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ABSTRACT

Microbial fuel cell (MFC) has been attracting extensive interest because it can be used for
electricity generation and concurrently wastewater treatment. Yet, the MFC performance has
remained limited due to the sluggish electron-transfer kinetics and hence high overpotential of
oxygen reduction reaction (ORR) at the cathode. In the present study, nitrogen-doped carbon

aerogels (NCAs) were prepared by pyrolysis of polyacrylonitrile at controlled temperatures (600



to 900 °C). Electrochemical tests showed apparent electrocatalytic activity by the NCAs towards
ORR in alkaline media, and among the series the sample prepared at 800 °C exhibited the best
performance, with a halt-wave potential of +0.80 V vs. RHE and the number of electron transfer
around 3.9. The electrocatalytic performance was ascribed to nitrogen doping that generated
catalytic active sites and led to improved ORR kinetics. An MFC using the best NCA as cathode

catalysts achieved a maximum power density of 1048 £47 mW m™, close to that (1051 =28 mW

m2) based on state-of-art Pt/C, and a mass specific power of 52.4 mW g!. These results
demonstrate that cost-efficient NCAs can be used as a viable, platinum-free, ORR catalyst for

MFC applications.

Introduction
Because of energy crisis and environmental pollution arising from the combustion of fossil

fuels, development of effective technologies for renewable energy conversion and storage has
been attracting extensive interest.!* Among these, microbial fuel cell (MFC) has been hailed as a
unique energy device that can not only produce electricity but also concurrently treat
wastewater.” In an MFC, select microorganisms are loaded onto the anode, where organic
matters in wastewater are oxidized generating electrons and protons. These are then transferred
to the cathode where reduction of oxygen to water occurs.® The design of MFC can be simplified
with an air cathode by taking advantage of the ready accessibility of oxygen from air. This has
indeed been exploited as a promising configuration for practical applications. Note that the MFC
performance can be impacted by several factors, including anode/cathode structure,
exoelectrogenic bacteria on anode, anode biofilm, growth media, and oxygen reduction reaction
(ORR) kinetics at cathode. Among these, the sluggish kinetics and high overpotential of ORR

has been recognized as a major bottleneck that limits the MFC performance.’



Prior studies have shown that ORR at the air cathode of MFCs generally proceeds via two
pathways,®”

0, + H,0 4+ 2¢~ > HO; + HO~ E° = +0.70 V vs.RHE (1)
0, + 2H,0 + 4e~ » 40H- E° = +1.23V vs.RHE (2)

One is the 2¢” pathway with peroxide species as the product (reaction 1), and the other is the 4e
pathway where oxygen is fully reduced to hydroxide (reaction 2). Apparently, the four-electron
pathway produces a higher ORR potential at the cathode, leading to a higher power density in
MFC, and hence is preferred over the two-electron route. In fact, extensive research has been
carried out in catalyst design and engineering to reduce ORR overpotential and to facilitate the

four-electron pathway.!!"!> Typical ORR catalysts in MFC entail three groups: noble metals, 34

non-noble metals,'>16

and carbon-based catalysts.!”!® Platinum and its alloy have been used as
the leading catalysts towards ORR, but the applications have been severely hampered due to
their high costs and unsatisfactory durability, as they are prone to inactivation due to poisoning
and biofouling under relevant MFC conditions.'*?

Notably, carbon-based catalysts have emerged as viable MFC air cathode catalysts, due to their
considerable catalytic activity, high chemical and mechanical stability, poison tolerance, and low
costs.?!?2 Heteroatoms doping in carbon-based catalysts is an effective approach to form
abundant active sites.”> Of these, carbons doped with nitrogen or codoped with metal and
nitrogen are two kinds of commonly used catalysts. For instance, Yang et al.?’ observed that
Fe,N-codoped carbon was a viable catalyst for ORR with a half-wave potential (Ev) of +0.813 V
vs. RHE in 0.1 M H>SO4. Nitrogen-doped carbon nanotubes have also been used as low-cost and

durable ORR catalysts for MFC, and in comparison to Pt/C, the maximum power density (1600

+ 50 mW m™) is about 15% higher.!> In another study,”® an MFC was constructed using



nitrogen-doped graphene as the air cathode catalyst, where the maximum power density (1470 +
80 mW m™) was found to be 32% higher than that with Pt/C. Doped carbons have also been
prepared with carbon aerogels that feature a porous and amorphous carbon network structure.?®
For example, Tardy et al.?’ synthesized a nitrogen-doped carbon aerogel (NCA), used it as air
cathode catalysts for MFC, and observed an outstanding performance, with a maximum power
density of 37+0.8 Wm ™. Similarly, Salvador et al.*° prepared nitrogen-doped carbon-based
aerogels as ORR catalysts for MFC, and obtained a mass specific power of 2.56 mW g!. These
studies highlight the feasibility of NCA as effective ORR catalysts for MFC. Notably, in these
studies NCAs are usually prepared by using separate carbon and nitrogen precursors, and post-
synthesis engineering is needed to increase nitrogen dopant concentration in the samples. This
not only requires massive use of nitrogen-containing chemicals but also complicates the
preparation procedure.

In the present study, we describe pyrolytic preparation of nitrogen-doped carbon aerogels
(NCAs) as MFC air cathode catalysts from a single precursor, nitrogen-enriched
polyacrylonitrile, at elevated temperatures (600 to 900 °C). The obtained NCAs showed high
nitrogen contents at 8 to 24 at.% and exhibited remarkable ORR activity in alkaline media, and
an MFC based on the NCA cathode was constructed to evaluate the feasibility in practical

applications. The power density was found to be competitive to that with a Pt/C cathode.

Experiment section
Chemicals

Commercial Pt/C (20 wt.%, Alfa Aesar), acrylonitrile (Acros), ammonium persulfate (+99%,
ACROS), Pluronic F127 (F127, Acros), and polytetrafluoroethylene (PTFE, 60 wt.% solution,

Sigma Aldrich) were used as received. Nafion® was diluted to 20 wt.% before use. All solvents



were obtained at their highest purity from Fisher Scientific and also used as received. Water was
purified by a Barnstead Nanopure water system (resistivity 18.3 MQ cm).
Synthesis of NCA

Polyacrylonitrile was first prepared via an emulsion polymerization method based on a
reported procedure with some modifications.*? In brief, 30 mL of acrylonitrile was added into
250 mL of Nanopure water in a flask under magnetic stirring at room temperature. The solution
was then deaerated with ultrahigh-purity N2 for 30 min (flow rate 200 mL min™") and heated up
to 60 °C in an oil bath, into which was injected 30 mg of ammonium persulfate dissolved in 30
mL of water, and after 30 min of reaction, a 15 mL water solution containing 1g of triblock
copolymer Pluronic F127. The polymerization was continued for 6 h under N> bubbling to
produce an emulsion solution of polyacrylonitrile, which was then subject to hydrothermal
reaction at 180 °C for 6 h after being transferred into a 100 mL Teflon-lined autoclave. Then the
autoclave was taken out of the oven, and the solution was cooled down naturally to ambient
temperature. Polyacrylonitrile was obtained by filtration and subject to controlled pyrolysis in a
tube furnace under a constant flow of nitrogen (flow rate 200 mL min™') at varied temperatures
(i.e., 600, 700, 800 and 900 °C) for 2 h. The heating rate was set at 5 °C min™'. When cooled
down naturally to room temperature, the products (4 ~ 5 g) were collected and denoted as
NCA600, NCA700, NCA800 and NCA900, respectively.
Structural Characterizations

Transmission electron microscopy (TEM) measurements were carried out with a Philips
CM300 microscope operated at 300 kV. Dilute dispersions of the samples were prepared in
ethanol and dropcast onto a TEM grid, which was dried at 40 °C in a vacuum oven. X-ray

diffraction (XRD) studies were performed with a Rigaku Americas Miniflex Plus powder



diffractometer operated at 40 kV and 30 mA within the range of 5° to 90° at the scan rate of 1°
min"!. Raman spectra were collected on a LabRAM HR Evolution instrument using an Ar ion
laser (514.5 nm). XPS measurements were conducted with a PHI 5400/XPS instrument operated
with a 350 W Al Ko source at 10~ torr.

Electrochemistry

Voltammetric studies were carried out on a CHI710 electrochemical workstation.
Electrochemical impedance spectra were acquired with a Gamry Reference 600 instrument. A
Ag/AgCl electrode (in 1 M KCl) was used as the reference electrode (which was calibrated
against a reversible hydrogen electrode (RHE) at +0.222 V vs. RHE), a graphite rod (5 mm in
diameter) as the counter electrode, and a rotating (gold) ring—(glassy carbon) disk electrode
(RRDE) as the working electrode (the surface areas of the disk and ring electrodes were 0.246
and 0.188 cm?, respectively). All potentials in the present study were referenced to the RHE. In
the preparation of catalyst inks, 5 mg of the as-prepared NCA catalysts was dispersed in 2 mL of
a mixture of water/ethanol (v:v = 1:2), into which was then added 20 pL of a Nafion solution.
After sonication for 30 min to disperse the catalysts, 20 puL of the ink was cast onto the surface of
the glassy carbon disk electrode in a dropwise fashion and dried at ambient temperature (prior to
use, the RRDE was polished with 50 nm AlOs powders and extensively rinsed with Nanopure
water), corresponding to a catalyst loading of 0.203 mg cm .

In voltammetric tests, baseline currents were first obtained in N»-saturated 0.1 M NaOH, and
the electrocatalytic activity was then evaluated with the solution saturated with oxygen. Prior to
tests, the electrode was activated electrochemically by potential cycling within the range of +1.0
V to +0.2 V at the scan rate of 100 mV s! until steady voltammetric profiles were reached, so as

to eliminate excess oxygen and/or contaminant species trapped within the carbon cavities. Linear



sweep voltammetric (LSV) tests were performed by sweeping the potential of the working
electrode at the scan rate of 10 mV s from +1 to 0 V at different rotation rates (400 to 2500
rpm). The ORR current was obtained by subtracting the current under nitrogen sparging from
that under oxygen sparging. The number of electron transfer (n) and yield of hydrogen peroxide
(H202%) during the ORR process at the disk electrode were calculated by RRDE collection

experiments using the following equations,

4jqi
n=- ]cflsk (3)
Jaisktiring/N

ZOOjring
jring +Njdisk

H,0,% = (5)

where jaisk and jrng are the disk and ring current densities, respectively, and N is the ring
collection efficiency (0.4) .

In the Tafel plots, jk was estimated from the LSV curves based on the following equation,

Jk = (J]D]—D]) )
where j is the total current density, jk is the kinetic current density, and jp is the diffusion-limited
current density.

The double layer capacitance of the catalysts was quantified by cyclic voltammetric (CV)
measurements in the non-faradic region. Experimentally, CV cures were acquired within the
potential range of +0.1 to +0.2 V at varied scan rates (from 20 to 100 mV s). The double layer
capacitance (Cq) was estimated based on the slope of linear regression of the current density
versus scan rate. The catalyst stability was evaluated by chronoamperometric measurements in

oxygen-saturated 0.1 M NaOH at the potential of +0.7 V and at the rotation rate of 1600 rpm.

Assembly and set up of MFCs



To prepare air cathodes, a layer of the catalysts was coated onto a piece of teflonized carbon
cloth (WOS 1002 PHYCHEMi Co. Ltd., China) at the NCA loading of 2 mg cm™ and
commercial Pt/C loading of 0.5 mg cm™, as previously described.!? In brief, the carbon cloth was
teflonized by brushing the PTFE solution onto one side and thermally treated at 370 °C for 20
min. This coating procedure was replicated four times to produce teflonized carbon. After that,
the catalyst ink prepared above was cast onto the other side of the teflonized carbon cloth in a
dropwise fashion and dried at 80 °C for 1 h.3* Carbon cloth of 3 cm in diameter (projected area
~7 cm?) was used directly as the anode after washing in acetone and cleaning in water. The thus-
prepared air cathode and anode were then mounted onto the two opposite faces of a cubic MFC
reactor of 28 mL in volume. The electrode spacing was 4 cm, and the reference-cathode spacing
was 1 cm. The MFC was inoculated with anaerobic digester sludge containing exoelectrogenic
bacteria. During the inoculation process, an external resistor of 1000 Q was connected to the
MFC. The growth medium was composed of Na,HPO4 (11.82 g L), KH,PO4 (2.32 g L)),
sodium acetate (2.04 g L"), NaCl (0.5 g L"), NH4Cl (0.1 g L™!), MgSO4-7H,0 (0.1 g L),
CaCl,-2H>0 (15 mg L), and trace elements (1.0 mM).?! The MFCs were tested under the fed-
batch mode at room temperature (30 + 1 °C). Analyte was replenished with a fresh medium (pH
7.2, and electrical conductivity 3.81 S m™') when the cell voltage diminished under 50 mV.

Polarization curves of the MFCs were obtained by potential sweeping at the scan rate of 0.2
mV s! from the open-circuit voltage (OCV) to 0.05 V. The cathode was the working electrode,
and the anode was connected to the reference electrode and counter electrode. The power output
of MFCs was calculated by P = VI, where V was the cell voltage and I was the cell current. The
power density of MFCs was determined by normalizing the power to the projected area of the air

cathodes (7 cm?). The tests were repeated twice to ensure reproducibility of the data.



Electrochemical impedance spectra were recorded at OCP with a 10 mV AC perturbation
amplitude and the AC frequency varied from 100 kHz to 10 mHz. The tests were carried out in
the same MFC reactor, where the air-cathode of the as-prepared NCA samples served as the
working electrode, the Ag/AgCl (saturated KCl) electrode as the reference electrode, and the
anode as the counter electrode. The Nyquist plots were fitted by EClab 11.10 according to an

equivalent circuit.>*

Results and discussion
The structure of the obtained NCA samples was firstly characterized by TEM measurements.

From the representative TEM images of NCA800 in Fig. 1, one can see that the sample consisted
of a number of particle-like structures, which aggregated into a carbon aerogel (Fig. la, b). At
high magnification (Fig. 1c), the aerogel can be seen to entail hollow carbon structures, with a
shell thickness of about 2.7 nm, which might result from the decomposition of Pluronic F127
templates at elevated temperatures.’® The formation of such a carbon network led to a large
contact interface between the electrolyte and the carbon catalyst, and the thin carbon shells
reduced the diffusion distance from the electrolyte media to the interior of the carbon matrix,
both of which facilitated mass transfer in the carbon catalyst layer.*¢*” Furthermore, in high-
resolution TEM measurements (Fig. 1d), the samples can be seen to exhibit clearly-defined
lattice fringes, with interplanar distances of 0.390 nm and 0.408 nm that were in good agreement

with the graphitic carbon (120) and (222) planes,>® respectively.



The XRD patterns of the NCA samples prepared at different temperatures are shown in Fig. 2.
Two main peaks can be identified for all samples at around 25° and 45°, corresponding to the
diffractions of the (002) and (101) faces of the graphitic framework, respectively.® The broad
peaks suggest limited graphitization and reduced crystallinity of the carbon aerogels. In addition,
one can see that the (002) diffraction shifted slightly from 23.63° for NCA600 to 24.39° for
NCA800 and NCA900, implying a shrinking interlayer spacing with increasing pyrolysis
temperature, which was probably due to an increasing loss of nitrogen dopants at elevated

temperatures. Concurrently, one can see that the peak at 45° became intensified, indicating

10



enhanced graphitization of the NCA samples. The structural defects and degree of graphitization
of NCA was further examined by Raman spectroscopic measurements. From Fig. 2b, it can be
seen that the NCA samples all displayed a D band at 1352 cm™ and a G band at 1580 cm™.*° In
addition, the ratio of the D-band to G-band intensity (Ip/Ig) can be seen to decrease from
NCA600 to NCA900 at 2.31, 2.21, 1.56 and 1.37 (Table 1), respectively. This, again, suggests

that increasing pyrolysis temperature enhanced graphitization of the NCA samples, consistent

with the XRD results.
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The relative contents of pyridinic-N, pyrrolic-N and graphitic-N in the NCA samples.

The elemental composition of the NCA catalysts was then evaluated by XPS analysis. From
the XPS survey profiles in Fig. 3a, the C 1s, N 1s, O 1s electrons can be clearly found at about
284, 400, and 533 eV, respectively. This confirmed that nitrogen was indeed doped into the
carbon matrix, at the concentration of 23.39 at.% for NCA600, 8.51 at.% for NCA700, 13.56
at.% for NCA800 and 10.4 at.% for NCA900 (Table 1), on the basis of the integrated peak areas.
To identify the exact chemical configuration of the nitrogen dopants, high-resolution N 1s
spectra were recorded for all samples. As shown in Fig. 3b, deconvolution of the N 1s spectra

yielded three subpeaks, pyridinic-N at 398.4 eV, graphitic-N at 401.0 eV, and pyrrolic-N at

12



399.9 eV.** From Fig. 3c and Table 1, one can see that NCA800 exhibited the highest
concentration (5.2 at.%) of graphitic-N among the samples, whereas the contents of pyridinic-N
and pyrrolic-N were the highest with NCA600.

The ORR activity of the as-prepared NCAs was then evaluated and compared by voltammetric
measurements. From Fig. 4a and Fig. S1, all samples can be seen to exhibit nonzero currents as
the electrode potential swept cathodically in oxygen-saturated 0.1 M NaOH, suggesting apparent
ORR activity, and increasing rotation rate led to an increase of the current, which became almost
invariant at potentials below +0.6 V. The electrochemical performance of the various catalysts
was then compared at the rotation rate of 1600 rpm, where Ev, can be estimated to be +0.72 V for
NCA600, +0.75 V for NCA700, +0.80 V for NCA800 and +0.79 V for NCA900, along with a
respective onset potential (Eonset) of +0.81, +0.82, +0.85 and +0.84 V (Fig. 4b and Table 1). From
these results, NCA800 can be seen to exhibit the best activity among the series, which most
probably arose from the combined results of a relatively high pyridinic-N and graphitic-N
contents and high degree of graphitization (Table 1). Previously, it has been shown that the
relative content of pyridinic-N and/or graphitic-N largely dictated the ORR activity of nitrogen-
doped carbons. For instance, Lai et al.* showed that the onset potentials could be improved by
pyridinic-N, and the limiting current density increased by graphitic-N. A consistent conclusion

was reached by Wang et al.*

where the attenuation of the ORR activity of nitrogen-doped
carbons was correlated with the nitrogen dopant concentration, from which graphitic N was
identified as the active sites for ORR. Notably, whereas NCA600 exhibited the highest content of
pyridinic-N and only a slightly lower graphitic-N content than NCAS800, the ORR performance

was markedly lower. This was likely due to the much more defective carbon structures, as

manifested in Raman measurements (Table 1), that compromised the effective electrical
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conductivity and accessibility of the electrocatalytic active centers. That is, the ORR

performance is a holistic reflection of the overall materials structures.
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electron transfer (n), and (d) H2O; yield of NCA600, NCA700, NCA800, NCA900, and Pt/C.

To further evaluate the ORR performance, the number of electron transfer (n) was estimated
by eq. 3 using the disk and ring currents at 1600 rpm. The n values of all catalysts were higher
than 3.5 (Fig. 4c¢). For instance, n = 3.9 for Pt/C at +0.6 V, and it was the same for NCA800

(3.9), but lower for NCA600 (3.7), NCA700 (3.6) and NCA900 (3.7). These results indicate that
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ORR on the NCA samples and Pt/C mostly proceeded via the 4e” pathway. The corresponding
H>0; yield was quantitatively evaluated by eq. (4). As depicted in Fig. 4d, the NCA samples can
all be seen to exhibit a H>O; yield less than 30% in the wide potential range of 0 to +0.9 V. Of
these, the H20; yield of the NCA800 sample was only 3.4% at +0.6 V, again, similar to that of

PY/C (3.4%) but markedly lower than those of NCA600 (15.7%), NCA700 (21.6%) and NCA900

(12.7%).
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at NCAR&0O0 and Pt/C over time at +0.7 V.
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Further analysis was carried out with the Tafel plots (Fig. 5a) and Koutecky-Levich plots (Fig.
5b). It can be seen that NCA800 displayed the highest kinetic current density (jx) and lowest
Tafel slope among the series: 7.41 mA cm™ and 91.3 mV dec™! for NCA600, 12.05 mA cm™ and
49.0 mV dec™! for NCA700, 20.25 mA cm™ and 30.1 mV dec™! for NCA800, and 11.36 mA cm™
and 38.8 mV dec™!' for NCA900. Again, this can be ascribed to the combined contributions of a
relatively high graphitic-N concentration and good degree of graphitization of the carbon matrix.
This can be further confirmed by the effective electrochemical surface area (ECSA), which is
directly related to the electrode double-layer capacitance (Ca). Fig. S2 shows the cyclic
voltammograms of the NCA catalysts at various potential scan rates (20 to 100 mV s™') within
the nonfaradaic potential range of +0.1 to +0.2 V, and Cq was estimated by linear regression of
the voltammetric current vs the potential scan rate (Fig. 5c), which was 5.69 x 10 mF cm™ for
NCA600, 5.54 x 10* mF cm™ for NCA700, 1.41 x 10~ mF cm™ for NCA800, and 8.78 x 10™*
mF cm? for NCA900. Again, the Cai was the highest with NCA800. That is, the high surface
accessibility of NCAS800 likely facilitated the ORR electrocatalysis.

Catalyst stability is another important factor in practical applications, which can be evaluated
by chronoamperometric measurements. From Fig. 5d, one can see that while the ORR current (at
+0.7 V) for both NCA800 and Pt/C diminished slowly over time, NCA800 retained 95% of the
initial current after 2 h’s operation, markedly higher than Pt/C (88%), suggesting remarkable
stability of the NCA800 sample. This is likely due to the enhanced resistance against poisoning
species and relatively low spin density of the carbon active sites, as compared to conventional Pt
catalysts.*

The feasibility of the NCA catalysts for fuel cell air cathode was then examined in a MFC

reactor. Fig. 6a depicts the polarization and power density profiles of the MFC using NCA800 or

16



Pt/C as air cathode catalysts. The cell voltages of both MFCs can be seen to decrease with
increasing current density; however, within the large range of current density from 0 to 7000 mA

m, the cell voltage was almost the same for NCA800 and Pt/C. In addition, the NCA800 MFC

exhibited a maximum power density of 1048 + 47 mW m™, which is comparable to that of the
Pt/C MFC (1051 £+ 28 mW m™?). From the polarization curves of the anode and cathode, the

NCAB800 and Pt/C cathodes can also be seen to show a similar performance at different current
densities (Fig. S3). The internal resistance of the cathodes was then evaluated by electrochemical
impedance measurements, as shown in Fig. 6b. The data were fitted by using a program (EClab

t,>* and the results were listed in

11.10) according to the equivalent circuit depicted in Fig. 6b inse
Table S1. It can be found that although Pt/C cathode have a slightly lower ohmic and charge

transfer resistance than NCA800, the total cathode resistance (including ohmic, charge transfer,

interface and mass transfer resistance) is comparable (42.14 Q for NCA800 and 46.40 Q for

P{/C).
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cathode, and (b) the corresponding Nyquist plots at open circuit potential. Inset is the equivalent

circuit, where R represents the total internal resistance, R, the solution ohmic resistance, Ri the
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interfacial ohmic resistance, Ret the charge transfer resistance, Cai the double layer capacitance,

Cad the pore adsorption capacitance, and W the Warburg impedance.

Significantly, one can see that the MFC performance with an NCA800 air cathode at a loading
of 2 mg cm™ was very competitive to that with Pt/C at the loading of 0.5 mg cm™. Yet, as
compared to Pt, the low costs, remarkable ORR activity, and high electrocatalytic stability of
NCA render it an attractive candidate as MFC cathode catalysts. To obtain a reasonable
comparison with literature results, we normalized the power density by catalyst loading to obtain
the mass specific power (MSP). It can be found that NCA800 displayed a high MSP of 52.4 mW
gl a performance better than those of leading nitrogen-doped carbon catalysts described in
recent literatures (Table S2). Practically, the specific activity and costs are two crucial factors
that dictate their applications. The reduced loading of catalysts not only facilitates mass transfer
in the cathode, but also lowers the costs of cathode fabrication. Taken together, these results

demonstrate that NCA800 indeed can serve as a low-cost catalyst for MFC air cathode, with a

power output competitive to that of Pt/C.

Conclusion
In this study, NCAs were prepared by pyrolysis of polyacrylonitrile that served as a C and N

source at controlled temperatures. The obtained carbon aerogels exhibited a high nitrogen dopant
concentration up to 24 at.% and hence apparent ORR activity in alkaline media. The sample
prepared at 800 °C outperformed others in the series, and was very competitive to commercial
Pt/C. The remarkable performance was ascribed to the relatively high graphitic-N concentration
(over 5 at.%) in the sample, along with a high degree of graphitization that dictated the electrical
conductivity of the aerogels and accessibility of the electrocatalytic active centers. Using the as-

prepared NCA as the catalyst for an MFC air cathode, the cell voltage and power density were
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almost the same as those with Pt/C. These results indicate that NCAs can serve as viable,
platinum-free, air cathode catalysts for MFC applications.
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Table 1. Summary of structural characteristics and ORR activities of the NCA series

Sample NC600 NC700 NC800 NC900
C (at.%) 58.72 59.47 73.48 71.51
N (at.%) 23.39 8.51 13.56 10.41
O (at.%) 17.88 32.02 12.96 18.09
Pyridinic-N (at.%) 6.15 2.61 4.28 3.30
Pyrrolic-N (at.%) 12.15 3.78 4.08 248
Graphitic-N (at.%) 5.09 2.11 5.20 4.61
In/lc 2.31 2.21 1.56 1.37
Ev (V) 0.72 0.75 0.8 0.79
Eonset (V) 0.81 0.82 0.85 0.85
Tafel slope (mV dec™) 91.3 49 30.1 38.8
jk (mA cm?) 7.41 12.05 20.25 11.36

Cai (mF cm) 5.69 x 10 8.78 x 10! 1.41 5.52x 10!
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