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It is of great significance in exploring alternative catalysts to platinum (Pt)-based materials for oxygen reduction reaction (ORR),
because this reaction is invariably involved in various fuel cells and metal-air batteries. We herein reported the nitrogen doped
graphene nanosheets (NGNSs) with pore volume of as high as 3.42 m*/g and investigated their potential application as ORR cata-
lysts, it was demonstrated the NGNSs featured high activity, improved kinetics and excellent long-term stability for ORR. The
NGNSs were successfully used as cathode catalysts of microbial fuel cells (MFCs) and performed even better than the commer-

cial Pt/C (Pt 10%) catalysts at the maximum power output.
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The coming decades of energy crisis urgently call for the
economical, efficient and sustainable energy-conversion
technologies to address the challenges of limited fossil re-
sources, environmental issues and the increasing high-
energy demands [1]. Fuel cells have been extensively ex-
plored and show promises to replace the internal combus-
tion engine due to their advantages including environmen-
tally benign, high efficiency conversion, and high power
density [2-5]. One hot topic in research of fuel cell is the
oxygen reduction reaction (ORR) occurring in cathodes at
low or moderate temperatures that normally need precious
platinum (Pt) based materials as catalysts [6,7]. Up to now,
extensive research interests have been laid on exploring the
novel durable, high active, economical, and affordable cat-
alysts to address the existing problems in ORR [8], because
ORR has been also of great significance in metal-air batte-
ries and air cathodes for some industrial electrolytic
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processes [9,10]. The recent innovation in this subject, by
using vertically aligned nitrogen containing carbon nano-
tubes as the catalysts of ORR, seems to launch on a very
promising path to develop cathode catalysts comparable
with conventional Pt-based catalysts [11]. Afterwards, var-
ious nitrogen doped carbon nanostructures (NCNs), includ-
ing carbon nanotubes cup, mesoporous graphitic array, and
graphene etc., were successfully applied as catalysts of
ORR in alkaline medium [12-15]. Despite of these abun-
dant achievements, there are still at least two key issues
concerning these NCNs serving as commercial cathode cat-
alysts of fuel cell or metal air. Above all, the sluggish dy-
namics of the oxygen reduction reaction, which is currently
responsible for most of efficiency loss and restricts overall
power production in fuel cell or battery systems, did not
attain significant improvement on these NCNs catalysts.
Next, it still remains a great challenge to develop a facile,
reproducible and economical route to produce NCNs in a
large scale. For instance, special equipment and ammonia

csb.scichina.com  www.springer.com/scp



3066 CiSQ,etal. Chin SciBull

gas are necessary via the route of chemical vapor deposition
or arc discharge methods, and the assistance of catalysts or
template were used for preparing nitrogen containing car-
bon nanotubes [12], mesoporous carbon [14], and graphene
[16,17], which would greatly increase the burdensome of
synthesis. We recently developed a general strategy for the
fabrication of a new class of nanohybrids consisting of ni-
trogen doped graphene (NG) functionalized with various
metal nitride nanoparticles [18], and this method was ex-
tended to a reliable synthetic route to enable facile scalable
synthesis of nitrogen doped graphene nanosheets (NGNSs).
Surprisingly, the as-developed NGNSs possess an ultrahigh
pore volume as high as 3.42 m*/g and a considerable surface
area, the NGNSs are further investigated to be used as cata-
lysts for ORR, which show excellent electrochemical per-
formance in terms of the current density and long term sta-
bility relative to the Pt/C catalysts.

1 Experimental
1.1 Materials and characterization

The NGNSs was prepared through a minor modified route
of our recent work [18]. Typically, 2 mL 50% cyanamide
solution (Sigma-Aldrich, USA) was added into 20 mL gra-
phene oxide solution (about 1.2 mg/mL) under stirring with
heating at  80°C until completely drying, the powders were
heated to 750 or 900°C under argon protection and annealed
for 2 h, the resulted black powder was carefully collected
because the products had a low mass density and was very
facile to fly out, and denoted as NGNSs-750 and NGNSs-
900 respectively. For comparison, GO/cyanamide products
were treated at 400°C for 1 h to form C;N,4 polymer on the
graphene surface (G-C3Ny).

The samples were characterized by using a Zeiss EM902
80 kV Filte transmission electron microscope (TEM), FEI
Tecnai F20 ST 200 keV high-resolution transmission elec-
tron microscope (HRTEM) and a LEO 1530 field emission
scanning electron microscope (FESEM). The X-ray powder
diffraction (XRD) patterns were measured in reflection
mode on a Bruker D8 diffractometer. X-ray photoelectron
spectroscopy (XPS) was conducted using VG ESCA 2000
with an Mg Ka as source and the Cls peak at 284.6 eV as
an internal standard.

1.2 Electrochemical measurement

All of the electrochemical tests were carried out in a
PARSTAT 2273 Potentialstat/Galvanostate electrochemical
workstation (Model 273A, Princeton Applied Research).
Electrochemical measurements were carried out in a three-
electrode cell using Ag/AgCl electrode and Pt gauze as the
reference and the counter electrodes, respectively. The 5 mg
catalysts were dispersed ultrasonically in 1 mL water solu-
tion of 0.5% Nafion to obtain a homogeneous black suspen-
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sion solution. The 3.0 pL aliquot of this solution was pipet-
ted onto glassy carbon electrode surface. The coating was
then dried at room temperature in the air. The reproducible
CVs after consecutive scanning were recorded for compari-
son. The polarization curves for ORR were conducted
through the rotating disk electrode (RDE) technique with a
scan rate of 5 mV/s. Note that the current has been norma-
lized to surface area of the electrode. The electrolyte was N,
or O, saturated electrolyte (0.1 mol/L. KOH) with or without
methanol.

1.3 Microbial fuel cell test

The MFC were conducted in a conventional H configuration
consisting of three bottles. Two cathode chambers shared
the middle anode chamber that contained a carbon fiber
brush electrode with Ti wire serving as a current collector.
Cathode, made of carbon cloth with a projected surface area
of 9 cm? and catalyst, was placed in the cathode chamber
and connected to the external circuit by a titanium wire.

The anode chamber was filled with 120 mL of aqueous
medium, containing 0.1 mol/L phosphate buffer (PBS, pH
7.0). Acetate was added in the analyte to reach 0.5 g/L.. The
cathodic compartment was filled with an equal volume of
0.1 mol/L PBS buffer, continuously saturated with air, and
contained an Ag/AgCl reference electrode. All reactors
operated in duplicate in fed-batch mode conditions at room
temperature. Polarization curves were measured using a
Gamry Reference 600 potentiostat (Gamry Instruments,
USA) at a scan rate of 0.5 mV/s.

2 Results and discussion

Figure 1(a) presents the X-ray diffraction (XRD) pattern of
the NGNSs, which possesses two characteristic diffraction
peaks at 26.1° and 43.2° arising from the (002) and (100)
plane of graphene sheets respectively. Figure 1(b) presents
the high resolution XPS of N1s spectrum of the NGNSs, in
which the complex XPS N1s spectra could be fitted to four
components of the binding energy, namely pyridine-type
nitrogen atoms (398.2 eV), pyrrolic-type N doping (399.9
eV), graphite-type nitrogen atoms (401.2 eV), and pyridine
N-oxide (402.1 eV), indicating that the nitrogen has been
doped in NGNSs with multiple status [19,20]. XPS mea-
surement further reveals the NGNSs have a C/N molar ratio
of about 8.2, which is by large identical with the result
based on element analysis.

Figure 2 displays a series of typical electron microscopy
images from the NGNSs-900. Figure 2(a) and (b) exhibit
the field-emission scanning electron microscopy (FESEM)
images that describe the general morphology and close-
observation of NGNSs respectively, clearly demonstrating
that the NGNSs remained the two dimensional nanosheets
structure of graphene. Figure 2(c) presents the typical
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Figure 1 X-ray diffraction pattern of the NGNSs (a) and X-ray photo-
electron spectroscopy (XPS) and N1s regions for NGNSs-900 (b).
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transmission electron microscopy (TEM) image of the
NGNSs. One can observe the wrinkle on the graphene sur-
face, which could be aroused by the heat treatment of the
pliable GO, which was in consistent with the previous re-
port [21]. The high-resolution TEM (HRTEM) images in
Figure 2(d) presents the detailed structure of the NGNSs, a
set of wrinkled-lines corresponding to graphite layers can be
found on the fringe, indicating the graphitization and stack-
ing of GO induced during heat treatment. The thickness of
NGNSs is about 2—4 nm corresponding to a few layers of
the graphene based on HRTEM.

We firstly studied the electrochemical catalytic behavior
of NGNSs-900 and NGNSs-750 electrodes for ORR via
cyclic voltammograms (CVs) technique. For comparison,
the thermal reduced graphene (TRGSs) without N doping,
G@C;N, and commercial Pt/C modified electrode were also
investigated by the same method. Figure 3 shows CVs ob-
tained in the presence of oxygen saturated 0.1 mol/L. KOH
solution at different electrodes in the range of —0.8 to 0.2 V
at the scan rate of 50 mV/s, from which we can draw the
following information. Firstly, the G@C;N, displays a neg-
ligible current compared with other electrodes since the
graphene was completely covered by a poorly-conductive
C3Ny polymer [22,23], and the slight peak at around —0.50 V
demonstrated that the G@C;N, had a large over-potential
and low activity for ORR; secondly, for the TRGSs, there
are two poor-defined peaks at around —0.25 and —0.54 V
respectively, indicating that the TRGSs might catalyze the
ORR according to a two-step model [24,25], namely

Figure 2

SEM images of NGNSs ((a),(b)), TEM (c) and HRTEM (d) images of NGNSs-900.
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Figure 3 (Color online) Cyclic voltammograms of the different elec-
trodes in oxygen saturated 0.1 mol/L KOH solution in the range of —0.8 to
0.2 V. Scan rate: 50 mV/s.

first reduced oxygen to H,O, and then to H,O. Thirdly, the
NGNSs-900 electrode manifests the best catalytic perfor-
mance for ORR among these electrodes in several electro-
chemical parameters, including the current density and
peak potential of ORR. For instance, quite different from
G@C;Ny, the samples after further heat-treatment (NGNSs-
750 and NGNSs-900) shows a significantly improved back-
ground current at potential range from 0 to 0.2 V, indicating
the semiconductor-like C;N, covered on graphene have
been decomposed with annealing above 750. Additionally,
one distinct reduction peak, arising from oxygen reduction,
appears at the potential of about —0.25 V. The net peak cur-
rent density, namely the value of peak current subtracting
the background current, approached 6.92 and 8.75 mA/cm?
for the NGNSs-750 and NGNSs-900 respectively. Both
values were much higher than that of commercial Pt/C cat-
alysts (5.12 mA/cm?®). Finally, the NGNSs-900 and Pt/C
electrode show the onset potential at around 0.013 and
—0.06 V, respectively, suggesting that the NGNSs-900 can
somehow reduce the over-potential. The rotating disk elec-
trode (RDE) voltammograms was also performed on these
electrodes for ORR (not shown), as expected, the NGNSs-
900 shows the highest limited current density among these
electrodes, confirming the above CVs results. According to
the cyclic voltammograms, the NGNSs-900 obviously per-
form the best catalytic activity for ORR among the above
catalysts, therefore, the NGNSs-900 was afterward selected
to be investigated through the further electrochemical ex-
periments.

Up to now, the long-term stability remains a major con-
cern in Pt-based cathode catalysts of fuel cell system.
Therefore, the durability experiments were further con-
ducted in O, saturated 0.1 mol/L KOH solution after 1000
cyclic potential sweeping between 0.4 and —1.0 V at the
Pt/C and NGNSs-900 electrodes respectively. Figure 4(a)
and (b) show the RDE voltammogram curves recorded in
the new-made electrode and with 1000 CVs cycles at the
Pt/C and NGNSs-900 electrodes respectively. The Pt/C
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shows a drastic decrease on limited current density accom-
panied with an obvious negative shift of onset potential with
cycling, which could be attributed to the poison effect and
loss of electrochemical surface area [26]. In stark contrast,
the NGNSs-900 electrode displays a very slight change of
voltammogram curve within 1000 cycles, highlighting that
the NGNSs-900 did possess a superior long-term stability to
the Pt/C catalysts.

To better understand the catalytic properties of NGNSs-
900 , the RDE voltammograms (Figure 4(c)) were conduct-
ed through scanning the potential from 0.1 to —0.8 V at the
scan rate of 5 mV/s with different rotation rates. Figure 4(d)
profiles the corresponding Koutecky-Levich plots that re-
veal the inverse current density (/') as a function of the
inverse of the square root of the rotation rate (@™ at dif-
ferent potential. These Koutecky-Levich plots possessed
good linearity and parallelism, indicating consistent electron
transfer and the first-order kinetics with respect to ORR
[27].

Based on the Koutecky-Levich equation:

1im= Wy + 11y,

The Koutecky-Levich plot was obtained to present the rela-
tionship of jhm"l versus @ "%, where JLev=0.62nF CD*p 50"
(n, number of electrons; F (Faraday)=96486.4 Coulombs, C
(molar concentration of oxygen)=1.2x10" mol/L at room
temperature, D (diffusion coefficient of oxygen in water)
=1.9 x107°> cm/s, v (kinematic viscosity of the solution at
room temperature) =0.01 cm”/s, and @ (angular velocity of
the disk) =2z, where N is the linear rotation speed); and Ji
is the kinetic current density, which determines the rate of
kinetically limited reaction of ORR. Basing on the slope and
interception, the electron number occurred in ORR and ki-
netic current density can be calculated. The electron transfer
number for ORR was calculated to be about 4.04 at —-0.25 V,
indicating that the ORR for NGNSs-900 electrode predom-
inantly proceeded through the four electron transfer reaction
pathway that produced water. In addition, the kinetic current
density at —=0.25 V was calculated to be 23.2 mA/cm? based
on the intercept of the Koutecky-Levich plots, which was
wo times higher than that of the Pt/C catalysts (8.4 mA/
cm?). It should be noted that the kinetic current density with
NGNSs-900 also shows much higher than that of the previ-
ously reported mesoporous carbon, graphene and carbon
nanotubes [12,13].

The above results clearly reveal that NGNSs-900 exhibit
improved catalytic performance for ORR in comparison
with the Pt/C composites catalysts. The following factors
can be summarized to elucidate the fundamental aspects of
high activity and excellent stability of NGNSs-900 catalyst
for ORR. First of all, the NGNSs-900 completely maintains
the 2D nanostructure of graphene with high conductivity,
large surface area and ultrahigh pore volume. These features
are of significance for providing plentiful active sites for
ORR and accelerating electron transfer rate or decreasing
electric resistance. Additionally, as the NGNSs-900 can



Chin Sci Bull

CiSQ,etal

E
o
<
E
=
—0
— 1000
-8 T T T T
-0.8 -0.6 -0.4 -0.2 0.0
Potential (V vs Ag/AgCl)
0
(c)
-2
5
2 ;
é R /';a
2 -6 -
w /
c .
11} /i .
T g /" —— 400 r/min
5 o — 900 r/min
g 1600 r/min
S 104 2500 r/min
3600 r/min
-12 ; r r r
=-0.8 =0.6 =0.4 =0.2 0.0

Potential (V vs Ag/AgCl)

August (2012) Vol.57 No.23 3069

04 (b) NGNSs

J (mA/ecm?)

1000
-8 T T :
-0.8 -06 -0.4 -0.2 0.0
Potential (V vs Ag/AgCl)
0.35
(d)
0.304
T 0.251
£
E 0.20
- = -0.200V
= 0.15- * -0.225V
+ -0.250V
v -0.275V
0.107 -0.300 V
< -0.350V
0-05 T T T T
0.06 0.09 0.12 0.15
W 12(s712)

Figure 4 (Color online) The linear-sweep voltammograms recorded after O and 1000 CVs cycles in oxygen-saturated 0.1 mol/L KOH with 1600 r/min and
a scan rate of 5 mV/s on the Pt/C electrode (a) and NGNSs-900 electrode (b) (CVs range: —1.0 to 0.4 V, scan rate: 0.1 V/s). (c) The linear-sweep voltammo-
grams recorded with different rotation rates in an O, saturated 0.1 mol/LL. KOH solution on NGNSs-900 electrode at a scan rate of 5 mV/s. (d) Kou-

tecky-Levich plot of current density versus ™"

independently act as the ORR catalysts without loading
other catalytic nanoparticles (e.g. Pt), this could avoid the
activity loss resulting from the catalytic nanoparticles peel-
ing off from the supporting materials. Furthermore, the
NGNSs-900 can efficiently catalyze O, electrochemical
reduction in the 4-electron transfer pathway to produce H,O
rather than the 2-electron pathway to H,O,.

It should be noted that the NGNSs-900 also exhibits at
least two appealing features compared to the N-doped car-
bon nanostructures reported previously. On the one hand,
despite of a common surface area of 465.2 m%g, the
NGNSs-900 has a porous volume as high as 3.42 m/g,
while most nanostructured carbon normally had a pore
volume less than 2.5 m*/g. It is generally viewed that larger
surface area indicates more catalyzing activate sites on the
surface, while the higher pore volume signifies more ac-
commodating capability of O, and promotes the mass
transfer in interface, it is therefore reasonable to propose
that the ultrahigh pore volume in the NGNSs-900 could
give rise to the significant improvement of kinetic current
density. On the other hand, the NGNSs-900 also has a higher
N content, as the doped-N acts a quite important role in cat-
alyzing ORR, high doped-N in the NGNSs-900 is possibly
another advantage that could provide more catalytic centers
for ORR.

We further set up an H-type MFC to make comparable

at different potentials on NGNSs-900 electrode.

study between the NGNSs-900 and Pt/C as an alternative
cathode catalyst. Both NGNSs-900 and PT/C electrodes
were plugged in a different chamber so that they could share
the same anode chamber to fairly evaluate the performance
of the two electrodes for MFCs [14]. Polarization tests were
examined to investigate the performance of both MFCs. As
shown in Figure 5, one can observe a slight difference in
open circuit voltage (V,.) between the NGNSs-900-MFC

1.0 5
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0.8+ L4
s E
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g z
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Figure 5 MFC polarization and power density curves with Pt/C and
NGNSs-900 cathode. Note: the power density was normalized based on the
volume of anode solution.
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and the Pt/C-MFC, which was 0.84 and 0.82 V, respectively.
It should be noted that both the current density and power
density were normalized to the volume of the anode solu-
tion. It was found that the maximal current density was
23.34 A/m’ in the NGNSs-900-MFC, which is around 1.2
times higher than that achieved in Pt/C-MFC under identical
conditions (19.35 A/m®). Meanwhile, the NGNSs-900-MFC
achieved a maximum power density (Pp,,) of 4.06 W/m?® at
the current density of 11.88 A/m3, while the maximum
power density of the Pt/C-MFC was 3.77 W/m® at the cur-
rent density of 11.33 A/m’. These MFC testing results re-
vealed that the NGNSs-900 did show great potential for
practical application.

3 Conclusion

In summary, we have developed a facile, convenient, eco-
nomical and effective method to prepare the nitrogen doped
graphene nanosheets with ultrahigh pore volume. As a po-
tential application, the NGNSs-900 displays much better
electrochemical catalytic performance for oxygen reduction
reaction than the commercial Pt/C catalysts in regard to
catalytic activity and long-term stability. The NGNSs-900
was successfully used as the alternative catalysts to Pt based
cathode catalysts in MFC systems. To benefit from the
facile synthesis of the NGNSs-900 in this route and the ad-
vantages of electrochemical performance, the present work
may provide a promising route to replace the expensive
cathode catalysts involved in fuel cell or battery systems.
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