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Abstract: Nitrogen-doped carbon nanosheets (NDCN) with
size-defined mesopores are reported as highly efficient metal-
free catalyst for the oxygen reduction reaction (ORR). A
uniform and tunable mesoporous structure of NDCN is
prepared using a templating approach. Such controlled
mesoporous structure in the NDCN exerts an essential
influence on the electrocatalytic performance in both alkaline
and acidic media for the ORR. The NDCN catalyst with a pore
diameter of 22 nm exhibits a more positive ORR onset
potential than that of Pt/C (�0.01 V vs. �0.02 V) and a high
diffusion-limited current approaching that of Pt/C (5.45 vs.
5.78 mAcm�2) in alkaline medium. Moreover, the catalyst
shows pronounced electrocatalytic activity and long-term
stability towards the ORR under acidic conditions. The
unique planar mesoporous shells of the NDCN provide
exposed highly electroactive and stable catalytic sites, which
boost the electrocatalytic activity of metal-free NDCN catalyst.

Efficient catalysts for the oxygen reduction reaction (ORR)
are considered the key to achieve optimal performance for
fuel cells and metal–air batteries.[1] The catalysts of choice for
the desired four-electron transfer ORR process are platinum
and its alloys;[1] however, their sluggish kinetics, vulnerability,
and the scarcity of platinum impede the development and
commercialization of fuel cells.[2] In this regard, much effort
has been devoted to the search for substitutes for platinum
catalysts by employing nonprecious metal catalysts,[3] or
metal-free heteroatom-enriched (e.g. N, B, and S) carbona-
ceous materials.[4] Incorporation of heteroatoms within a car-
bonaceous skeleton can effectively modulate the catalytic
sites, chemisorption energy of O2, and the reaction mecha-
nism (2e�/4 e�) of catalysts, leading to significant enhance-
ment in the ORR performance.[5] Nitrogen-doped carbon

materials (NCMs) represent the most investigated catalysts
for the ORR because they not only exhibit excellent electro-
catalytic activity but also possess other advantages, including
low costs, long durability, and environmental friendliness.[6,7]

The critical feature related to the ORR activity of NCMs is
the charge delocalization of the carbon atoms induced by
nitrogen doping, which results in the non-electroneutrality of
the catalysts and consequently facilitates oxygen adsorption
and reduction.[8] Moreover, the ORR performance of NCMs
is also strongly governed by parameters such as the atomic
ratio of different types of nitrogen atoms (graphitic and
pyridinic N atoms), surface area, and the degree of sp2

bonding in the carbon framework.[9]

Graphene, a two-dimensional (2D) monolayer sheet of
hexagonal carbon, exhibits intriguing properties such as high
surface area, superior electrical conductivity, and excellent
mechanical/chemical stability.[10] Its unique planar structure
renders graphene a suitable substrate for creating hybrids
containing numerous catalytic sites with the promise of
efficient transport pathways.[4c,8a, 9c] Morphology control over
graphene associated with heteroatom doping has been
demonstrated to effectively promote the activity of NCMs
for the ORR in alkaline electrolyte.[11] However, metal-free
NCM catalysts suffer from low activity in acidic media, mostly
because of the relatively few catalytic sites within these
catalysts.[12]

Here, we developed a series of nitrogen-doped carbon
nanosheets (NDCN) with uniform and tuneable mesopores.
Porosity control over NDCN is achieved by employing an
appropriate graphene/silica nanosheet template that is built
up by the direct growth of mesoporous silica and the
electrostatic assembly of colloidal silica nanoparticles (NPs)
of different sizes on a graphene oxide (GO) surface. Surface
coating of polydopamine (PDA) followed by pyrolysis and
removal of the silica template yield NDCN with size-defined
mesopores which have exposed highly electroactive and
stable catalytic sites (graphitic and pyridinic N atoms).

Remarkably, the NDCN shows a close relationship
between the electrocatalytic activity and the pore size.
NDCN with a mesopore size of about 22 nm exhibits the
highest ORR performance, with a well-defined plateaux for
the diffusion-limiting current and a more positive onset
potential than that of a Pt/C catalyst in an alkaline medium
(�0.01 V vs. �0.02 V). Moreover, the NDCN catalyst man-
ifests pronounced catalytic activity in acidic medium, with
mainly a 4-electron transfer process, an ORR onset potential
of 0.72 V versus the reversible hydrogen electrode (RHE),
and a high current density of 3.57 mA cm�2 at 0.50 V. To the
best of our knowledge, such excellent electrochemical per-
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formance in both alkaline and acidic media for the ORR has
not been achieved for metal-free carbon catalysts.

The overall synthetic procedure for the NDCN is pre-
sented in Figure 1 and in Figure S1a in the Supporting
Information. A mesoporous silica shell was initially grown
on GO using cetyltrimethyl ammonium bromide (CTAB)
-directed hydrolysis of tetraethylorthosilicate (TEOS), to
generate graphene-based silica nanosheets (G-silica) with
a mesopore size of 2 nm.[13] G-silica was then functionalized
with polydiallyldimethylammonium chloride (PDDA-func-
tionalized G-silica), and electrostatically assembled with
negatively charged colloidal silica NPs in aqueous solution.
As a result, G-silica was further sandwiched with shells
comprising close-packed colloidal silica NPs (denoted G-
silica-X, where X represents the particle size of colloidal silica
NPs or the pore size of the resultant NDCN). Afterwards, G-
silica-X was dispersed in an aqueous solution of dopamine
(DA), and homogeneous PDA layers were readily coated
onto the surface of G-silica-X by the self-polymerization of
DA under ambient conditions.[14] The subsequent thermal
treatment of PDA-coated G-silica-X in nitrogen combined
with etching of silica generated NDCN-X with defined
mesopores. Thereby, for the first time, successful control of
porosity over the NDCN was realized by employing colloidal
silica with different particle sizes.

To achieve a favorable electrostatic assembly between G-
silica and colloidal silica NPs, the surface charges of colloidal
silica NPs and G-silica before and after functionalization with
PDDA depending on various pH values were monitored by
zeta potential measurements (Figure 2a). Typically, the sur-
face charge of silica-22 and pristine G-silica are negative over
the entire investigated pH range (1–12). As expected, the
surface charge of PDDA-functionalized G-silica is positive
over the pH range from 1 to 12, in contrast to that of pristine
G-silica. Therefore, assembly between G-silica and silica-22
was carried out using electrostatic interactions at an optimal
pH value of around 5, where a broad zeta potential gap
(dashed line in Figure 2a) between PDDA-functionalized G-

silica and silica-22 creates strong mutual interactions.[15] TEM
measurement verified the successful fabrication of G-silica-22
(Figure 2b and Figures S1b and S1c). Notably, neither free
silica-22 nor bare areas of G-silica were observed. For
comparison, silica-22 was mixed with pristine G-silica without
PDDA functionalization. It was found that most of the silica-
22 was randomly distributed around the G-silica instead of
uniform coating (Figure S1d), thus validating the electrostatic
interaction as the crucial driving force of the assembly. Such
an assembly approach was conveniently extended to fabricate
G-silica-7 by employing colloidal silica NPs with a diameter of
about 7 nm (silica-7, Figure S2a and S2b).

Gentle stirring of G-silica-22 and G-silica-7 in aqueous
DA solution (buffered to pH 8.5 with Tris) resulted in the
spontaneous coating of adherent PDA layers (Figure S3a and
S3c). The thickness of the PDA coating layer could be
adjusted by the polymerization time, which was elucidated by
the thickness variation of carbon layers (see Figure S4). PDA-
wrapped G-silica-22 or G-silica-7 was then placed in a tube
furnace for carbonization at 900 8C in nitrogen atmosphere.

Figure 1. Synthesis of NDCN-X. a) CTAB-directed hydrolysis of TEOS
on GO nanosheets (CTAB = cetyltrimethyl ammonium bromide,
TEOS= tetraethylorthosilicate, and GO = graphene oxide). b) Electro-
static assembly of G-silica and colloidal silica NPs. c) Self-polymeri-
zation of DA, pyrolyisis, and silica removal treatment (DA= dop-
amine).

Figure 2. a) Zeta potentials of silica-22, and G-silica before and after
functionalization with PDDA under different pH conditions. b) Typical
TEM image of G-silica-22, revealing the uniform adhesion of silica-22
on the surface of G-silica. c) Morphology and microstructure of the
resulting NDCN-22; image d) is of the square region marked in (c).
e) Representative AFM image of NDCN-22 and the corresponding
thickness analysis taken around the black line. f) Nitrogen adsorption/
desorption isotherms and BJH pore distributions (inset) of the NDCN
and NDCN-X.
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The carbon layer was continuous without any cracks after
thermal treatment, as shown in Figure S3b and S3d. The
morphology and microstructure of NDCN-22 and NDCN-7
after etching of silica were characterized by TEM (Fig-
ure 2c,d and Figure S2c, S2e, and S2f). Both sides of NDCN-
22 and NDCN-7 were decorated with uniform and size-
defined mesopores; the mesopores were interconnected on
the surface of the NDCN to form 2D planar mesoporous
shells. High-resolution TEM revealed that the carbon layer
obtained was less than 5 nm in thickness (Figure S2d).
Further, control experiments of PDA coating were conducted
on pristine graphene nanosheets and G-silica to produce
NDCN and NDCN-2. The typical atomic force microscopy
(AFM) image and thickness analyses of NDCN-22, shown in
Figure 2e, reveal a 2D porous feature with an average
thickness of 35 nm. In the Raman spectra of NDCN and
NDCN-X nanosheets (Figure S6a), two peaks emerge near
1590 cm�1 and 1352 cm�1, which can be assigned to the G
(graphitic carbon) and D bands (disordered carbon), respec-
tively. The ID/IG values disclose a similar graphitic nature for
all of the prepared samples.

The porous features and Brunauer–Emmett–Teller (BET)
specific surface areas of the NDCN and NDCN-X were
investigated by nitrogen isothermal adsorption/desorption
measurements (Figure 2 f). The BET specific surface areas for
NDCN-2, NDCN-7, and NDCN-22 were calculated to be 578,
652, and 589 m2 g�1, respectively, which are much higher than
that of NDCN (55 m2 g�1). Notably, upon increasing the pore
size of NDCN-X, the pore volume significantly increased
from 0.38 m3 g�1 for NDCN-2 to 1.52 m3 g�1 for NDCN-22.
The steep increase in nitrogen adsorption for NDCN-22 and
NDCN-7 at a relatively high pressure (P/P0 = 0.80–0.99)
clearly suggests that the pore volume is mainly contributed
by size-enlarged mesopores.[16] Based on the Barrett–Joyner–
Halenda model (BJH model; inset of Figure 2 f), the pore size
distribution calculated from the adsorption branch reveals the
mesoporous feature for all NDCN-X samples. Moreover,
NDCN-22 and NDCN-7 exhibit a mesopore distribution peak
at 22 and 7 nm, respectively, consistent with the diameter of
the silica-22 and silica-7 template. In contrast, no evident
mesopores were observed for the NDCN. X-ray photoelec-
tron spectroscopy (XPS) measurements were carried out to
probe the chemical composition of all materials. The survey
scan spectra from the XPS analysis show the presence of C1s,
O1s, and N1s signals (Figure S6b). The atomic content is
summarized in Table S1. As expected, the NDCN and
NDCN-X showed a high content of carbon (above
87.7 at%.) and doped nitrogen with a narrow content
distribution (3.2–3.7 at%). Typically, NDCN-22 had an
atomic content of 89.2, 7.3, and 3.5% for carbon, oxygen,
and nitrogen, respectively (Figure S6c). The complex N1s
spectrum could be further deconvoluted into three signals
with binding energies of 398.5, 401.0, and 402.4 eV that
correspond to pyridinic N atoms(35.4 at%), graphitic N
atoms (55.0 at%) and pyridinic N+-O� groups (9.6 at%),
respectively (Figure S6d).[17, 3c]

The electrocatalytic activity of NDCN-X for the ORR was
first examined by cyclic voltammetry (CV) in an Ar- or O2-
saturated 0.1m KOH solution at a scan rate of 100 mVs�1. As

shown in Figure 3 a, a quasi-rectangular voltammogram with-
out any obvious peak was observed for NDCN-22 in the Ar-
saturated solution. In contrast, a well-defined cathodic ORR
peak, centered at �0.28 V with a high reaction current of
�5.8 mAcm�2 occurred in the CV analysis when the electro-
lyte solution was saturated with O2, highlighting pronounced
electrocatalytic activity of NDCN-22 for oxygen reduction.
To gain insight into the reaction kinetics of NDCN-22, linear
sweep voltammetry (LSV) with a rotating disk electrode
(RDE) was undertaken at different rotating speeds from 400
to 2500 rpm in an O2-saturated 0.1m KOH solution (Fig-
ure 3b). NDCN-22 showed a well-defined plateaux of diffu-
sion-limiting currents below �0.3 V at all rotational speeds,
indicating an efficient surface electrocatalytic reaction with
a direct four-electron transfer pathway. We further used the
RDE to probe the pore size effect on the ORR catalytic
activity of different catalysts. The LSV results for NDCN and
NDCN-X are presented in Figure 3c. Notably, the onset
potential of all NDCN-X catalysts is more positive than that
of the NDCN. In particular, NDCN-22 exhibited the most
positive half-wave potential (E1/2) and the highest kinetic
current density compared with its counterparts (see Table S2).
This result thus strongly suggests that the controlled meso-
porous structure in the NDCN-X exerts an essential influence
on the electrocatalytic behavior.

To assess the electrocatalytic activity of NDCN-X, rotat-
ing ring-disk electrode (RRDE) measurements were also
carried out on NDCN-22 and commercial Pt/C (20 wt %) in
O2-saturated 0.1m KOH at a rotation rate of 1600 rpm
(Figure 3d). Remarkably, NDCN-22 exhibited a diffusion-

Figure 3. a) CV of NDCN-22 in Ar- and O2-saturated 0.1m KOH
solution at a scan rate of 100 mVs�1. b) linear sweep voltammetry
(LSV) of NDCN-22 in O2-saturated 0.1m KOH at a scan rate of
10 mVs�1 at different RDE rotation rates. c) LSV of the NDCN and
NDCN-X in O2-saturated 0.1m KOH at a scan rate of 10 mVs�1 with
an RDE rotation rate of 1600 rpm. d) RRDE polarization curves for
NDCN-22 and Pt/C in O2-saturated 0.1m KOH at a scan rate of
10 mVs�1 with an RDE rotation rate of 1600 rpm. For all the rotating
disk electrode (RDE) and the rotating ring-disk electrode (RRDE)
measurements, the loading of catalysts was 20 mgPt cm�2 for Pt/C and
0.6 mgcm�2 for NDCN-X and the NDCN.
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limiting current approaching that of Pt/C (5.45 vs.
5.78 mAcm�2), and even a more positive onset and half-
wave potential (�0.01 and�0.11 V) than those of Pt/C (�0.02
and �0.15 V). To the best of our knowledge, these values
including the onset/half-wave potential and the diffusion-
limiting current are superior to other NCMs reported to date
as metal-free ORR catalysts in an alkaline medium (see
Table S3). The slight decrease in the current density at the
overpotential of about �0.2 V might be caused by the rapid
O2 consumption in the test cells. On the basis of the ring and
disk currents, the electron transfer number (n) for NDCN-22
is calculated to be 3.67–3.94 over the potential range from
�0.2 to �0.9 V (Figure S7a), emphasizing that NDCN-22
proceeds mainly by a four-electron ORR mechanism.

Next, the effect of the mesopore size characteristics on
electrocatalytic performance in acidic medium was investi-
gated. The CV curve indicated a significant reduction process
for NDCN-22, with a pronounced cathodic ORR peak at
0.50 V versus the reversible hydrogen electrode (RHE) when
the electrolyte (0.5m H2SO4) was saturated with O2 (Fig-
ure 4a). The RDE polarization curves of NDCN and NDCN-
X (Figure S7b) indicated that the onset and half-wave

potential of catalysts were shifted positively upon increasing
pore size, which is in agreement with the trend of their
performance under alkaline conditions (Figure 3c). The
RRDE polarization curves for NDCN-22 are presented in
Figure 4b. NDCN-22 exhibited high catalytic activity with
a more positive onset potential (0.72 V) and much higher
current density (3.57 mAcm�2 at 0.50 V) than those of

reported nitrogen-doped graphene and nanostructured
carbon catalysts.[18] Moreover, NDCN-22 exhibited an ORR
process involving almost a 4-electron transfer pathway (n =

3.67–3.91 over the potential 0.03–0.63 V, Figure S7c) with
a low H2O2 yield of 4.3–16.5% over the measured potential
range (inset of Figure 4b).

As the pyrolysis temperature plays an essential role in the
formation of active sites for metal-free carbon catalysts, the
activity of NDCN-22 was examined for the samples obtained
at 800, 900, and 1000 8C (denoted as NDCN-22-800, NDCN-
22-900, and NDCN-22-1000, respectively). The activity in
acidic medium (0.5m H2SO4), as measured by the ORR onset
and half-wave potentials (E1/2) in the RRDE polarization
curves (Figure 4c), increased from 0.67 and 0.50 V for
NDCN-22-800 to 0.72 and 0.56 V for NDCN-22-900. The
performance of NDCN-22-1000 is very similar to that of
NDCN-22-900. In association with an XPS analysis (Fig-
ure S8), the atomic ratio of the graphitic to the pyridinic
N atoms (Table S4) is assumed to be responsible for the
considerable activity enhancement of NDCN-22-900/-1000
relative to NDCN-22-800.[3c] The high cycling stability of the
NDCN-22-900 catalyst is also demonstrated in Figure 4d. The
cycling was carried out with CV within a potential range of
0.6–1.0 V in O2-saturated 0.5m H2SO4.

[3a, 12a] After 4000
continuous cycles, the half-wave potential E1/2 exhibited
a small negative shift of about 40 mV under O2, validating
the high durability of the NDCN catalysts.

In summary, we have developed mesoporous nitrogen-
doped carbon nanosheets using a template approach. The
unique planar porous shells afford abundant catalytic sites on
the surface of the NDCN and facilitate the electrolyte/
reactant diffusion during the oxygen reduction process. The
NDCN catalyst with a pore size of 22 nm exhibits a more
positive ORR onset potential than that of Pt/C and a high
diffusion-limited current approaching that of Pt/C in alkaline
medium. Moreover, the catalyst shows pronounced electro-
catalytic activity and long-term stability towards the ORR
under acidic conditions. The synthetic strategy toward porous
carbon nanosheets described in this work appears to boost the
electrocatalytic activity of metal-free catalysts by a controlled
mesoporosity, and can be further extended to develop porous
nonprecious metal catalysts for high-performance oxygen
reduction reactions.
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