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ABSTRACT: The large-scale and controllable synthesis of novel N-doped three-
dimensional (3D) carbon nanocage-decorated carbon skeleton sponges (Co-NCMS)
is introduced. These Co-NCMS were highly active and durable non-noble metal
catalysts for the oxygen reduction reaction (ORR). This hybrid electrocatalyst showed
high ORR activity with a diffusion-limiting current of 5.237 mA·cm−2 in 0.1 M KOH
solution through the highly efficient 4e− pathway, which was superior to that of the
Pt/C catalyst (4.99 mA·cm−2), and the ORR Tafel slope is ca. 67.7 mV·dec−1 at a high
potential region, close to that of Pt/C. Furthermore, Co-NCMS exhibited good ORR
activity in acidic media with an onset potential comparable to that of the Pt/C
catalyst. Most importantly, the prepared catalyst showed much higher stability and
better methanol tolerance in both alkaline and acidic solutions. The power density
obtained in a proton exchange membrane fuel cell was as high as 0.37 W·cm−2 at 0.19
V compared with 0.45 W·cm−2 at 0.56 V for the Pt/C catalyst. In Co-NCMS, the N-
doped carbon nanocages facilitated the diffusion of the reactant, maximizing the exposure of active sites on the surface and
protecting the active metallic core from oxidation. This made Co-NCMS one of the best non-noble metal catalysts and potentially
offers an alternative approach for the efficient utilization of active transition metals in electrocatalyst applications.

1. INTRODUCTION

The kinetics of the oxygen reduction reaction (ORR) is the
key to energy conversion and storage processes in fuel cells,
water splitting, oxygen sensors, and metal−air batteries.1−4 To
expedite the ORR and enhance the energy conversion
efficiency, an enormous number of effective catalysts are
needed. Currently, significant efforts have focused on the
development of efficient ORR catalysts using nonprecious
metal catalysts, such as Ni, Fe, Co, and their compounds to
overcome the scarcity, low stability, and high cost of precious
metals.5−8 However, due to their limitations of low activity,
poor durability, and two-electron catalysis process, commerci-
alization opportunities for nonprecious metal-based catalysts
are seriously restricted. Therefore, it is necessary to develop
alternative ORR catalysts with excellent comprehensive
performance to substitute the nonprecious metal-based
catalysts.
Many studies have demonstrated that metal−nitrogen−

carbon (M−N−C) catalysts have an improved ORR activity
and stability in acid and alkaline solution, and even metal-free
catalysts based on carbon materials doped by heteroelements
(e.g., nitrogen and boron) and metal hydroxides have been
used.9−11 However, these ORR catalysts have a negative onset
potential because their catalysis is via a two-electron pathway
and is less competitive than Pt/C catalysts in terms of onset

potential and reaction current under the same loading
amount.12,13 Additionally, they show limited ORR activity
and poor stability in acidic solutions, which makes these
catalysts uneconomical for application in a large scale.14

According to recent research, metal nanoparticles encapsu-
lated by carbon cages in the microarchitecture (hierarchical
meso- and/or macroporosity, etc.) have been developed. Here,
the encapsulated metal nanoparticles are crucial in controlling
the overall kinetics of the catalysis process, with highly active
nanostructures affording good conductivity, reactant accessi-
bility, and high chemical and thermal stability.15−18 However,
resistance defects are inevitable in the carbon framework
during the generation of a robust porous architecture.
Additionally, it is hard to obtain the desired porosity for
highly conductive graphitic carbon and N-doped multidimen-
sional carbon nanomaterials, which significantly limits the
conductivity of the ORR process.2,3,10 Generally, high catalytic
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activity for the ORR has mainly been achieved using Fe−N−C
nanocomposites; Co−N−C catalyst is another high-efficiency
catalyst, but optimizing the electronic structure of Fe−N−C
catalysts to enhance their ORR catalytic activity requires
commercially available supports and manageable processing.
Therefore, it is highly desirable to develop a method adaptable
to large-scale production for synthesizing Co−N−C hybrid
catalysts.
In this study, N-doped three-dimensional (3D) carbon

nanocage-decorated carbon skeleton sponges (noted as Co-
NCMS) were prepared simply by heating melamine sponges
(MS) loaded with cobalt particles. The melamine provided the
N- and C-containing functional groups of Co-NCMS, which
effectively prevented corrosion of the 3D carbon sponges in
alkaline or acid medium, and simultaneously solves the
problems of excessive defects in the carbon framework by
decreasing bulk resistance and inevitable contact resistance
from microscopically isolated carbon particles. The combina-
tion of the carbon nanocages and the flexible carbon skeleton
achieved excellent structural stability. Additionally, the hollow
structure of the carbon nanocages was expected to facilitate
reactant diffusion in macrospores and maximize the exposure
of active sites on the surface.
The prepared Co-NCMS catalyst was effective and durable

for the 4e− ORR with high catalytic activity and its
performance in the ORR was superior to that of a commercial
Pt/C catalyst (20 wt %). The diffusion-limiting current of Co-
NCMS was superior to that of Pt/C, and Co-NCMS also
exhibited better methanol tolerance than that of Pt/C catalyst
in 0.1 M KOH. Furthermore, the carbon nanocages presented
good ORR activity in acidic media, comparable to commercial
Pt/C catalyst, with a diffusion-limiting current close to that of
Pt/C and the 4e− pathway. This strategy provides a novel way
to maintain the high activity and stability of nonprecious
metals in acidic media and could be further applied in a variety
of catalytic systems.

2. RESULTS AND DISCUSSION

In this work, a novel approach is proposed to synthesize the
hybrid carbon nanocages grown on 3D hierarchically carbon-
doped Co nanoparticles and N atoms via a simple heating
strategy. The morphology and structure of the obtained Co-
NCMS were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Figure
1a,b shows the morphology of Co-NCMS, in which large
number of typical nanocages covered the surface of the 3D
carbon skeleton. Co-NCMS contained interconnected trestles,
like those in bare carbonized MS (prepared by processing MS
under the same annealing conditions but without introducing
cobalt acetate). Abundant carbon dots were fixed on the
surface of the carbonized MS and the porosity of the 3D
carbon skeleton from MS remained stable during the
calcination process (Figure S1a−c). It is noted that the
heating process would cause the collapse in the center of
carbon skeleton, produce the hollow structure, and enhance
the specific area of Co-NCMS catalysts (Figure S1d); this may
be beneficial in providing active sites and absorbing Co ions
and subsequently induced the growth of the unique nanocages.
The surviving Co nanoparticles were encapsulated into the
nanocages and evenly entrapped within the carbon skeleton
(Figures 1c and S1e,f), which was surrounded by multishell
and Co nanoparticles that were protected in the leaching
process by the outer carbon layers.
TEM showed that most of the graphitized nanocages had a

hollow structure and diameters within the range of 50−80 nm
(Figure 1d) and a wall thickness of only ca. 5 nm (Figure 1f).
Most of the graphitization nanocages have a hollow structure
and their diameter is statistically measured to be 55.5 ± 9.25
nm (Figure S2), whereas the wall thickness is only ca. 5 nm
(see Figure 1e); it is one reason that the obtained Co-NCMS
show high Brunauer−Emmett−Teller (BET) surface area. The
retained Co nanoparticles were tightly encapsulated in the
concentric graphitic carbon shells (dark dots in Figure 1d),
which were consistent with the high-resolution TEM
(HRTEM) images (Figure 1e). The random graphitic

Figure 1. (a, b) Field emission SEM (FESEM) images of the synthesized Co-NCMS catalyst, (c) back-scattered electrons, (d) TEM images, (e, f)
HRTEM images, and (g) energy dispersive spectroscopy (EDS) mapping of Co-NCMS.
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nanocage formed a short diffusion channel around the Co-
NCMS catalyst and created surface defects by which the
adsorption ability of the catalyst was enhanced.
The elemental distribution of a typical Co-NCMS was

investigated using field emission scanning electron microscopy
(FESEM). As shown in Figure 1g, C (red) and N (blue) are
distributed across the whole carbon skeleton surface, while Co
(green) is well dispersed in the carbon nanocages and skeleton,
further verifying the successful formation of Co-NCMS. The
nitrogen doping induced structural defects, which are related
to excellent ORR activity.19,20

The chemical composition and crystalline structure of the
prepared Co-NCMS catalyst were further investigated by
applying various techniques. The X-ray diffraction (XRD)
pattern corresponded to the typical refraction peaks of metallic
cobalt and the sharp peaks suggested that the residual Co
nanoparticles had good crystallinity (Figure 2a). A series of
XRD peaks revealed the appearance of graphite, with a broad
peak at 26° corresponding to the (002) planes of graphitic
carbon, mirroring an obvious increase in the crystallinity of
melamine as a result of the heating process (Figures 2a and
S3).
Raman spectroscopy was also performed to assess the

graphitic structure of Co-NCMS and provide information on
the disorder and crystallinity of the sp2-hybridized carbon
atoms. As shown in Figure 2b, the ratio of the intensities of the
typical D (1348.7 cm−1) and G (1582.3 cm−1) bands, ID/IG, is
found to be 0.83, revealing that Co-NCMS has a high degree
of graphitization with significant defects in the structure.
The pyrolysis temperature and the formation of a carbon

cage microstructure play an essential role in the production of
active catalytic sites compared to 3D carbon skeleton catalysis
materials, and in conjunction with a high defect density lead to
improved electrical conductivity.14,21,22

X-ray photoelectron spectroscopy (XPS) analysis (Figures
2c and S4a,b) confirmed that Co-NCMS was mainly
composed of carbon, nitrogen, oxygen, and cobalt, confirming
that N and Co were successfully doped into the 3D carbon
skeleton material (Figure S4f). The high-resolution Co
spectrum reveals the peaks at 778.31, 780.18, and 794.12 eV
(Figure S4b), which are attributed to metallic Co, CoNx−Cy,
and Co−Nx species, respectively; the presence of M−N−C
bonds was certified by the existence of CoNx−Cy and Co−Nx
species, which have higher activity toward ORR.23,24 The
presence of oxygen was attributed to oxidation of the carbon
material surface when treated under ambient conditions.25 A
high-resolution XPS N 1s spectrum can be deconvoluted into
three peaks assignable to the pyridinic (398.7 eV), graphitic
(401.9 eV), and oxidized (402.5 eV) nitrogen atoms (Figure
2d) and the nitrogen content as measured is 3.0 atom %.26,27

The amount of pyridinic N was increased from 14.14%
(carbonated MS) to 48.76% with the introduction of carbon
nanocages on the 3D carbon skeleton materials (Figure S4c).
A high proportion of pyridinic N can increase the current
density, spin density, and the density of π states of the C atoms
near the Fermi level, thus boosting O2 reduction.28−30 The
shift of the main peak of XPS spectrum towards lower binding
energy was caused by Co doping and the growth of the carbon
nanocages (Figure S4d,e). Hence, the high proportion of
doped pyridinic N in Co-NCMS probably contributed to its
enhanced ORR activity.
Thermogravimetric analysis (TGA) was performed in air

with the temperature increasing from 25 to 1000 °C to
determine the amount of cobalt in Co-NCMS. As shown in
Figure 2e, the amount of Co is calculated to be 6.13%
(assuming cobaltous oxide as the ash) and Co-NCMS has a
large BET surface area (110.20 m2·g−1, Figure 2f). Therefore,
the goal of generating many defects, O2 adsorption sites, and,
consequently, a high number of active ORR sites was achieved.

Figure 2. (a) XRD patterns, (b) Raman spectra, (c) X-ray photoelectron spectroscopy (XPS) full spectrum, (d) high-resolution N 1s XPS
spectrum, (e) thermogravimetric analysis (TGA), and (f) N2 adsorption/desorption isotherm curve of the synthesized Co-NCMS catalyst.
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The electrocatalytic activity, stability, and MeOH tolerance
of the as-synthesized Co-NCMS catalyst were investigated by
the rotating disk electrode (RDE) and rotating ring-disk
electrode (RRDE) measurements at room temperature in O2-
saturated 0.1 M KOH solution. For comparison, a commercial
Pt/C (20 wt %, the content of Pt is about 4.6 μg) catalyst was
also measured under the same conditions (Figure S5). As
shown in Figure 3a, there is a distinct reduction in the peak
potential centered at 0.791 V for Co-NCMS and a high
reaction current of 4.477 mA·cm−2; these results indicated the
superior ORR activity of Co-NCMS with a more positive
reduction peak potential, onset potential, and higher reduction
current density compared to the reported Co-based catalyst
(Table S1).31,32 Remarkably, the Co-NCMS showed a positive
onset potential within 11 mV close to that of the Pt/C catalyst
value in low overpotential and gave a very sharp current
increase (Figure 3b). The polarization curve of Co-NCMS also
displayed a diffusion-limiting current beyond that of Pt/C
(5.237 vs 4.99 mA·cm−2). Furthermore, the ORR catalytic
activity of Co-NCMS was superior to that of commercial Pt/C,
as indicated by its more positive (23 mV) half-wave potential
(E1/2). Most non-noble metal and nonmetal catalysts have
weaker catalytic activity and smaller positive ORR onset

potentials than those of commercial 20% Pt/C in alkaline
media.33−36 The Co-NCMS catalyst possessed higher ORR
catalytic activity compared to Pt/C by giving larger reaction
current at low overpotential on the disk, but its ring current
was slightly higher.
Koutecky−Levich (K−L) plots were drawn from the RDE

polarization curves with various rotation speeds (Figures S6a
and 5b). As with the corresponding K−L plots, the data
displayed good linearity. The ideal linear relationship between
j−1 and ω−1/2 can be used to determine the number of
electrons transferred (n) based on the Koutecky−Levich
equation (Figures S6c). Hence, the 4e− pathway for reducing
O2 was desirable to acquire maximum energy capacity. RRDE
test results (Figure 3c) showed that the H2O2 yield obtained
with the Co-NCMS catalyst remained below 17% at an
overpotential as low as 0.83 V, corresponding to a high
electron transfer number of 3.72, close to that of the Pt/C
catalyst (n = 3.83, Figures S6d). The high electron transfer
number confirmed that most of the O2 was directly reduced to
OH− without the formation of intermediate peroxides through
the highly efficient 4e− pathway, which was indicative of the
extremely high ORR efficiency of the Co-NCMS catalyst.

Figure 3. ORR evaluations of Co-NCMS: (a) cyclic voltammetry (CV) curves in O2- and N2-saturated 0.1 M KOH solution, (b) RRDE
voltammograms, (c) H2O2 yield and electron transfer number (n), (d) corresponding Tafel plots obtained from the voltammogram at 1600 rpm in
O2-saturated 0.1 M KOH at a scan rate of 5 mV·s−1, (e) LSV polarization curves for ORR before and after 3000 cycles, and (f) CV curves in O2-
saturated 0.1 M KOH with and without 1.0 M CH3OH at a scan rate of 50 mV·s−1.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01036
ACS Omega 2021, 6, 20130−20138

20133

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01036/suppl_file/ao1c01036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01036/suppl_file/ao1c01036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01036/suppl_file/ao1c01036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01036/suppl_file/ao1c01036_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01036/suppl_file/ao1c01036_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01036?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01036?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01036?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01036?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 3d shows the ORR Tafel slope of the Co-NCMS
catalyst is ca. 67.7 mV·dec−1 at a high potential region, close to
the 64.4 mV·dec−1 of the Pt/C. These results indicate that Co-
NCMS has an enhanced charge transfer kinetics from the N-
doped carbon layer and the Co nanoparticles and an identical
ORR mechanism between the carbon nanocage surface and
Pt/C catalyst surface.
The stability test of the Co-NCMS catalyst was performed

by potential cycling of the catalyst between −0.18 and 1.18 V
(vs RHE) in an O2-saturated 0.1 M KOH solution at a scan
rate of 100 mV·s−1. Co-NCMS showed superior durability for
ORR in alkaline solution, as confirmed by the absence of an
ORR polarization curve shift after 3000 cycles (Figure 3e).
Furthermore, to investigate potential poisoning effects on
catalytic performance, the tolerance of Co-NCMS against the
electrooxidation of methanol (MeOH) was determined by
adding 1.0 M MeOH into 0.10 M aqueous KOH. Figure 3f
shows almost no change in the ORR peak current for Co-
NCMS after addition of MeOH, validating that Co-NCMS has
much better methanol tolerance toward ORR. These results
were from the structure representation of the Co-NCMS with
uniform morphologies, which is probably in favor of
improvement of the electrical conductivity. Moreover, the

abundant and reasonable pyridinic N atoms and wrinkled
surface could also have assumed to provide more defect
density and active reaction sites. Accordingly, the enhanced
stability and durability can be attributed to Co nanoparticles
encased in protective graphitic layers, which diminishes the
probability of dissolution of the catalyst.
Interestingly, the Co-NCMS and Pt/C (20 wt %) catalysts

were also active and durable for ORR in acidic solution. As
shown in Figures 4a and S7, in acidic media there is a distinct
reduction peak potential centered at 0.53 V for Co-NCMS
with a high reaction current of 2.86 mA·cm−2, which displayed
superior ORR activity with a more positive reduction peak
potential and a higher reduction current density. The ORR
polarization curve of Co-NCMS revealed a high Eonset (ca. 0.75
V), close to that of the Pt/C catalyst (0.81 V, Figure 4b) and
with a diffusion-limiting current similar to that of Pt/C. The
H2O2 yield on the Co-NCMS catalyst in acidic solution was
more than 10% below 0.7 V (Figure 4c), and the average n
value was 3.90, close to the almost constant value of 3.92 for
the Pt/C catalyst (Figure S8). Therefore, catalysis of the ORR
process by Co-NCMS was mainly through the 4e− pathway in
both alkaline and acidic solution systems.

Figure 4. ORR evaluations of Co-NCMS: (a) CV curves in O2- and N2-saturated 0.5 M H2SO4 solution, (b) RRDE voltammograms (Pt/C in O2-
saturated 0.1 M HClO4), (c) H2O2 yield and electron transfer number (n), (d) corresponding Tafel plots obtained from the voltammogram at
1600 rpm in O2-saturated 0.5 M H2SO4 at a scan rate of 5 mV·s−1, (e) linear sweep voltammetry (LSV) polarization curves for ORR before and
after 3000 cycles, and (f) CV curves in O2-saturated 0.5 M H2SO4 with and without 1.0 M CH3OH at a scan rate of 50 mV·s−1.
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The Tafel slope obtained using the Co-NCMS catalyst was
136 mV·dec−1 at a low overpotential (Figure 4d), revealing an
ideal ability for ORR activity in acidic media, close to that of
the Pt/C catalyst (108.5 mV·dec−1).37−40 The Co-NCMS
catalyst also showed much better stability for ORR as revealed
by a much lower ORR polarization curve change after 3000
cycles (Figure 4e). This was probably because the protective
graphitic layer casing was greatly resistant to acid.
To investigate potential poisoning effects on catalytic

performance, the Co-NCMS catalyst was exposed to MeOH
to test for a possible crossover effect in the acidic system. In
the presence of 1.0 M MeOH, the peak current for Co-NCMS
was only slightly changed (Figure 4f), suggesting that Co-
NCMS had high selectivity for the ORR and satisfactory
tolerance to the crossover effect. The enhanced durability was
attributed to the encasing of Co nanoparticles in protective
graphitic layers, which diminished the probability of dis-
solution of the catalyst.
The high percentage of pyridinic N (40.12%) doped into the

3D carbon skeleton resulted in an increased current density,
which promoted O2 adsorption and decreased the local work
function of carbon. The carbon nanocages on the Co-NCMS
catalyst surface and the hollow structure of the carbon skeleton
also enhanced the hydrophilicity of the catalyst and
strengthened electrolyte−electrode interactions. Generally, an
N dopant-related high structural defect density and the
synergistic catalytic effects of the N dopant and carbon-coated
Co nanoparticles afford abundant catalytic active sites with a
greater turnover frequency. In the present system, the Co
nanoparticles and protective graphitic layers, as well as the
uniform morphology and structural homogeneity, were
thought to account for the enhanced catalytic activity of Co-
NCMS towards the ORR because the Co nanoparticles
activated the surrounding graphitic layers.
Further, Co-NCMS and commercial Pt/C (20 wt %) were

each fabricated into separate membrane−electrode assemblies
(MEA) for single-cell performance testing under real operating
conditions. The cathode and anode catalyst loadings were 5.0
and 0.5 mg·cm−2, respectively. A relatively high Pt loading was
used in this study to ensure that there are no limiting effects of
the anode reaction. Initial fuel cell polarization data recorded
with Co-NCMS and the commercial Pt/C (20 wt %)-derived
cathode catalyst are presented in Figure 5. In good agreement
with electrochemical measurements, the open cell voltages of
the Co-NCMS and Pt/C cells were 0.53 and 0.74 V,
respectively, confirming the higher activity of the Co-NCMS

catalyst at high cell voltages to avoid oxygen reduction
becoming mass-transport limited. The Co-NCMS catalyst
generated 0.27 A·cm−2 at 0.19 V and a maximum power
density of 0.13 W·cm−2, compared with 0.56 A·cm−2 at 0.56 V
and a maximum power density of 0.25 W·cm−2 for the Pt/C
catalyst in the fuel cell test. The difference between the two
catalysts may be caused by differences in the nature of the
active ORR sites, water tolerance, and/or other factors.
However, at high current densities, proton and mass transport
become more important. Therefore, unconventional catalyst
designs should aim at maximizing the active site density and
improving the mass and charge transport.39,40 As already
mentioned, the random graphitic nanocage structure created a
short diffusion length around the Co-NCMS catalyst and the
hollow structure from the 3D carbon skeleton created surface
defects and enhanced mass/charge transport ability. On the
other hand, the interactions between the metal and nitrogen
atoms embedded in the carbon structure led to the formation
of more stable active reaction sites.41 These results indicated
that the Co-NCMS catalyst offers an alternative to stable
nonprecious metal catalysts for the ORR in fuel cells.

3. CONCLUSIONS

To sum up, a facile and low-cost strategy for the controlled
synthesis of a heterostructured Co-NCMS hybrid catalyst by
the simple annealing of a melamine and cobalt acetate mixture
was developed in the present work. Large numbers of typical
nanocages covered the surface of the 3D carbon skeleton,
which was amenable to large-scale production. The Co-NCMS
catalyst exhibited excellent ORR activity, higher cycle stability,
and better methanol tolerance for ORR in 0.1 M KOH
solution than that of the commercially available Pt/C catalyst
regarding reaction current density and onset potential.
Furthermore, the Co-NCMS catalyst had stable and good
ORR catalytic ability in 0.5 M H2SO4 solution with a current
density close to that of Pt/C. The protective graphitic layers
provided acid resistance, making Co-NCMS one of the best-
performing nonprecious metal catalysts. The outstanding ORR
performance of the Co-NCMS catalyst was due to its uniform
morphology, unique carbon nanocage structure, nitrogen
doping-related structural defect density, and the synergetic
interaction between Co nanoparticles and graphitic layers.
Therefore, the synthetic approach in this work not only
provides a new protocol for the construction of hybrid carbon
nanocages based on 3D hierarchical carbon doping of Co
nanoparticles and N-doped catalyst but also offers a new

Figure 5. Polarization curves of fuel cells prepared with different catalysts: (a) Co-NCMS at a loading of 5.0 mg·cm−2 and (b) Pt/C (20 wt %) at a
loading of 0.5 mg·cm−2. The experiments were performed using 30 psi backpressure on both the anode (H2) and cathode (O2) compartments, a
Nafion115 membrane, and a cell temperature of 80 °C.
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avenue for the development of low-cost, large-scale, and highly
efficient electrocatalysts for energy conversion applications.

4. EXPERIMENTAL SECTION

4.1. Preparation of Co Nanoparticles Encapsulated in
NCMS. In a typical procedure of Co-NCMS, MS pieces were
washed with ultrapure water and ethanol, and dried at 80 °C
overnight. Melamine (0.32 g) and cobalt acetate (0.30 g) were
dissolved in 20 mL of methanol under continuous stirring for
30 min to generate a homogeneous solution. Then, 0.5 g MS
pieces were immersed into the aforementioned solution and
continuously stirred for 30 min to soak with melamine and
cobalt acetate. Next, the homogeneous mixture was stirred at
65 °C until methanol was fully evaporated. The dried mixture
was placed into a horizontal tube furnace and heated at 600 °C
at a rate of 5 °C·min−1 and kept at 600 °C for 3 h in N2

atmosphere. The temperature of the tube furnace was further
raised to 800 °C at a rate of 3 °C·min−1 and kept at 800 °C for
2 h in the same atmosphere. After the synthesis, the mixture
was cooled to ambient temperature and the color of the
powder changed from mauve to black. The mixture was then
treated with 0.5 M H2SO4 for 24 h to remove the redundant
Co nanoparticles, and the precipitates were centrifuged and
washed with distilled water and ethanol several times,
respectively. They were finally redispersed and stored in
deionized water. All chemicals were of analytical grade and
purchased from Aladdin Industrial Corporation (MS was
purchased from Huber Schaumstoffe) and used as-received
without further purification.
4.2. Characterization. The morphologies of the synthe-

sized Co-NCMS were observed with an FEI Quanta (FEG
450, energy spectrum: EDAX, Apollo XL-SDD) at an
acceleration voltage of 5 kV. TEM analysis was performed
on a JEOL JEM-2100 transmission electron microscope
operated at an accelerating voltage of 200 kV. XRD patterns
were recorded on a Bruker-AXS D8 Advance diffractometer
with Cu Kα radiation (λ = 1.5418 Å) and operated at 40 kV
voltage and 30 mA current in the range of 15−90°. XPS was
obtained with Thermo Fisher Scientific equipped using
monochromatic Al Ka radiation (72 W, 12 kV at 1486.6
eV). The binding energies and valence band spectrum were
calibrated by referencing the spectra to the C 1s peak for the
C−C bond at a binding energy of 284.8 eV. Raman spectra was
recorded using a Renishaw 2000 model confocal microscopy
Raman spectrometer with an excitation wavelength of 532 nm
(Renishaw Ltd., Gloucestershire, U.K.). Thermogravimetric
analysis (TGA) was performed with NETZSCH STA 449F3.
4.3. Electrochemical Measurements. The electrochem-

ical measurements were performed with a rotating ring-disk
electrode (RRDE) technique in a three-electrode cell at an
ambient temperature. An RRDE (Pine Research Instrumenta-
tion) was used as the working electrode. The RRDE electrode
consisted of a catalyst-coated glassy carbon (GC) disk (with a
diameter of 5.61 mm) surrounded by a Pt ring (with inner and
outer ring diameters of 6.25 and 7.92 mm, respectively). A
platinum net and an Ag/AgCl electrode (saturated with KCl
solution) were used as the counter electrode and reference
electrode, respectively. More measurement details can be
found in the Supporting Information.
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