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Microbial fuel cell (MFC) is an emerging technology to harvest 

electricity from waste, but generally suffers from low power 

density at the present stage. Especially, the poor cathode 

performance usually presents a limiting factor. In this work, 

we prepare a novel cathode material for MFC by growing 5 

vertically aligned nitrogen-doped carbon nanotubes (N-CNTs) 

on carbon cloth (CC) using a chemical vapor deposition 

method, and evaluate its performance in MFC tests. The 

results show that the MFC with the N-CNTs-CC as its cathode 

exhibits an output power density of 542 mW m
-3

, greater than 10 

that of the MFC with the Pt/C-coated CC cathode. The 

electrochemical experimental results show a higher catalytic 

activity for oxygen reduction and smaller resistance of the N-

CNTs-CC electrode, compared with those of the Pt/C-CC, which 

are responsible for its better MFC performance. The N-CNTs-15 

CC material prepared in this work may offer an appealing 

metal-free and low-cost alternative to Pt/C for MFC cathode 

applications. 

Microbial fuel cell (MFC) is emerging technology to produce 

electricity directly from waste streams.1-4 In MFC anode, the 20 

electrons released from metabolism of organic matters are 

transferred to anode and ultimately reduced at the cathode. Various 

oxidants such as ferricyanide,5 permanganate,6 and oxygen,7 can be 

used as the electron acceptors at the cathode. Especially, oxygen as 

an abundant and freely-available electron acceptor has been most 25 

widely adopted.8 Although MFCs have unique advantages, they 

have not yet put to practical application because of their low power 

generation and high costs. One common limitation in energy 

production from MFCs is the considerable overpotential of the 

oxygen-reducing cathode.9 30 

Platinum (Pt)/ carbon (C) is the most widely used catalysts for 

oxygen reduction reaction (ORR) at MFC cathode due to its high 

catalytic activity, but the high cost and limited availability 

constrains its practical application.10 Half of the capital cost of an 

MFC comes from the cathode if Pt/C is used.9 Apart from its high 35 

cost, Pt-based catalyst also suffers from instable performance. 

Therefore, to reduce MFC costs and make it sustainable for 

commercial applications, it is highly desired to develop effective 

and low-cost catalysts to replace Pt/C.   

Metal-free carbon materials, owning to their low cost and wide 40 

availability, have been extensively investigated as ORR catalysts.11-

15 In particular, carbon nanotubes (CNTs) are regarded as a highly-

efficient ORR catalyst, attributed to their high surface area, 

electrocatalytic activity, corrosion resistance, and excellent 

conductivity. Furthermore, compared with Pt, which is easy to get 45 

poisoned, CNT is a robust catalyst used in polluted environments. 

Moreover, heteroatoms doping is usually applied to further improve 

its ORR performance.16-18 For instance, nitrogen-doped CNTs 

exhibit a similar or even higher catalytic activity and better stability 

as well as excellent tolerance to methanol and CO compared with 50 

Pt-based catalysts when Pt is poisoned.19-21 CNTs-modified air 

cathodes have been previously manufactured using coating 

methods.22, 23 In other studies, vertically-aligned CNTs electrode 

were also prepared, which exhibited even better electrochemical 

performance attributed to its unique electrical, mechanical, thermal 55 

and conductive properties.24, 25 However, no application of such 

vertically-aligned CNTs electrodes for MFC cathode has been 

reported. 

 
Fig. 1 (a, b, c) SEM images of the N-CNTs-CC electrode; and (d) 60 

Raman of the raw CC, N-CNTs on silicon wafer, and N-CNTs on CC. 
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In this work, we prepared a vertically-aligned, nitrogen-doped 

CNTs (N-CNTs) -carbon cloth (CC) composite electrode by 

growing N-CNTs on CC using a chemical vapor deposition (CVD) 

method as an MFC cathode. Then, we compared the performance of 

MFCs with this N-CNTs-CC cathode and a traditional Pt/CC 5 

cathode, characterized their electrochemical properties and explored 

the reason for the better performance of the MFC with the N-CNTs-

CC cathode.  

Aligned N-CNTs were prepared directly on the entire CC, 

which is a conductive sheet of carbon fibers. The SEM images 10 

show that N-CNTs were uniformly distributed over the CC surface, 

forming a three dimensional network structure (Fig. 1a-c). 

Additionally, the carbon fibers were covered by a 3-µm thick CNTs 

layer, where the CNTs were vertically aligned along carbon fibers. 

This structure was expected to increase the accessibility of 15 

electrolyte and oxygen to the N-CNTs, and thus improve the mass 

transfer and benefit for the electrochemical reactions.26 

 
Fig. 2 (a) Sum XPS spectra, and (b) XPS N1s spectra of the N-CNTs-

CC electrode. 20 

Fig. 1d shows the Raman spectra of the raw CC, N-CNTs-CC, 

and N-CNTs grown on silicon wafer as a comparison. The D-band 

and G-band exist in all the electrods. The D-band is attributed to 

A1g phonon of sp3 carbon atoms of disordered graphite, and the G-

band comes from the in-plane vibration of sp2 carbon atoms.27 The 25 

G-band of the carbon cloth located at 1583 cm-1, while that of the 

N-CNTs-CC blue-shifted to 1587 cm-1,which was close to the value 

of the N-CNT-silicon wafer (1593 cm-1), indicating the covering of 

N-CNTs on the carbon cloth. The full width of half-maxima of D-

band could be used to evaluate the crystallinity structures of the 30 

carbon.28 The full width of half-maxima of the raw carbon cloth 

was 49.1 cm-1, while those of the N-CNTs-CC and N-CNTs-silicon 

wafer were 70.0 cm-1 and 93.2 cm-1, respectively. This suggests that, 

after the growth of the N-CNTs, the disorderness on the surface of 

the electrode increased. This could be attributed to the fact that the 35 

CNTs have defects, and in addition, the doping of N elements 

further disordered the carbon structure of the CNTs. Briefly, after 

the growth of N-CNTs, the surface of the carbon cloth was covered 

and the surface properties was also changed.  

X-ray photoelectron spectroscope (XPS) was used to examine 40 

the elemental composition and valence state of the N-CNTs-CC 

electrode. The XPS survey spectrum in Fig. 2a shows the C 1s, N 1s, 

and O 1s with an associated Auger peaks. The O peaks might arise 

from the incorporation of physicochemically adsorbed oxygen, 

which was reported to be advantageous for the ORR application.29 45 

Fig. 2b and 2c shows the core levels spectra of C 1s and N 1s, 

respectively. The main component peak in C 1s at 284.5 eV 

indicates that graphite carbon was the major component in the N-

CNTs,30 while the peak appeared at 285.4 eV was attributed to the 

C-N bond.31 From the core levels N1s spectra, pyridinic-N and 50 

pyrrolic-N located near 398.7 eV and 400.7 eV, respectively, were 

attributed to C-N sp3 and C=N sp2.32, 33 These results indicate that 

the well maintained graphite carbon and the doping of the N might 

lead to a change of conductivity and ORR activity. 
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 55 

Fig. 3 (a) Output voltage of the MFCs; and (b) anode and cathode 

potentials of the MFCs with the N-CNTs-CC cathode and Pt/C-CC 

cathode respectively. 

Page 2 of 6Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal of Materials Chemistry A COMMUNICATION 

This journal is © The Royal Society of Chemistry 2015 J. Name., 2015, 00, 1-4 | 3  

The electrocatalytic activity of the N-CNTs-CC as an MFC 

cathode was examined and compared with that of the Pt/C-CC 

cathode. All the experiments were conducted in duplicate (Fig. 3). 

Fig. 3a illustrates the output voltages of the MFCs during four 

cycles. Although the voltages increased gradually over the cycles in 5 

both MFCs, the voltages of the N-CNTs-CC were in general a little 

higher than those of the Pt/C-CC. The output voltage of an MFC 

depends mainly on the potential difference between the anode and 

the cathode. After the four operating cycles, both the anode and 

cathode potentials of the two MFCs were measured. Fig. 3b shows 10 

that the N-CNTs-CC had a slightly higher cathode potential, but its 

anode potential was close to that of Pt/C-CC. 

To get a better insight into the electricity generation 

performance of the two electrodes, the polarization curves and 

power density curves were measured (Fig. 4). A typical polarization 15 

curve shows three different zones, i.e., activation, ohmic and 

concentration losses.34 The activation loss shows the proportion of 

voltage loss occurs in electrode reaction that transfer of electrons 

to/from the electrode. The ohmic loss is mainly originated from the 

resistance of electron transfer across the electrodes, bacterial 20 

biofilm, electrolyte, and proton exchange membrane. The 

concentration loss is caused by the change in concentration of the 

reactants at the surface of the electrodes. The polarization curve of 

the N-CNTs-CC showed an almost linear increase of current with 

decreased voltage, indicating that the voltage loss was dominated 25 

by ohmic loss. In comparison, the Pt/C-CC showed both activation 

and ohmic loss regions in the polarization curve with a larger slope, 

suggesting a relatively poor ORR activity and a higher internal 

resistance of the MFC with Pt/C-CC cathode.34 The maximum 

power density of the MFC with the N-CNTs-CC reached 542 mW 30 

m-3 (135 mW m-2), greater than that with the Pt/C-CC (499 mW m-

3) by 8.6%. This value is comparable to that reported in a previous 

work (139 mW m-2),35 where CNT/Pt composites were used as 

MFCs cathode, suggesting a good ORR catalytic performance of 

the N-CNTs-CC electrode. 35 
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Fig. 4 Polarization curve and power density curve of the MFCs with 

different cathodes 

The MFC performance is affected by many factors, including 

reactor configuration, overpotential, and internal resistance.6 Herein, 40 

the ORR catalytic activities of the cathode were examined. The 

Tafel plots of the N-CNTs-CC and Pt/C-CC electrodes are shown in 

Fig. 5a. Evaluation of the intrinsic electrocatalytic activities for 

electrocatalysts was made based on the relative values of exchange 

current density j0 for ORR, which is an important kinetic parameter 45 

representing the electrochemical reaction at equilibrium.36 This 

value is recognized as an indicator of the electron transfer rate of a 

catalyst, and its magnitude governs how rapidly the electrochemical 

reaction can occur. In this study, the exchange current density j0 

values were 5.13 mA cm-2 and 4.36 mA cm-2 for the N-CNTs-CC 50 

and Pt/C-CC, respectively, indicating that the N-CNTs-CC had a 

higher ORR activity.  
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Fig. 5 (a) Tafel plots of the Pt/CC-cathode and N-CNT-cathode 

recorded in 50 mM phosphate buffer solution of pH 7.0, at the 55 

scan rate of 1 mV s
-1

, over-potential from 60 to 80 mV; (b) EIS of 

the N-CNTs-CC and Pt/C-CC electrodes 

Electrochemical impedance spectroscopy (EIS) was used to 

determine the resistance of the cathode reaction (Fig. 5b). By fitting 

the data of the Nyquist plots, the value of each parameter was 60 

obtained. The ohmic loss, Rs resulting from the ionic resistance of 

electrolyte, and the intrinsic resistance of active materials, and the 

contact resistance were found to be 9.22 Ω and 16.95 Ω for the N-

CNT-CC and Pt/C-CC, respectively. Since both MFCs were 

operated under the exactly same conditions, the difference in the 65 

ohmic resistance should be attributed to the higher conductivity of 

the CNTs. The activation loss (Rct) of the N-CNT-CC was 11.23 Ω, 

which was also smaller than 16.30 Ω for the Pt/C-CC, suggesting 

that the activation energy required to transfer an electron from the 

N-CNT/CC to the electrolyte was less than that of the Pt/CC. Both 70 

ohmic loss and activation loss of the N-CNTs-CC were smaller than 

those of the Pt/C-CC electrode, which in good agreement with the 

Tafel results. The smaller ohmic resistance of the N-CNTs-CC 

electrode might be resulted from the good conductivity of the 

CNTs-CC and the doping of the N element. The core levels spectra 75 

of the C 1s in Fig. 2b show that the major component in the CNTs 

was graphite carbon, which maintained the graphite structure and 

the conductivity of the CNTs. In addition, a previous study has 

demonstrated that the doping of graphite-like sp2 N in graphite 

structure could act as a weak electron donor and increase the 80 

electrical conductivity of the electrode greatly.32 In the N-CNTs-CC 

electrode, sp2 N accounted for a large part of the doped-N in the 

CNT (Fig. 2c), which would lead to a smaller resistance of the 

electrode.19, 37 The Warburg resistance of the N-CNT-CC and the 

Pt/C-CC were 0.011 Ω and 0.0074 Ω, respectively, which were 85 
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much less than the ohmic loss and the activation loss, indicating 

that the concentration loss of the MFC system did not play a major 

role under our experimental conditions. 
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Fig. 6 CV of the Pt-cathode and N-CNT-cathode in 50 mM 5 

phosphate buffer of pH 7.0, at the scan rate of 1 mV s
-1

. 

CV analysis was performed to further evaluate the ORR 

performance of the two cathodes in 50 mM PBS saturated with 

oxygen. The two electrodes had the same levels of onset potential, 

while the cathodic peak potential of the N-CNTs-CC was 0.056 V 10 

vs. Ag/AgCl, which is more positive than that for the Pt/C-CC (Fig. 

6). The improved ORR activity of the N-CNTs-CC might be 

resulted from the doped-N defect, which makes the C atoms 

adjacent to N dopants have a substantially high positive charge 

density to counterbalance the strong electronic affinity of N.19 The 15 

resulted C atoms could serve as adsorption site for oxygen and also 

facilitate charge-transfer at the electrode/electrolyte interface.38 

Although the two electrodes had the same onset potential for ORR, 

the more positive cathodic peak potential of the N-CNTs-CC 

suggests a better catalytic activity of this electrode for ORR.7 This 20 

result is consistent with the the above Tafel measurement results.  

Several factors, such as conductivity, catalytic activity for ORR, 

hydrophobicity, might contribute to the enhanced the cathode 

performance of the N-CNTs-CC electrode. The EIS results 

provided direct evidence for the smaller resistance of the N-CNTs-25 

CC electrode, resulting from the N-doping of the CNTs, which is 

beneficial to a smaller internal resistance of the MFC. Meanwhile, 

the N-doping of the CNTs also increased the activity sites of the 

electrode, and accordingly enhanced its ORR activity. Thus, the 

smaller resistance and the better ORR performance of the N-CNTs-30 

CC resulted in the higher power density of the MFC with N-CNTs-

CC cathode. 

In summary, we used a simple process to directly fabricate a 

vertically-aligned N-CNTs on CC in this work, and used it as an 

efficient, low-cost cathode for MFC. The N-CNTs-CC electrode 35 

could increase the MFC power density by 8.6% compared with the 

Pt/C-CC electrode. The electrochemical characterization suggests 

that the better performance of the MFC with N-CNTs-CC cathode 

resulted from the smaller resistance and better ORR performance of 

the N-CNTs-CC cathode. The present work provides an effective 40 

approach for preparing low-cost and efficient MFC cathodes, but 

further optimization of the electrode preparation process and 

conditions shall still be needed. 
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