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n of tetragonal microstructures
from nitrogen-doped carbon nanocapsules with
cobalt nanocores as a bi-functional oxygen
electrocatalyst†

Enlai Hu,‡b Jiqiang Ning,‡c Bin He,b Zhipeng Li,b Changcheng Zheng,d Yijun Zhong,a

Ziyang Zhangc and Yong Hu*ab

A facile non-template solid-state reaction method has been developed for the first time preparation of

a tetragonal microstructure self-assembled from nitrogen-doped carbon nanocapsules containing

metallic cobalt nanoparticles (Co–N–C) by using graphitic carbon nitride (g-C3N4) and

Co(CH3COO)2$4H2O as the only reactants, in which g-C3N4 acts as the effective source of nitrogen and

carbon elements in the N-doped carbon nanocapsules and Co(CH3COO)2$4H2O controls the

microscopic structure of the self-assembled product. The as-prepared Co–N–C tetragonal

microstructures exhibit enhanced electrocatalytic activities for both the oxygen reduction reaction (ORR)

and oxygen evolution reaction (OER). The synergistic effect of the chemical compositions and the robust

microstructure made of the interconnected N-doped carbon nanocapsules accounts for the superior

ORR and OER activity and stability to the commercial Pt/C electrocatalyst. The synthetic strategy

presented in this work demonstrates a new avenue for developing highly active carbon-based

electrocatalysts for electrochemical energy storage and conversion.
1. Introduction

The ever-growing consumption of hydrocarbon-based energy
resources and the increasing global environmental pollution
have driven scientists to ght hard for renewable and clean
resources.1,2 Fortunately, with the recent development of some
technologies such as metal–air batteries and water splitting for
energy storage and conversion that involve the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER), these crises
are hopeful to be resolved.3,4 However, on the way to practical
application of the technologies, the slow reaction kinetics and
catalytic instability have become the critical problems and it is
highly desirable to develop both efficient and stable catalysts for
the ORR and OER.5 Traditional electrocatalysts such as the plat-
inum (Pt)-based one for the ORR and the ruthenium (Ru)- or
iridium (Ir)-based one for the OER6–8 are efficient and
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commercially available, but it is hard for these precious electro-
catalysts to achieve large-scale synthesis due to their prohibitive
cost, reserve scarcity, poor stability and single-function catalysis.
As a result, the interest in the development of highly efficient,
stable and inexpensive electrocatalysts with bi-functional capa-
bility for both the ORR and OER has been stirred up.9–12

Recently, low-cost and earth-abundant metal alloys,13 tran-
sition metal oxides/suldes,14–16 and nanocarbons17–19 with
comparable ORR and OER performances and high stability have
been investigated and regarded as promising alternative mate-
rials for ORR and OER applications. In particular, graphitic
nanocarbons doped with heteroatoms (N, S, B, S and so on)20–25

and decorated with transition metals (Fe, Co and so on)26–31 are
found to have unique electrochemical properties and consid-
ered to be the most promising alternative catalyst due to their
superior ORR and OER performances to commercial Pt/C. It has
been reported that the transition metals encapsulated in
a carbon matrix can enhance the electron transfer between
metal particles and carbon materials, which will consequently
facilitate the adsorption of oxygen on the carbon surface.28,32

Heteroatom doping, especially the N-doping, is considered as
a very effective method to modify the electronic structure as well
as active sites in carbon materials,33,34 and numerous research
efforts have been made to investigate nanocarbons with both
transition metal (Fe, Co and so on) decorated and N-doped
since the previous work reported by Jasinski et al.35
J. Mater. Chem. A, 2017, 5, 2271–2279 | 2271

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ta09943b&domain=pdf&date_stamp=2017-01-26
https://doi.org/10.1039/c6ta09943b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA005005


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
8 

D
ec

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 Z
he

jia
ng

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
11

/2
6/

20
21

 1
:1

0:
05

 P
M

. 
View Article Online
Hollow nanostructures with high specic areas and well-
dened interior voids endow materials with more active sites
and a shorter diffusion distance and lead to enhanced electro-
chemical catalysis compared with bulk solid structures.36–41

Hollow carbon materials have been generally reported but most
were synthesized though templating methods.10,41,42 For
instance, Ferrero and co-workers have reported the synthesis of
carbon capsules using nonporous core/mesoporous shell SiO2

particles as the template and pyrrole as the carbon precursor.41

With these methods templates are indispensable to obtain
hollow carbon materials, and time-consuming multi-step
progress is always involved, including template synthesis,
template formation and template removal. Moreover, toxic
reagents (such as HF for SiO2 removal) are also required to
dissolve templates. It is therefore highly demanding to synthe-
size hollow carbon materials without using any template.43 Hu
et al. have reported a novel method to synthesize Fe3C/C hollow
spheres using ferrocene and cyanamide as precursors without
employing any templates43 and Wen et al. employed FeCl3 and
cyanamide as precursors to synthesize N-graphene/CNT
hybrids.31

Herein, we report a novel and simple strategy to synthesize
a robust and highly active bi-functional catalyst for the ORR and
OER, which is based on N-doped carbon nanocapsules con-
taining Co nanoparticles (NPs) and has a tetragonal micro-
structure (Co–N–C), through a simple solid-state reaction using
graphitic carbon nitride (g-C3N4) as the carbon and nitrogen
resources and Co(CH3COO)2$4H2O as the Co resource. As ex-
pected, due to the unique advantages such as chemical
composition, microscopic structure and optimum levels of
graphitic degree and N-doping, the resultant Co–N–C catalyst
exhibits enhanced catalytic activity and durability, as well as
methanol tolerance, in comparison with a commercial Pt/C
electrocatalyst tested under the same conditions. We believe
that the presented strategy is a scalable method and opens up
a new avenue for developing highly active electrocatalysts for
various electrochemical applications.
2. Experimental section
2.1. Synthesis of g-C3N4

The g-C3N4 was prepared according to the reported method by
thermal polymerization of melamine.44 Typically, melamine
(10 g) was placed in a ceramic boat, and it was heated to 550 �C
with a ramp rate of 5 �C min�1 in air and maintained at that
temperature for 4 h. The obtained yellow powder was nally
collected for further use aer the furnace was cooled down to
room temperature naturally.
2.2. Synthesis of Co–N–C tetragonal microstructures

The catalyst was prepared via a simple solid-state reaction
process, in which 0.1 g of as-prepared g-C3N4 and 0.4 g of
Co(CH3COO)2$4H2O were ground for at least 20 min and the
mixture was dispersed in a quartz capsule, heated to 500 �C for
2 h and then the temperature was increased to 800 �C with
a ramp rate of 2 �C min�1 and maintained for 4 h in a N2
2272 | J. Mater. Chem. A, 2017, 5, 2271–2279
atmosphere. Aer the furnace was cooled down to room
temperature naturally, the as-prepared black product was
dispersed in 1 M H2SO4 solution and kept for 10 h. The nal
sample (Co–N–C-0.4) was collected by centrifugation, washed
with ethanol and distilled water for six times, and then dried in
vacuum at 80 �C for 10 h. Then the black powder was heat-treated
at 800 �C again in a N2 atmosphere for 2 h. Different weights of
the Co(CH3COO)2$4H2O (0.1 g and 0.6 g samples denoted as
Co–N–C-0.1 and Co–N–C-0.6, respectively) were used in order to
investigate the effect of ratio of the Co(CH3COO)2$4H2O and
g-C3N4 reactants on the morphology and electrochemical prop-
erties of the catalysts. For comparison, the N-doped carbon (N–C)
was synthesized by annealing 0.1 g carbon black and 0.1 g g-C3N4

at 800 �C.

2.3. Characterization

The crystalline phase of the products was analyzed by powder
XRD measurements with a Philips PW3040/60 X-ray diffrac-
tometer using Cu-Ka radiation at a scanning rate of 0.06� s�1.
The morphologies were examined by SEM performed with
a Hitachi S-4800 scanning electron microanalyzer with an
accelerating voltage of 15 kV. The microstructure of the prod-
ucts was further characterized by TEM and HRTEM at 200 kV
with a JEM-2100F eld emission TEM. The surface composi-
tions of the samples were analyzed by XPS, using an ESCALab
MKII X-ray photoelectron spectrometer with Mg Ka X-ray as the
excitation source. For TEM measurements, the samples were
prepared by dispersing the products in ethanol and placing
several drops of the suspension on a holey carbon net supported
on copper grids. N2 sorption isotherms were performed at 77 K
on a Micrometrics ASAP 2020 surface area and porosity analyzer
aer the sample was degassed in a vacuum at 200 �C for 4 h.
Thermogravimetric analysis (TGA) of the products was per-
formed on a Netzsch STA 449 C thermal analyzer.

2.4. Electrochemical measurements for the ORR

A three-electrode cell was used to evaluate the electrocatalytic
performance of the catalytic samples by using a RDE (PINE
Research Instrumentation) with a bipotentiostat (WD20-BASIC
Metrohm PGSTAT101) workstation controlled at room tempera-
ture. A platinum foil was used as the counter electrode and an
Ag/AgCl (3 M KCl) electrode as the reference electrode. All poten-
tials were converted to the potentials referring to the reversible
hydrogen electrode (RHE), according to E(RHE) ¼ E(Ag/AgCl) + 0.059
� pH + 0.210. The working electrodes include a RDE (5 mm in
diameter of glass carbon disk) and a RRDE with a Pt ring (6.5 mm
inner diameter and 8.5 mm outer diameter). The catalyst and
commercial 20% Pt/C ink were prepared by dispersing the as-ob-
tained catalyst (5 mg) in 400 mL of distilled water, 580 mL of
ethanol and 20 mL of Naon solution (5 wt%) under sonication,
and 16 mL of the prepared catalyst ink was pipetted on the surface
of a polished glass carbon electrode to have a 0.4mg cm�2 loading
for all samples. Before the tests, the O2 saturated electrolyte was
obtained by bubbling the N2/O2 ow through the electrolyte for at
least 30 min. The CV measurements were carried out in N2- or
O2-saturated 0.1 M KOH solution with a scan rate of 20 mV s�1
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration of the preparation of Co–N–C tetragonal
microstructures.
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from 0.2 to 1.2 V. RRDE measurements were performed in
O2-saturated 0.1 M KOH solution with a rotation rate of 1600 rpm
and a scan rate of 10 mV s�1. RDE measurements for the ORR
were conducted also in O2-saturated 0.1 M KOH solution with the
rotation rate ranging from 400 to 2500 rpm and a scan rate of
10 mV s�1. In order to evaluate the stability of the catalytic activity
in the presence of methanol at a rotation rate of 1600 rpm, the
chronoamperometric curve was recorded by adding 50 mL of
methanol into 150 mL 0.1 M KOH solution. For determining the
hydrogen peroxide yield [H2O2 (%)] and the electron transfer
number (n), RRDE tests were performed at a potential of 1.3 V for
the Pt ring.
2.5. Electrochemical measurements for the OER

The LSV for the OER was performed in O2-saturated 0.1 M KOH
solution with a rotation rate of 1600 rpm and a scan rate of
10 mV s�1, and the catalyst loaded on the polished glass carbon
disk was 0.4 mg cm�2. The galvanostatic measurements were
carried out to evaluate the stability of the catalyst at a current
density of 10 mA cm�2 and the iR loss was corrected for all the
data presented.

Calculation of electron transfer number (n). According to the
RED data, the electron transfer number (n) was calculated from
the Koutecky–Levich (K–L) equation (eqn (1)):

1

j
¼ 1

jL
þ 1

jK
¼ 1

Bu1=2
þ 1

jK
B ¼ 0:2nFAC0D0

2=3n�1=6 (1)

where j is the measured current density, jK and jL are the kinetic
and limiting current densities, respectively, u is the rotating
speed, n is the electron transfer number, F is the Faraday
constant (96 485C mol�1), C0 is the bulk concentration of O2

(1.2 � 10�6 mol cm�3), D0 is the diffusion coefficient of O2

(1.9 � 10�5 cm2 s�1), and n is the kinematic viscosity of the
electrolyte (0.01 cm2 s�1).

Calculation of H2O2 yield and electron transfer number (n).
The hydrogen peroxide yield [H2O2 (%)] and the electron
transfer number (n) obtained through RRDE tests can be
calculated from the following equation (eqn (2)):

H2O2% ¼ 200
Ir=N

Id þ Ir=N

n ¼ 4
Id

Id þ Ir=N

(2)

where Id is the disk current, Ir is the ring current, and N is the
current collection efficiency of the Pt ring, which was 0.37
provided by the manufacturer.
3. Results and discussion

The synthesis process of the Co–N–C catalyst is schematically
depicted in Fig. 1. Typically, the reactants of g-C3N4 and
Co(CH3COO)2$4H2O were rst mixed by grinding and then
heated to 800 �C aer maintaining at 500 �C for 2 h in a N2

atmosphere to have a solid-state reaction take place, during
which Co(CH3COO)2$4H2O was reduced to metallic Co NPs and
the product in the form of tetragonal microstructures
This journal is © The Royal Society of Chemistry 2017
consisting of carbon nanocapsules was obtained. The as-
prepared product was treated in 1 M H2SO4 solution for 12 h
just to dissolve the loose Co NPs which are not encapsulated by
carbon. The series of samples are denoted as Co–N–C-0.1,
Co–N–C-0.4, and Co–N–C-0.6 for different amounts of Co salt,
respectively.

The morphology and microstructure of the Co–N–C catalysts
(sample Co–N–C-0.4) were examined by using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
techniques. As shown in the SEM images (Fig. 2a and S1, see
ESI†) we can see that the catalyst products exhibits an inter-
esting tetragonal shape, which are uniform in size (about
1.5–2 mm in length). Further inspection of the high-magnica-
tion SEM image (the inset of Fig. 2a) reveals two important
structural features that the microstructure is composed of tiny
hierarchical units and the component unit is hollow. Further
structural details of the component unit are elucidated by the
TEM results as shown in Fig. 2b–d. It is obviously seen that the
as-prepared sample is assembled from nano-sized capsules
which range from 20 to 40 nm in diameter. More interestingly,
some of the nanocapsules are stuffed with some substance,
manifested as dark spots in the TEM image. A stuffed nano-
capsule is further inspected by using the high-resolution TEM
(HRTEM) image as shown in Fig. 2e. The capsule exhibits
a thickness of about 3.5 nm, and an inter-planar distance of
0.34 nm which corresponds to the (002) plane of graphitic
carbon, and it is therefore denitely revealed that the observed
nano-sized structural unit is carbon-based capsules with a shell
thickness of several nanometers. The encapsulated particle in
the nanocapsule exhibits an inter-planar spacing of 0.2 nm,
corresponding to the (111) plane of metal Co, which indicates
that a combined system of carbon nanocapsules with metal Co
cores was obtained with our solid-state reaction method.
Element mapping measurements were also carried out to
investigate the chemical composition of the product. As shown
in Fig. 2g, uniformly distributed C element is observed over the
whole micrometer-sized tetragonal structure. Moreover, as
shown in Fig. 2h, the presence of N element is also observed,
and it exhibits the same distribution as the C element, which
reveals that the N element exists in the carbon shell of the
nanocapsules, suggesting the successful doping of N in the
carbon capsules. Fig. 2i shows the mapping image of the Co
element in the tetragonal microstructure, which is remarkably
J. Mater. Chem. A, 2017, 5, 2271–2279 | 2273
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Fig. 2 (a) SEM image of the as-prepared sample Co–N–C-0.4. The inset in (a) shows a single tetragonal microstructure. (b–d) TEM images, (e)
HRTEM image, and (f) STEM image of the sample Co–N–C-0.4. (g–i) elemental mapping images of carbon, nitrogen and cobalt, respectively.
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different from the distribution of the C or N element. On the
contrary, the Co distribution is spatially consistent with the
TEM image of the tetragonal microstructure as shown in Fig. 2f,
that the sites of the Co element strictly corresponds to the dark
spots in the TEM image. This result further conrms that metal
Co NPs are encapsulated in the carbon nanocapsules.

The as-prepared Co–N–C catalysts were further characterized
by X-ray diffraction (XRD). As shown in Fig. 3a, a diffraction
peak at 26.1� can be observed, corresponding to the (002) plane
of the graphitic structure, which is consistent with the result
obtained from the HRTEM characterization, and the other
peaks at around 44.3�, 51.6� and 75.8� match well with the
diffractions of the metallic cubic-phase Co (JCPDS card no.
15-0806, a ¼ b ¼ c ¼ 3.5447 Å), conrming the observed Co NPs
revealed by TEM images. No other impurity peaks (such as
metal oxides, carbides or nitrides) are observed in the XRD
patterns, indicating the composition of only graphitic carbon
and metallic Co of the Co–N–C catalysts. X-ray photoelectron
spectroscopy (XPS) measurements (Fig. S2, see ESI†) were also
performed to investigate the elemental composition of the
Co–N–C catalysts as well as the chemical states of the elements.
The C, N, O and Co elements are all detected in sample Co–N–C-
0.4, exhibiting an atomic percentage of 86.08%, 8.51%, 2.89%
2274 | J. Mater. Chem. A, 2017, 5, 2271–2279
and 2.52%, respectively. The 8.51% composition of the N
element in the sample indicates that g-C3N4 is an effective
source for N incorporation, as observed in N-doping reactions.20

The complex C 1s spectrum in Fig. 3b was further examined
by deconvolution and three main peaks at around 284.5 eV,
285.8 eV and 287.2 eV are obtained, which correspond to the
carbon states of C–C, C]N and C–N bonds,45 respectively. The
high-resolution spectrum of the N 1s spectrum in Fig. 3c reveals
the existence of three types of nitrogen species, corresponding
to pyridinic N at 398.5 eV, pyrrolic N at 400.9 eV and oxidized N
at 403.7 eV.46 The presence of metallic Co is also conrmed by
the Co 2p spectrum in Fig. 3d, where the binding energies of
778.3 eV and 793.2 eV correspond to Co 2p3/2 and Co 2p1/2
states,47 respectively.

Raman scattering spectra of the as-prepared catalysts are
shown in Fig. 4a, and the D and G bands centered at 1350 and
1590 cm�1 are observed, which are the characteristics of non-
graphitic structures (e.g., N/O heteroatoms, graphite edges,
vacancies and possibly incorporated Co, etc.) and graphitic
sp2 carbon. All the samples have a similar intensity ratio of
ID/IG z 1.02, conrming the graphitic structural nature of the
samples.48 Moreover, the N2 adsorption–desorption test is also
performed to determine the porous structure of the as-prepared
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) XRD patterns of the as-prepared samples with different amounts of Co salt. (b–d) High-resolution XPS spectra of C 1s (b), N 1s (c) and
Co 2p (d) of the sample Co–N–C-0.4.
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catalysts (Fig. 4b and S3, see ESI†). The evident hysteresis loop
of the N2 sorption isotherm of the samples reveals the type-IV
isotherms, indicating the existence of mesoporous structures.49

The main distribution of average pore size for Co–N–C-0.1,
Co–N–C-0.4 and Co–N–C-0.6 is 2.3 nm, 2.6 nm, and 2.5 nm,
respectively, according to the Barrett–Joyner–Halenda (BJH)
pore size distribution curve (inset in Fig. 4b and S3 inset, see
ESI†). The Brunauer–Emmett–Teller (BET) surface area and
total pore volume of these samples are 109.38 m2 g�1 and
0.26 cm3 g�1 (for Co–N–C-0.1), 195.81 m2 g�1 and 0.57 cm3 g�1

(for Co–N–C-0.4), and 120 m2 g�1 and 0.35 cm3 g�1 (for Co–N–C-
0.6), respectively. The high surface area and large pore volume
are favorable for active site exposure and rapid ORR and OER
relevant species transport.34

The mechanism underlying the self-assembly of N-doped
carbon nanocapsules into the tetragonal microstructures is
worth exploring. One important fact which should be
Fig. 4 (a) Raman spectra of the as-prepared different samples. (b) N2 ads
(b) shows the pore size distribution curve.

This journal is © The Royal Society of Chemistry 2017
mentioned is that the carbon nanocapsules cannot be obtained
by the pyrolysis of the only reactant g-C3N4 at 800 �C in a N2

atmosphere, if Co(CH3COO)2$4H2O is not used. This experi-
mental fact reveals that the reactant Co(CH3COO)2$4H2O serves
not only as the Co source, which further can be used as the
catalyst for the growth of carbon nanocapsules, but also as the
so-template for the formation of the tetragonal microstruc-
tures. The rst and the most obvious, the color of the product
will turn black aer pyrolysis, resulting from the formation of
Co and C. At a high pyrolysis temperature the Co2+ will be
reduced to Co NPs by polymeric carbon nitrides.31 The second
and the most important, the morphology of the product is not
thick sheets but uniform tetragonal microstructures composed
of graphitic carbon nanocapsules. In order to understand the
assembly mechanism of the tetragonal microstructures,
different reaction temperatures (300, 400 and 500 �C) are
examined. The tetragonal microstructures assembled from NPs
orption–desorption isotherms of the sample Co–N–C-0.4. The inset in

J. Mater. Chem. A, 2017, 5, 2271–2279 | 2275
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accompanied with g-C3N4 will appear at 300 �C (Fig. S4a and b,
see ESI†), and at a higher temperature of 400 �C the surface of
the tetragonal microstructures becomes rough (Fig. S4c and d,
see ESI†) due to the production of Co NPs resulting from the
reduction of Co2+ by g-C3N4 at high temperature. When the
temperature increases to 500 �C, the decomposition of g-C3N4 is
accelerated and complete (Fig. S4e and f, see ESI†). As a result,
the as-prepared plate-like g-C3N4 (Fig. S5, see ESI†) would
transfer into a large number of cyano fragments (e.g. C2N2

+,
C3N2

+, and C3N3
+), serving as carbon and nitrogen sources for

N-doped for the growth of carbon nanocapsules.50–52 And the
proposed mechanism can be conrmed by the TGA test (Fig. S6,
see ESI†). From the TGA curve, it can be seen that there are
four degradation processes. The weight loss below 150 �C can
be the release of the coordinated water molecules of the
Co(CH3COO)2$4H2O and the adsorption water. Then, a slow
weight loss between 200 and 300 �C can be the decomposition
of cobalt acetate anhydrous in to cobalt oxide acetate conrmed
by the XRD (Fig. S7, see ESI†) of the sample obtained at 300 �C,
and the g-C3N4 is still stable at this temperature, as reported
previously.53 The third step of fast weight loss between 300 and
400 �C can be the reduction of Co2+ to Co by the g-C3N4

conrmed by the XRD (Fig. S7, see ESI†) of the sample obtained
at 400 �C. And the last step of weight loss below 550 �C can be
the complete decomposition of g-C3N4. Finally, with the acid
leaching treatment, the loose Co NPs are dissolved by H2SO4.
Additionally, it can be also seen that the product morphology
exhibits no obvious change with the increase of the annealing
temperature.
Fig. 5 (a) CV profiles (the red curve was obtained in N2-saturated 0.1 M K
solution). (b) LSV results at different rotation rates. The inset in (b) shows t
and the calculated electron transfer number of the sample Co–N–C-0.4
LSV curves of Co–N–C-0.4 (black curves) and Pt/C (red curves). (e) C
(1600 rpm.) of Co–N–C-0.4 before and after 3000 cycles.

2276 | J. Mater. Chem. A, 2017, 5, 2271–2279
What is more, the morphology of the Co–N–C catalysts can
be maintained well aer the acid leaching treatment (Fig. S8a
and b, see ESI,† the SEM images of the as-prepared Co–N–C
catalysts without the acid leaching treatment), further implying
the robust structure of the Co–N–C catalysts which is important
for catalysts to present excellent stability. The Co NPs encap-
sulated in carbon nanocapsules are more difficult to be
accessed by H2SO4 due to the compact assembly of carbon
nanocapsules using 0.1 g of Co(CH3COO)2$4H2O as cobalt
sources (Fig. S9a, see ESI†) which is difficult for H2SO4 to access
the inner Co NPs, and the carbon shell becomes thinner using
0.4 g of Co(CH3COO)2$4H2O as the cobalt source which is effi-
cient for H2SO4 to dissolve the Co NPs. Additionally, when the
amount of Co(CH3COO)2$4H2O increases to 0.6 g, only carbon
shell with a shape of tetragonal microstructures is observed
(Fig. S9b, see ESI†). And the morphological evolution from Co–
N–C-0.1 to Co–N–C-0.6 may be explained as follows. With the
increase of Co salt, the consumption of g-C3N4 for the reduction
of Co2+ will increase, and as a result, the cyano fragments
serving as carbon and nitrogen sources will decrease which will
inuence the morphology of the nal products. With a smaller
amount of Co salt, the cyano fragments are abundant for the
growth of carbon nanocapsules. In contrast, only a carbon shell
can be obtained with a large amount of Co salt, due to the rarity
of cyano fragments. The morphological evolution may be the
main reason for the Co content decrease from Co–N–C-0.1 to
Co–N–C-0.6. Co NPs in Co–N–C-0.6 without acid leaching which
cannot be well encapsuled by the carbon shells are more
accessible to H2SO4 which will result in a smaller amount of Co
OH solution, the black curve was obtained in O2-saturated 0.1 M KOH
he corresponding K–L plots at different potentials. (c) H2O2 yield curves
(black curves) and Pt/C (red curves) at a rotation rate of 1600 rpm. (d)
hronoamperometric response at 0.6 V. (f) ORR polarization curves

This journal is © The Royal Society of Chemistry 2017
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in the nal samples. On the contrary, the Co NPs in Co–N–C-0.1
are quite difficult to be dissolved by H2SO4 solution, due to the
protection of the carbon capsules, which results in a higher Co
content.

The ORR performance of the as-prepared catalyst Co–N–C-
0.4 was rst evaluated by using the cycle voltammetry (CV) tests
in O2-saturated 0.1 M KOH solution. As shown in Fig. 5a, no
obvious voltammogram current is detected when the CV test is
performed in the N2-saturated electrolyte. In contrast, when the
electrolyte is saturated with O2, a remarkable cathodic peak at
0.85 V associated with the reduction process is clearly observed.
Compared with the CV prole obtained from the commercial
Pt/C (Fig. S10, see ESI†), the cathodic peak at 0.85 V is very
prominent, suggesting an excellent ORR activity of the Co–N–C-
0.4 catalysts. The effect of catalyst loading amount was studied
by the linear sweep voltammetry (LSV) measurements with
a rotation of 1600 rpm (Fig. S11, see ESI†), and the loading
amount of 0.4 mg cm�2 was chosen as the optimal dosage for
the ORR. LSV measurements at different rotations were also
conducted with the rotating disk electrode (RDE) tests to further
evaluate the ORR activity of the as-prepared sample (Fig. 5b
inset and Fig. S12a and c, see ESI†). Among all the samples, the
catalyst Co–N–C-0.4 exhibits the most positive onset potential,
which indicates its superior catalytic activity (Fig. S13, see ESI†).
The kinetic parameters were assessed by using the RDE tests
and the Koutecky–Levich (K–L) equation (eqn (1)). The linear
reciprocal square-root relationship of the rotation-dependent
currents according to the K–L plots (Fig. 5b inset and Fig. S12b
and d, see ESI†) reveals a rst-order reaction kinetics corre-
sponding to the concentration of dissolved oxygen and similar
electron transfer numbers (n) for the ORR at potentials from
0.3 V to 0.7 V. Calculated with the K–L equation, the transfer
number n of the Co–N–C-0.4 catalyst ranges from 3.95 to 4.00,
which is similar to that of the commercial Pt/C (n z 3.99,
Fig. S14a and b, see ESI†), and indicates a 4 e ORR progress. The
transfer number n of Co–N–C-0.1 and Co–N–C-0.6 is also close
to 4.0. To determine the hydrogen peroxide yield (% H2O2), the
rotating ring-disk electrode (RRDE) measurements were per-
formed with a rotation rate of 1600 rpm and the yield was
calculated by using the equation (eqn (2)). As shown in Fig. 5c,
the yield of H2O2 is below 3.5% and the corresponding electron
transfer number is 3.93–3.98, which also corresponds to the
reaction dominated by a 4 e process. Remarkably, the onset
Fig. 6 (a) LSV curves of Co–N–C-0.4 (black curve) and Pt/C (red curve).
measurement of the OER at the current density of 10 mA cm�2.

This journal is © The Royal Society of Chemistry 2017
potential observed in the Co–N–C-0.4 sample is at around 0.98 V
and half-wave potential is at around 0.84 V, which are very close
to that of commercial Pt/C (Fig. 5d). However, the current
density of the Co–N–C-0.4 sample at 0.2 V is higher than that of
commercial Pt/C. The sample Co–N–C-0.4 catalyst exhibits very
attractive activity in comparison with other carbon-based
products (Table S1, see ESI†).

Furthermore, to assess the stability of the electrocatalysts,
the chronoamperometry test was also performed at 0.6 V in
O2-saturated 0.1 M KOH solution with a rotation rate of
1600 rpm for 100 000 s. As displayed in Fig. 5e, at the end of the
test, about 95% of the initial current density can be maintained
for the Co–N–C-0.4 sample, but the loss of current density is up
to 37% for the commercial Pt/C, which suggests the pronounced
stability of the Co–N–C-0.4 catalyst. In addition, the CV test in
the range of 0.2–1.2 V was further performed, and a shi of the
E1/2 value to 0.83 V aer 3000 cycles was observed (Fig. 5f),
which also suggests the excellent stability of the as-prepared
sample. These results indicate that the robust structure
assembled from the carbon nanocapsules results in excellent
durability. The tolerance to the methanol crossover effect is also
an important parameter to assess the performance of the ORR
in fuel cells. Thus, chronoamperometry test was also performed
on the Co–N–C-0.4 and commercial Pt/C samples at 0.6 V in
O2-saturated 0.1 M KOH solution with 50 mL of methanol (by
adding 50 mL of methanol into 140 mL of 0.1 M KOH solution)
and a rotation rate of 1600 rpm was employed. The current
density drops dramatically when 50 mL of methanol is intro-
duced into the electrolyte with the commercial Pt/C, but no
obvious change is observed for the sample Co–N–C-0.4, indi-
cating the superior tolerance of the latter to the methanol
crossover effect (Fig. S15, see ESI†). The annealing temperature
has been reported to have a great inuence on the performance
of carbon-based ORR catalysts. We further evaluated the ORR
activity of Co–N–C catalysts treated at different annealing
temperatures from 700 to 900 �C. It can be seen that the as-
prepared product annealed at 800 �C possesses the highest ORR
activity (Fig. S16, see ESI†), probably because a balance of
electrical conductivity, porosity, and type and density of the
active sites is optimized at this temperature.34,54

The effect of catalyst loading amount was studied by the LSV
measurements with a rotation of 1600 rpm (Fig. S17, see ESI†),
and the loading amount of 0.4 mg cm�2 was chosen as the
The inset in (a) shows the corresponding Tafel slopes. (b) Galvanostatic
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optimal dosage for the OER. The OER performance of the as-
prepared samples and commercial Pt/C is further compared
by the LSV test in O2-saturated 0.1 M KOH solution and the
plotted LSV curves are presented (Fig. 6a, and S18, see ESI†).
The Co–N–C-0.4 catalyst exhibits a lower onset potential at
1.55 V and a rapid increase of the current density, while the
commercial Pt/C exhibits an onset potential at 1.67 V.
Furthermore, to reach the current density of 10 mA cm�2, the
overpotential is about 0.55 V for commercial Pt/C, and only
0.39 V for sample Co–N–C-0.4, which is comparable to other
metal or metal oxide–carbon composites reported in the liter-
ature (Table S2, see ESI†). And the Tafel slope was further tted
by using the Tafel equation (h ¼ b log j + a, where h is the
overpotential, b is the Tafel slope, j is the current density, and
a is the exchange current density) to investigate the OER
kinetics of the Co–N–C-0.4 and commercial Pt/C catalysts. The
lower Tafel slope (Fig. 6a inset) obtained from the Co–N–C-0.4
catalyst further reveals more efficient activity than that of
commercial Pt/C (110 versus 115 mV per decade). In addition,
the durability for the OER of sample Co–N–C-0.4 was assessed
by the galvanostatic test (Fig. 6b). The potential change of the
Co–N–C-0.4 catalyst is negligible during 10 h continuous gal-
vanostatic electrolysis at 10 mA cm�2, which indicates that the
Co–N–C-0.4 catalyst is a promising electrocatalyst for the OER.

Based on the detailed elemental and structural character-
izations of the as-prepared Co–N–C sample, the superior elec-
trochemical properties observed above are attributed to the
synergistic effect of the N and Co components in the graphitic
carbon nanocapsules with a large specic surface area and
hollow structures. Firstly, the N dopant in the carbon capsules
can create active sites for electrochemical reactions and
improve electron donor–acceptor properties simultaneously.32

Secondly, the Co NPs encapsulated by the carbon nanocapsules
can promote the electron interaction between the metal and
carbon, which consequently facilitate the progress of the ORR
and OER on the carbon surface.10 And nally, the hollow and
porous structures of the catalyst offer shorter diffusion for the
mass transport between the electrocatalyst and the electrolyte.

4. Conclusions

In summary, starting with g-C3N4 and Co(CH3COO)2$4H2O as
precursors, we successfully synthesized novel Co NP encapsu-
lated N-doped carbon nanocapsules with a tetragonal micro-
structure. In the solid-state reaction, the g-C3N4 reactant serves
not only as the carbon source and nitrogen source but also as
a reductant to produce metallic Co. And the Co(CH3COO)2-
$4H2O plays an important role in the formation of tetragonal
microstructures. The as-prepared catalyst shows excellent
catalytic performance for both the ORR and OER, and
pronounced stability. These outstanding catalytic performances
are mainly attributed to the encapsulated Co NPs, doped
nitrogen, graphitic carbon capsules and the robust microscopic
structure of the catalyst. This is the rst time that a strategy to
synthesize N-doped carbon nanocapsules without using any
templates and obtain an unusual tetragonal microstructure has
been reported. We believe that the strategy demonstrated in this
2278 | J. Mater. Chem. A, 2017, 5, 2271–2279
work opens up a new avenue for developing highly active
carbon-based electrocatalysts for electrochemical energy
storage and conversion.
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