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1. Introduction

Carbon materials have been used in a wide range of applica-
tions, for instance, as electrodes, electrocatalysts, or electroca-
talyst supports in energy-storage and -conversion devices,[1–6]

because of low costs, high electrical conductivity, chemical in-
ertness, and thermal stability.[7–9] Among the various carbon
materials, nitrogen-doped carbon is of particular interest be-
cause it exhibits excellent electrocatalytic activity in the
oxygen reduction reaction (ORR),[10–15] which is a key reaction
at fuel-cell cathodes. For instance, Gong et al.[16] reported that
N-doped carbon nanotube arrays acted as efficient metal-free
electrocatalysts for oxygen reduction in alkaline media with
a performance even better than that of commercial platinum
catalysts. Remarkable activity has also been observed with
other N-doped carbon catalysts that are based on carbon
nanotubes,[16, 17] graphene,[18, 19] and porous carbon.[20] Of these,
N-doped porous carbons have been attracting considerable at-
tention for their high activity and long-term stability. For in-
stance, Asefa and co-workers[21] synthesized N-doped porous
carbons by polymerizing polyamine in situ within the pores of
SBA-15 mesoporous silica. The doping of N atoms enhanced
the ORR activity with an increased current density and de-

creased overpotential compared to commercial Pt/C catalysts.
Yang et al.[22] prepared N-doped porous carbon through the
carbonization of nucleobases in an all-organic ionic liquid (1-
ethyl-3-methylimidazolium dicyanamide), which showed a high
surface area and an ORR performance that was almost identical
to that of commercial 20 wt % Pt/C catalysts. At least two criti-
cal factors have been identified to account for the high ORR
performance of these heteroatom-doped carbon catalysts,
1) elemental composition and interactions between the com-
ponents, which determine the intrinsic nature of the active
sites, and 2) specific surface area and porous structure, which
determine accessible active sites and transport properties of
ORR-relevant species.

However, to the best of our knowledge, the preparation of
high-performance N-doped porous carbon materials for the
ORR, as mentioned above, usually requires hard templates to
guide and control the formation of mesopores, which inevita-
bly involve several complicated and tedious processes, such as
synthesis of monodispersed templating nanoparticles, delicate
control over the dispersion of template nanoparticles in
carbon matrix, subsequent purification, leaching, and so on.
Consequently, many previously reported methods are not ben-
eficial for scale-up production and cost reduction. Therefore,
explorations of novel and facile methods for the preparation of
N-doped porous carbon catalysts without the aid of commonly
used hard templates, such as carbon nanotubes, graphene,
silica nanoparticles, and so forth, is still highly in demand. This
is the primary motivation of the present work.

In this study, we developed a new and facile hydrothermal
method to prepare uniform N-doped carbon spheres (THNC)
by using glucose and dicyandiamide as precursors. These were
then activated by ZnCl2 at an elevated temperature, ranging

A synthetic method was developed for the preparation of N-
doped porous carbon through hydrothermal treatment at con-
trolled temperatures by using glucose and dicyandiamide as
precursors and ZnCl2 as an activation reagent. Nitrogen doping
was quantitatively determined by using XPS measurements
and identified in the forms of pyridinic, pyrrolic, graphitic, and
pyridinic N+¢O¢nitrogen atoms. Further structural analysis by
using SEM, TEM, XRD, Raman, FTIR, and BET measurements
showed that the N-doped porous carbons exhibited a micro-

crystalline graphite structure and a high specific surface area
up to 1000 m2 g¢1. Electrochemical studies showed that the
samples all exhibited a remarkable ORR catalytic activity in al-
kaline media, which was comparable to that of state-of-the-art
Pt/C catalysts, and the one prepared at 800 8C was found to be
the best among the series with an onset potential of + 0.96 V,
almost complete reduction of oxygen to OH¢ , and superior
methanol tolerance and cycling stability.
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from 700 to 900 8C, in a nitrogen atmosphere to obtain N-
doped porous carbon (THNC-T with T being 700, 800, or
900 8C), as manifested in scanning/transmission electron micro-
scopic measurements. XPS measurements showed that the
porous carbon was largely graphitic in nature and the level of
nitrogen doping decreased with increasing heating tempera-
ture, from 5.21 % at 700 8C to 4.88 % at 800 8C and 3.52 % at
900 8C. Nitrogen adsorption/desorption measurements showed
that the resultant porous carbon exhibited a high specific sur-
face area and rich porosity. Electrochemical studies showed
that the nitrogen-doped porous carbon exhibited a high cata-
lytic activity and stability for ORR, as compared to the commer-
cial 20 wt % Pt/C catalyst.

2. Results and Discussion

In the present study, carbon microspheres were first prepared
hydrothermally by using glucose as the carbon precursors[23]

and dicyandiamide as the nitrogen source.[24] Subsequent calci-
nation of the resulting carbon microspheres at elevated tem-
peratures led to the production of highly porous N-doped
carbon, where ZnCl2 was used as the activating reagent, as
ZnCl2 has been known not only to act as a structural template,
but also to selectively strip away hydrogen and oxygen atoms
in the source materials as water rather than as hydrocarbons
or as oxygenated organic compounds and, hence, facilitate the
formation of porous carbon.[25, 26] The morphology of the
porous carbons was first characterized by using field-emission
SEM (FESEM) measurements. From the SEM image in Figure 1 a,

one can see that prior to ZnCl2 activation, the carbon spheres
(THNC) exhibited a clean and smooth surface with a diameter
of 2–3 mm. In contrast, after thermal activation treatment at
700, 800, and 900 8C (Figure 1 b, Figure 1 c, and Figures S1 a–d),
the sphere-like microstructures disappeared and the samples
became irregular in shape with a rather rough surface. Further-
more, TEM images (Figure 1 d and Figures S1 e and f) showed
sheet-like structures, which featured small crystalline domains

with lattice spacings of about 0.35 nm, suggesting the forma-
tion of graphene nanosheets.

This was further confirmed by XRD measurements, as depict-
ed in Figure 2. It can be seen that for the THNC-700 (red
curve), THNC-800 (blue curve), and THNC-900 (green curve)

samples, two peaks emerged at around 25.3 and 43.38, which
are consistent with the (002) and (101) crystalline planes of
hexagonal carbon materials (JCPDS, Card No. 75–1621), respec-
tively. In contrast, for the carbon spheres (THNC) prior to ZnCl2

activation, only a single broad peak was observed at a some-
what lower angle of 23.88, and the peak at 43.38 was too weak
to identify (black curve), suggesting that heating at elevated
temperatures (700–900 8C) decreased the interlayer spacing be-
tween the (002) planes, which is likely caused by the removal
of oxygenated species and other structural defects. That is, cal-
cination at elevated temperatures led to enhanced crystallinity
and (partial) restoration of the sp2-hybridized domains, as man-
ifested by the diminishing peak width and slight increase of
the diffraction peak positions after heating (Table S1).

The structures of the porous carbons were further examined
by Raman spectroscopic measurements, as depicted in
Figure 3. It can be seen that THNC, THCN-700, THCN-800, and
THNC-900 all show very similar patterns with two broad peaks,
that is, a D band at 1350 cm¢1 and a G band at 1580 cm¢1

Figure 1. Representative SEM micrographs of a) carbon microspheres prior
to ZnCl2 activation (THNC) and b, c) N-doped porous carbon prepared at
800 8C (THNC-800). d) Representative TEM image of THNC-800.

Figure 2. XRD patterns of THNC, THNC-700, THNC-800, and THNC-900 sam-
ples.

Figure 3. Raman spectra of THNC, THNC-700, THNC-800, and THNC-900 sam-
ples.
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(Table S2). The former is associated with the vibrations of
carbon atoms with dangling bonds in plane terminations of
disordered graphite and is related to defects and disorders of
structures in carbon materials, whereas the latter is attributed
to the vibration of sp2-bonded carbon in a 2D hexagonal lat-
tice, namely, the stretching modes of C=C bonds of typical
graphite.[27] However, the intensities of these two bands varied.
Note that the ratio of the D and G band intensities (ID/IG) may
be exploited for a quantitative assessment of the defect con-
centration within carbon materials.[28] One can see that, with
increasing calcination temperature, the ID/IG value decreased
slightly, 1.10 (THNC)>1.07 (THNC-700)>1.05 (THNC-800)>
1.02 (THNC-900), suggesting a decline in structural defects
within the porous carbons at increasing temperatures, which is
in good agreement with the XRD results shown in Figure 2.

Further structural insights were obtained in FTIR measure-
ments, which are displayed in Figure 4. One can see that, for
THNC, three major vibrational bands appeared at 2960, 2924,
and 2868 cm¢1. These may be assigned to the C¢H stretching

vibrations of CH2 and CH3 groups. Another peak emerged at
1380 cm¢1, which is likely caused by C¢H bending vibrations in
CH3. However, after pyrolysis at elevated temperatures, these
four peaks disappeared, indicating effective removal of these
functional moieties from the carbon structures, which is consis-
tent with the XRD and Raman data presented above. Further-
more, the O¢H stretching vibration at about 3380 cm¢1 also
decreased significantly in intensity, possibly because of the re-
moval of oxygenated species after pyrolysis that rendered the
carbon materials increasingly hydrophobic. The C=C stretching
vibrations at 1557–1577 cm¢1, however, remained rather prom-
inent for all carbon samples.

XPS characterizations were then performed to analyze the
elemental compositions and nitrogen-bonding configurations
in the porous carbons. From the survey spectra in Figure 5 a,
the elements of C, N, and O can be identified clearly in all sam-
ples, and based on the integrated peak areas, the samples all
showed a high content of carbon (more than 75.5 at %) and
the level of total nitrogen doping decreased with increasing
heating temperature, from 5.21 at % at 700 8C to 4.88 at % at
800 8C and 3.52 at % at 900 8C (Table S3).[29, 30] These are signifi-

cantly lower than that (10.5 at %) observed with THNC. Such
a changing trend of N content has also been observed in
other N-doped carbon materials prepared in a similar fashion,
and it is generally attributed to the sequential decomposition
of the thermolabile pyrrolic N and pyridinic N+¢O¢ species at
relatively low pyrolysis temperatures and the degradation of
more stable pyridinic N and graphitic N species at higher tem-
peratures[31–35] (trace amounts of ZnCl2 and ZnO can also be
observed in the samples, as indicated by the two weak peaks
at 1021.9 and 1195.8 eV). In fact, deconvolution of the N 1s
peaks in Figures 5 b–d yielded four nitrogen-bonding configu-
rations within the samples, that is, pyridinic N at 398.2 eV, pyr-
rolic N at 399.5 eV, graphitic N at 401.0 eV, and pyridinic oxide
(pyridinic N+¢O¢) at 402.4 eV, indicating the successful incor-
poration of nitrogen dopants within the carbon skeletons.[19, 36]

Note that, in pre-pyrolysis THNC, pyrrolic N was the dominant
species with no pyridinic N+¢O¢ ;[37] yet after pyrolysis, graphit-
ic N and pyridinic N became the major forms of nitrogen
doping and their relative contents increased with increasing
calcination temperature. Such a variation in structural composi-
tion is summarized in Figure 5 f. In particular, in Figure 5 f,
THNC-800 shows the highest content of pyridinic N (1.36 at %)
and graphitic N (1.91 at %), which have been proposed to be
primarily responsible for the electrocatalytic activity in
ORR.[38–41] In fact, electrochemical studies showed that the
THNC-800 samples exhibited the best ORR activity among the
series of samples, as detailed below.

Figure 4. FTIR transmittance spectra of THNC, THNC-700, THNC-800 and
THNC-900 samples.

Figure 5. a) XPS survey spectra and high-resolution scans in the N 1s region
of b) THNC, c) THNC-700, d) THNC-800, and e) THNC-900. f) Summary of the
nitrogen content in the carbon samples.
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The specific surface areas of the porous carbons were then
quantified by N2 adsorption/desorption analysis with the re-
sults summarized in Table 1. It can be seen from Figure 6 a
that, prior to ZnCl2 activation, THNC exhibited a very low sur-
face area of only 6.1 m2 g¢1 (black curve). This is because the
materials were largely nonporous, as manifested in the pore-
size distribution in Figure 6 b.[42] Yet, after pyrolysis at elevated
temperatures, the surface area increased markedly to more
than 1000 m2 g¢1. Furthermore, one can see that the THNC-700
(red curve), THNC-800 (blue curve), and THNC-900 (green
curve) samples all showed a type IV adsorption/desorption iso-
therm with a clear hysteresis loop in the relative pressure
region of P/P0 = 0.4–1.0. This indicates the formation of meso-
pores in the materials. Consistent results can be seen in the
pore-size distribution curves in Figure 6 b,[43„ 44] where micro-
pores below 2 nm and mesopores in the 2–5 nm range can be
identified clearly. Importantly, the THNC-800 sample also
showed the generation of pores up to 15–18 nm in diameter.
It should be noted that high surface areas and unique pore

structures are expected to maximize the number of accessible
active sites, as well as to facilitate reactant transport inside the
materials.

Nitrogen-doped carbon materials such as carbon nano-
tubes[16] and graphene[19] have been demonstrated to behave
as metal-free electrocatalysts that might replace commercial
Pt-based catalysts for the ORR. The N-doped porous carbons
(THNC-T) prepared above also possessed remarkable electroca-
talytic activity for the ORR, as detailed below.

Figure 7 a depicts the cyclic voltammograms of a glassy
carbon electrode modified with 20 mg of THNC (black curve),
THNC-700 (red curve), THNC-800 (blue curve), THNC-900
(green curve), and Pt/C catalysts (magenta curve) in an
oxygen-saturated 0.1 m KOH solution at a potential scan rate
of 10 mV s¢1. It can be seen that, for all the carbon samples,
non-zero cathodic currents started to emerge at potentials

Figure 6. a) Nitrogen adsorption/desorption isotherms and b) pore-size dis-
tribution of THNC, THNC-700, THNC-800, and THNC-900.

Table 1. Summary of specific surface area and pore volumes of nitrogen-
doped porous carbons prepared at different temperatures

Sample SBET

[m2 g¢1]
Pore volume
[cm3 g¢1]

Average pore
size [nm]

THNC 6.1 – –
THNC-700 1081.6 0.41 2.77
THNC-800 1036.1 0.53 3.04
THNC-900 1009.8 0.42 2.87

Figure 7. a) Cyclic voltammograms of a glassy carbon electrode modified
with 20 mg of THNC, THNC-700, THNC-800, THNC-900, and Pt/C in oxygen-
saturated 0.1 m KOH at a scan rate of 10 mV s¢1. b) RRDE voltammograms of
the same electrodes at the rotation rate of 1600 rpm. Scan rate: 10 mV s¢1.
c) Variation of n values of THNC, THNC-700, THNC-800, THNC-900, and Pt/C
at different potentials.
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below + 0.95 V and a well-defined peak appeared between
+ 0.8 and + 0.9 V, which is in sharp contrast to that observed
when the electrolyte solution was saturated with N2, where the
voltammetric profiles were largely featureless and the currents
primarily arose from double-layer charging (Figure S2). Similar
voltammetric responses were observed with commercial Pt/C
catalysts, suggesting apparent ORR activity of the N-doped
porous carbon for oxygen reduction. Yet, the electrocatalytic
performance is clearly different among the series. For instance,
the cathodic peak positions exhibited a clear anodic shift with
increasing calcination temperature, that is, + 0.55 V for THNC,
+ 0.80 V for THNC-700, + 0.85 V for THNC-800, and + 0.87 V for
THNC-900. Note that the last two are both close to that of
commercial Pt/C catalysts (+ 0.88 V). In addition, the peak cur-
rent density also exhibited a marked discrepancy at
0.13 mA cm¢2 for THNC, 0.48 mA cm¢2 for THNC-700,
0.55 mA cm¢2 for THNC-800, 0.45 mA cm¢2 for THNC-900, and
0.64 mA cm¢2 for Pt/C. Together, these results suggest that
1) thermal treatments at elevated temperatures markedly en-
hanced the ORR activity of the N-doped porous carbon and
2) 800 8C is the optimal calcination temperature, as the per-
formance of the THNC-800 samples stood out as the best cata-
lysts among the series, which coincided with the highest pyri-
dinic N concentration in THNC-800 among the series (Figure 5)

Further analysis was carried out by using rotating ring-disk
electrode (RRDE) voltammetric measurements. Figure 7 b
shows the RRDE voltammograms of glassy carbon electrodes
modified with THNC, THNC-700, THNC-800, THNC-900, and
commercial Pt/C at a rotation rate of 1600 rpm in oxygen-satu-
rated 0.1 m KOH. In contrast to THNC, where oxygen reduction
did not occur until the electrode potential was below + 0.64 V,
the porous carbon electrodes all showed much enhanced ORR
activity with the onset potentials markedly more positive, that
is, + 0.92 V for THNC-800 and THNC-900 and + 0.88 V for
THNC-700, in comparison to + 0.95 V for Pt/C. In addition, the
limiting diffusion current density at + 0.50 V increases in the
order of 0.79 mA cm¢2 (THNC) <2.40 mA cm¢2 (THNC-700)
<2.42 mA cm¢2 (THNC-900) <2.67 mA cm¢2 (THNC-800)
<3.62 mA cm¢2 (Pt/C). These results suggest again that the
THNC-800 sample is the best catalysts among the series, al-
though the performance was somewhat subpar compared to
commercial Pt/C catalysts.

Furthermore, based on the RRDE measurements (Figure S3),
the electron-transfer number (n) during oxygen reduction can
be estimated by using Equation (1):[45]

n ¼ 4IDisk

IDisk þ IRing=N
ð1Þ

where IDisk represents the disk current, IRing is the ring current,
and N is the RRDE collection efficiency (37 %). Figure 7 c dis-
plays the variation of the electron-transfer number with the
potential for the varied carbon catalysts. For THNC, the n
values varied slightly from 2.6 to 2.8 within the potential range
of 0 to + 0.6 V, indicating that oxygen was reduced primarily
to peroxide species. Markedly higher n values can be seen

with the porous carbons in the same potential ranges [3.2–3.6
(THNC-700), 3.5–3.9 (THNC-800), and 3.0–3.6 (THNC-900)] ,
which were all comparable to that of commercial Pt/C (3.5–
3.9), suggesting that the ORR largely proceeded via the four-
electron route and OH¢ was the primary products of oxygen
reduction. For instance, at + 0.6 V, the fraction of peroxide in-
termediates generated decreased in the order of 60 %
(THNC)>20 % (THNC-700 and THNC-900)>5 % (THNC-800 and
Pt/C), again suggesting an optimal heating temperature of
800 8C.

The electron-transfer kinetics involved were then analyzed
and quantified by using the Koutecky–Levich method, as the
disk currents (J) might include both kinetic- (Jk) and diffusion-
controlled (Jd) contributions [Eqs. (2) and (3)]:

1
J
¼ 1

Jk
þ 1

Jd
¼ 1

Jk
þ 1

Bw0:5 ð2Þ

B ¼ 0:62nFD2=3n¢1=6CO2
ð3Þ

where n is the number of electrons transferred in the oxygen
reduction, F is the Faraday constant (96 485 C mol¢1), n is the
kinematic viscosity of the electrolyte (1.13 Õ 10¢2 cm2 s¢1), D is
the oxygen diffusion coefficient (1.9 Õ 10¢5 cm2 s¢1), and CO2

is
the oxygen concentration (1.2 Õ 10¢3 m).[46] As shown in Fig-
ure S4, for all samples in the series, the Koutecky–Levich plots
(J¢1 vs. w¢1/2) at different electrode potentials displayed good
linearity with a rather consistent slope, suggesting a first-order
reaction with respect to the concentration of oxygen dissolved
in the solution. Furthermore, the corresponding kinetic current
density (Jk) can be quantified from the y-axis intercepts by
linear regressions, which are depicted in the Tafel plot of
Figure 8. It can be seen that all samples exhibited a clear in-

crease in the kinetic current density with increasingly negative

electrode potentials. Yet, the activity was clearly different. For

instance, the kinetic current density at + 0.80 V is 2.42 mA cm¢2

for THNC-800, which is markedly higher than that for THNC-

900 (2.15 mA cm¢2) and more than twice that of THNC-700

(1.14 mA cm¢2). Note that, at this potential, the ORR activity

Figure 8. Tafel plots of THNC, THNC-700, THNC-800, and THNC-900. Symbols
are experimental data acquired from linear regressions of the Koutecky–
Levich plots in Figure S4.

ChemElectroChem 2015, 2, 803 – 810 www.chemelectrochem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim807

Articles

http://www.chemelectrochem.org


was minimal for THNC. In addition, it can be seen that the
Tafel plots demonstrated two distinct segments at low and
high overpotentials. In the low overpotential region, linear re-
gressions yielded a slope of 58.3 mV dec¢1 for THNC-700,
50.1 mV dec¢1 for THNC-800, and 51.7 mV dec¢1 for THNC-900.
This suggests that, at these N-doped porous carbon catalysts,
a pseudo-two-electron reaction was likely to be the rate-deter-
mining step in the electrocatalytic reduction of oxygen that
followed an outer-sphere electron-transfer pathway.[47–51] In the
outer-sphere electron-transfer mechanism, solvated molecular
O2, represented here as a cluster O2·(H2O)n, might interact with
surface adsorbed hydroxyl species (OHads) through a two-elec-
tron reduction pathway to form HO2

¢ anions. These reaction
intermediates were then further reduced with two additional
electrons to OH¢ on the active sites or desorbed from the disk
electrode surface and eventually detected at the ring elec-
trode, giving rise to a non-zero ring current. This reaction
mechanism may be summarized by Equations (4)–(7):

Cx N¢y ¢OHþ O2 � H2Oð Þn½ ¤aqþe

! Cx Ny ¢ OHþ HO2�ð ÞadsþOH¢ þ H2Oð Þn¢1

ð4Þ

HO2�ð Þadsþe¢ ! HO¢2
¨ ¦

ads ð5Þ

HO¢2
¨ ¦

ads! HO¢2
¨ ¦

aq ð6Þ

HO¢2
¨ ¦

adsþH2Oþ 2e¢ ! 3OH¢ ð7Þ

where CxNy denotes N-doped carbon (primarily pyridinic N and
graphitic N sites). In light of the outer-sphere electron-transfer
mechanism, it should be noted that, in 0.1 m KOH, the elec-
tron-transfer reactions may occur only at active sites. Thus,
considering the similar chemical compositions of the porous
carbon samples, the best ORR catalytic activity of THNC-800
among the series may be attributed to the relatively high con-
tent of pyridinic N (1.36 at %) and graphitic N (1.91 at %) spe-
cies,[52–54] with additional contributions from the high specific
surface area and unique pore architectures that allowed for
highly accessible active sites and facilitated mass transport of
reactants and products.

The durability of THNC-800 and Pt/C catalysts towards the
ORR was then evaluated by using chronoamperometric meas-
urements at + 0.4 V and a rotation speed of 900 rpm in a 0.1 m
KOH solution saturated with O2. As shown in Figure 9 a, after
more than 8 h continuous operation, the cathodic current of
the THNC-800 catalyst exhibited only a 5.6 % loss, whereas
a 17.8 % loss was observed with the Pt/C catalysts. This signi-
fied markedly better stability of the THNC-800 catalyst than
that of commercial Pt/C in alkaline solution.

The THNC-800 catalysts also exhibited significantly enhanced
tolerance against methanol crossover, as compared to Pt/C.
From Figure 9 b, one can see that upon the addition of 3 m
methanol into the electrolyte, the ORR current at the Pt/C cata-
lyst suffered a sharp decrease of about 60 % in relative current,
whereas THNC-800 retained a virtually invariant current re-
sponse.

3. Conclusions

N-doped porous carbon was prepared through a simple hydro-
thermal procedure at controlled temperatures (700–900 8C) by
using glucose and dicyanamide as the precursors and ZnCl2 as
the activation reagent. The porosity was quantified in nitrogen
adsorption/desorption measurements that signified the forma-
tion of a mesoporous structure with a BET specific surface area
more than 1000 m2 g¢1. Nitrogen doping was then examined
through XPS measurements and four nitrogen-bonding config-
urations were identified and quantified, including pyridinic,
pyrrolic, graphitic, and pyridinic N+¢O¢ . Electrochemical stud-
ies showed that the porous carbon exhibited apparent electro-
catalytic activity in oxygen reduction in alkaline media, with
a performance comparable to that of the state-of-art Pt/C cata-
lysts, within the context of onset potential, number of electron
transfer, as well as kinetic current density, methanol tolerance,
and durability. In particular, the best performance was ob-
served with the samples prepared at a heating temperature of
800 8C. This might be ascribed to the high doping of pyridinic
and graphitic nitrogen species that were primarily responsible
for the ORR activity and the unique mesoporous structure that
facilitated accessibility of the catalytically active sites and mass
transport of ORR reactants and products. The results presented
herein may offer a new and effective strategy for the prepara-
tion and engineering of metal-free all-carbon-based catalysts
for oxygen reduction.

Figure 9. a) Chronoamperometric profiles of THNC-800 and Pt/C electrodes
in O2-saturated 0.1 m KOH at + 0.40 V for 30 000 s. b) Chronoamperometric
responses of THNC-800 and Pt/C electrodes with the addition of 3 m metha-
nol.
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Experimental Section

Synthesis of N-Doped Porous Carbon

In a typical experiment, an aqueous solution (15 mL) containing
0.5 m glucose and 0.25 m dicyandiamide was transferred into
a 25 mL Teflon-lined stainless-steel autoclave and statically heated
at 200 8C for 24 h. The obtained black precipitates, which were N-
doped carbon microspheres (denoted as THNC), were washed with
distilled water several times and dried in a vacuum oven at 70 8C
for 12 h, followed by chemical activation by heating with ZnCl2

(carbon/ZnCl2 = 1:6, w/w) under N2 at an elevated temperature
(700, 800, or 900 8C) for 2 h at a temperature ramp of 5 8C min¢1.
The solids were then collected, soaked in 1.0 m HCl for 4 h under
ultrasonication, washed extensively with deionized water, and final-
ly dried in a vacuum oven at 70 8C for 12 h, affording N-doped
porous carbon, which was denoted as THNC-T (with T being the
temperature at which the sample was prepared).

Characterization

The morphology was examined with a field-emission scanning
electron microscope (Zeiss) and a high-resolution transmission
electron microscope (JEOL JEM-2010). Nitrogen adsorption and de-
sorption measurements were performed at 77 K with a Micromerit-
ics ASAP 2020 analyzer. The specific surface area (SBET) was calculat-
ed by the conventional BET (Brunauer–Emmett–Teller) method. The
total pore volume (Vt) was calculated from the adsorbed N2

amount at a relative pressure of P/P0 = 0.99. The pore-size distribu-
tion was calculated with a density function theory (DFT) method
by using the nitrogen adsorption data and assuming a slit pore
model. XRD patterns in the Bragg’s angle (2q) range of 10–808
were collected at room temperature by using a Bruker D8 diffrac-
tometer with CuKa radiation (l= 0.1541 nm). Raman spectra were
acquired by using a Lab RAMARAMIS (Horiba JobinYvon) instru-
ment equipped with a 50 mW He–Ne laser at 532 nm and
a charge-coupled device (CCD) detector. FTIR measurements were
performed at ambient temperature with a Nicolet 6700 FTIR spec-
trometer. XPS analysis was carried out with a VG MultiLab 2000 in-
strument with a monochromatic AlKa X-ray source (Thermo VG Sci-
entific).

Electrochemistry

Voltammetric measurements of the ORR activity were conducted in
a three-electrode system by using a CHI 660E electrochemical
workstation. A Pt foil and a reversible hydrogen electrode (RHE)
were used as the counter electrode and reference electrode, re-
spectively. The working electrode was a glassy carbon-disk elec-
trode (diameter 5.61 mm) of a RRDE (with a collection efficiency of
37 %) from Pine Instrument, Inc.[55] The working electrode was pol-
ished sequentially with aqueous slurries of 0.3, 0.1, and 0.05 mm
alumina powders on a polishing microcloth. The carbon samples
(2 mg) were ultrasonically dispersed in ethanol solution (1.0 mL)
containing Nafion (5 wt %, Aldrich) for 30 min to form a homoge-
nous catalyst ink. The catalyst ink (10 mL) was drop-cast onto the
glassy carbon disk, followed by drying at room temperature. Com-
mercial Pt/C was loaded onto the electrode surface in a similar
fashion. In this study, the loadings of the catalysts were all 20 mg.
Electrochemical measurements were performed at room tempera-
ture in 0.1 m KOH solutions and the geometrical surface area of the
electrode was used to calculate the current density.
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