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Highly active catalysts for the oxygen reduction reactions
(ORR) have long been regarded as a key to optimize the
performance of fuel cells because of the kinetic sluggishness
of ORR with a complex four-electron transfer process.!!
Although platinum-based catalysts for ORR were developed
for the Apollo lunar mission as early as the 1960s, their large-
scale commercial applications have been precluded by high
costs and scarcity of platinum.? Therefore, numerous efforts
have been devoted to reduce or substitute Pt-based catalysts
by employing Pt-based alloys,” nonprecious metal catalysts,
enzymatic electrocatalysts,”! or nitrogen-enriched carbona-
ceous materials.'*>? Very recently, nitrogen-doped carbon
nanotubes™ and mesoporous graphitic arrays®! have been
proposed as potential metal-free catalysts for ORR because
they not only exhibit excellent electrocatalytic activity but
also possess the advantages of low costs, long durability, and
environmental friendliness. Moreover, quantum mechanical
calculations!”! and experimental investigations®® both reveal
that the incorporation of nitrogen, especially the pyridinic or/
and graphitic nitrogen in the carbon frameworks plays an
essential role in the highly electrocatalytic activity for ORR.
In this regard, carbon nitride (CN), a carbonaceous material
that is enriched with a very high nitrogen content including
both pyridinic and graphitic nitrogen moieties and that can be
readily obtained through the pyrolysis of cyanamide,”
melamine,'” or ethylenediamine/carbon tetrachloride,!'!
may serve as a potential metal-free catalyst for ORR.
However, the low electrical conductivity (<102 Scm™) of
CN materials constitutes a major obstacle for their applica-
tion in fuel cells given that the electron transport in a CN
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electrode would be significantly hampered during the oxygen
reduction process.!'?

Graphene, a monolayer of carbon atoms arranged in a
honeycomb network, shows many intriguing properties such
as superior electrical conductivity,"”! a large surface area,!'*!
excellent mechanical flexibility,'> and high thermal/chemical
stability."® To harness these unique properties, we have
recently developed an efficient strategy for the fabrication of
graphene-based sandwich-like nanosheets by using single-
layer graphene as a template, thus providing numerous
opportunities for applications of graphene-based nanocom-
posites.'”) Herein we demonstrate the successful fabrication
of graphene-based carbon nitride (G—CN) nanosheets with
individual dispersion of graphene between the nanosheets by
a nanocasting technology. The typical synthesis protocol
involves the employment of graphene-based mesoporous
silica nanosheets (GM-silica) as a template and ethylenedi-
amine and carbon tetrachloride as CN precursors. Remark-
ably, the resulting G—CN nanosheets not only possess a high
nitrogen content, thin thicknesses, high surface areas, and
large aspect ratios but also show enhanced electrical con-
ductivity. Such unique features are favorable for the access of
oxygen to the catalyst surface and can facilitate the rapid
diffusion of electrons in the electrode during the oxygen-
reduction process. As a consequence, the G-CN nanosheets
exhibit an excellent electrocatalytic performance for ORR,
including high electrocatalytic activity, long-term durability,
and high selectivity, all of which are superior to those
observed for CN sheets without graphene as well as for
commercially available Pt-C catalysts.

As illustrated in Figure 1, graphene-oxide-based silica
nanosheets were first fabricated by the hydrolysis of tetra-
ethylorthosilicate on the surface of graphene oxide with the
help of a cationic surfactant (cetyltrimethyl ammonium
bromide, CTAB).'"! The resulting graphene-oxide-based
silica nanosheets were then annealed at 800°C under argon
or air, respectively. Heating treatment under argon rendered
the thermal reduction of graphene oxide to graphene and
afforded the graphene-based mesoporous nanosheets as black
powder (Figure S1 in the Supporting Information).'”? On the
contrary, white mesoporous silica nanosheets were obtained
in the presence of air because the graphene was completely
burned off. Ethylenediamine and carbon tetrachloride were
subsequently impregnated into the pores of the above
mesoporous nanosheets and polymerized at 90°C for 4 h.
Further pyrolysis was carried out at 600, 800, and 1000°C,
respectively, for the formation of carbon nitride. Final etching
of silica in 2m NaOH solution generated CN nanosheets with
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Figure 1. Fabrication of graphene-based carbon nitride (G-CN) and
CN nanosheets for the ORR.

(G-CNX) and without (CNX) graphene; G and X represent
the presence of graphene and the pyrolysis temperature,
respectively.

The morphology and structure of G-CN nanosheets were
investigated by means of TEM and field-emission scanning
electron microscopy (FE-SEM). As indicated in Figure 2 and
S2, large amounts of nanosheets in size from 200 nm to
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Figure 2. Typical a,b) TEM, and c) AFM images of G-CN nanosheets.

d) Nitrogen adsorption/desorption isotherm of G-CN nanosheets

(inset: pore-size distribution), demonstrating the mesoporous struc-

ture with a pore size <5 nm and a BET surface area of 542 m’g~".

www.angewandte.de

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

several micrometers and with a large aspect ratio can be
produced. Obviously, such a morphology originates from the
perfect replication of the GM-silica template. Although some
of the G-CN nanosheets remain as planar as the GM-silica
sheets, most of them become crumpled, possibly because of
the shrinkage of the CN sample during the thermal treatment
process or because of the intrinsic flexibility of CN materials.
The 2D features of G-CN can be further confirmed by AFM
analyses (Figure 2c) that reveal the uniform thickness of
approximately 18 nm for ten different samples. It is worth
noting that the thickness of G-CN nanosheets can be easily
adjusted by choosing GM-silica nanosheets with various
thicknesses as the template in our synthesis process. The
typical TEM images (Figure 2b and S2b) in association with
the XRD pattern (Figure S3) disclose the porous and
amorphous nature of the G-CN nanosheets. A high Bruna-
uer-Emmett-Teller (BET) surface area of up to 542 m*g ' is
obtained on the basis of nitrogen adsorption—desorption
analysis. This value is much higher than that of nonporous
carbon nitride (5 m?g")"? and similar to that reported for
mesoporous carbon nitride (505 m?g™").'""! Moreover, the
type-1V isotherm with pronounced adsorptions at medium
and high relative pressures (0.4-0.9 P/P,), demonstrates the
existence of a large number of mesopores and micropores
within the G-CN nanosheets (Figure 2d), which could be due
to the replication of the mesoporous template and the
continuous decomposition of CN precursors during thermal
treatment.

X-ray photoelectron spectroscopy (XPS) measurements
and elemental analysis were performed to probe the chemical
composition and the content of nitrogen in the G-CN
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Figure 3. High-resolution N1s XPS spectra of a) G-CN600, b) G-CN
800, and c¢) G-CN 1000 nanosheets. The signals fit into three energy
components centered around 398.0, 400.0, and 401.3 eV, and corre-
spond to pyridinic N (N1), pyrrolic N (N2), and graphitic N (N3),
respectively. d) The content of three nitrogen species (N1, N2, and
N3) in G-CN nanosheets.

Angew. Chem. 2011, 123, 54515455


http://www.angewandte.de

nanosheets. The survey scan spectra from XPS analysis reveal
the presence of Cls, Ols, and Nls without any other
impurities for all G-CN samples (Figure 3 and S4). The
predominant Cls signals are centered at approximately
285.0eV (graphite-like sp® carbon) and are asymmetric.
This result is commonly observed for CN materials because
of the dominant existence of C—N bonds in the matrix.'"] With
an increase in pyrolysis temperature, the Cls signals shift to
lower binding energy and their full width at half maximum
becomes narrower (Figure S4b), thus indicating an enhanced
degree of graphitization in the G-CN nanosheets. This finding
can be further supported by Raman spectroscopy (Figure S5),
in which the intensity of the G-peak at approximately
1589 cm™! is slightly higher than that of the D-peak at
approximately 1355 cm™! with an increase in pyrolysis tem-
perature. The presence of oxygen can be attributed to
moisture, atmospheric O,, or CO, adsorbed on G-CN nano-
sheets as well as the residual oxygen-containing groups (such
as carbonyl groups, carboxyl groups, etc.) that remain at the
edges or in the plane of reduced graphene. The complex N1s
spectra can be further deconvoluted into three different
signals with binding energies of 398.0, 400.0, and 401.3 eV that
correspond to pyridinic N (N1), pyrrolic N (N2), and graphitic
N (N3), respectively.” ! Remarkably, the shape of these
three peaks significantly changes when the pyrolysis temper-
ature is increased, thus suggesting that different amounts of
N-bonding configurations are formed at different temper-
atures. In the case of G-CN600, pyridinic N is dominant, thus
accounting for more than half of the overall N content (19 % ).
When the pyrolysis temperature is increased to 800 and
1000°C, the amount of graphitic N remains constant, whereas
those of pyridinic N and pyrrolic N largely decrease, hence
implying that these species are less stable at high temper-
atures. As a result, the overall nitrogen content of the G-CN
nanosheets evidently decreases to 10 and 7% for G-CN800
and G—CN1000, respectively (Figure 3d). Thus, such different
amounts of N-bonding configurations in G-CN samples must
exert a large influence on their electrocatalytic performances
for oxygen reduction (see below).

The electrocatalytic activity of G-CN nanosheets for
ORR was first examined by cyclic voltammetry (CV) in 0.1m

a
) 0.10 G-CN800 0.2 ?2
e o,
0.05{ e
f e '} { -06 1\
S 0.00 e b Methanol
E 7 5.0 \ PL-C 30%
< -05 7 < F myistoatecte
E ] E 14 \_ ...l G-CN8oo
~-0.10 SR = R
0.15 - -8
" 10.08-06-04-02000204 0 2000 4000 6000 8000

Evs. Ag/AgCI/V —— ts—

Figure 4. a) Cyclic voltammograms of G-CN800 at a scan rate of

100 mVs™' in O, (solid line; lower-lying curve) and Ar-saturated (solid
line; higher-lying curve) 0.1m KOH solution as well as O,-saturated
0.1 M KOH solution with 3 M methanol (dashed line; the two lower-
lying curves for the two O,-saturated solutions are fully overlapped);
b) Current-time (I-t) chronoamperometric responses at —0.25V in
O,-saturated 0.1 M KOH on G-CN800 and Pt—C electrode (1600 rpm)
followed by introduction of O, and methanol (0.3 m).
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KOH solution saturated with argon or oxygen. As shown in
Figure 4a, featureless voltammetric currents within the
potential range from —1.0 to +0.2V are observed for
G-CN800 in the argon-saturated solution. In contrast, a
well-defined cathodic peak centered at —0.25 V emerges in
the CV as the electrolyte solution is saturated with O,, hence
suggesting a pronounced electrocatalytic activity of
G-CNB800 for oxygen reduction. To evaluate the properties
of a new electrocatalyst, the crossover effect should be
considered because the fuel molecules such as methanol and
glucose in the anode sometimes permeate through the
polymer membrane to the cathode and seriously affect the
performance of the cathode catalysts.” Thus, the electro-
catalytic sensitivity of G-CN800 and commercial Pt-C
catalysts were measured against the electrooxidation of
methanol in ORR. As shown in Figure 4b and Figure S6, a
strong response is observed for the Pt-C catalyst in O,-
saturated 0.1M KOH solution with 3M methanol, whereas no
noticeable response for G-CNS800 is detected under the same
testing conditions. Apparently, G-CN800 nanosheets exhibit
a high selectivity for ORR with a remarkably good tolerance
of crossover effects, thus being superior to the commercial Pt—
C catalyst.

To gain further insight into the oxygen reduction reaction
in G-CN nanosheets, rotating disk electrode (RDE) voltam-
metry was performed in O,-saturated 0.1M KOH solution at a
scanning rate of 10 mVs™'. For comparison, CN nanosheets
without graphene were also investigated under the same
conditions. It is striking that the onset potentials of all G-CN
nanosheets are more positive than those of CN nanosheets
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Figure 5. a) Rotating disk electrode (RDE) linear sweep voltammo-
grams of G—-CN8&00 in O,-saturated 0.1m KOH with various rotation
rates at a scan rate of 5 mVs™". b) Koutecky—Levich plots of G-CN800
derived from RDE voltammograms in (a) at different electrode
potentials. c) RDE voltammograms of G-CN and CN nanosheets at a
rotation rate of 1600 rpm. The experimental conditions are the same
as in (a). d) Electrochemical activity given as the kinetic-limiting
current density (J) at —0.40 V for all G-CN and CN nanosheets.
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without graphene (Figure 5c¢), hence suggesting that gra-
phene in nanosheets significantly affects their electrocatalyt-
ical behavior and the overpotential of the overall electrodes.
The exact kinetic parameters including electron transfer
number (n) and kinetic current density (/i) were analyzed on
the basis of Koutecky-Levich equations®!®! (see the Sup-
porting Information) and were summarized in Figure 5d.
Remarkably enough, G-CN800 nanosheets exhibit a one
step, four-electron transfer pathway with a high kinetic
current density of 7.3 mAcm™ This value is four times
higher than that of CN800 (/, = 1.8 mAcm™ at —0.40 V) and
superior to that of commercially available Pt-C (J,=
54mAcm? at —0.40V, Figure S7). In contrast, the CN
nanosheets without graphene typically show a two-electron
transfer pathway for ORR with low current densities (J, =
0.85-2.16 mAcm™? at —0.40 V), similar to that reported for
CN material.” Since the G-CN nanosheets and their
counterparts (CN nanosheets) obtained by the same metal-
free synthesis procedure possess identical microstructures, the
significantly enhanced activity of the G-CN nanosheets must
be attributed to the incorporation of graphene layers into the
nanosheets, which results in enhanced electrical conductivity.
This observation can be further confirmed by the electro-
chemical impedance spectra (EIS) characterization presented
in Figure S8 (see the Supporting Information). The overall
resistance of G-CN nanosheets is much lower than that of CN
nanosheets.

The influence of the pyrolysis temperature on the electro-
catalytic properties of G-CN nanosheets is further explored
because the pyrolysis temperature can largely affect the
amounts of N bonding configurations in G-CN samples
(Figure 5S¢ and d). Interestingly, when the pyrolysis temper-
ature is increased from 600 to 1000°C, the kinetic current
density of G—CN nanosheets significantly increases to the
highest value of 7.3 mAcm™ at 800°C and then decreases
(Figure 5d). This observation indicates that the electrical
conductivity is not the only factor that determines the
electrocatalytic activity. According to recent reports,®®5 it
has been suggested that the content of nitrogen, especially the
pyrindinic or/and graphitic nitrogen portion, is crucial for the
promotion of the electrocatalytic reaction in ORR. In
association with our XPS analysis of G-CN nanosheets, that
is, with the increase of pyrolysis temperature from 800 to
1000°C, the content of graphitic N is kept constant while that
of pyridinic N is largely decreased; therefore it is reasonable
to believe that the lower activity of G-CN1000 compared to
that of G-CN800 can be attributed to the lower content of
pyridinic N in the materials. Given that pyridinic nitrogen
atoms with strong electron-accepting ability can create a net
positive charge on the adjacent carbon atoms in the G-CN
sheets, they are favorable for the adsorption of oxygen atoms
and can readily attract electrons from the anode, thus
facilitating the ORR.®*! In addition, the durability of the G—
CN for ORR in O,-saturated 0.1m KOH solution is evaluated
by a chronoamperometric approach. The continuous catalysis
(30000 s) at —0.25 V only causes a slight loss of the specific
catalytic activity (Figure S9), hence indicating that the
catalytic sites in G-CN nanosheets are fairly stable in an
alkaline medium.
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In summary, we have demonstrated an effective approach
for the fabrication of graphene-based carbon nitride nano-
sheets. The prominent features of these nanosheets including
their high nitrogen content, thin thicknesses, high surface
areas, and enhanced electrical conductivity, eventually lead to
outstanding electrocatalytic activity, long durability, and high
selectivity when G—-CN nanosheets are employed as metal-
free catalysts for ORR. Our studies are the first to reveal that
both the electrical conductivity and the content of pyridinic N
are two vital factors for achieving high-performance nitrogen-
doped carbon materials for ORR since they significantly
affect the electron transportation in electrodes and active
sites for oxygen reduction. Along with this cost-effective
protocol of graphene incorporation, a series of graphene-
based nitrogen-enriched carbon materials can be fabricated to
broaden their applications across the areas of catalysis,
sensors, supercapacitors, and lithium ion batteries.
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