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ABSTRACT: Cost-effective cathode catalysts are critical to the
development of microbial fuel cell (MFC) technology. Herein, a
synthesis route is presented to improve the nitrogen content and
nitrogen functionality in the nitrogen-doped activated carbon
(AC) as a low cost and efficient catalyst for oxygen reduction
reaction (ORR). It was demonstrated that key factors for
successful nitrogen doping were the proper pretreatment with
acidic and alkaline solutions consecutively and the use of a solid-
state nitrogen precursor. The AC pretreated with both acidic and
alkaline solutions resulted in a nitrogen content of 8.65% (atom
%) (in which 5.56% is pyridinic-N) on its surface, and exhibited
an outstanding electrocatalytic activity for ORR in both
electrochemical and MFC tests. A good agreement between
pyridinic-N content and ORR activity was observed, indicating
that pyridinic-N is the most active site for ORR in the nitrogen-doped AC. The pretreated nitrogen-doped AC catalysts resulted
in a higher maximum power density than the untreated AC and the commercial Pt/C (10% Pt) catalysts. The exceptional
performance associated with the advantages, such as simple and convenient preparation procedure, easily obtained raw materials,
and low cost, makes the pretreated nitrogen-doped AC promising for the ongoing effort to scale up MFCs.
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■ INTRODUCTION

Microbial fuel cells (MFCs) have been intensively studied as a
sustainable wastewater treatment technology in the past
decade,1 and with recovering energy from organic wastes
MFCs have a potential to become an energy-neutral (even
positive) treatment process.2 In an MFC, the electrochemically
active bacteria grown on an anode electrode oxidize organic
matters in wastewater and release the electrons to the anode
electrode; the released electrons then travel through an external
circuit to reduce the terminal electron acceptors in the cathode.
The terminal electron acceptors in the cathode play a critical
role in both organic oxidation and energy recovery. Oxygen is
the most commonly used terminal electron acceptor and
considered to be suitable for MFC application because of its
high reduction potential and readily availability.3 However,
because of the high energy barrier of oxygen reduction reaction
(ORR), a catalyst will be needed to facilitate the cathode
reaction in an MFC. Currently, the Pt-based catalysts are the
most widely applied cathode catalyst in the laboratory MFC
systems, and make the capital cost of MFC reactors
prohibitively high for a practical application. Therefore,
exploring a low-cost and efficient alternative ORR catalyst to
the Pt-based materials is of great importance to bring the MFC

technology into a practical scale. Some alternative ORR
catalysts have been studied in MFCs including transition
metal complexes,4 metal oxides,5 nitrogen-doped carbon
nanotubes6 and graphenes,7 and microorganisms.8 However,
the limitations associated with these alternatives, such as high
manufacturing cost, complex preparing procedure, poor
durability, and low performance, prevent them from being an
ideal candidate for large-scale MFC applications.
There has been a trend to search for cost-effective materials

for MFCs in large-scale applications with a specific focus on
cheap yet efficient cathode catalysts,9−12 and activated carbon is
of strong interest. Activated carbon (AC) is a common carbon
material that can be facilely and economically produced from
various carbonaceous sources such as wood, nutshells, coconut
husk, peat, lignite, coal, and petroleum pitch.13 Recently, AC
was demonstrated as an alternative cathode catalyst to Pt in
several MFCs,13−18 in which the AC-based cathode electrodes
achieved relatively higher power densities compared with the
noncatalyzed cathodes; a long-term study showed that the AC
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cathodes exhibited much better durability than the Pt/C based
cathode.19 In addition, AC has a large surface area in excess of
500 m2 g−1 and its low cost is very attractive compared with
other nanostructured carbon materials (e.g., carbon nanotubes
or graphene) or the Pt-based catalysts, thereby making AC a
very promising catalyst for MFCs.
However, at this moment, the low catalytic activity for ORR

in AC has greatly limited its application in MFCs. It was
recognized that proper modification of AC may greatly affect its
catalytic performance, and among the modifying methods,
nitrogen doping on some nanostructured carbon has been
demonstrated to be an effective strategy to improve ORR
catalytic performance.20,21 There have also been some attempts
to improve the ORR catalytic performance of AC through
nitrogen doping.11,15,22 These nitrogen-doped AC materials,
though achieving enhanced ORR activity, still cannot satisfy the
MFCs application due to multiple reasons, in which the low
nitrogen content (typically below 2%) could be an important
factor. In addition, the active nitrogen compounds in the
doping need to be identified for further understanding of ORR
catalyzed by the nitrogen-doped AC. The recent research found
that three types of typically doped nitrogen, i.e. pyridinic-N,
pyrrolic-N, and quaternary-N, could make different contribu-
tions to improving ORR activity: the pyridinic-N and the
pyrrolic-N could reduce the thermodynamic barrier of ORR,
whereas the quaternary-N could enhance the kinetic perform-
ance of ORR.23 Nitrogen-doped carbon nanostructures
indicated that increasing the contents of the pyridinic-N and
the pyrrolic-N seemed to be more important because both can
be beneficial to reducing the energy barrier of ORR.24

Those prior findings and the strong need for cost-effective
cathode catalysts for large-scale MFC development inspire us to
explore a proper nitrogen doping strategy for improving AC
catalysts. We hypothesize that the ORR catalytic activity of the
nitrogen-doped AC would benefit from (1) increasing nitrogen
content; and (2) a better understanding of nitrogen
functionality. In this study, we have developed an effective
and reliable method to prepare the nitrogen-doped AC with
improvement in both total nitrogen-doped content and
nitrogen-functionalities. We have conducted a series of
experiments to examine the effects of the pretreatment on
the nitrogen-doped AC, and two keys were demonstrated to be
very important in fabricating an ideal nitrogen-doped AC based
cathode catalyst that could outperform Pt/C catalysts for the
MFC application: (1) pretreatment of AC with acidic or
alkaline solutions successively before the nitrogen-doping
reaction, and (2) use a solid nitrogen source, i.e., cyanamide.

■ MATERIALS AND METHODS
Synthesis of the AC Catalysts. The nitrogen-doped AC was

synthesized by using commercially available activated carbon (Fisher
Scientific, Bridgewater, NJ, USA), and three different types of the
nitrogen-doped AC were prepared: (1) direct nitrogen-doped AC
(ACN) without any pretreatment; (2) acid pretreated nitrogen-doped
AC (acidic-ACN); and (3) acid and alkaline pretreated nitrogen-doped
AC (acidic/basic-ACN). During the synthesis of the acidic-ACN and
the acidic/basic-ACN, the acidic pretreatment process was performed
as the following: 2 g of AC powder was added into a solution
containing 25 mL of H2SO4 (98%) and 2 g of KMnO4 and mixed for 3
h. Afterward, the acid treated AC was washed thoroughly using DI
water, and then used for nitrogen doping. To prepare the acidic/basic-
ACN, the acid pretreated AC was further treated in a 3 M KOH
solution at 180 °C for 10 h; the acidic−basic pretreated AC was then

thoroughly washed with DI water and used in the following nitrogen
doping.

The nitrogen precursor used in this study was cyanamide (Sigma-
Aldrich, St. Louis, MO, USA). The AC samples and cyanamide were
added in a 1:5 ratio (mass) and well-mixed before they were loaded
into a programmable tube furnace (Lindberg, Thermo Scientific,
USA). Before the doping, the tube furnace was flushed with Argon for
10 min. The temperature was increased from the room temperature to
80 °C in 10 min and maintained at 80 °C for 1 h; then the
temperature was further increased to 750 °C in 4 h and maintained at
750 °C for additional 2 h. During the entire doping period, the tube
was flushed with argon gas at a flow rate of 0.1 mL s−1.

Characterization of the AC Catalysts. The morphology of the
nitrogen-doped AC was characterized by scanning electron microscope
(SEM) (Hitachi S-4800). Brunauer−Emmett−Teller (BET) test was
conducted to examine the surface area and pore size distribution of the
catalysts (ASAP 2020, Micromeritics, Norcross, GA, USA). During the
BET test, the samples were first degassed and then used to adsorb N2
at 76 K. The micropore area and volume was calculated by using t-plot
method. XPS (5950A ESCA Spectrometer, H.P.) was employed to
study the surface chemistry composition of the catalysts, and to
compare the nitrogen content between different nitrogen-doped AC
catalysts; the spectra were scanned from 0 to 1000 eV, and were
analyzed using XPSPEAK 4.1. The chronoamperometry test was used
to examine and compare the durability between the Pt/C and the
acidic/basic-ACN: the working electrode (a glassy carbon electrode)
was loaded with 5 μL of catalyst ink, and then biased to −100 mV (vs
Ag/AgCl reference electrode) in 100 mM PBS solution with a Pt wire
as the counter electrode; before the test, the electrolyte was aerated
with O2 for 30 min and the aeration was continued at the head space
throughout the experiment.

Linear sweep voltammetry (LSV) was used to examine the
electrochemical performance of the AC catalysts. The catalyst ink
was prepared by dissolving 5 mg of the catalyst in 0.5 mL of 0.5%
Nafion solution (Sigma-Aldrich, St. Louis, MO, USA). The ink was
vortexed for 5 min and then ultrasonicated for 30 min to ensure well
dispersion of the catalyst. After ultrasonication, 6 μL of the ink was
pipetted to the top of a glassy carbon electrode, which was dried in the
air and then used in the electrochemical test. During the LSV test, the
working electrode was mounted on a rotating disk electrode (RRDE-
3A, BASi, West Lafayette, IN, USA). To calculate the number of
electrons transferred during ORR as previously described,25 the
rotating speed of the electrode was varied from 100 to 3600 rpm. The
counter electrode was a Pt wire (CHI115, CH Instruments, Austin,
TX, USA), and the reference electrode was Ag/AgCl (Saturated KCl,
0.197 V vs standard hydrogen electrode). The potentials reported in
the LSV test were the values vs Ag/AgCl reference electrode unless
noted otherwise. The electrolyte used in the LSV tests was 100 mM
phosphate buffer solution containing (per liter) 10.7 g of K2HPO4 and
5.3 g of KH2PO4. Before the LSV test started, the electrolyte was
aerated with oxygen for 30 min, and the aeration was continued at the
head space throughout the LSV test. The voltage was scanned from 0.8
to −0.8 V at a scan rate of 5 mV s−1 using a potentiostat (600E, CH
Instruments, Austin, TX USA).

Electrochemical impedance spectroscopy (EIS) test was conducted
using a potentiostat (Reference 600, Gamry Instruments, Warminster,
PA, USA) under the same condition as the LSV test. The frequency
was swept from 1 × 105 to 0.1 Hz with a sinusoidal amplitude of 5 mV.

MFC Test. The MFC test was conducted in an H-shape MFC
reactor, in which the anode chamber (140 mL) and the cathode
chamber (140 mL) were separated by a cation exchange membrane
(Membrane International, Inc., Ringwood, NJ, USA). The anode
electrode was a 5 cm long carbon brush and the anode chamber was
inoculated with digester effluent from South Shore Wastewater
Treatment Plant (Milwaukee, WI, USA). The anolyte contained
(per liter of tap water): sodium acetate, 1 g; NH4Cl, 0.15 g; NaCl, 0.5
g; MgSO4, 0.015 g; CaCl2, 0.02 g; KH2PO4, 0.53 g; K2HPO4, 1.07 g;
yeast extract, 0.1 g; and trace element, 1 mL.26 The cathode electrode
was carbon cloth coated with the prepared AC catalysts, and the
catholyte was 100 mM phosphate buffer solution. The cathode
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chamber was aerated with air with a flow rate of 50 mL min−1. Both
the anolyte and the catholyte were mixed using stirring bars.
Five different cathode catalysts were tested, including AC, ACN,

acidic-ACN, acidic/basic-ACN, and Pt/C (10% Pt, Fuel Cell Earth,
Stoneham, MA, USA). Each catalyst was brushed onto a piece of
carbon cloth using 0.5% Nafion solution (Sigma-Aldrich, St. Louis,
MO, USA) as binder with a loading rate of 5 mg cm−2. The dimension
of each carbon cloth was 1 cm × 3 cm. Prior to being coated, the
carbon cloth was soaked in acetone overnight and then heat-treated
under 350 °C for 1 h.27

The MFC performance was monitored and examined by using
polarization tests and current generation across an external resistor.
The polarization test was conducted by using a potentiostat
(Reference 600, Gamry Instruments, Warminster, PA, USA) at a
scan rate of 0.1 mV s−1: the cathode electrode functioned as a working
electrode, and the anode electrode acted as both the counter and
reference electrodes. The polarization test was duplicated for each
catalyst. Four AC-based catalysts, AC, ACN, acidic-ACN, and acidic/
basic-ACN, were compared for their current profile across the external
resistance of 33 Ω in a batch operation. To do this, four cathodes
loaded with different AC catalysts were simultaneously connected to
the common anode electrode (so that the influence of different anode
electrode would be minimized) in an MFC. One batch operation last
for 24 h, and the anolyte and catholyte were replaced with the fresh
medium after each batch.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the AC Catalysts.

The procedure for preparing the acidic/basic-ACN was
demonstrated in Figure 1. The synthesis starts from the

treatment of AC with strong oxidizing acid, i.e., concentrated
H2SO4 with KMnO4, which produces a large amount oxygen-
rich group; the following KOH treatment then leads to the
activation of AC;28 after introducing N source (cyanamide), the
oxygen-rich groups in AC would react with amine groups in

NH2CN to form a layer of C3N4 polymer covered on AC; the
final calcination at 750 °C leads to the acidic/basic-CAN
products through N-doping reaction between AC and the
produced gas (e.g., C2N2

+, C3N2
+, NH3) from decomposition of

C3N4.
29

The representative SEM images of all AC samples are shown
in two scales in Figure S1 (see the Supporting Information),
from which one can observe that there is no significant
difference in morphology among these samples, indicating that
neither the acidic/basic pretreatment nor the nitrogen doping
reaction obviously affect the morphology of the catalysts. This
suggests that the morphology may not play a key role in
impacting the performance of those AC catalysts studied here.
The acidic/basic-ACN was further characterized by taking
element mapping images of carbon and nitrogen (Figure 2a−
c), in which the green dots (Figure 2b) and the yellow dots
(Figure 2c) are attributed to carbon and nitrogen elements,
respectively. One can observe that the nitrogen elements were
uniformly dispersed on the acidic/basic-ACN sample, demon-
strating the N can be uniformly doped in carbon by using the
present method.
There has been an argument about the contribution of

micropore area on ORR catalytic activity of activated
carbon.13,17 In nitrogen-doped activated carbons, however,
the dominant catalytic sites for ORR are thought to be the N
atoms and are not the micropores per se. This was supported
by the evidence obtained from the present experiments.
Although the nitrogen-doped AC catalysts had smaller surface
areas and micropore areas than the plain AC material (see
Table S1 in the Supporting Information), their ORR catalytic
performances had been improved remarkably (more details in
the following sections), indicating that the surface area had little
contribution to the improvement in ORR catalytic activity of
the nitrogen-doped ACs. Moreover, we did not observe any
noticeable change in the pore size distribution after acidic, basic
or nitrogen doping treatments (see Figure S2 in the Supporting
Information).
The XPS spectra of the ACN, the acidic-ACN and the acidic/

basic-ACN catalysts are presented in Figure 3 and Figure S3 in
the Supporting Information. According to the XPS spectra, the
surface nitrogen contents of the three catalysts are: 4.2% for the
ACN, 6.0% for the acidic-ACN, and 8.7% for the acidic/basic-
ACN (Table 1), significantly higher than those (around 2%) in
two prior studies of the nitrogen-doped activated carbon 15 and
nitrogen-doped carbon black 22 as a cathode catalyst in MFCs.
The acidic pretreatment increased the nitrogen content by 45%
(the ACN vs the acidic-ACN), and the combined acidic and
basic pretreatment further improved the nitrogen content by

Figure 1. Schematic illustration for fabricating the acidic/basic-ACN.

Figure 2. (a) Zero-energy loss bright-field image of the acidic/basic-ACN, (b) the corresponding carbon element mapping, and (c) the nitrogen
element mapping.
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another 45% (the acidic-ACN vs the acidic/basic-ACN), which
doubled the nitrogen content compared with the ACN,
indicating that pretreatment is a key factor in preparing the
nitrogen-doped ACs. Although KMnO4 was involved in the

pretreatment, no Mn (or Fe) was detected in the AC catalysts
(see Figure S3 in the Supporting Information).
The successful nitrogen doping of AC in this study relied on

two key factors: (1) proper pretreatment, and (2) the
decomposition of solid precursor as a nitrogen source. The
well-ordered structure of AC makes it hard for nitrogen atom to
be doped into the carbon matrix; thus, it is important to
introduce defects onto the surface of the carbon. The present
method, through pretreatment of AC with acid and alkaline
solution successively, was supposed to introduce a large amount
of defects on the surface of AC. These introduced defects then
became the active sites for nitrogen doping in the following
steps. A solid N precursor (e.g., cyanamide) rather than
conventional NH3 gas was used in this study: upon heating
(above 700 °C) the cyanamide would initially polymerize and
then slowly decompose to release N-rich gases that enable the
nitrogen doping reaction to proceed homogeneously on the
surface of AC particles. Such a designed process could also
increase the pyridinic-N and pyrrolic-N content in AC.23

Electrochemical Performance. The results of the LSV
tests of the AC, the ACN, the acidic-ACN, the acidic/basic-ACN,
and the Pt/C are presented in Figure 4 and Figure S4 in the

Supporting Information, and confirmed our hypothesis that
nitrogen doping could increase the ORR catalytic performances
of AC and that different pretreatment methods would result in
the materials with different catalytic performance. According to
the LSV, the AC had the lowest ORR onset potential, which is
about 60 mV, whereas, as expected, the Pt/C showed the most
positive ORR onset potential of +300 mV. Direct nitrogen
doping (ACN) did not obviously change the onset potential;

Figure 3. N 1s spectra of (a) the ACN, (b) the acidic-ACN, and (c) the
acidic/basic-ACN.

Table 1. XPS Results of Three Nitrogen-Doped AC Catalysts

surface content of different N
functionalities (atom %)

C/N/O
total surface N content

(atom %) pyridinic pyrrolic quaternary
no. of e− transferred

in ORR
ORR onset

potential (mV)
Ilimiting in LSV
(mA cm−2)

ACN 0.849/0.042/
0.109

4.20 1.46
(35%)a

1.48
(35%)

1.25
(30%)

2.39 60 4.67

acidic-ACN 0.821/0.060/
0.119

6.00 2.30
(38%)

1.87
(31%)

1.83
(31%)

4.09 160 5.89

acidic/basic-
ACN

0.828/0.087/
0.085

8.65 5.56
(64%)

1.36
(16%)

1.73
(20%)

3.99 180 7.18

Pt/C n/a n/a n/a n/a n/a 3.79 300 6.42b

aThe relative percentage of each N functionality among the N content on the AC surface. bThis limiting current density of Pt/C was recorded at
−0.6 V to avoid hydrogen production.

Figure 4. Linear sweep voltammetry of the AC catalysts and the Pt/C
at 1600 rpm.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5008547 | ACS Appl. Mater. Interfaces 2014, 6, 7464−74707467



however, the current density of the ACN was higher than that of
AC, likely because of the increased quaternary-N content. On
the other hand, noticeable positive shifts in ORR onset
potential were observed in the pretreated nitrogen-doped AC:
the acidic-ACN had an onset potential of 160 mV, whereas the
acidic/basic-ACN exhibited an onset potential of 180 mV.
Comparing with the ACN, these onset potentials mark
improvements of +100 mV and +120 mV, respectively, likely
because of the increased pyridinic-N content resulting from the
pretreatment.
The pretreated nitrogen-doped AC also showed higher

current densities in LSV, which confirmed the importance of
proper pretreatment. In more detail, the ACN reached a limiting
current density of 4.67 mA cm−2, which was 33% higher than
that of the raw AC (3.51 mA cm−2). The limiting current
densities of the acidic/basic-ACN and the acidic-ACN were 7.18
nd 5.89 mA cm−2, respectively. The current densities of the
tested catalysts generally follow a trend of AC< ACN < acidic-
ACN < acidic/basic-ACN. The current density of the acidic/
basic-ACN was comparable to that of the Pt/C in this study.
According to the calculated number of electrons transferred
during ORR (Table 1 and Figure S5 in the Supporting
Information), the ORR prefers to take place in a 4e− transfer
pathway when using the pretreated nitrogen-doped ACs as
catalysts. The raw AC had a calculated electron transfer number
of 2.61, similar to that of the ACN. A electron transfer number
close to 2 indicates that the ORR was possibly proceeded in a
2e− transfer pathway, which was less favorable in an MFC
cathode.30

Further analysis revealed that three samples, i.e., AC, ACN,
and acidic-ACN, showed an increasing limiting current density
in the LSV test rather than a steady limiting current density
(see Figure S4 in the Supporting Information), suggesting that
the ORR proceeded through a multistep processes with
possible H2O2 intermediates in these electrodes. In contrast,
the acidic/basic-ACN and Pt/C catalyst exhibited a steady
limiting current density, suggesting that the ORR predom-
inantly proceeded through a one-step reaction pathway, i.e.,
4e−, to reduce oxygen to water. In addition to the increased
ORR catalytic activity, we also observed that the conductivities
of the nitrogen-doped ACs decreased compared to raw AC (see
Figure S6 in the Supporting Information).
We compared the stability between the Pt/C and the acidic/

basic-ACN by using chronoamperometry test. As shown in
Figure S7 in the Supporting Information, after more than 7 h of
reaction, the current density of the Pt/C dropped from 0.38 to
0.11 mA cm−2, more than 73% decrease from the original value,
whereas the current density of the acidic/basic-ACN decreased
from 0.33 to 0.23 mA cm−2, which was about 30% lower than
the initial current density.
The deconvoluted N 1s spectra of three nitrogen-doped AC

showed distinct differences in terms of N functionalities. The
relative pyridinic-N percentage increased as acid and alkaline
pretreatments were employed and became dominant in acidic/
basic-ACN. Along with the increased pyridinic-N content, the
catalytic activity of nitrogen doped AC increased as well. In
terms of thermodynamics, the ORR onset potential shifted
positively with pretreatments. The limiting current density in
LSV, which was an indicator of kinetic property, also showed
that the pretreated nitrogen-doped AC had higher current
densities than direct doped AC. The agreements were good
between the pyridnic-N content and increased ORR catalytic
performance of nitrogen doped AC; however, such agreements

were not found for the pyrrolic-N or quaternary-N (Figure 5).
These results suggested that the pyridinic-N might be the most

active site for ORR in nitrogen-doped AC; however, the
contribution of pyrrolic-N or quaternary-N should not be
excluded on the basis of these results.

Electricity Generation in an MFC. The AC catalysts were
examined in an MFC for power production and current
generation. The maximum power densities of the MFC with
different cathode catalysts obtained from polarization tests are
presented in Figure 6. The acidic-ACN and the acidic/basic-
ACN cathodes resulted in a maximum power density of 0.58 ±
0.04 W m−2 and 0.65 ± 0.02 W m−2 (based on the projected
cathode area), respectively, 1.4 or 1.6 times higher than that of
the ACN (0.41 ± 0.00 W m−2). For comparison, the MFC with
the Pt/C cathode reached a maximum power density of 0.45 ±
0.04 W m−2, whereas the raw AC cathode had a maximum
power density of 0.31 ± 0.08 W m−2. The batch current profiles

Figure 5. Correlations between different N functionalities and ORR
catalytic activity: (a) pyridinic-N, (b) pyrrolic-N, and (c) quaternary-
N.
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for the AC cathodes are compared in Figure.7; it should be
noted that those batch current profiles were obtained with a

low external resistor that resulted in high current generation
and low power output, different from the condition where the
maximum power density was obtained, and the comparison of
electric current focused on ORR kinetics. All three nitrogen-
doped AC cathodes exhibited higher current than the
nondoped AC cathode. The direct doped ACN only showed
a moderate improvement comparing to the AC; however, the
pretreated nitrogen-doped AC achieved the currents roughly 4
times higher than that of the ACN and 5 times higher than that
of the raw AC.
In the MFC test, the nitrogen-doped AC with a higher

pyridinic-N content showed higher power densities and current
densities. More remarkably, the acidic-ACN and acidic/basic-
ACN resulted in power densities even higher than Pt/C.
Considering that the morphology and surface area were not
significantly altered by pretreatment and nitrogen doping and
no Mn (or other transitional metal such as Fe) was detected,
the superior performances of the acidic-ACN and the acidic/
basic-ACN should be attributed to the increased nitrogen
content (especially the pyridinic-N) as a result of a proper
synthesis route. This result emphasized the importance of
proper pretreatment and nitrogen precursor selection in terms
of improving the ORR catalytic performances of the AC for
MFC cathode. The doping route employed in the current study
enabled us to improve the nitrogen content and specific
nitrogen moieties. Although recent studies have confirmed that
the pyridinic-N and the pyrrolic-N contribute mostly to the

enhanced ORR catalytic activity of nitrogen doped nano
structures,24 our study suggested that the pyridinic-N is
probably the most active site for ORR with the nitrogen-
doped AC.
The doping method presented in this work can easily be

adopted for producing a large quantity of the nitrogen-doped
AC catalysts. We estimated the material cost of the nitrogen-
doped AC as $6.40 g−1, of which 91.3% was attributed to
cyanamide. Thus, to further reduce the catalyst cost, we must
replace cyanamide with other low-cost nitrogen precursors such
as melamine and urine. Even using cyanamide, the cost of the
acidic/basic-ACN was about 10% of the Pt/C powder. In
addition to the cost advantages, the acidic/basic-ACN catalyst
showed better long-term stability than the Pt/C cathode, and
less susceptible to sulfide.31 These features will make it more
advantageous to use AC-based catalysts for large-scale MFC
development.

■ CONCLUSIONS

This study has demonstrated that the proper doping method is
very critical to tune the N-group functionality that is of vital
importance to affect the ORR catalytic activity. The as-
developed acidic/basic-ACN exhibits significantly enhanced
catalytic activity for ORR in comparison with raw AC. When
being used as cathode materials in an MFC, the as-developed
acidic/basic-ACN can outperform the well-known Pt/C
catalysts in terms of the most important performance parameter
of MFC, i.e., power density. The outstanding properties could
be reasonably attributed to a high pyridine-N doping content in
acidic/basic-ACN. The acidic/basic-ACN can be conveniently,
effectively, and economically prepared at a high yield (more
than 80% relative to AC), which makes it possible to mass-
produce cost-effective and high-activity cathode catalysts for a
practical MFC application.
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