization of fast ion transport and high charge

storage capability. Second, the electrolyte ions can be

transported more smoothly and swiftly in the HPC-242 due

to its larger ion-accessible surface area for charge accumu-

lation, as compared to HPC-353 and HPC-420. Therefore,

the HPC-242 shows the best electrochemical performance

among the HPCs.

To further quantify their specific capacitance, galvano-

static CD curves of HPCs were measured at a current

Fig. 1 SEM images of a SiO2-260, b SiO2-380, and c SiO2-450
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density of 0.1 A g-1 as shown in Fig. 6. All profiles of CD

are isosceles triangle curves, an indication of an ideal

EDLC capacitor with the performance of electrochemical

stability and reversibility [25]. To better understand the

effects of current density and macropore size of HPCs on

the electrochemical performance, the specific capacitance

of HPCs at different current densities are summarized in

Table 2. The specific capacitance of HPCs can be calcu-

lated according to the following equation [26, 27].

CHPC ¼
2ðI � tÞ
m� DV

ð1Þ

where CHPC is specific capacitance (F g-1), I is the CD

current (A), t is the discharge time (s), m is the mass of

active material within the electrode and DV is the potential

difference during the discharging.

Apparently, HPC-242 has supreme specific capacitance

at all current densities, which is in accordance with the

result of CV. Note that the specific capacitances of HPCs

decrease with increasing current density. At high current

density, electrolyte ions quickly transfer and do not have

enough time to penetrate into the micropores, and thus

cannot take full advantage of pores in the carbons; while at

low current density, electrolyte ions can make full use of

the hierarchical pores. However, when the current density

increased to 1 A g-1, over 88 % of the original capacitance

of HPCs is retained due to their superior hierarchical por-

ous structure.

Fig. 2 SEM images of a HPC-242, c HPC-353, and e HPC-420; TEM images of b HPC-242, d HPC-353, and f HPC-420
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To further investigate the influence of hierarchical por-

ous structure on electrochemical property, electrochemical

impedance measurement was employed. Figure 7 shows

the impedance spectra for all HPCs. All the spectra show a

depressed semicircle at the high-medium frequency and

vertical lines at low frequency region. The depressed

semicircle curves depict a typical electric double-layer

behavior while the vertical lines reveal the supercapacitive

behavior. The diameters of the semicircle reflect charge

transfer resistance which is strongly dependent on the

abilities of ion transfer and electron conduction [28, 29]. It

can be observed that the charge transfer resistances

decrease in the sequence of HPC-242 [ HPC-353 [ HPC-

420 as revealed by the semicircle, which is in consistent

with the sequence of specific capacitances of HPCs. The

lowest resistance of HPC-242 is probably caused by the

smallest macropore size than others.

Fig. 3 a N2 sorption isotherms and b BJH pore size distribution

curves of HPCs

Table 1 Pore structure parameters of various HPCs

Sample BET (m2 g-1) Vtotal (cm3 g-1) Vmicro (cm3 g-1)

HPC-242 940 1.2 0.33

HPC-353 898 1.1 0.4

HPC-420 845 1.04 0.37

Fig. 4 Raman spectrum of HPC-242

Fig. 5 a CVs of HPC-242, HPC-353 and HPC-420 at a scan rate of

2 mV s-1. b CVs of HPC-242 at different scan rates
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Conclusions

In summary, HPCs with various macropore sizes (242, 353,

and 420 nm) were fabricated by a facile casting method

using silica microspheres as hard template, phenolic resin

as carbon source, and F127 as soft template. With the

increase in the silica microsphere diameter, the BET sur-

face areas and pore volumes decreased, and HPC-242

showed the largest BET surface areas and pore volumes.

As evidenced by cyclic voltammetry, galvanostatic CD,

and electrochemical impedance measurements, HPC-242

exhibited a higher specific capacitance at all current density

in comparison with HPC-353 and HPC-420, which is

owing to its higher ion-accessible surface area. Therefore,

optimal electrochemical properties of HPCs can be

achieved through control of the macropore size of HPCs to

provide better electrode materials for supercapacitor.
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