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A composite with a hierarchical structure consisting of nitrogen doped carbon nanosheets with the
deposition of nitrogen doped carbon coated Co-CoO nanoparticles (Co-CoO@NC/NC) has been
synthesized by a simple procedure involving the drying of the reaction mixture containing Co(NOs),,
glucose, and urea and its subsequent calcination. The drying step is found to be necessary to obtain
a sample with small and uniformly sized Co—CoO nanoparticles. The calcination temperature has a great
effect on the catalytic activity of the final product. Specifically, the sample prepared at the calcination
temperature of 800 °C shows better catalytic activity of the oxygen reduction reaction (ORR). Urea in
the reaction mixture is crucial to obtain the sample with the uniformly sized Co—-CoO nanoparticles and
also plays an important role in improving the catalytic activity of the Co—CoO@NC/NC. Additionally,
there exists a strong electronic interaction between the Co-CoO nanoparticles and the NC. Most
interestingly, the Co-CoO@NC/NC is highly efficient for the ORR and can deliver an ORR onset
potential of 0.961 V vs. RHE and a half-wave potential of 0.868 V vs. RHE. Both the onset and half-wave
potentials are higher than those of most catalysts reported previously and even close to those of the
commercial Pt/C (the ORR onset and half-wave potential of the Pt/C are 0.962 and 0.861 V vs. RHE,
respectively). This, together with its high stability, strongly suggests that the Co-CoO@NC/NC could be
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Introduction

The ever-increasing global demands in sustainable energy have
prompted worldwide efforts in developing alternative energy
conversion and storage devices, such as fuel cells, and metal air
batteries.” Exploiting efficient electrocatalysts that can
enhance the kinetics of the oxygen reduction reaction (ORR) has
therefore attracted a great deal of attention, since the slug-
gishness of the ORR has greatly limited practical applications of
these devices.>* Currently, the best catalysts reported for the
ORR are Pt and its alloys, such as Pt/Ni, Pt/Co, and Pt/Cu, etc.>™®
These catalysts, however, suffer from severe problems of low
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used as an efficient catalyst for the ORR.

stability, poor tolerance to poisoning, scarcity in earth, and high
cost, which have largely hindered their applications as the
electrocatalysts for the ORR in fuel cells and metal air
batteries.”' Developing alternative catalysts that can boost the
ORR kinetics and simultaneously meet the requirements of low
cost and high stability is therefore highly desirable.

In response to reduce the cost and improve the catalytic
activities for the ORR, efforts on developing ORR catalysts have
been mainly focused on noble metal-free or even metal-free
materials."** Transition metal based catalysts are of particular
interest due to their advantages of superior catalytic activity and
earth abundance.'* As reported previously, transition metals
(TMs) and their oxides (TMOs) can exhibit excellent catalytic
activities for the ORR when they are synthesized properly.***® The
main problem associated with the practical applications of the
TMs and TMOs, however, is their poor stability in the compli-
cated electrochemical environments.'>* Strategies to address
this issue are therefore needed to promote the applications of the
TMs and TMOs as the ORR electrocatalysts. Encapsulating with
the carbon shell is a promising way to improve the stability of the
TMs and TMOs.'**** As demonstrated recently, the encapsula-
tion cannot only protect the encapsulated TMs and TMO cores
from degradation through avoiding their direct contact with the
electrolyte solutions, but also improve the catalytic activities of
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the TMs and TMOs since the ultrathin carbon shells can greatly
promote penetration of electrons from the TM and TMO cores to
the carbon surface, participating in the catalytic reactions.>** In
particular, when the carbon shell is doped with heteroatoms, the
synergistic interaction between heteroatom doped carbon shell
and the TM/TMO core can increase the electron density on the
carbon shell, further improving their capability for the catalytic
applications.**?>**’

Metallic cobalt (Co) and its oxide (CoO) are typical TM based
materials, both of which have been demonstrated to be usable
as the catalysts for the ORR.*®*** The catalytic activities of the
single component Co or CoO material, however, remain lower
in comparison to the Pt-based catalysts, although they might be
enhanced through the integration of Co or CoO with carbona-
ceous materials.”**” Recently, the composite materials consist-
ing of two or more components that are individually active for
the ORR are receiving growing attention, since the synergistic
between multiple components might generate more fascinating
properties for the catalytic applications.>'**'%¢ For example, the
Fe-Fe,O; particles deposited N-doped graphene shows
enhanced catalytic activity for the ORR.” The Ni-NiO nano-
particles on PDDA-modified graphene are highly active for
oxygen reduction reaction.’” In this sense, the combination of
Co with CoO is therefore expectable to produce a composite
particle with higher catalytic activity for the ORR.

In this work, we investigate the ORR catalytic activity of
nitrogen doped carbon coated Co-CoO nanoparticles (Co-
CoO®@NC). Specifically, a composite material with a hierar-
chical structure consisting of the nitrogen doped carbon
nanosheets with the deposition of the Co-CoO@NC (Co-
CoO®@NC/NC) has been synthesized through a simple calcina-
tion of a mixture containing Co(NO;),, glucose, and urea. The
effects of the drying step and the calcination temperature on the
catalytic activity of the final product has been studied. It shows
that the drying step is indispensable in obtaining the sample
with the small and uniformly sized Co-CoO nanoparticles. The
sample prepared at the calcination temperature of 800 °C shows
better catalytic activity for the ORR, since at this temperature
glucose and urea are well carbonized and the obtained product
consists of small and uniform sizes of the Co-CoO nano-
particles (NPs) and a high content of the doping nitrogen in the
carbon. Urea in the reaction mixture is found to play an
important role in the formation of the Co-CoO@NC/NC with
higher catalytic activity. It does not only provide a nitrogen
source for the NC, but also facilitate the formation of the Co-
CoO nanoparticles with small and uniform sizes. Most notably,
there exists a strong interaction between the Co-CoO nano-
particles and the NC. When used as the catalyst, the Co-
CoO®@NC/NC at the calcination temperature of 800 °C (Co-
CoO®@NC/NC-800) could exhibit an ORR onset potential of
0.961 V vs. RHE and a half-wave potential of 0.868 V vs. RHE.
These values are higher than the onset and half-wave potentials
of the single component Co and CoO based catalysts and even
close to those of the commercial Pt/C, strongly suggesting that
the Co-CoO@NC/NC is an efficient catalyst for the ORR. Up to
now, although a significant amount of the catalysts has been
reported to be catalytically active for the ORR, those with
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activities higher than or even close to the commercial Pt/C has
less been reported. The work presented here is therefore of great
interest since it develops a new and high efficient catalyst using
a simple synthetic method and would be also helpful to design
other catalysts.

Experimental
Chemicals and reagents

Urea (99%) and glucose (99%) were obtained from Guangzhou
Chemical Reagent Co. Ltd. Cobalt(n) nitrate hexahydrate
(Co(NO3),-6H,0, 99%) was obtained from Tianjin Kermel
Chemical Reagent Co. Ltd. Potassium hydroxide (KOH, 85%),
methanol and isopropanol were obtained from Tianjin
chemical reagent Co. Ltd. Nafion (5.0 wt%) was purchased
from DuPont Company. All the chemicals were used as
received without further purification. Deionized (DI) water
with a resistance of ~18 MQ cm ' was used in all the
reactions.

Material synthesis

In a typical synthesis, 50.0 mg of glucose and 1.0 g of urea were
dissolved with 40 mL of DI water. The obtain mixture was stirred
vigorously for 30 min, followed by addition of 0.6 mmol of
Co(NO3),. The obtained pink homogenous solution was heated at
80 °C under stirring to remove water. After vaporization, the
obtained solid was loaded on a crucible, then thoroughly dried at
200 °C for 2 h, and finally calcined at 700, 800 or 900 °C for 3 h in
a tube furnace under the N, flow. The products obtained from the
calcination temperature of 700, 800 and 900 °C were named as
Co—-CoO@NC/NC-700, Co-CoO@NC/NC-800, and Co-CoO@NC/
NC-900, respectively. The same synthetic procedure was per-
formed for the synthesis of the Co-CoO@C/C-800 and the NC in
the absence of urea or Co(NO3),, respectively, while keeping other
parameters constant.

Physical characterizations

X-ray diffraction patterns (XRD) of the samples were recorded on
a Bruker D8 X-ray diffractometer with the Cu Ko radiation and
were analyzed using Bruker EVA and Bruker TopAs 4.2 software.
Scanning electron microscopy (SEM) was performed on Merlin
with an operation voltage of 20.0 kV. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) measurements were performed on a JEM-
2100F with an accelerating voltage of 200 kV. Raman spectra
were collected on a LabRAM HR Evolution system using an Ar
laser with excitation wavelength of 514.5 nm. The chemical
compositions of the samples were determined by X-ray photo-
electron spectroscopy (XPS) performed on a PHI X-tool (Japan)
with an Al Ko X-ray radiation (1486 eV). The Brunauer-Emmett-
Teller (BET) surface areas and pore size distributions of the
samples were determined by the N, adsorption/desorption
isotherms recorded at 77 K using Micromeritics ASAP 2020.
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Electrochemical measurement

A standard three-electrode cell was used for the electrochemical
measurements using an electrochemical workstation (CHI
760D, China). Platinum wire and a saturated calomel electrode
served as the counter and the reference electrodes, respectively.
The working electrode was prepared by dropping drops of the
catalyst ink onto the glassy carbon electrode and then naturally
dried at room temperature. The catalyst ink with a catalysts
concentration of 2 mg mL ™' was prepared by dispersing the
catalyst and 10 pL of Nafion (5 wt%) into a mixture of water and
isopropanol with a volume ratio of 1.0 : 3.0, followed by ultra-
sonication to obtain a homogeneous solution. The loading of
the catalyst on the working electrode was well controlled to
~0.1 mg cm 2. The working electrode with the Pt/C (20 wt% Pt
on the carbon, Johnson Matthey) used for comparison was
prepared in a similar manner. The cyclic voltammograms (CVs)
were recorded at ambient temperature in an 0.1 M KOH solu-
tion. Before the measurements, the solution was aerated with
N, or O, for at least 30 min. The N, or O, flow was maintained
above the solution to keep the N, or O, saturation during the
electrochemical measurements. The linear sweep voltammo-
grams (LSVs) obtained from the rotating disk electrode (RDE) at
the different rotating rates were collected in the O, saturated
0.1 M KOH at a rate of 5mV s~ from 0.3 V to —0.8 V (vs. SCE).
The kinetic analysis was performed using the Koutecky-Levich
(K-L) equations shown below:

1 I 1 1 1
=TT A Bon @

JooJk o
B = 0.62nFCoD*Pv="¢ (2)

where J, ji, and ji, represent the measured current, the kinetic
current, and the limiting current densities, respectively. Cg is the
concentration of molecular oxygen in O,-saturated 0.1 M KOH
(Co = 1.2 x 10~° mol ecm ), and w the electrode rotating rate,
B the Levich constant, F the Faraday constant
(F = 96 500C mol "), n transferred electron number, D the O,
diffusion coefficient of the electrolyte (D = 1.9 x 10> ecm >s™ 1),
v the kinetic viscosity (v = 0.01 cm? s ).

The rotating ring-disk electrode (RRDE) technique was also
employed to analyze the ORR properties of the catalysts. The
electron transfer number and the amount of HO,  generated
during ORR from RRDE test were determined through the
equations below:

2007
HO, (%) = — "R
4|Ip|
S ] E— 4
"= |+ IR/N )

where Iy is the ring current, I, is the disk current, N is the
collection efficiency with a value of 0.4. The potential reported
in this work was all referenced to RHE. In the 0.1 M KOH
solution, the potentials versus the SCE reference electrode were
converted to the RHE through the calibration equation: Egyg =
Esce + 0.2438 + 0.0591 X 13.
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Results and discussion

Fig. 1a shows a typical SEM image of the Co-CoO@NC/NC-800
synthesized by a procedure involving the drying of the reaction
mixture of Co(NO;),, glucose and urea at 200 °C and its
subsequent calcination at the high temperature of 800 °C. It
reveals that the Co-CoO®@NC/NC-800 has a morphology
resembling to the crumpled papers with the deposition of the
small sized particles. This is also verifiable by its TEM image in
Fig. 1b, which shows a structure consisting of the sheet-like
carbon material and uniformly sized nanoparticles. The
average size of the nanoparticles is ~14.8 nm, as estimated by
the particle size distribution histogram in Fig. 1c. The high-
resolution TEM image of the Co-CoO@NC/NC-800 in Fig. 1d
indicates that the nanoparticles are composed of mixed phases
of Co and CoO. As shown in Fig. 1d, the lattice fringes corre-
sponding to the (111) and (200) planes of the face-centered
cubic (fec) structure cobalt and the (220) plane of the rock salt
cubic structure CoO could be identified. The presence of the
mixed phases of Co and CoO suggests that a fraction of Co** has
been reduced by glucose and urea or their calcination products
during the calcination process, while the residual has changed
into CoO through the decomposition of Co(NOj3), or through its
reaction with oxygen from the decomposed glucose and urea.
Most interestingly, each Co/CoO nanoparticle is surrounded by
a crystallized shell of 1.2 nm (Fig. 1d). The d-spacing measured
from the lattice fringes of the shell is 0.335, well consistent with
the interlayer spacing of the (002) plane of the graphitic carbon.
This suggests that the Co/CoO nanoparticles are coated with the
carbon shells. These carbon shells could be attributed to the
carbonized product of glucose and urea formed during the
high-temperature calcination processes.

The X-ray diffraction (XRD) pattern of the Co-CoO@NC/NC-
800 is given in Fig. 2a. It shows three distinct peaks at 26 =
44.2°, 51.6° and 75.8°, corresponding to the (111), (200), and
(220) reflections of the fcc structure metallic Co (PDF no. 15-
0806), and two weak peaks 26 = 36.6 and 42.3°, corresponding
to the (111) and (200) reflections of the rock salt cubic structure
CoO (PDF no. 48-1719). This further demonstrates the co-
existence of Co and CoO in the Co-CoO@NC/NC-800. The
reason that the Co-CoO@NC/NC-800 exhibits low diffraction
peaks corresponding to CoO could be attributed to its relatively
low content in comparison to that of the metallic cobalt (as
demonstrated by the XPS results shown below) and the low X-
ray scattering factor of cobalt oxide. Besides these peaks, the
XRD pattern of the Co-CoO@NC/NC-800 also exhibits a broad
peak at 26 = 25.9°, which could be assigned to the (002)
reflection of the layer-by-layer aligned graphitic nanosheets,
suggesting the presence of the graphitic carbon in the Co-
CoO®@NC/NC-800. This could be further corroborated by the
Raman spectrum of the Co-CoO@NC/NC-800 in Fig. 2b, which
shows pronounced peaks at 1350 ¢m ' and 1580 c¢cm ',
assignable to the D band (arising from the disorder carbon) and
G band (associated with tangential stretching mode of highly
order graphitic carbon) of the graphitic structure. Worthnoting
is that the Raman spectrum of the Co-CoO@NC/NC-800 also

This journal is © The Royal Society of Chemistry 2018
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. (@) SEM and (b) TEM images of the Co—CoO@NC/NC-800. (c) Particle size distribution histogram of the Co-—CoO NPs in the Co-

CoO@NC/NC-800. (d) High resolution TEM image of the Co—CoO@NC/NC-800.

exhibits peaks at 473, 517, and 679 cm ™', assignable to active

vibrational modes Eg, F,g, and Ay, of the cubic structure CoO,
respectively.*®* This further supports the presence of CoO in
the Co-CoO@NC/NC-800.

The XPS measurements were carried out to gain information
on the elemental composition of the Co-CoO@NC/NC-800.
Fig. 3a shows the XPS survey spectrum of the Co-CoO@NC/
NC-800, which indicates that the Co-CoO®@NC/NC-800 is
composed of Co, O, N, and C. The deconvolution of the Co 2p
spectrum in Fig. 3b clearly demonstrates the presence of both
Co and Co™ in the Co-CoO@NC/NC-800. As shown in Fig. 3b,
the peaks corresponding to Co 2ps, and 2p,, of Co'™ could be
observed at 780.5 eV and 796.5 eV, respectively, while the peak

corresponding to Co 2ps, and 2p;,, of Co® is observable at
778.8 eV and 794.1 eV, respectively. Based on the deconvoluted
spectrum shown in Fig. 3b, the relative atomic ratio of
Co® : co™ is estimated to ~3 : 2. It implies that Co in the Co-
CoO@NC/NC-800 mainly exists in the metallic form. Fig. 3c
displays the deconvoluted C 1s spectrum of the Co-CoO@NC/
NC-800, which shows four components at binding energies of
284.5, 285.3, 286.3, and 288.2 eV, corresponding to sp2 C, C=N/
C-0, C-0-C/C-N, and O-C=0, respectively. The domination of
the peak corresponding to sp® C suggests the carbon in the Co-
CoO®@NC/NC-800 is well graphitized. This is in line with the
result shown by the Raman spectrum (Fig. 2b), which exhibits
pronounced peaks corresponding to the D and G bands of the

(a) (b) (C) —— Co-CoO@NC/NC-800 (475 m*/g ) I
= v Co - ——NC (283 m*/g) /4
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Fig.2 (a) XRD patterns, (b) Raman spectra of the Co-CoO@NC/NC-800. (c) N, adsorption/desorption isotherms of the Co-CoO@NC/NC-800,

the NC, the Co-CoO@C/C-800, the Co-CoO@NC/NC-700, the Co-CoO@NC/NC-900.
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graphitic structure. The existence of the peaks corresponding to
C=N and C-N in the deconvoluted C 1s spectrum indicates that
carbon in the Co-CoO@NC/NC-800 is doped with nitrogen. This
could be also verified by the deconvoluted N 1s spectrum in
Fig. 3d, which shows four peaks at binding energies of 397.9,
399.6, 400.7, and 402.3 eV, assignable to pyridinic, pyrrolic,
graphitic, and oxidized nitrogen, respectively. This is similar to
the NC reported previously.**** Since the Co-CoO@NC/NC-800
was synthesized from a mixture, in which the reactants were
well dispersed, we believe that both the carbon shell of the Co-
CoO nanoparticles and the carbon sheet observed in the SEM
and TEM images of the Co-CoO@NC/NC-800 (Fig. 1a and b) are
doped with nitrogen. The elemental composition of the Co-
CoO@NC/NC-800 could be further demonstrated by its
elemental mapping image in Fig. S1,7 which clearly shows the
uniform distribution of Co, O, N, and C. Based on the XPS
results and the TGA curve of the Co-CoO@NC/NC-800 in
Fig. S2,7 the weight percentage of Co-CoO in the Co-CoO@NC/
NC-800 is estimated to be 28.7% (the detailed calculation is
given in the ESIT).

The results shown above make it clear that the Co-CoO@NC/
NC-800 has a structure consisting of the sheet-like NC with the
deposition of the NC coated Co-CoO nanoparticles. To under-
stand the role of urea in the formation of the Co-CoO@NC/NC-
800, the same synthetic procedure was performed in the
absence of urea while keeping other parameters constant. It
shows the formation of the Co-CoO@C/C-800 consisting of
largely sized Co-CoO particles with a big inhomogeneity in the

View Article Online
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size distribution (the TEM image, XPS spectra, XRD diffraction
pattern, and Raman spectrum of the Co-CoO@C/C-800 is given
in Fig. S3a, S4, S5, and S6, respectively). This suggests that urea
in the reaction mixture does not simply serve as the nitrogen
source for the doping of carbon, but plays an important role in
promoting the formation the Co-CoO@NC/NC-800 with
uniformly nanosized Co-CoO particles. It is imaginable that
during the high temperature calcinations the explosive pyrol-
ysis of urea would facilitate the doping of nitrogen into
graphitic structure of carbon with different forms, such as
pyridinic, pyrrolic, graphitic, and oxidized nitrogen. Due to the
high electronegativity of nitrogen, the doping sites in the forms
of pyridinic, pyrrolic, and graphitic nitrogen are negatively
charged,*>** making them capable of adsorbing the Co>" ions
through the coordination and electrostatic interactions. This
would prevent the aggregation of the Co®>" ions during its
transformation into Co-CoO nanoparticles, facilitating the
formation of the Co-CoO nanoparticles with a uniform and
small size.

The calcination temperature in the synthetic procedure is
found to have a profound effect on the final product. As
demonstrated by the TEM image of the Co-CoO@NC/NC-700 in
Fig. S3b,T the low temperature calcination would lead to the
formation of smaller Co-CoO nanoparticles with a more
uniform size. The XPS spectrum in Fig. S4 and Table S1} show
that the Co-CoO@NC/NC-700 contains relatively higher atomic
percentages of oxygen and nitrogen, suggesting that the urea
and glucose are not well carbonized at the low calcination

(a) Co-CoO@NC/NC-800 (b) Co2p Co-CoO@NC/NC-800
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(a) XPS survey spectra of the Co-CoO@NC/NC-800 and the NC. (b) High resolution Co 2p spectra of the Co-CoO@NC/NC-800 and the

Co-Co0O@C/C-800. (c) High resolution C 1s spectra of the Co-CoO@NC/NC-800 and the NC. (d) High resolution N 1s spectra of the Co—

CoO@NC/NC-800 and the NC.
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temperature. On the other hand, when the reaction mixture was
calcined at the high temperature of 900 °C, the formation of the
Co-CoO nanoparticles with the relatively larger size and big size
inhomogeneity is observed, as indicated by the TEM image of
the Co-CoO@NC/NC-900 in Fig. S3c.f This indicates that the
mild reaction condition at the lower temperature is favorable
for the formation of the Co-CoO nanoparticles with small and
uniform sizes, while at the higher calcination temperature, the
improved uncontrollability of the decomposition of Co(NO3),,
glucose, and urea due to the increase of the pyrolysis rates
would promote the formation of large Co-CoO nanoparticles
with a big inhomogeneity in the size distribution (the XPS
spectrum, XRD diffraction pattern, and Raman spectra of the
Co-CoO@NC/NC-900 is given in Fig. S4, S5, and S6,} respec-
tively). Table S1t shows that the Co-CoO@NC/NC-900 contains
relatively lower atomic percentages of oxygen and nitrogen,
suggesting that the high calcination temperature would
decrease the contents of oxygen and nitrogen containing groups
in the final product. This is well consistent with the results re-
ported previously,*** which showed that the high calcination
temperature would lead to the significant decomposition of
nitrogen and oxygen containing groups in the NC. Additionally,
we also found that the drying step in the synthetic procedure is
necessary to obtain the Co-CoO@NC/NC-800 with uniformly
sized Co-CoO nanoparticles. As shown in Fig. S3d,T when the
reaction mixture was directly calcined at 800 °C, the significant
aggregation of the Co-CoO nanoparticles is observed in the
final product. This might be attributed to the highly corrosive
nature of water vapor at the high temperature. Its presence in
the reaction mixture would greatly accelerate the pyrolysis of
Co(NO3)3, glucose, and urea, leading to uncontrollable aggre-
gation and coalescence of the Co-CoO nanoparticles during
their nucleation and growth.

The textural property of the Co-CoO@NC/NC-800 was
investigated by the N, adsorption/desorption isotherms. As
shown in Fig. 2c, the N, adsorption/desorption isotherms of the
Co-CoO@NC/NC-800 exhibit a rapid uptake at p/p, < 0.04 fol-
lowed by a H3-type hysteresis in the mesopore region. This
indicates the co-existence of both the micropores and
macropores in the sample. Additionally, the big uptake of N, at
P/po > 0.9 in the adsorption/desorption isotherms also demon-
strates the existence of macropores in the Co-CoO@NC/NC-
800. Base on the N, adsorption/desorption isotherms in
Fig. 2c, the specific surface area of the Co-CoO@NC/NC-800
estimated using the BET method is 475 m” g~ '. The presence
of urea in the reaction precursor is found to have a significant
effect on the BET specific surface area of the sample. As shown
in Fig. 2c, the Co-CoO@C/C exhibits significantly lower BET
specific surface area than that of the Co-CoO@NC/NC-800. This
might be due to the reason that the thermal decomposition of
urea during the calcination would produce a large amount of
gases, such as CO,, NHj;, and other gaseous products,*** which
are helpful to the formation of the porous structure in the Co-
CoO@NC/NC-800. Most interestingly, although the Co-
CoO@NC/NC-700 and the Co-CoO@NC/NC-900 exhibit the N,
adsorption/desorption isotherms comparable to those of the
Co-CoO@NC/NC-800, their BET specific surface areas are much
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lower than that of the Co-CoO@NC/NC-800. This suggests that
the calcination temperature also has a great effect on the BET
specific surface area of the sample. As demonstrated above, the
calcination temperature influences the average size of Co-CoO
nanoparticles and the doping content of nitrogen in the NC,
and it also affects the pyrolysis rate of Co(NO3),, glucose, and
urea. These might be the reasons leading to the variations of the
BET specific surface areas of the samples with the calcination
temperature. The high specific BET surface area is helpful for
the application of the Co-CoO@NC/NC-800 as the electro-
catalyst for the ORR, since it allows for its good accessibility to
the electrolyte.

The catalytic activity of the Co-CoO@NC/NC-800 for the ORR
is first assessed by its CV curves in the N, or O, saturated 0.1 M
KOH solution. As shown in Fig. 4a, the CV curve of the Co-
CoO@NC/NC-800 in the N, saturated 0.1 M KOH solution
shows featureless voltammetric currents, while that in the O,
saturated 0.1 M KOH solution shows a well-defined cathodic
peak corresponding to the reduction of oxygen. This clearly
demonstrates the catalytic activity of the Co-CoO@NC/NC-800
toward the ORR. Fig. 4b displays the LSV of the Co-CoO@NC/
NC-800 for the ORR in the O, saturated 0.1 M KOH solution.
It clearly shows that the Co-CoO@NC/NC-800 can exhibit an
ORR onset potential of 0.961 V vs. RHE and half-wave potential
of 0.868 V vs. RHE. Most interestingly, the ORR onset and half-
wave potentials of the Co-CoO@NC/NC-800 are very close to
those of the Pt/C (the ORR onset and half-wave potential of the
Pt/C are 0.962 and 0.861 V vs. RHE, respectively, which are close
to the reported values***°). This clearly suggests that the Co-
CoO@NC/NC-800 is an efficient electrocatalyst for the ORR.
Comparison in Fig. 4d shows that the Co-CoO@NC/NC-800 can
even exhibit the ORR half-wave potential higher than those of
most catalysts reported previously (Table S21 shows a more
detailed comparison of the ORR onset and half-wave poten-
tials), strongly suggesting that the Co-CoO@NC/NC-800 is one
of the best ORR catalysts among those reported (Table 1).

To understand the origin of the high ORR activity of the Co-
CoO@NC/NC-800, the LSVs of the NC (synthesized from a same
synthetic procedure while in the absence of Co(NOs),), the Co-
CoO@C/C-800, the Co-CoO@NC/NC-700, and the Co-
CoO@NC/NC-900 in the O, saturated 0.1 M KOH solutions were
also recorded. Fig. 4a and b shows that although the NC is
electrochemically active for the ORR, its activity is much lower
than that of the Co-CoO@NC/NC-800. This clearly indicates
a great importance of the Co-CoO nanoparticles in the high
catalytic activity of the Co-CoO@NC/NC-800. The nitrogen
doped structure of the carbon is also found to be important in
improving its catalytic activity of the Co-CoO@NC/NC-800 for
the ORR. As shown in Fig. 4a and b, the Co-CoO®@C/C-800
exhibits significantly lower catalytic activity for the ORR than
that of the Co-CoO@NC/NC-800. Previous work has demon-
strated that the NC could be also highly active for the ORR,
when its composition is well controlled.”®* We therefore
assume that the high catalytic activity of the Co-CoO@NC/NC-
800 is a result of a synergistic effect between two electroactive
catalysts of the Co-CoO nanoparticles and the NC. Worthnoting
is that the catalytic activity of the sample is also effected by the
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(a) CV curves of the Co-CoO@NC/NC-800, the NC, the Co-CoO@C/C-800, the Co-CoO@NC/NC-700, and the Co-CoO@NC/NC-

900 in O, or N, saturated 0.1 M KOH solution at a scan rate of 5 mV s~2 (b) LSVs for the ORR by the Co-CoO@NC/NC-800, the NC, the Co-
CoO@C/C-800, the Co—CoO@NC/NC-700, the Co-CoO@NC/NC-900, and the Pt/C in an O,-saturated 0.1 M KOH solution at a scan rate of
5mVst(c) EIS spectra of the Co-CoO@NC/NC-800, the NC, the Co-CoO@C/C-800, the Co-CoO@NC/NC-700, and the Co—-CoO@NC/NC-
900. (d) Comparison of the ORR half-wave potential of the Co—CoO@NC/NC-800 with those of the catalysts reported. (e) LSVs for the ORR by
the Co—CoO@NC/NC-800 in an O,-saturated 0.1 M KOH solution at various rotation rates at a scan rate of 5 mV s7(f) K-L plots of the ORR by
the Co—CoO@NC/NC-800. (g) Electron transfer number and (h) kinetic current density of the ORR by the Co—CoO@NC/NC-800, the NC, the
Co-Co0@C/C-800, the Co-CoO@NC/NC-700, the Co—-CoO@NC/NC-900 and the Pt/C.

calcination temperature. As shown in Fig. 4a and b, the catalytic
activity of the Co-CoO@NC/NC-800 is higher than those of the
Co-CoO@NC/NC-700 and Co-CoO@NC/NC-900. This might be
due to the fact that the Co-CoO@NC/NC-800 synthesized at the
calcination temperature of 800 °C has small and uniformly
sized Co-CoO nanoparticles and exhibits a higher BET specific
surface area, which expose more active sites and increase the
accessibility of the Co-CoO@NC/NC-800 to the ORR. Addi-
tionally, the Co-CoO@NC/NC-800 has a well carbonized struc-
ture with the doping of an appropriate amount of nitrogen,
which increases the electrical conductivity and hydrophilicity of
the Co-CoO@NC/NC-800. Fig. 4c shows the electrochemical
impedance spectra (EISs) of the Co-CoO@NC/NC-800, the NC,
the Co-CoO®@C/C-800, the Co—-CoO@NC/NC-700, and the Co-
CoO@NC/NC-900, which clearly demonstrate that the Co-
CoO@NC/NC-800 has higher electrical conductivity.

The work reported previously has suggest that the deposition
of transition metal based catalysts onto the surface of carbon
would impose a strong electronic coupling between two mate-
rials, which could also improve the catalytic activities of the

14468 | RSC Adv., 2018, 8, 14462-14472

composite materials.*® The nitrogen doping could promote the
electronic coupling between transition metal based catalysts
and carbon.***® It is therefore expectable that the strong elec-
tronic coupling between the Co-CoO nanoparticles and the NC
is an additional reason leading to the high catalytic activity of
the Co-CoO@NC/NC-800 for the ORR. To demonstrate the
presence of the electronic coupling between the Co-CoO
nanoparticles and the NC, the XPS spectra of the NC were
carefully analyzed. The XPS survey spectra in Fig. 3a shows the
absence of the peak corresponding to Co in the NC. Most
notably, although the high-resolution N 1s spectrum of the NC
exhibits the components similar to that of the Co-CoO@NC/
NC-800, their peak positions are slightly shifted to the lower
binding energies, as shown in Fig. 3d. This clearly corroborates
the presence of the strong electronic coupling between the Co-
CoO nanoparticles and the NC with a possible electron transfer
from the Co-CoO nanoparticles to the NC. Indeed, the strong
electronic coupling between the Co-CoO nanoparticles and the
NC could also be demonstrated by the C 1s spectra in Fig. 3c,
which shows the shifts of the peak positions of C=N/C-0, and

This journal is © The Royal Society of Chemistry 2018
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Table 1 Comparison of the ORR catalytic activities of the Co-
CoO@NC/NC-800, the NC, the Co-CoO@C/C-800, the Co-
CoO@NC/NC-700, the Co-CoO@NC/NC-900, and the Pt/C

Onset potential/V Half-wave potential/V

Catalyst vs. RHE® vs. RHE
Co-CoO@NC/NC-800 0.961 0.868
NC 0.889 0.777
Co-CoO®@C/C-800 0.899 0.817
Co-CoO@NC/NC-700 0.921 0.841
Co-CoO@NC/NC-900 0.920 0.842
Pt/C 0.961 0.862

“The ORR onset potential is defined at which the current density
reaches to 0.1 mA cm ™2,

C-O-C/C-N in the NC to lower binding energies in comparison
to those in the Co-CoO@NC/NC-800, and by Co 2p spectra,
which shows the shifts of the peaks of Co® and Co™ in the Co-
CoO@NC/NC-800 to higher binding energies in comparison to
those in the Co-CoO@C/C-800. Additionally, Fig. 3d also shows
a difference between the N 1s spectra profiles of the NC and the
Co-CoO@NC/NC-800. This might be due to the fact that the
growth of the Co-CoO nanoparticles on the nitrogen doping
sites makes some of the nitrogen atoms undetectable by the XPS
spectroscopy due to the low penetrability of X-ray photoelec-
trons, or the presence of the Co precursor in the reaction
mixture changes the relative percentages of the different
nitrogen components in the Co-CoO@NC/NC-800.

Previous work have demonstrated that the presence of metal-
N bond in the metal and nitrogen coexisting system is respon-
sible for the high catalytic activity for the ORR.>*** In the work
presented here, however, the metal-N bonds are not detected in
both the XPS spectra of Co 2p and N 1s, which clearly rules out
the presence of the metal-N bond in the Co-CoO@NC/NC-800
and its contribution to the higher catalytic activity of the Co-
CoO@NC/NC-800. On the basis of this and the results shown
above, we therefore attribute the following aspects to the main
reasons responsible for the high catalytic activity of the Co-
CoO@NC/NC-800: (1) strong electronic interaction between the
Co-CoO nanoparticles and the NC, (2) high specific surface area
of the Co-CoO@NC/NC-800, (3) small and uniformly sized Co-
CoO nanoparticles, (4) good electric conductivity of the Co-
CoO@NC/NC-800 due to its well carbonized structure, (5) good
hydrophilicity of the Co-CoO@NC/NC-800 due to the presence of
the NC.***¢ Additionally, the interaction between Co and CoO
could be an additional reason leading to the high catalytic activity
of the Co-CoO@NC/NC-800. As reported previously, the
composites consisting of TMs and their oxides exhibit greatly
enhanced catalytic activities in comparison to their single
component counterparts.***”>

To gain insight into the reaction kinetics and mechanism of
the ORR by the Co-CoO@NC/NC-800, its LSVs at the different
rotating rates were recorded. Fig. 4e shows an improvement of
the measured current density with increase of the rotating rate.
Analysis of the LSVs using the K-L equation shows a linear
relationship between the inverse of the current density (') and
the inverse of the root of the rotating rate (w~*?) at the different
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potentials (Fig. 4f). This indicates that the ORR by the Co-
CoO@NC/NC-800 follows a first order reaction kinetics with
respect to the concentration of dissolved oxygen. According to
the slopes of the K-L plots, the electron transfer number (n) of
the ORR can be extracted. Fig. 4g shows that the electron
transfer number of the ORR by the Co-CoO@NC/NC-800 is
always higher than 3.8 and close to that of the Pt/C over the
potential range covered in this work, demonstrating that the
ORR by the Co-CoO@NC/NC-800 proceeds mainly via a favor-
able four-electron pathway. This is different from the ORR by
the NC, the Co-CoO@C/C-800, the Co-CoO@NC/NC-700, and
Co-CoO@NC/NC-900 (the K-L plots of the NC, the Co-CoO@C/
C-800, the Co-CoO@NC/NC-700, and Co-CoO@NC/NC-900 are
given in Fig. S77), in which a two-electron pathway plays an
increasing role in the reduction of oxygen. As shown in Fig. 4g,
the electron transfer numbers of the ORR by the NC, the Co-
CoO@C/C-800, the Co-CoO@NC/NC-700, and Co-CoO@NC/
NC-900 are much lower than 4.0. Fig. 4h presents the ORR
kinetic current density (ji) of the catalysts. It shows that the Co-
CoO@NC/NC-800 exhibits higher ORR kinetic current density
than the NC, the Co-CoO®@C/C-800, the Co-CoO@NC/NC-700,
and Co-CoO@NC/NC-900, further demonstrating that the Co-
CoO®@NC/NC-800 is a more efficient catalyst for the ORR than
the NC, the Co-CoO@C/C-800, the Co-CoO@NC/NC-700, and
Co-CoO@NC/NC-900.

The rotating ring-disk electrode (RRDE) measurement was
perform to further investigate the ORR by the Co-CoO@NC/NC-
800. Fig. 5a shows the LSV of the ORR by the Co-CoO@NC/NC-
800 obtained from the disk electrode of the RRDE shows
a profile similar to that directly obtained from the rotating disk
electrode (Fig. 4b). Most interestingly, the ORR by the Co-
CoO@NC/NC-800 shows a comparable ring current corre-
sponding to hydrogen peroxide ions (H,O ) to that by the Pt/C.
Fig. 5b reveals that the H,O™ yield of the ORR by the Co-
CoO@NC/NC-800 is below 5% with an electron transfer number
higher than 3.9 over the potential range from 0.2 to 0.8 V. The
H,0" yield and electron transfer number of the ORR by the Co-
CoO@NC/NC-800 are very close to those by the Pt/C, as shown
Fig. 5b. Most interestingly, the H,O™ yield of the ORR by the Co-
CoO®@NC/NC-800 is lower than those of most catalysts reported
previously, while its electron transfer number is higher than
those of the ORR by most catalysts reported previously.****¢
This further demonstrates that the Co-CoO@NC/NC-800 has
a catalytic activity close to that of the Pt/C.

In view that the Co-CoO@NC/NC-800 is highly active for the
ORR with great potential for the replacement of the commercial
Pt/C, its stability and durability towards the methanol crossover
were tested. The current-time (i-f) chronoamperometric curve
in Fig. 5¢c shows that the current density of the ORR by the Pt/C
decreases rapidly with increase of the operating time. This
could be attributed to the low stability of the Pt/C in the alkaline
environment, which undergoes a fast degradation of the Pt/C
over the time due to the dissolution and aggregation of the Pt
nanoparticles and their surface oxidation.*"** The introduction
of methanol causes a sharp decrease in its ORR current density
due to the poisoning of the ORR active sites by the oxidized
products of methanol (Fig. 5d).»*® The stability of the Co-
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(a) LSV curves of the Co—-CoO@NC/NC-800 and the Pt/C obtained from the RRDE measurements at a rotation rate of 1600 rpm in the O,

saturated 0.1 M KOH solution. (b) HO,™ yields (top) and electron transfer number (n, bottom) of the Co—CoO@NC/NC-800 and the Pt/C
obtained from the RRDE measurements. (c) Chronoamperometric curves of the Co—CoO@NC/NC-800 and the Pt/C at 0.67 V vs. RHE in the O,-
saturated 0.1 mol L~ KOH solution. (d) Chronoamperometric curves of the Co—CoO@NC/NC-800 and the Pt/C electrodes with addition of

0.3 M methanol. The arrow indicates the addition of methanol.

COoO@NC/NC-800 and its durability toward the methanol
crossover are much higher than those of the Pt/C. As shown in
Fig. 5c¢ and d, the current density of the ORR by the Co-
CoO@NC/NC-800 decreases much slowly in comparison to that
by the Pt/C, and the introduction of methanol has a negligible
effect on its ORR current density. These results strongly suggest
that the specific coating structure of the Co-CoO nanoparticles
by the NC shell in the Co-CoO@NC/NC-800 could effectively
protect the Co-CoO nanoparticles from the degradation and
poisoning of the ORR active sites by the oxidized products of
methanol.

Conclusions

In summary, the Co-CoO@NC/NC-800, which consists of the
NC nanosheets with deposition of the NC coated Co-CoO
nanoparticles, has been synthesized through a simple calcina-
tion of the dried reaction mixture of Co(NOs),, glucose, and
urea. The Co-CoO@NC/NC-800 is highly active for the ORR and
can deliver an onset potential of 0.961 V vs. RHE and a half-wave
potential of 0.868 V vs. RHE. The onset and the half-wave
potentials of the Co-CoO@NC/NC-800 are very close to those
of the Pt/C. This, in conjunction with its higher stability and
better durability towards the methanol crossover, strongly
suggests that the Co-CoO@NC/NC-800 is a promising ORR

14470 | RSC Adv., 2018, 8, 14462-14472

catalyst for practical uses. The work presented here does not
simply introduce a new and simple method for the synthesis of
the ORR catalysts of high efficiency, and the same method
might be also applicable to design and synthesize other cata-
lysts for various applications.
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