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Abstract 
We synthesized mesoporous carbons/polypyrrole composites, using a chemical oxidative 
polymerization and calcium carbonate as a sacrificial template. N2 adsorption-
desorption method, Fourier infrared spectroscopy, and transmission electron microscopy 
were used to characterize the structure and morphology of the composites. The 
measurement results indicated that as-synthesized carbon with the disordered 
mesoporous structure and a pore size of approximately 5 nm was uniformly coated by 
polypyrrole. The electrochemical behavior of the resulting composite was examined by 
cyclic voltammetry and cycle life measurements, and the obtained results showed that 
the specific capacitance of the resulting composite electrode was as high as 313 F g−1, 
nearly twice the capacitance of pure mesoporous carbon electrode (163 F g–1). This 
reveals that the electrochemical performance of these materials is governed by a 
combination of the electric double layer capacitance of mesoporous carbon and 
pseudocapacitance of polypyrrole. 

Keywords 
Mesoporous carbon/polypyrrole composites; Chemical oxidation; Calcium carbonate; 
Sacrificial template; Specific capacitance; Pseudocapacitance 

 

Introduction 

Mesoporous carbon (MC) is one of the most important carbon materials with high surface area, 
uniform pore size, and good electric conductivity. During the past ten years, many efforts have 
been made to develop simple and efficient methods for the preparation of MC materials and to 
improve their properties for various applications. Recently, one-step soft template methods for 
MC preparation have gradually replaced time-consuming and tedious two-step hard mesoporous 
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silica templates, such as SBA-15, MCM-41, and MCM-48 [1,2]. The MCs and their composites are 
broadly applied to electrochemical capacitors [1,3], catalyst supports [4] and adsorbents [5,6], and 
magnetic separation [7]. Compared with mesopourous carbon materials, conducting polymers 
(CPs) possess pseudocapacitance, which is almost 10-100 times higher than the capacitance of 
electrochemical double-layer capacitors (EDLCs) [8]. Polypyrrole (PPy), one of CPs, has drawn a lot 
of attention for supercapacitor applications [9,10], mainly due to its oxidation-reduction 
properties, high conductivity in doped state, high specific capacitance, good environmental 
stability, and especially facile synthesis [11]. However, the shortcomings of CPs, such as low 
surface area and constrained power-output properties [12], markedly restrict their application to 
electrochemical capacitors. Hence, the most effective way is to use MC materials to improve the 
property of the CPs electrode. A new class of composite materials has originated from the 
combination of MCs and CPs [13]. Choi et al. introduced a conducting polymer layer into the pore 
surface of mesoporous carbon via vapor infiltration of a monomer and, by subsequent chemical 
oxidative polymerization, obtained mesoporous carbon-polypyrrole composites [14]. The 
maximum specific capacitance of these composites is 274.5 F g−1. Pacheco-Catalán et al. 
synthesized mesoporous carbon/conducting polymer composites by adsorption of different 
monomers (aniline, pyrrole, thiophene, and 3-methyltiophene) in the gas phase onto the carbon 
surface, followed by oxidative chemical polymerization [15]. The electrochemical performance of 
carbon/polypyrrole composites electrode showed that it had a low specific capacitance (maximum 
value: 83.8 F g−1) and stable cycle life in the potential range of 0 to 1V. However, all those 
materials showed low specific capacitance. Recently, we prepared mesoporous carbon by one-
step method [16]. The obtained results revealed that MCs display good capacitive behavior with 
high reversibility and reproducibility due to their unique large mesopore size, which is favorable 
for fast ionic transport. However, the specific capacitance of MCs reaches only 163 F g–1, which 
limits their application to electric vehicles and high power electronic devices. In this study, we 
used PPy growth on the surface of MC via simple chemical oxidative polymerization with calcium 
carbonate as the sacrificial template to improve the capacitance of carbon materials. The resulting 
composite material combined double layer capacitance of MC with pseudocapacitance of PPy. 

Experimental  

Chemicals 

Pyrrole monomer (98%, Aldrich Chemical Co.) was distilled under reduced pressure, transferred 
into a refrigerator, and stored under nitrogen until further use. The diameter of nanoscale calcium 
carbonate was 80 nm and the BET surface area was 25 m3 g-1. Sodium 4-methyl benzene sulfonate 
(TsONa) was purchased from Sinopharm Chemical Reagent Co. Ltd, Shanghai, China. The other 
starting materials in this work were of analytical grade. 

Synthesis of mesoporous carbons/polypyrrole composites 

MCs were synthesized from F127/silica/butanol according to the procedure described 
previously [16]. Typically, 2 cm3 sulfuric acid (98 wt%) and 9.3 cm3 butanol (BuOH) were directly 
added into a clear solution containing 2.5 g F127 and 120 g deionized water at 318 K. After stirring 
for 1.5 h, 5 cm3 tetraethyl orthosilicate (TEOS) was added, vigorously stirred at 318 K for 24 h, and 
aged at 373 K for 24 h. The F127/silica/butanol composites were collected by filtration and dried 
at room temperature for 12 h and at 433 K for 6 h. Finally, the obtained composites were 
transferred into a tube furnace and carbonized under pure N2 atmosphere at 1123 K for 2 h, 
followed by the treatment with diluted HF solution. The chemical oxidative polymerization of 
pyrrole was performed using a modified procedure reported previously [17]. First, 0.3 g TsONa, 0.5 
g CaCO3, 25 g CaCl2, 20 cm3 C2H5OH, and 0.5 g Silica/Carbon were mixed into 40 cm3 deionized 
water with magnetic stirring under N2 atmosphere for 30 min; the nanoscale CaCO3 served as a 
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core, and TsONa was used as anionic surfactant. Then 0.3 cm3 pyrrole was added by a syringe. 
After 10 min, 40 cm3 of 0.02 mol dm-3 FeCl3 solution was slowly added as oxidant into the reaction 
vessel. The polymerization was carried out for 12 h in an ice-bath with magnetic stirring and 
maintained under N2 atmosphere. The mesoporous carbon/polypyrrole composite was filtered 
and rinsed several times with distilled water and ethanol to remove retained pyrrole monomer 
and oxidant. The as-synthesized powder was transferred into HCl solution for CaCO3 removal for 
24 h. The mixture was filtered and rinsed several times again with distilled water. Then the 
silica/carbon/PPy composite was treated by diluted HF solution to remove the silica and dried in 
vacuum at 333 K for 12 h. The product was denoted as MP, containing an approximate MC:PPy 
weight ratio of 6:4. Under the influence of the Lewis acid FeCl3 and inhibition by abundant CaCl2, 
CaCO3 was dissolved, slowly releasing CO2, which contributed to the holes formation in the 
composite during the overflow process. Actually, CaCO3 as a core was the sacrificial template. 

Characterization 

The morphologies of MC and as-synthesized composite were examined using a high-resolution 
transmission electron microscopy (TEM, JEOL JEM-2100, 200 kV). Nitrogen sorption isotherms of 
samples were measured by a Micromertics TriStar 3000 analyzer at 77 K. The FT-IR measurements 
on samples were performed using Nicolet 6700 FT-IR spectrometer. The electrochemical behavior 
of both MC and MP was investigated by cyclic voltammetry (CV) conducted on a CHI 660 B 
electrochemical workstation (ChenHua Instruments Co., Shanghai, China). The measurements 
were carried out in a standard three-electrode cell system. A Pt-foil modified by either MC or MP 
was used as the working electrode, saturated calomel electrode was used as the reference 
electrode, and a Pt-foil as the auxiliary electrode. The working electrodes were prepared by mixing 
active materials (8 mg), acetylene black as a conductive reagent, and 5%-Nafion as a binder 
(80:10:10 wt %) and dispersed in absolute ethanol in ultrasonic bath. The dispersion was coated 
onto Pt foil drop by drop and then dried at 353 K. The CV experiments were carried out in aqueous 
solution of 1 mol dm-3 H2SO4. 

Results and Discussion 

Fig. 1a and 1b show the N2 adsorption-desorption isotherms and BJH pore size distribution of 
MC and MP. The two samples are found to yield a type IV isotherm with a type H2 hysteresis loop 
near relative pressure of 0.50 in the desorption branch, which is associated with sharp capillary 
condensation taking place in mesopores [18].  
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Figure 1. Nitrogen adsorption-desorption isotherms and BJH pore size distribution (inset) of  

a) MC and b) MP. 
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The results show that the mesoporous structure of MC was maintained after loading of PPy. 
However, BET surface area of MP was considerably lower. The specific surface areas of 
mesoporous carbon and MP were 1041 and 207 m2 g–1, respectively (Table 1). The decrease of 
specific surface area is mainly attributed to the mesopores of the support being partially covered 
or filled by PPy. Therefore, pore volume and average pore size also decrease from 1.18 cm3 g–1 and 
5.2 nm to 0.22 cm3 g–1 and 4.9 nm, respectively. This indicates that PPy was distributed evenly 
over the surface of MC. 

In order to gain further insights into the structure of mesporous carbons, we investigated their 
appearance on the synthesized materials by TEM (Fig. 2). The disordered mesoporous size of MC 
with around 5 nm, which is clearly visible in Fig. 2a, is in agreement with the data of the 
adsorption-desorption measurements (Fig. 1). Fig. 2b clearly shows the mesoporous structure of 
MC covered over with transparent films. In comparison with Fig. 2a, we may draw a conclusion 
that the transparent film is PPy and that it has been successfully loaded on the MC. 

 

  
Figure 2. TEM images of a) MC and b) MP. 

The functional groups of MC, PPy, and MP are characterized by FTIR spectroscopy (Fig. 3). The 
characteristic peak at 3423 cm–1 is observed in the IR spectrum of MC and ascribed to –OH. The 
small peaks at 2920 and 2850 cm–1 originate from the stretching vibrations of C–H bond. The peaks 
at 1731, 1632, and 1402 cm–1 could be assigned to the stretching vibration in carboxyl groups and 
C=O, C=C, and C–O bonds. The bands at 1537 and 1452 cm–1 in PPy and MP spectra are due to the 
typical pyrrole ring vibration of pure PPy and bands of =C–H in plane vibration at 1298, 1089, and 
1032 cm–1 [19]. The peaks at 3434 and 1631 cm–1 correspond to N–H and C=C stretching 
vibrations, respectively. The spectrum of MP is very similar to that of PPy, verifying that PPy has 
been successfully applied onto MC. However, the peak at 1632 cm–1 for C=O disappeared due to 
the combination of MC and PPy. Similarly, the peak for N-H stretching exhibits a red-shift 
phenomenon due to the interaction with the reactive hydroxyl functional groups [20].  

Fig. 4 shows CVs of MC and MP in 1 mol dm-3 H2SO4 at different scan rates. CVs of MC electrode 
contain redox peaks and deviate from the rectangular shape (Fig. 4a). With increasing scan rates, 
the redox current evidently increases, indicating that it has good rate capability. FTIR spectra 
confirm the existence of the abundant functional groups, for example C=O and O-H bonds, on the 
surface of MC. These groups are supposed to remarkably improve the hydrophilicity and wettabi-
lity of the surface of MC and are beneficial for the aqueous electrochemical capacitors. The redox 
peaks might originate from the transformation of the O–H bond of MC into the C=O and vice versa 
during charge and discharge processes. In addition, the C=O bond of MC interacts with the H+ to 
become –OH in the reduced state, which would be re-oxidized into C=O during the discharge. 
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Figure 3. FT-IR spectra of MC, PPy and MP. 

However, the CVs of MP present a steep increase in the current range from 0.0 to 0.1 V, which 
is an important behavior in supercapacitors [14], as shown in Fig. 4b. CV curves of the composites 
do not exhibit redox peaks as pronouncedly as in the case of MC. This is because the π-bonded 
surface of the MC may interact strongly with the conjugated structure of PPy, especially through 
the pyrrole ring [21], or N-H of PPy can interact with the reactive hydroxyl functional groups of MC 
[20]. 
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Figure 4. CVs of a) MC and b) MP in 1 mol dm-3 H2SO4 electrolyte at different scan rates;  
c) cycle life of MC and MP in 1 mol dm-3 H2SO4 electrolyte at the scan rate of 20 mV s–1. 
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The gravimetric specific capacitance (C) of electrode is calculated according to the Eq. (1) from 
charge-discharge data of CVs: 

VW

ti

WV
Q

C
∆
d∫==  (1) 

where i, W and V are the voltammetric current, the mass of active materials, and the total 
potential of electrochemical window, respectively. The calculated specific capacitances are listed 
in Table 1. The maximum specific capacitance of MP reaches as high as 313 F g–1 at the scan rate of 
2 mV s–1, which is nearly twice the specific capacitance of MC (163 F g–1). Although the surface 
area of MC dramatically decreases due to the coverage of PPy, leading to the EDLC loss, the 
pseudocapacitance from the Faradic reaction on the PPy contributes much more to the total 
capacitance, leading to a higher specific capacitance of MP. Due to the different synthesis 
methods and electrolytes and measured potential windows, it is difficult to compare our results 
with those reported in the literatures. Therefore, for comparison purpose, we synthesized the PPy 
using the same method and measured the electrochemical properties in 1 mol dm-3 H2SO4. The 
specific capacitance of pure PPy was 328.4 F g-1 at a scan rate of 2mV s-1. If the contribution of 
pure MC and pure PPy were calculated, the total was only 229 F g-1. However, in this study, we 
obtained a higher result that reached 313 F g−1, revealing the intensely synergetic effect between 
MC and PPy. Fig. 4c shows a cycle life of MC and MP in 1 mol dm-3 H2SO4 electrolyte at scan rate of 
20 mV s–1. The specific capacitance of MP drops from 238 F g–1 down to 181 F g–1 after 1000 cycles, 
corresponding to a 23.9% loss. 

Table 1. Pore structure parameters of the MC and MP and the specific capacitances of  
MC and MP electrodes calculated from CVs in 1 mol dm-3 H2SO4 electrolyte 

Sample 
Surface area 

m2 g-1 
Pore volume 

cm3 g-1 
Pore size  

nm 
C / F g-1 

2 mV s-1 5 mV s-1 10 mV s-1 20 mV s-1 50 mV s-1 

MC 1041 1.18 5.2 163 150 139 125 103 

MP 207 0.22 4.9 313 281 261 238 203 

 

Conclusions 

MC/PPy composites were successfully synthesized using a chemical method of oxidative 
polymerization. The resulting modified electrode showed some properties similar to the 
combination of the double layer capacitance of MC and pseudocapacitance of PPy. The results 
obtained by cyclic voltammetry demonstrated that the specific capacitance of the MP electrode 
was as high as 313 F g−1 compared to 163 F g−1 of MC electrode. In conclusion, it seems that the 
MP is a promising electrode material in supercapacitor field. 
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