

  catalysts-05-01034




catalysts-05-01034







Catalysts 2015, 5(3), 1034-1045; doi:10.3390/catal5031034




Article



Polyaniline-Derived Ordered Mesoporous Carbon as an Efficient Electrocatalyst for Oxygen Reduction Reaction



Kai Wan, Zhi-Peng Yu and Zhen-Xing Liang *





Key Laboratory on Fuel Cell Technology of Guangdong Province, School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510641, China









*



Author to whom correspondence should be addressed; Tel./Fax: +86-20-8711-3584.







Academic Editor: Minhua Shao



Received: 12 May 2015 / Accepted: 19 June 2015 / Published: 26 June 2015



Abstract

:

Nitrogen-doped ordered mesoporous carbon was synthesized by using polyaniline as the carbon source and SBA-15 as the template. The microstructure, composition and electrochemical behavior were extensively investigated by the nitrogen sorption isotherm, X-ray photoelectron spectroscopy, cyclic voltammetry and rotating ring-disk electrode. It is found that the pyrolysis temperature yielded a considerable effect on the pore structure, elemental composition and chemical configuration. The pyrolysis temperature from 800 to 1100 °C yielded a volcano-shape relationship with both the specific surface area and the content of the nitrogen-activated carbon. Electrochemical tests showed that the electrocatalytic activity followed a similar volcano-shape relationship, and the carbon catalyst synthesized at 1000 °C yielded the best performance. The post-treatment in NH3 was found to further increase the specific surface area and to enhance the nitrogen doping, especially the edge-type nitrogen, which favored the oxygen reduction reaction in both acid and alkaline media. The above findings shed light on electrocatalysis and offer more strategies for the controllable synthesis of the doped carbon catalyst.
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1. Introduction


The oxygen reduction reaction (ORR) is one key electrochemical process for the energy conversion devices, like fuel cells and metal-air batteries. Pt-based materials have been so far acknowledged to be the most effective catalysts for the ORR at low temperatures [1,2]; however, the source scarcity and high cost pose great challenges to the large-scale applications to fuel cells [3,4,5]. Hence, enormous effort has been devoted to search for greater efficiency, durability and less cost [6,7].



In recent years, nanostructured carbon materials have attracted increasing attention as the Pt-alternative electrocatalysts. Dai [8] synthesized 1D nitrogen-doped carbon nanotubes by the chemical vapor deposition (CVD) method with iron (II) phthalocyanine as the precursor, which featured high charge transfer and, thus, facilitated the ORR. Feng [9] synthesized 2D graphene-based carbon nitride nanosheets, of which the high specific surface favored the dense assembling of the active sites on the surface. Lu [10] synthesized 3D hierarchically porous nitrogen-doped carbons with a hieratical porous structure, which enabled low mass transfer resistance and improved accessibility of catalytic sites for the ORR.



Among them, nitrogen-doped ordered mesoporous carbon (NOMC) features high specific surface area and a uniform pore structure, which respectively facilitate the reaction kinetics and mass transfer to the electrode [11,12]. The hard-template method is a universal strategy to synthesize such materials, and SBA-15 is one of the most often used templates to synthesize NOMCs. Asefa [13] synthesized NOMC catalysts by pyrolyzing polyaniline in the framework of SBA-15. It was found that the NOMC catalyst pyrolyzed at 800 °C showed the best ORR performance. Guo [14] synthesized a series of NOMC catalysts with honey as the precursor, which showed a high specific surface area ranging from 1050 to 1273 m2·g−1. Mullen [15] synthesized high-performance NOMC catalysts by pyrolyzing ionic liquid within SBA-15. All of the above-mentioned catalysts showed a decent electrocatalytic activity to the ORR in alkaline media. Other mesoporous silicas have been also used for the synthesis. For example, Popov [16] synthesized nitrogen-doped ordered porous carbon with the aid of SBA-12, which also showed a superior activity for the ORR. Joo [17] synthesized a series of carbon catalysts by using various templates, like SBA-15, MSU-F, KIT-6 and fumed Carb-O-sil M-5. It was found that the template SBA-15 yielded an extremely high surface area of 1500 m2·g−1 and the best electrocatalytic activity.



Beside the template, the carbon precursor has a considerable effect on the microstructure and composition of the final carbon materials. A variety of nitrogen-containing organic chemicals, like phthalocyanine [18], porphyrin [19,20] and ionic liquid [21,22], have been used as the carbon precursor to synthesize the nitrogen-doped carbon catalyst. Polyaniline represents an aromatic ring connected via nitrogen-containing groups and, thus, facilitates the incorporation of nitrogen-containing active sites into the carbon matrix during the heat treatment [23]. Zelenay [23] found that the polyaniline-derived carbon electrocatalyst showed a superior performance to the ORR, which exhibited the highest maximum power density of 0.55 W·cm−2 at 0.38 V.



It has been well acknowledged that the template, carbon precursor and pyrolysis conditions have significant and complicated effects on the composition, structure and electrocatalytic activity of the ORR. In our previous work, we developed a method to synthesize the nitrogen-doped ordered mesoporous carbon featuring a high specific surface area [24,25]. Additionally, the active sites for the ORR were claimed to be the nitrogen-activated carbon atoms, on which the ORR proceeded by a surface-confined redox-mediation mechanism in both acid and alkaline media [24,26]. In this work, we will use polyaniline as the carbon source to synthesize the NOMC catalysts and to optimize the pyrolysis conditions. In order to improve the electrocatalytic activity, the as-prepared catalyst is further subjected to the NH3-activation at high temperatures. Then, the nitrogen sorption isotherm, electron microscopy and X-ray photoelectron spectroscopy are used to study the microstructure and composition. The cyclic voltammetry and rotating-ring-disk electrode methods are used to investigate the electrochemical behavior for the ORR.




2. Results and Discussion


Figure 1 shows the nitrogen sorption isotherm of the as-synthesized carbon materials. It is seen that all curves show a similar shape of the typical Type-IV isotherm, which indicates the mesoporous nature of the synthesized carbon (see Figure S1). Pore parameters are then extracted from the isotherms and listed in Table 1. It is seen that the specific surface area increases from 470 to 629 m2·g−1 with increasing the pyrolysis temperature from 800 to 1000 °C, which can be ascribed to the deepened decomposition in this course. Then, a further increase in the pyrolysis temperature to 1100 °C results in a decrease in the specific surface area, which may be linked to the collapse of the carbon framework. A similar trend is also seen in the specific pore volume, which reaches the highest value of 0.81 cm−3·g−1 at 1000 °C. It is noted that the post-treatment in NH3 yields a dramatic increase in the specific surface area (1312 m2·g−1), which can be attributed to the gasification of amorphous carbon and the consequent formation of micro-/meso-pores in the active atmosphere [27,28,29].
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Table 1. Pore features of the synthesized carbon materials.
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Samples

	
ABET/m2·g−1

	
AMP/m2·g−1

	
DBJH/nm

	
V/cm3·g−1






	
C-PA-800

	
470

	
67

	
5.4

	
0.58




	
C-PA-900

	
569

	
41

	
5.9

	
0.80




	
C-PA-1000

	
629

	
132

	
6.1

	
0.81




	
C-PA-1100

	
517

	
61

	
5.9

	
0.67




	
C-PA-1000-NH3

	
1312

	
229

	
5.9

	
1.73









The surface composition is characterized by XPS, for which the survey spectra are shown in Figure S2. The content of the main elements are qualified and listed in Table 2. It is found that both the pyrolysis temperature and NH3-activation yield a significant effect on the nitrogen content. First, the nitrogen content shows a monotonic decrease from 5.07 to 1.25 at. % with increasing the pyrolysis temperature from 800 to 1100 °C, which should be attributed to the enhanced decomposition of the nitrogen-containing functional groups at higher temperatures. Second, the nitrogen content is 2.20 at. % for C-PA-1000 and 3.15 at. % for C-PA-1000-NH3, indicating that the nitrogen doping can be enhanced by the pyrolysis in the nitrogen-containing active gases. The change in the surface composition is expected to yield effects on the electrocatalysis, as discussed below.
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Figure 1. Nitrogen sorption isotherms of the synthesized carbon materials (STP: standard temperature and pressure). 
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Table 2. Elemental composition (at. %) of the synthesized carbon materials.
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Samples

	
C

	
N

	
O

	
N:C






	
C-PA-800

	
86.63

	
5.07

	
5.33

	
0.057




	
C-PA-900

	
92.03

	
3.13

	
4.40

	
0.034




	
C-PA-1000

	
93.45

	
2.20

	
3.91

	
0.024




	
C-PA-1100

	
94.88

	
1.25

	
3.57

	
0.013




	
C-PA-1000-NH3

	
94.32

	
3.15

	
2.33

	
0.033
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Figure 2. N 1s peak and the peak fitting results of the following materials: (a) C-PA-800; (b) C-PA-900; (c) C-PA-1000; (d) C-PA-1100; and (e) C-PA-1000-NH3. The unit of y-axis unit is counts per second (C.P.S.). 
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Figure 2 shows the high-resolution XPS spectra of N 1s. These spectra can be deconvoluted to three peaks based on the binding energy: 398.4 ± 0.2, 401.0 ± 0.1 and 401.5–404 eV, which respectively correspond to pyridinic-nitrogen, graphitic-nitrogen and nitrogen-oxide [30,31]. Then, the content of each species is seen in Table 3. It is seen that the graphitic nitrogen is the predominant component among the three species, of which the content slightly increases with the pyrolysis temperature. In comparison, the content of the pyridinic-nitrogen decreases from 31.88% to 17.90% with increasing the pyrolysis temperature from 800 to 1100 °C. These results are consistent with the previous findings that the graphitic nitrogen is the most stable nitrogen species at high temperatures [32,33]. Finally, C-PA-1000-NH3 shows an extraordinarily high content of pyridinic-nitrogen (40.31%), which should be attributed to the nitrogen doping at the edge of the graphite plane during the NH3-etching process. It seems that the content of the graphitic nitrogen decreases to 49.88% in the etching process; however, it should be noted that the “absolute” content of this species remains unchanged, as compared with the un-etched one, by considering the total nitrogen content (see Table 2).
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Table 3. Content of each nitrogen component (%) of the synthesized carbon materials.
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Samples

	
Pyridinic-N

	
Graphitic-N

	
O-N






	
C-PA-800

	
31.88

	
59.10

	
9.02




	
C-PA-900

	
26.42

	
59.55

	
14.04




	
C-PA-1000

	
20.90

	
60.62

	
18.48




	
C-PA-1100

	
17.90

	
64.72

	
17.38




	
C-PA-1000-NH3

	
40.31

	
49.88

	
9.81









In our previous work, the relationship has been well established between the content of the nitrogen-activated carbon and the electrocatalytic activity for ORR [24]. In line with this understanding, the curve fitting of high-resolution C1s peak is performed (see Figure S3), and the results are listed in Table 4. It is found that the content of the nitrogen-activated carbon slightly increases with increasing pyrolysis temperature from 800 to 1000 °C and then decreases at 1100 °C. Additionally, C-PA-1000-NH3 shows the highest content of nitrogen-activated carbon among all of the carbon materials. The ORR performance is expected to follow this change in content, as seen below.
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Table 4. Content of each carbon component (%) of the synthesized carbon materials.
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Samples

	
C–C=C

	
C–N

	
C–O/C=N

	
C=O

	
COOH






	
C-PA-800

	
65.58

	
13.19

	
14.39

	
5.52

	
1.33




	
C-PA-900

	
68.29

	
15.60

	
8.81

	
5.46

	
1.84




	
C-PA-1000

	
68.84

	
18.51

	
7.53

	
3.85

	
1.28




	
C-PA-1100

	
73.60

	
15.11

	
6.10

	
3.71

	
1.48




	
C-PA-1000-NH3

	
67.98

	
20.49

	
7.84

	
1.65

	
2.04









Figure 3 shows the CV curves in Ar-saturated 0.10 M KOH. It is seen that all of the curves are similar in shape with large capacitance currents, and broad symmetrical redox peaks are found in the potential range of 0 to 0.9 V. It is understandable that a large capacitance current should result from the high specific surface area, and the pseudocapacitance current is associated with the chemical adsorption of OH− onto the enriched redox couples. Basically, the capacitance current shows a volcano-shape relationship with the pyrolysis temperature, which first increases and then dramatically decreases at temperatures of 1100 °C. Notably, C-PA-1000-NH3 shows the largest capacitance current. Such a change can be rationalized as a result of the specific surface area (vide supra). In comparison, the pseudocapacitance current shows a monotonic decrease with increasing pyrolysis temperature. Additionally, this result should be associated with the deepened decomposition of the electrochemically-active functional groups (like nitrogen-containing species) on the surface at higher temperatures. In line with the above analysis, C-PA-1000-NH3 should yield the largest pseudocapacitance/capacitance currents due to its extraordinarily high specific surface area and nitrogen content. However, the increase in the capacitance current is not that large, and the pseudocapacitance current does not increase. This seeming contradiction may be understandable by considering the pore structure. The NH3 post-treatment can effectively gasify/etch the amorphous carbon, leaving enriched micropores in the bulk. Additionally, these pores may not be fully utilized due to the lack of contact with the liquid electrolyte.





[image: Catalysts 05 01034 g003 1024] 





Figure 3. Cyclic voltammograms of the carbon materials in Ar-saturated 0.10 M KOH solution. RHE, reversible hydrogen electrode. 
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Figure 4. Ring (top) and disk (bottom) currents for the RRDE tests of the carbon materials: (a) O2-saturated 0.10 M KOH solution; (b) O2-saturated 0.10 M HClO4 solution. 
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Figure 4 shows the polarization curves of the carbon materials in O2-saturated 0.10 M KOH and 0.10 M HClO4 solutions. Figure 4a shows that in alkaline media, the electrocatalytic activity shows a volcano-shape relationship, which increases with the pyrolysis temperature from 800 to 1000 °C and then decreases at 1100 °C. The same trend is further seen in the change of the yield of hydrogen peroxide and electron transfer number (see Figure S4a). Increasing the pyrolysis temperature lowers the yield of hydrogen peroxide, and thereby, selectively favors the 4-e reduction of oxygen. Such a trend in the electrocatalytic activity and selectivity correlates well with the change in the content of nitrogen-activated carbon and the specific surface area (vide supra). These findings further confirm that the active sites for the ORR should be the nitrogen-activated carbon atoms [24,26]. In acid media, the change in the electrocatalytic activity is similar to that in alkaline media (Figure 4b), revealing that the active site should remain substantially the same in a wide range of pH. Finally, it is noted that for C-PA-1000-NH3, both the activity and the selectivity are considerably improved upon NH3-activation. This result quantitatively agrees with the change in the specific surface area and the content of nitrogen-activated carbon, as discussed above. However, it seems irrational to directly correlate the small increase in the nitrogen-activated carbon (Table 4) with the extremely high activity and low H2O2 yield. The mechanism has not been fully understood yet, but the reason may be associated with high content of the pyridinic-nitrogen after the NH3 treatment.




3. Experimental Section


3.1. Materials Preparation


Nitrogen-doped ordered mesoporous carbon (NOMC) was synthesized by a modified nanocasting method [24]. The process is briefly described as follows. (i) Synthesis of the template SBA-15 [34]: An aqueous mixture, consisting of Pluronic P123, HCl and tetraethoxysilane, was stirred for 20 h at 35 °C and then hydrothermally treated at 100 °C for 24 h. The resultant powders were calcined in air at 550 °C for 6 h, and SBA-15 was finally obtained. (ii) Impregnation of the carbon precursor: Aniline was impregnated into SBA-15 by the vaporization-capillary condensation method [24]. Then, the monomer was polymerized upon adding FeCl3 to form polyaniline (PA). (iii) Pyrolysis and template removal: The resultant powders were then subjected to the pyrolysis at high temperatures (800, 900, 1000, 1100 °C) for 3 h in argon, respectively. Finally, the carbon catalyst was obtained by removing the silicate template by boiling in 10 M NaOH solution for 24 h. The samples were referred to as C-PA-X. Here, X refers to the pyrolysis temperature, viz. 800, 900, 1000 and 1100. In addition, the sample C-PA-1000 was heat-treated again at 1000 °C in ammonia for 30 min, which was labeled as C-PA-1000-NH3.




3.2. Physical Characterizations


X-ray photoelectron spectroscopy (XPS, Physical Electronics PHI 5600, Chanhassen, MN, USA) measurement was carried out with a multi-technique system using an Al monochromatic X-ray at a power of 350 W. Transmission electron microscopy (TEM) was performed on an FEI Tecnai G2 F20 S-TWIN (Hillsboro, OR, USA) operated at 200 kV. Nitrogen adsorption/desorption isotherms were measured at 77 K using a Micromeritics TriStar II 3020 analyzer (Norcross, GA, USA). The total surface area was analyzed with the well-established Brunauer–Emmett–Teller (BET) method; the microporous surface area was obtained with the MP (micropore) method (t-plot method); and the pore size distribution was analyzed by the Barrett–Joyner–Halenda (BJH) method.




3.3. Electrochemical Characterization


The electrochemical behavior of the catalyst was characterized by the cyclic voltammetry (CV) and linear sweeping voltammetry (LSV) using a three-electrode cell with an electrochemical work station Zennium (Zahner, Germany) at room temperature (25 °C). A platinum wire and a double-junction Ag/AgCl reference electrode were used as the counter and reference electrodes, respectively. The working electrode was a rotating ring-disk electrode (RRDE, glassy carbon disk: 5.0 mm in diameter; platinum ring: 6.5 mm inner diameter and 7.5 mm outer diameter). The thin-film electrode on the disk was prepared as follows. Ten milligrams of the catalyst were dispersed in 1.0 mL Nafion/ethanol (0.84 wt. % Nafion) by sonication for 120 min. Then, 10 μL of the dispersion were transferred onto the glassy carbon disk by using a pipette, yielding the catalyst loading of 0.50 mg·cm−2. The ORR activity of the Pt/C catalyst (HiSPEC4000, Johnson Matthey, London, UK) with the metal loading of 20 μg·cm−2 was collected for comparison.



The electrolyte solution, 0.10 M KOH, was first bubbled with argon for 60 min. Then, a CV test was conducted at 20 mV·s−1 in the potential range between 0 and 1.23 V (vs. reversible hydrogen electrode, RHE) for 20 cycles. If not specified, the LSV curve was collected by scanning the disk potential from 1.2 down to 0 V at 5 mV·s−1 in the oxygen-saturated electrolyte solution under 1600 rpm, from which the ORR polarization curve was extracted by subtracting the capacitive current. During the collection, the potential of the ring was set to be 0.5 V (vs. RHE) to determine the yield of hydrogen peroxide.



The electron-transfer number (n) and hydrogen peroxide yield (H2O2%) in the ORR were calculated from the following equations:


   n =   4  |   i d   |     |   i d   |  +  i r  / N     



(1)






    H 2   O 2   ( % )  =     2  i r  / N    |   i d   |  +  i r  / N   × 100   



(2)




where id is the disk current, ir is the ring current and N is the collection efficiency (=20.50%).





4. Conclusions


Nitrogen-doped ordered mesoporous carbon was synthesized by the modified nanocasting method with high electrocatalytic activities to the ORR in both acid and alkaline media. The results revealed that both the pyrolysis temperature and the NH3-activation yielded significant effects on the specific surface area, nitrogen doping and, thus, the electrocatalytic activity, as well. First, the pyrolysis temperature yielded a volcano-shape relationship with the specific surface area and the content of the nitrogen-activated carbon. Additionally, it was found that such a change could be correlated with the electrocatalytic activity to the ORR, revealing the importance of the specific surface area and the chemical nature of the active sites. Second, the post-treatment in NH3 could further increase the specific surface and enhance the nitrogen doping, which thereby improved the electrocatalytic activity and selectivity to the ORR. Additionally, the C-PA-1000-NH3 catalyst outperformed the Pt/C one in both acid and alkaline media, which make it promising to be applied in fuel cells.
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