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ABSTRACT: Designing and fabricating advanced oxygen reduction reaction
(ORR) electrocatalysts is critical importance for the sake of promoting
widespread application of fuel cells. In this work, we report that nitrogen-
doped graphene (NG), synthesized via one-step pyrolysis of naturally available
sugar in the presence of urea, can serve as metal-free ORR catalyst with excellent
electrocatalytic activity, outstanding methanol crossover resistance as well as long-
term operation stability in alkaline medium. The resultant NG1000 (annealed at
1000 °C) exhibits a high kinetic current density of 21.33 mA/cm2 at −0.25 V (vs
Ag/AgCl) in O2-saturated 0.1 M KOH electrolyte, compared with 16.01 mA/cm2

at −0.25 V for commercial 20 wt % Pt/C catalyst. Notably, the NG1000 possesses comparable ORR half-wave potential to Pt/C.
The effects of pyrolysis temperature on the physical prosperity and ORR performance of NG are also investigated. The obtained
results demonstrate that high activation temperature (1000 °C) results in low nitrogen doping level, high graphitization degree,
enhanced electrical conductivity, and high surface area and pore volume, which make a synergetic contribution to enhancing the
ORR performance for NG.
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1. INTRODUCTION

The increasing demand for clean energy and energy-efficient
devices is becoming more and more critical because of the
depletion of conventional energy sources and serious environ-
mental problems caused by large-scale use of fossil fuels. This
urgent situation has triggered extensive research on fuel cells
that have been considering promising energy-converting
devices because of their high efficiency and environmental
benignity.1,2 One of the major concerns is the oxygen reduction
reaction (ORR) at the cathode, which is a kinetically sluggish
reaction at low temperature and plays a key role in determining
fuel cells efficiency.3,4 Therefore, the advanced electrocatalyst is
indispensable for the sake of catalyzing the reduction of oxygen
and further improving fuel cells performance. In general, the
ideal ORR electrocatalyst should possess a high conductivity,
improved catalytic activity, large surface area, proper pore size
distribution, long-term durability, as well as low production
costs.5−7 Because of its excellent ORR electrocatalytic activity,
Pt catalyst is commonly used for ORR in fuel cells. However,
the successful commercialization of fuel cells is still hampered
by its intrinsic drawbacks: high cost, crossover deactivation, and
poor durability.1,8

Over the past years, the intense investigations have been
devoted to explore low-cost and efficient ORR electrocatalyst
based on non-precious metal9−13 and metal-free materials.14−19

Most nonprecious metal ORR electrocatalysts focus on metal/
nitrogen/carbon (Me/N/C) catalysts, which frequently suffer
from electrocatalytic activity degeneration and inferior stability

in that the metals coordinated with nitrogen as active center
may inevitably leach from the electrode surface in the
electrochemical acidic or basic environments.20,21 Thus, the
development of metal-free ORR catalyst may meet the demand
of practical application. Particularly, as a type of promising
candidate, nitrogen-doped carbon nanomaterials have been
attracted considerable attention as metal-free ORR electro-
catalyst owing to their high electrocatalytic activity, remarkable
methanol tolerance, and electrochemistrical stability in alkaline
medium.22−26 Quantum mechanics calculations14 revealed that
the origin of enhanced catalytic activity for nitrogen-doped
carbon materials could be ascribed to the doping nitrogen
atoms, which can create net positive charge on the adjacent
carbon atoms, and the active carbon further function as
electrocatalytic active sites to facilitate the adsorption of oxygen
molecule, to promote O−O bond cleavage, and further to
accelerate ORR kinetic process. Despite tremendous achieve-
ments, there is still considerable room for improving catalytic
performance and preparation of carbonaceous materials. On the
one hand, to ensure a fast reaction rate, the most significant
task is to reduce the overpotential, which is conventionally
evaluated by half-wave potential.27 The more positive half-wave
potential can guarantee the lower overpotential. Unfortunately,
the previously reported metal-free carbon catalysts often
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showed less competitive half-wave potential toward ORR in
alkaline electrolyte. For example, N-doped graphene fabricated
by chemical vapor deposition (CVD) method presented a
limiting current density three times larger than commercial 20
wt % Pt/C catalyst in oxygen-saturated 0.1 M KOH solution,
but with about 100 mV lower half-wave potential.28 Recently,
many efficient methods, including tuning the nitrogen
configuration,29 multi-heteroatom (B/S/P and N) dop-
ing17,30,31 and constructing mesoporous structure6 have
significantly improved the ORR performance of metal-free
nanocarbons. But the ORR activity of carbonaceous materials is
still inferior to commercial Pt/C in terms of half-wave potential.
Until now, improving ORR half-wave potential is still a great
challenge for metal-free carbon-based electrocatalysts. On the
other hand, the common approaches to synthesis of active
carbon nanomaterials involve chemical vapor deposition
(CVD), thermal annealing with NH3, and nitrogen plasma
treatment, which usually suffer from complicated manipulation,
high production cost, and corrosive precursors. Therefore, it
would be highly desirable but challenging to develop a facile
strategy to effectively prepare carbonaceous electrocatalysts for
the sake of reducing the production cost.
In this study, we develop a simple strategy to fabricate

nitrogen-doped graphene (NG) as efficient metal-free ORR
electrocatalysts via one-step pyrolysis of low-cost crystal sugar
in the presence of urea. As is well-known, the crystal sugar, a
kind of edible sugar, is a cheap and sustainable raw material that
can be easily synthesized from agricultural products such as
sugar cane and beet. The resultant NG presents high ORR
activity, remarkable ability to immune methanol crossover, and
superior durability in O2-saturated 0.1 M KOH solution.
Notably, the NG exhibits comparable ORR half-wave potential
to a commercial Pt/C catalyst (20% Pt on Vulcan XC-72),
potentially making as-prepared NG an advanced metal-free
cathode ORR electrocatalyst for fuel cells.

2. EXPERIMENTAL SECTION
Preparation of NG. The samples were prepared via pyrolysis of a

homogeneous mixture consisting of crystal sugar and urea (see the
photo in Figure S1 in the Supporting Information). First, the crystal
sugar and urea with 1:60 mass ratio were first dissolved in water under
moderately stirring to form a uniform mixture. Then, the mixture was
warmed at 60 °C to completely remove water, and the dried mixture in
a crucible with cover was placed into a quartz tube furnace. The
furnace was heated to 800, 900, and 1000 °C at a rate of 3.5 °C/min
under Ar gas flow (60 sccm), and the resultant samples were
designated as NG800, NG900, and NG1000, respectively. After the
temperature was maintained for 1h, the furnace was cooled down to
room temperature naturally.
Characterization. The thermal gravimetric analysis (TGA)

measurement for crystal sugar was carried out on a DSC200F3 device
under constant nitrogen flow with a heating rate of 10 K min−1. The
morphology and detailed nanostructures of resulting NG were
characterized by scan electron microscopy (SEM, Hitachi S-4800),
transmission electron microscopy (TEM, TECNAI G2 TF20) and
high resolution TEM (HRTEM, TECNAI G2 TF20), atomic force
microscopy (AFM, AIST-NT SmartSPM), X-ray diffraction (XRD,
X’PERT PRO). Raman spectra was collected on a Raman
spectrometer (LabRAM ARAMIS, Horiba Jobin Yvon) using 532-
nm laser. Nitrogen absorption/desorption measurement was con-
ducted at 77 K (ASAP 2020). Brunauer−Emmett−Teller (BET) and
Barrett−Joyner−Halenda (BJH) models were used to determine the
specific surface areas, average pore sizes and pore volume of the
samples, respectively. Surface compositions were analysized by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi).

Electrochemical Measurements. Electrochemcial tests were
carried out on a electrochemical workstation (μ Autolab III) with a
typical three-electrode cell at room temperature. A platinum wire and
Ag/AgCl were used as counter and reference electrode, respectively.
Working electrode was prepared according to follow procedure:
catalyst ink was first made by dispering 2 mg of the resulting NG
catalyst or comercial 20 wt % Pt/C catalyst (Alfa Aesar) in a 0.5 mL
mixture of water, enthanol, and Nafion (Aldrich, 5 wt %) with a
volume ratio of 75:21:4. The ink was then further sonicated to form a
uniform, well-dispersed ink. Subsequently, 5 μL of the catalyst ink was
carefully deposited on a glassy carbon electrode (GCE, 3 mm
diameter) with a mass loading of about 0.283 mg cm−2 and dried in air
for 10 h. The ORR activity was evaluated by cyclic voltammetry (CV)
and linear sweep voltammetry (LSV) techniques on rotating disk
electrode (RDE, ATA-1B) in O2-saturated 0.1 M KOH solutions.
Methanol crossover and durability testing were conducted by
chronoamperometric technique at the bias potential of −0.25 V (Vs.
Ag/AgCl) in O2-saturated 0.1 M KOH electrolyte with a rotation rate
of 1600 rpm. Electrochemical impedance spectroscopy (EIS) tests
were conducted in a frequency range of 100 kHz to 10 mHz with
amplitude of 10 mV.

The transferred electron number (n) was calculated from the
Koutecky−Levich (K-L) equation:32

ω
= +

J J B
1 1 1

k
0.5

where Jk is the is the kinetic current and ω is the electrode rotating
rate. B could be determined from the slope of K-L plots based on
Levich equation as follows

υ= −B nF D C0.2 ( )0
2/3 1/6

0

where n represents the number of electrons transferred per oxygen
molecule, F is the Faraday constant, D0 is the diffusion coefficient of
O2 in 0.1 M KOH, υ is the kinetic viscosity, and C0 is the bulk
concentration of O2.

3. RESULTS AND DISCUSSIONS
The fabrication procedure for NG is described in Figure S1 in
the Supporting Information. In a typical synthesis, the
precursors consisting of crystal sugar and urea were dissolved
in water under stirring. The solution was subsequently heated
to form the dry mixture, which was carbonized from room
temperature to predetermined temperature (e.g., 1000 °C) for
holding time of 1 h under a heating rate of 3.5 °C/min and an
Ar flow. During this thermal treatment process, crystal sugar
was mainly used as carbon precursor. The carbonization of
crystal sugar was analyzed by thermal gravimetric analysis
(TGA) depicted in Figure S2 in the Supporting Information,
which clearly shows that the decomposition occurs at around
220−550 °C. Typical TEM images (Figure 1a, Figure S3b,c in
the Supporting Information) confirm that the as-obtained
NG1000 possesses two-dimensional (2D) nanosheets of carbon
with entangled and crumpled morphology. The STEM (Figure
1c, Figure S3d in the Supporting Information) and SEM (see
Figure S3a in the Supporting Information) images further
reveal that the NG1000 is assemblies of interconnected and
wrinkled sheets, as well as the porous feature can be observed.
The morphology observation shows that the as-prepared
NG800 and NG900 also present wrinkled graphene sheets
similar to NG1000 (see Figures S4 and S5 in the Supporting
Information), indicating that the pyrolysis temperature have no
obvious effect on the morphology of NG. The thickness of
graphene nanosheets can be measured by AFM observation
(see Figure S6 in the Supporting Information), which directly
demonstrates that the thickness of NG1000 is 5−7 carbon
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atomic layers (about 2 nm) (see Figure S7 in the Supporting
Information). The result indicates that the material prepared by
this chemical method is the crumpled multilayer graphene,
which are different from the ideal graphene yielded by CVD
and the chemical reduction of graphene oxide approaches that
commonly present the monolayer 2D carbon structure and
smooth flakelike surface morphology. From high-resolution
TEM observation in Figure 1b, the short-range contorted
stripes are presented, which demonstrate the formation of very
small and curved graphene sheets with a size of a few
nanometers. The formation of graphene nanosheets can be
attributed to the sacrificial soft template of layered graphitic
carbon nitride (g-C3N4) that is formed when urea is thermally
treated at 350−550 °C.33 At the temperature higher than 800
°C, the graphene nanosheets are liberated in that the layered g-
C3N4 template will be completely decomposed.34,35 In the
meantime, the decomposition of urea and as-formed g-C3N4
can release the abundant NH3

36 and carbon nitride gases (eg.,

C2N2
+, C3N2

+, C3N3
+),37,38 which sever as nitrogen sources for

the incorporation of nitrogen atoms into graphene network, as
well as play a key role in the formation of crumpled structure,
high surface area and pore volume, as confirmed by nitrogen
adsorption/desorption analysis (see below). Selected-area
electron diffraction (SAED) (insert of Figure 1b) pattern
reveals the typical polycrystalline nanostructure. The two weak
diffraction ring correspond to the (002) and (101) reflection of
the graphite-like materials, agreeing with the XRD result (see
Figure S8 in the Supporting Information), which again
demonstrate that the as-formed nanosheets possess graphitic
structure.
The structure of NG was probed using Raman spectroscopy.

As shown in Figure 2a, the D-band and G-band peak appear at
about 1349 and 1581 cm−1, corresponding to the disorder-
induced feature and the stretching vibration of the carbon−
carbon, respectively.39 The ID/IG (the intensity of the G-band
divided by the intensity of the D-band) is widely used to assess
the density of defects in graphite materials.40 It is obvious that
the value of ID/IG decreases from 1.28 (NG800) to 1.07
(NG1000), indicating the graphitization degree of NG is
improved with the increasing of the annealing temperature. The
high graphitization degree will surely improve electrical
conductivity, which is beneficial to enhance the ORR activity.
One point should be noted that the ID/IG for all samples in this
work is much larger than that of CVD-grown carbon
material.41,42 This characteristic may be caused by the insertion
of nitrogen atoms into the sp2-carbon hexagonal network,
thereby resulting in defective structure.
Surface area and pore structure were assessed on the basis of

nitrogen adsorption/desorption analysis. All the isotherms
curves (Figure 2b, see Figure S9a in the Supporting
Information) show the type IV feature, and NG possesses
high Brunauer−Emmett−Teller (BET) surface area of up to
461.9 (NG800), 579.4 (NG900), and 565.1 m2/g (NG1000).
The pore size distribution curves can be calculated from the
desorption branch by the Barrett−Joyner−Halenda (BJH)
method plotted in the insert of Figure 2b and Figure S9b in the
Supporting Information. It is revealed that the samples exhibit
mesoporous/macroporous feature, and the average pore size
decreases with the increasing growth temperature (see Table S1
in the Supporting Information). Surprisingly, the NG displays
high pore volume of up to 1.17 (NG800), 1.76 (NG900), and
2.04 cm3 g−1 (NG1000) as defined at a predetermined P/P0 =
0.98 (see Table S1 in the Supporting Information), which can
be mainly attributed to the abundant gas released in thermal
treatment process, as discussed in synthetic section. The high
pore volume manifests that the NG is constructed with little

Figure 1. Typical (a) TEM and (b) HRTEM images of NG1000; The
insert of b shows selected area electron diffraction (SEAD) pattern. (c)
STEM image of NG1000, and the corresponding carbon, nitrogen, and
oxygen elemental-mapping images of the selected area in the square.

Figure 2. (a) Raman spectra of NG. (b) Nitrogen adsorption/desorption isotherms of NG1000, and the corresponding pore size distribution (inset).
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aggregation, which is usually a big challenge faced by carbon-
based materials.43 The above results demonstrate that the
resulting NG possesses many favorable structure features
including the crumpled morphology, nanoporous size, high
surface area and pore volume. All those advantages would
benefit the ORR because this unique structure can facilitate
oxygen molecule diffusion, as well as largely expose catalytic
active sites based on high electrode−electrolyte contact area.
To analyze the chemical compositions and the element

bonding configuration for NG, the X-ray photoelectron
spectroscopy was further performed. The survey spectrum of

NG (see Figure S10a in the Supporting Information) directly
reveals the presence of C1s, N1s, and O1s without any other
element, reflecting that nitrogen has been successfully
incorporated into carbon network. The uniform distribution
of C, N, and O can be also demonstrated by elemental-mapping
images (Figure 1c). The high-resolution C1s XPS spectra (see
Figure S10b in the Supporting Information) shows two evident
signals at about 284.8 and 285.8 eV, which can be attributed to
the graphite-like sp2C and N-sp2C, and the peak at wide range
from 286 eV to 289 eV indicate the formation of N-sp3C and
C−O type bond.23 The presence of O is possible due to the

Figure 3. High-resolution N1s XPS spectra of (a) NG800, (b) NG900, and (c) NG1000; The N1, N2, N3, and N4 present pyridinic, pyrrolic,
graphitic, and oxided nitrogen groups, respectively. (d) Atomic content of four nitrogen species in NG.

Figure 4. CV curves of (a) NG800, (b) NG900, (c) NG1000, and (d) Pt/C in O2- and Ar-saturated 0.1 M KOH aqueous solution at a scan rate of
50 mV s−1.
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physicochemically adsorbed oxygen and the residual oxygen-
containing group in precursor. As illustrated in Figure 3 and
Table S2 in the Supporting Information, the N1s spectra can be
further deconvoluted into four different peaks: 398.3 ± 0.1,
400.0 ± 0.1, 401.0 ± 0.1, and 402.7 ± 0.3 eV, corresponding to
the pyridinic (N1), pyrrolic (N2), graphitic (N3) and oxided
nitrogen groups (N4).44−47 It is found that with increasing
pyrolysis temperature from 800 to 1000 °C, the total nitrogen
content decreases from 11.2 at % (NG800) to 3.02 at %
(NG1000). Furthermore, the pyridine-like nitrogen is predom-
inant for the samples at low temperature, whereas the graphite-
like nitrogen is predominant at high temperature, which
indicates that graphitic N is more stable than pyridinic N at
high temperature, and the pyridinic and/or pyrrolic N might be
converted to graphitic N at higher temperature.48,49 The result
suggests that this simple synthetic strategy can easily control
the nitrogen doping level by adjusting the pyrolysis temper-
ature.
The electrochemical activity of NG toward ORR was first

examined using cyclic voltammetry (CV) with the potential
range from −0.6 to 0.2 V(vs Ag/AgCl) in an O2- and Ar-
saturated 0.1 M KOH at a scan rate of 50 mV/s, and
commercial 20 wt % Pt/C catalyst was served as a reference.
Figure 4 clearly shows that, in the case of an Ar-saturated

electrolyte, CV curves present similar feature without
prominent redox peak for all samples electrodes. In contrast,
well-defined cathodic oxygen reduction peak can be evidently
observed when the KOH solution was saturated with O2, and
the value of peak potential for NG1000 (−0.19 V) is close to
Pt/C (−0.18 V) but positively shifted by 0.11 and 0.18 V in
comparison with NG900 and NG800, respectively. According
to the above clectrochemical results, it is obvious that the
NG1000 exhibits the most enhanced ORR activity than other
samples. The reason may be mainly ascribed to the high
graphitization degree of NG1000, which result in most
enhanced electrical conductivity for NG1000 than others.
Combined with the XPS analysis, it can be concluded that the
high nitrogen content may do not improve the ORR
performance, which may be due to the widely accepted fact
that the high content of doping nitrogen does not determine
the quantity of active nitrogen that can be able to participate in
the oxygen reduction reaction,31 as well as the high nitrogen
concentration may reduce the conductivity of NG.35 This
explanation can be further confirmed by electrochemical
impedance spectra (EIS) characterization. As depicted in
Figure S11 in the Supporting Information, the overall resistance
of NG1000 is lower than that of NG900 and NG800. Apart
from the advantages provided by high conductivity and

Figure 5. LSV curves of (a) NG1000, and (c) NG900 in O2-saturated 0.1 M KOH aqueous solution with a sweep rate of 10 mV s−1 at the different
rotation rates. The Koutecky−Levich (K−L) plots (J−1 versus ω−1/2) for (b) NG1000, and (d) NG900 at different potentials. (e) LSVs of different
samples and Pt/C at 1600 rpm. (f) K-L plots of NG1000 and Pt/C electrode at −0.25 V; the obtained kinetic current density as well as the
corresponding transferred electron number at −0.25 V are presented.
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nitrogen doping, the favorable structure containing crumpled
morphology, nanoporous size (average pore size of 12.9 nm),
high surface area (565.1 m2/g), and high pore volume (2.04
cm3/g) may also plays a synergetic contribution to enhancing
ORR activity for NG1000. Therefore, it might be the combined
effect of nitrogen doping, high graphitization degree, and
favorable structure feature that endow the NG1000 electro-
catalyst with a superb ORR performance.
To gain further insight into the kinetics of the ORR at the

NG electrode, Liner sweep voltammetry (LSV) performed on
the rotating disk electrode (RDE) was further carried out at
different rotation speeds from 400 to 2400 rpm in 0.1 m KOH
electrolyte saturated with O2. Figure 5a shows the LSV curves
for NG1000 electrode, clearly reflecting that the limiting
current density increases with increasing rotation rate. This
phenomenon is similar to that of NG900 and NG800 electrode,
but the limiting current density of NG1000 is much higher over
the whole potential range compared with other sample
electrodes (Figure 5c, Figure S12a in the Supporting
Information). The transferred electron number (n) per oxygen
molecule can be obtained from the slope of the K-L plots using
Koutecky−Levich (K-L) equation.32 As depicted in Figure 5b,d
and Figures S12b and S13b in the Supporting Information, a
good liner relationship between the inverse of limiting current
density (J−1) and the inverse of the square root of rotation
speed (ω−1/2) for NG and Pt/C can be observed. The n was
calculated from the slope of the K-L plots to be 3.2 for NG800,
3.4 for NG900, 3.8 for NG1000, and 4.0 for Pt/C (see Table S3
in the Supporting Information), indicating that the NG1000
proceeds dominantly with a one-step, four-electron reaction
pathway similar to Pt/C catalyst, whereas the oxygen reduction
on NG800 and NG900 electrocatalysts may proceed by a
coexisting pathway involving both the two-electron and four-
electron transfers. The high limiting current density and four-
electron reaction process further demonstrate that the NG1000
is favorable for ORR than other samples.
The ORR catalytic activity of NG was further compared with

that of the commercial 20 wt % Pt/C catalyst based on the LSV
obtained at 1600 rpm rotation rate. As illustrated in Figure 5e,
the onset potential and the half-wave potential of NG1000 is
much more positive than that of the NG900 and NG800.
Surprisingly, in comparison with Pt/C catalyst, the NG1000
exhibits comparable half-wave potential, which demonstrates
that the as-synthesized NG1000 possesses comparable ORR
overpotential to commercial Pt/C catalyst. In addition, the
kinetic current density can also be obtained from the intercept
of K−L plots. For instance, the NG1000 possesses a kinetic
current density of 21.33 mA cm−2 at −0.25 V; this value is
significantly higher than that of Pt/C (16.01 mA cm−2) (Figure
5f). At −0.40 V, NG1000 also displays a substantially higher
kinetic current density than Pt/C and other samples (see
Figure S14 in the Supporting Information). The ORR kinetics
activity observation implies that the resultant NG1000
possesses intrinsic improved ORR performance and may have
potential application to replace costly Pt/C as efficient cathode
electrocatalyst in alkaline fuel cells.
Because methanol crossover and stability are two major

concerns in fuel-cell technology, the NG1000 was further
subject to testing the methanol crossover and electrochemical
stability by chronoamperometry approach. As seen in Figure 6a,
Pt/C catalyst suffers a sharp decrease (50.2%) in current after
the addition of 3 M methanol, whereas the value of current for
NG1000 is slightly changed. The result indicates that the

NG1000 possesses outstanding immunity toward methanol
than Pt/C catalyst, which avoids the occurrence of mixed
potential when the NCNs are used in direct methanol alkaline
fuel cells.50 The stability testing curve (Figure 6b) also clearly
shows that the durability of NG1000 is superior to that of Pt/C
catalyst in alkaline medium, suggesting that NG1000 is an ideal
ORR electrocatalyst for practical application.

4. CONCLUSIONS
In summary, we have successfully developed an advanced
metal-free ORR electrocatalyst based on nitrogen-doped
graphene fabricated through direct one-step pyrolysis of
naturally available sugar and urea as precursors. The resultant
NG1000 exhibits excellent ORR performance in alkaline
medium, including a high kinetic current density of 21.33 mA
cm−2 at −0.25 V, four-electron reaction process, high
selectivity, and long operation durability. Most importantly,
the NG1000 possesses competitive ORR half-wave potential in
comparison to the commercial 20 wt % Pt/C catalyst. The
experimental results demonstrate that the remarkable perform-
ance of NG toward ORR originates from the combined effect of
low nitrogen doping concentration, high graphitization degree,
enhanced conductivity, and high surface area and pore volume,
which can be obtained at high annealing temperature (1000
°C). Benefiting from the low-cost raw materials, facile synthetic
approach, controllable nitrogen doping level, and favorable
structure feature, this proposed method may open a general
and green route to produce novel nanostructured carbon
materials on a large scale for electrochemical energy
conversion/storage areas, such as fuel cells, supercapacitiors,
and the counter electrodes of DSSCs.

Figure 6. Current−time (i−t) chronoamperometric response of ORR
at NG1000 and Pt/C electrodes in O2-saturated 0.1 M KOH
electrolyte with the rotation rate of 1600 rpm at −0.25 V; (a) 3 M
methanol was added at around 300 s, and (b) durability evaluation for
10 h.
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