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challenges remain in revealing intrinsic catalytical behavior 

of N-CNTs (avoid interference by residue metal catalysts 

during preparation [ 5–7 ] ) and improving specifi c surface area 

(SSA) to expose more active sites. [ 10 ]  Many elegant methods 

have been employed to address these issues, such as metal-

free catalysis growth, [ 8 ]  detonation-assisted chemical vapor 

deposition (CVD), [ 9 ]  and partial oxidization and exfoliation 

of CNTs. [ 10 ]  However, the development of effi cient strategy 

to prepare clean and large SSA N-CNTs with wide generality 

and scalability is still in its infancy. 

 To solve the above challenges, aerogels may provide some 

benefi cial hints. The aerogel is a kind of monolithic 3D porous 

frameworks with hierarchical interconnected pores and huge 

SSA, promising for catalysis because of their numerous 

active sites and enhanced mass transfer ability. [ 12–14 ]  CNT-

based aerogels with diverse functions have been developed 

in recent years by either CVD technique or sol–gel chem-

istry. [ 15–21 ]  However, controllable and scalable synthesis of 

clean, high-SSA, and highly conductive N-CNTs aerogels 

with few metal residues is nearly impossible with current 

methods. On this occasion, we developed here a rational 

approach to prepare N-CNT aerogels by an erasable-pro-

moter-assisted hydrothermal reaction coupling with pyrolysis. 

In this way, clean, high-SSA (up to 869 m 2  g −1 ) and highly 

conductive (up to 10.9 S m −1 ) N-CNT aerogels are obtained. 

The resultant N-CNT aerogel exhibited remarkable activity 

toward ORR catalysis in alkaline environment, with a domi-

nant four-electron pathway, relatively positive onset potential 

(−55 mV vs Ag/AgCl) and current density higher than Pt/C 

catalysts (≤−0.4 V vs Ag/AgCl). The strategy presented here 

is also adapted to design various heteroatom-doped CNT 

aerogels, important for better understanding the catalysis 

mechanism for carbon-based materials and designing effi -

cient ORR catalysts. 

 The schematic diagram for preparing N-CNT aerogel is 

illustrated in  Figure    1  , where oxidized MWNTs (ox-MWNTs) 

are employed as precursors. Attributing to insuffi cient inter-

tube π–π stacking with tubular geometry, oxidized MWNTs 

(ox-MWNTs) cannot form gel alone under common condi-

tion. [ 22,23 ]  Hence, we introduce a small-size molecule (e.g., 

pyrrole), which can “glue” ox-MWNTs via both hydrogen 

bonds (N H···O) and π–π stacking, to serve as a promoter 

for strengthening the interactions between ox-MWNTs 

(Figure  1 ). Additionally, the pyrrole molecules incorporated 

in the gel matrix can serve as “built-in” nitrogen sources for DOI: 10.1002/smll.201500587
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  Fuel cells have drawn growing interest in energy sources 

due to their high electrical energy conversion effi ciencies 

and environmental friendliness. [ 1–3 ]  The bottleneck of fuel 

cells lies in the sluggish kinetics of oxygen reduction reaction 

(ORR) at the cathode, which leads to a high overpotential 

loss. [ 2 ]  To make the matter worse, the commercial platinum 

and transition metal oxides based ORR catalysts always 

suffer from the high cost, the instability, or the fi nite nature 

reserves. Hence, the development of metal-free ORR cata-

lysts with high catalytical activity, high durability, and wide-

available resources is highly desired. 

 Recent years witnessed the dramatic interest in using 

nitrogen-doped CNTs (N-CNTs) as one of the promising 

ORR catalysts. [ 4–11 ]  N-CNTs not only show comparable cata-

lytical activity to metal-based catalysts and higher stability 

than Pt-based catalysts in alkaline environment, but also can 

be prepared from a wide range of resources. However, big 
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the subsequent doping process by pyrolysis. Most impor-

tantly, during the pyrolysis step, the conductivity of ox-

MWNTs can be remarkably restored and extra pyrrole 

molecules can easily be eliminated due to their low boiling 

point (≈130 °C), thereby creating clean and highly conductive 

N-CNT aerogels.  

 The CNT/pyrrole hydrogel was prepared by simply 

mixing pyrrole and ox-CNT aqueous together, followed 

by hydrothermal reaction at 180 °C for 24 h. As shown in 

Figure S2a (Supporting Information), ox-MWNT aqueous 

cannot convert to hydrogel without the addition of pyr-

role, indicating the role of pyrrole in promoting gela-

tion. As evidenced from IR, Raman and UV–vis spectra 

(Figure S3, Supporting Information), pyrrole remained 

unchanged during the reaction. Hence, the gelation mecha-

nism may be attributed to the hydrogen bonding and π–π 

interaction between pyrrole monomers and CNTs. This 

mechanism was also supported by a series of comparative 

studies by using different small molecules as promoters to 

replace pyrrole molecules (Figure S4, Supporting Informa-

tion). As expected, only the molecules with both “functional 

groups,” i.e., bearing hydrogen-bond acceptors/donors and 

aromatic rings could gel the ox-MWNTs, suggesting the 

indispensable roles of hydrogen bonds and π–π interactions 

for gelation. The reduction effect of HTR (Figure  1 c) may 

also play roles in gelation, presumably due to enhanced π–π 

interactions between ox-MWNTs as the case for graphene 

oxide (GO). [ 24,25 ]  

 Then, CNT-based aerogels were subsequently obtained 

by supercritical drying of corresponding hydrogels. The 

freshly obtained CNT aerogels showed 3D macropores and 

mesopores abundant frameworks constructed by randomly 

entangled CNTs ( Figure    2  ). The size, morphology, and many 

physical properties of aerogels can be well controlled by 

altering the initial concentration of ox-MWNTs and pyrrole 

(Figures  2 a–c, S2, S5–9, and Table S1, Supporting Informa-

tion). Generally, increased pyrrole-to-CNT ratio resulted 

into aerogels with dramatically shrunk size, increased com-

pressive modulus, and more compact morphology, which 

was attributed to the enhanced crosslinking force intro-

duced by pyrrole molecules. Interestingly, herein ineffi cient 

intertube π–π stacking of ox-MWNTs enables CNT aerogels 

to acquire a signifi cantly large SSA up to 640 m 2  g −1  ( c  0  = 

7.5 mg mL −1 , 10 vol% pyrrole), considerably higher than 

those of MWNT aerogels (typically less than 300 m 2  g −1 ), [ 20 ]  

MWNT sponges (62.8 m 2  g −1 ), [ 16 ]  boron-doped MWNT 

sponges (361 m 2  g −1 ), [ 18 ]  and nitrogen-doped graphene aero-

gels (280 m 2  g −1 ). [ 25 ]   

 Nitrogen doping was realized by pyrolysis of aerogels with 

pyrrole molecules as “built-in” nitrogen sources. In this process, 

small-size pyrrole molecules were easily removed by either 

decomposition or vaporization (Figure S10, Supporting Infor-

mation), and generated nitrogen species can enter the carbon 

lattice of CNTs at high temperature. Additionally, thermal 

treatment can also repair the π-conjugated skeleton of CNTs, 

thereby effi ciently restoring the electrical conductivity of CNT 

aerogels and enhancing the π–π stacking between CNTs for 

maintaining the 3D gel network. It should be noted that pyr-

role could be easily polymerized to poly(pyrrole) (ppy) at 

elevated temperature. However, at high pyrolysis temperature 

above 500 °C, the ppy, if any, would be completely decomposed 

to amorphous carbon or gases. In this step, the freshly pre-

pared aerogel ( c  0  = 7.5 mg mL −1 , 10 vol% pyrrole, denoted as 

N-CNT-0) were subjected to pyrolysis at 500, 750, and 1030 °C, 
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 Figure 1.    a) Synthetic strategy of N-CNT aerogels from ox-MWNTs. b) Roles of pyrrole in the preparation of N-CNT aerogels. c) XPS spectra of 
ox-MWNTs before (black) and after (blue) hydrothermal reaction (HTR). d) Model schematic diagram of the synthesis of N-CNT aerogels.
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thus giving rise to corresponding nitrogen-doped CNT aero-

gels denoted as N-CNT-500, N-CNT-750, and N-CNT-1030, 

respectively. 

 It should be noted that based on the presented method, 

diverse promoters containing different heteroatoms can 

be used, facilitating syntheses and studies of a wide range 

of element-doped (such as N, B, P, S) or co-doped (such as 

N B, N P, N S) CNT hydrogels and aerogels (Figure S4, 

Supporting Information). In addition, due to the fl exibility 

of wet chemistry, various types of CNTs (e.g., different walls, 

diameters, and electrical properties) can be used as precur-

sors, largely broadening the available properties and applica-

tions territory of resultant materials. 

 The nitrogen doping in N-CNT aerogels was investigated 

by energy-dispersive X-ray spectroscopy (EDX), transmis-

sion electron microscopy (TEM), and X-ray photoelectron 

spectroscopy (XPS). Elemental mapping by EDX revealed 

a homogeneous distribution of nitrogen element along the 

CNT surface (Figure S11, Supporting Information). A closer 

look by TEM showed that “elbow” junctions appeared after 

pyrolysis, even at relatively low temperature (Figure S12, 

Supporting Information). These “elbow” junctions consisted 

of stacking graphitic layers with interlayer distances (0.38–

0.39 nm) comparable to the other part of CNTs, indicating 

successful nitrogen doping. [ 18,19 ]  The slightly enlarged inter-

layer distance compared to pristine graphite (≈0.34 nm) may 

be attributed to defects in the carbon lattice introduced by 

either oxidation or doping processes. [ 10 ]  The nitrogen spe-

cies evolution was monitored by X-ray photoelectron spec-

troscopy (XPS). It showed that pyrrolic nitrogen (400.1 eV) 

gradually converted to catalytic pyridinic nitrogen (398.2 eV) 

and graphitic nitrogen (400.9 eV) with increasing tempera-

ture ( Figure    3  b). [ 26–28 ]  Fitting of high-resolution N 1s spectra 

of corresponding samples (Figures  3 c,d and S13, Supporting 

Information) also supported this trend, which means that 

original nitrogen element in pyrrole gradually doped into the 

carbon lattice with increased temperature. [ 4 ]  Therefore, the 

proportion of different specifi c nitrogen species can easily be 

manipulated by selecting appropriate pyrolysis temperature, 

which was important for studying the contribution of dif-

ferent type nitrogen and directing catalysts design.  

 Apart from nitrogen doping, mechanical properties 

(compressive modulus and elasticity), pore structures, and 

thermal stability can also be manipulated by altering pyrol-

ysis conditions (Figures S5–7 and S15, Supporting Informa-

tion). Notably, the electrical conductivity can remarkably be 

restored after pyrolysis (up to 10.9 S m −1  for N-CNT-1030) 

due to thermal reduction of ox-MWNT (Figure S16, Sup-

porting Information). The high conductivity remained nearly 

unchanged upon immersion in solvent (Figure S17, Sup-

porting Information), suggesting the presence of well-con-

nected conductive paths in N-CNT aerogels. 

 Combining 3D open macropores and mesopores struc-

tures, large specifi c surface area, high proportion of active 

nitrogen species, and high electrical conductivity, an excep-

tional catalytical activity of N-CNT aerogels for ORR can 

be expected. Additionally, the rigorous oxidation process 

by Hummer’s method resulted in N-CNT aerogels with 

minimal metal residues (except for Mn), as evidenced from 

XPS, EDX, and inductively coupled plasma atomic emis-

sion spectrometer (ICP-AES) analysis (Figure  3 a and Figure 

S18, Supporting Information), thereby allowing the study 

of nearly intrinsic catalysis performance of N-CNTs. Some 

recent works showed that trace amount of metals would 

boost catalysis activity for graphene. [ 29–31 ]  However, based 

on the contrast experiment (CNT/MnO 2  catalyst) and ion-

poisoning experiment, [ 32,33 ]  we can concluded that the trace 

metal residue would have a negligible effect on the ORR 

performance of N-CNT aerogels (Figure S19, Supporting 

Information). 

 As shown in  Figure    4  b and Figure S21 (Supporting 

Information), N-CNT-1030 showed the best ORR perfor-

mance in alkaline environment among all N-CNT aerogels 

in view of onset potential, catalysis current density, and elec-

tron transfer number. The onset potential of N-CNT-1030 is 

≈−0.055 V, which approached that of N-doped winged CNTs 

small 2015, 11, No. 32, 3903–3908

 Figure 2.    SEM images of aerogels obtained from a)  c  0  = 1.5 mg mL −1 , 10 vol% pyrrole; b)  c  0  = 4.5 mg mL −1 , 10 vol% pyrrole; c)  c  0  = 4.5 mg mL −1 , 
20 vol% pyrrole; and d)  c  0  = 4.5 mg mL −1 , 10 vol% pyrrole, followed by pyrolysis at 1030 °C. Corresponding TEM images of aerogels ( c  0  = 4.5 mg mL −1 , 
10 vol% pyrrole) e) before and f) after pyrolysis at 1030 °C. The “elbow” junctions are highlighted by the red circles, and the inset shows the 
corresponding magnifi ed image.
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(−0.045 V), [ 10 ]  and was considerably more positive than that 

of pyridine-assisted CVD grown N-CNTs (<−0.1 V), [ 5,6 ]  

FePc-NCNTs (−0.14 V), [ 7 ]  and N-doped GFs (−0.18 V). [ 25 ]  

It was even comparable to or better than some transi-

tion metal containing catalysts, such as Fe–N–C catalysts 

(−0.053 V), [ 34 ]  3D N-doped graphene aerogel-supported 

Fe 3 O 4  (−0.19 V), [ 35 ]  and some MnO  x  -based electrocatalysts 

(<−0.1 V). [ 36,37 ]  However, the onset potential and half-wave 

potential (−0.263 V) were still lower than that of Pt/C cata-

lysts (0.055 V and −0.126 V), which was normal for carbon-

based materials. [ 5–7,10,25,35 ]  The LSV curve of N-CNT-1030 

showed a sharp increase in current density at the initial 

stage and quickly reached a saturation current at ≈−0.6 V, 

which enabled the aerogel catalyst to be operated at rela-

tive low overpotential with less energy loss. For example, 

it exhibited comparable ORR current density to that of 

20 wt% Pt/C catalyst at the potential less than −0.4 V versus 

Ag/AgCl, surpassing many carbon-based materials with 

even higher mass loadings. [ 6,7,35 ]  Besides high proportion of 

active nitrogen species and excellent conductivity as carbon-

based ORR catalysts reported elsewhere, the large SSA 

(≥595 m 2  g −1 ) was another important factor that accounts for 

the exceptional ORR activity of N-CNT aerogels. It should 

be noted that although some reported N-CNTs showed supe-

rior ORR catalytical activity comparable to or even better 

than the Pt/C catalyst, the merit might belong to the large 

amount of metal residue (even after acid purifi cation) from 

sole dry chemistry. [ 5–7 ]  By contrast, the strategy developed 

in this work can give nearly intrinsic catalytical properties 

of N-CNTs, important for learning the essential catalytical 

mechanism of heteroatom-doped CNTs and thus designing 

effi cient ORR catalysts.  

 Apart from the high catalytical activity, the N-CNT-1030 

catalyzed ORR via a dominant four-electron path, which 

was benefi cial to reduce side products and improve energy 

effi ciency. [ 2 ]  The one-step reaction process was evidenced 

from LSV curves, consistent with the electron transfer 

number ( n ) calculated by the Koutecky–Levich equation 

(Figure S21, Supporting Information). The reaction mecha-

nism was further studied by rotating ring-disk electrode 

(RRDE). As shown in Figure  4 c, within a large potential 

range (−0.2 to −0.8 V), the  n  and peroxide (HO 2  
− ) yield was 

ranged from 3.7 to 3.85 and 9% to 15%, respectively. This 

again confi rmed the nearly four-electron pathway. Three 

indexes (electron transfer number, current density, and 

HO 2  
−  yield) of different catalysts were compared (Figure  4 d), 

where the N-CNT-1030 exhibited signifi cant advantages 

overwhelming other CNT-based samples although slightly 

inferior to Pt/C catalyst from the view of  n  and HO 2  
−  yield. 

Stability was another important index to evaluate catalysts 

for practical applications. In the absence of precious metals, 

N-CNT-1030 not only showed high cycling stability with more 

than 85% current retention after successive measurements 

for 12 000 s, but also can effi ciently inhibit crossover effect 

under methanol environment (Figure  4 e). 

 To gain some insights into the ORR catalysis mechanism 

of N-CNT aerogels, the catalytical activity (expressed by 

either onset potential, cathode current density, and electron 

transfer number) was correlated with several aerogels para-

meters including conductivity, SSA, and active nitrogen species 
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 Figure 3.    XPS analysis of N-CNT aerogels. a) The full XPS spectrum of N-CNT-1030. b) The N 1s spectra evolution and c) the corresponding nitrogen 
species evolution curves of N-CNT aerogels before and after pyrolysis at different temperatures. The dot lines indicated the three characteristic 
peaks. d) Deconvoluted N 1s spectra of N-CNT-1030.
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contents (the sum of pyridine and graphitic nitrogen) by using 

N-CNT aerogels with different pyrolysis temperatures (Figure 

S22, Supporting Information). We found that only the con-

ductivity was positively related to ORR activity at the whole 

measurement range. This meant that ORR activity of N-CNT 

aerogels depends mainly on electrical conductivity than other 

factors below 1030 °C. Hence, the improvement of conduc-

tivity, i.e., enhancement of electron transfer was more effective 

for boosting ORR activity in the N-CNT aerogels system. 

 Finally, to get a complete catalytical fl avor of N-CNT 

aerogel catalysts for practical applications in alkaline fuel 

cells, the polarization and power density curves of membrane 

electrode assemblies (MEAs) were tested using an aQAPS-S 8  

membrane (Figure  4 f). [ 38,39 ]  The polarization curves showed 

that N-CNT-1030 enjoy a high onset potential of ≈0.85 V, over 

100 mV higher than that of pristine MWNT catalysts. At the 

potential of 0.5 V, N-CNT-1030 possessed high current and 

power densities of 199.5 mA cm −2  and 103 mW cm −2 , which 

was signifi cantly higher than nitrogen-doped CNTs reported 

elsewhere (≈59 mA cm −2  and 29 mW cm −2 ). [ 40 ]  Therefore, 

N-CNT-1030 also showed high activity in a practical single 

alkaline fuel cell. Notably, the test conditions (e.g., tempera-

ture, humidifying conditions, fl ow rate of gases, and pressure) 

for the N-CNT-1030 catalyst have not been optimized. There 

was still enough room for improvement by fi nely modulating 

condition in fuel cell test. 

 In summary, “clean” N-CNTs aerogels with high con-

ductivity (up to 10.9 S m −1 ) and specifi c surface area 

(up to 869 m 2  g −1 ) were obtained by a general method, i.e., 

erasable-promoter-assisted hydrothermal reaction coupling 

with the pyrolysis process. In this approach, dual roles of 

“erasable” promoters (pyrrole) for both gelation promotion 

and built-in nitrogen source have been revealed. Combining 

high conductivity, hierarchical porous structures, high SSA, 

and nitrogen doping, the resultant N-CNT aerogels exhibited 

remarkable activity and high stability for ORR catalysis in 

alkaline environment. The strategy not only provided a novel 

route for the scalable production of clean and high-SSA 
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 Figure 4.    ORR performance of N-CNT aerogels. a) The linear sweep voltammetry (LSV) curves of N-CNT-1030 at various rotation speeds. b) LSV 
curves of pristine MWNTs, N-CNT-0, N-CNT-500, N-CNT-750, N-CNT-1030, and Pt/C catalyst at 1600 rpm. c) The potential-dependent transfer 
electron number and HO 2  −  yield of N-CNT-1030 derived from RRDE measurement at 1600 rpm. d) The comparison of electron transfer number, HO 2  −  
yield, and catalysis current density (1600 rpm, −0.4 V vs Ag/AgCl) of various catalysts. e) Methanol crossover effect measurements of N-CNT-1030 
and Pt/C catalyst at −0.4 V. f) Performance of alkaline polymer electrolyte fuel cells (APEFCs) using N-CNT-1030, CNTs, or Pt/C as the cathodes in 
alkaline fuel cells at 60 °C; open and closed data points correspond to power densities and cell voltages, respectively.
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N-CNTs aerogels, but could also be applied to synthesis of a 

variety of element-doped or co-doped CNT aerogels for both 

fundamental research and practical implementations. This 

may open a new avenue for preparing clean CNT aerogels 

and designing high-effi cient CNT-based ORR catalysts.  
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