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Metal-organic framework (MOF)-derived transition metal/carbon
nanotubes composites (TM/CNTs) have been developed as a prom-
ising oxygen electrocatalyst for energy conversion devices. However,
relatively complicated synthesis limits current research to a handful of
MOFs precursors. Herein, we used a single-source dicyanamide-based
Co-MOF to prepare cobalt nanoparticles-wrapped bamboo-like
nitrogen-doped carbon nanotubes (Co@BNCNTSs) by a short-term (3
h) one-step pyrolysis at a lower temperature (as low as 700 °C).
Organic dicyanamide linkers on the framework of Co-MOF not only
served as the nitrogen source but also conduced to the formation of
CNTs, and inorganic Co nanoparticles are enclosed in situ in graphitic
carbon shells. Co@BNCNTSs exhibited comparable oxygen reduction
electrocatalytic activity and enhanced stability to commercial 20 wt%
Pt/C catalyst in alkaline solution. Remarkably, rechargeable Zn-air
batteries based on Co@BNCNTs as the air cathode demonstrated
excellent cycling stability with no increase in polarization even after
65 h. The single-source MOF as precursor offers more facile and
designable method for highly active and durable catalysts for various
specific reactions.

The oxygen reduction reaction (ORR) is a cornerstone reaction
in the cathode of regenerative fuel cells and metal-air batteries
for the direct conversion of chemical energy to electricity.*” The
intrinsically sluggish kinetics of the ORR highly calls for effi-
cient electrocatalysts to accelerate the performance.’*” To date,
noble metal (e.g., platinum group metal) based nanomaterials
are the most efficient commercial ORR electrocatalysts. Yet,
their prohibitive cost, scarcity and serious intermediate toler-
ance severely hinder their large-scale implementation to meet
the growing energy demands of large-scale application.®”
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Transition metal/carbon nanotubes composites hold great
promise as alternatives of noble metal-based catalysts for
ORR,*™* and further doping N-heteroatom into the CNTs could
introduce abundant defects in the walls of nanotubes and
modulate electronic structure, thus promoting oxygen adsorp-
tion and ORR activity.®"*

Recently, intensive efforts have also been devoted to devel-
oping efficient strategies to prepare TM/CNTs hybrids for
oxygen electrocatalysis.'®>* Metal-organic frameworks (MOFs)
have captured great attention as novel self-sacrificed templates
and precursors for fabricating hybrid electrocatalysts'>*
because of their exceptionally large pore volumes, extraordinary
tunability of inorganic nodes and organic linkers and their
unique spatial connections.?>**° Classic ZIF (ZIF-67 '"'8/ZIF-9 *°)
and MIL-101 ** have been extensively used. However, to obtain
distinctive N-doped carbon nanotubes, the addition of auxiliary
agents such as dicyandiamide'®**** and melamine™*" is
required, which served as both the inducer of the graphitic
structure and an extra N source during the pyrolysis of MOFs.*?
Using N-rich MOFs as single self-sacrificed templates and
precursors to prepare CNT-based materials demonstrated great
advantages.'>** The currently developed methods need longer
pyrolysis time** and reductive gas," which probably is related to
the inherence of the selected MOFs. Seeking for available MOFs
as single precursors to manufacture N-doped carbon nanotubes
for cost-effective yet efficient ORR electrocatalysts remains
a formidable challenge.

Herein, we elaborately selected a novel dicyanamide-based
Co-MOF (Co(dca),pyz, dca = dicyanamide, pyz = pyrazine)*
as the single precursor to fabricate N-doped carbon nanotubes.
Dicyanamide linkers on the MOF not only could serve as
a nitrogen source but also favor the formation of NCNTs due to
their inducing effect for graphitic structure upon calcina-
tion.***® On this basis, the inorganic Co nodes could form Co
nanoparticles, which could be in situ encapsulated in N-doped
CNTs. Thus, TM/CNTs hybrids, which have demonstrated
excellent ORR catalytic activity, could be designed from the
object MOFs. After optimization, a one-step synthesis with
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a shorter pyrolysis time (merely 3 h) pyrolysis process at a lower
temperature (700 °C) under N, atmosphere was developed,
which easily produced the resultant CoO@BNCNTs. The hybrid
possesses hierarchically porous structure and bamboo-like
tubular N-doped CNTs (NCNT), at the endpoint of which, the
cobalt nanoparticles are encapsulated in graphitic layers.
Co@BNCNTs exhibits comparative ORR activity and enhanced
durability as well as methanol tolerance when benchmarked
with a commercial Pt/C electrocatalyst under identical testing
conditions. Impressively, the assembled Zn-air battery based
on optimized Co@BNCNTs displays an open-circuit potential of
1.48 V and a high power density of 90 mW cm 2. In addition,
the developed method here can be generalized to other MOFs
with different metal nodes.

The overall fabrication process of CO@BNCNTSs is schemat-
ically illustrated in Fig. 1. First, well-defined twofold inter-
penetrated nanostructured Co(dca),pyz was constructed by
a facile and scalable method in accordance with the preceding
literature.® In Co(dca),pyz, each metal center is octahedrally
coordinated to four N(CN), ™ anions and two pyrazine ligands,
resulting in the overall Co-Ng moiety, which is believed to be
favorable for incorporating cobalt nanoparticles into the carbon
network, promoting the uniform in situ doping of N active sites
into the whole carbon matrix (Fig. S1, ESIT). Thus, the abundant
Co-Ng centers and the introduction of dca in Co-MOF
encourage us to pyrolyze Co-MOF under different conditions
to obtain N-doped carbon nanotubes with enveloped Co nano-
particles (Co@BNCNTSs-700/800/900/1000, the numbers repre-
senting the calcination temperatures). As demonstrated in
Fig. S2a (ESIt), the powder X-ray diffraction (PXRD) pattern of
as-synthesized Co(dca),pyz could be unambiguously assigned
to the pattern simulated from the single-crystal data of the Co-
MOF.* Combined with the results of elemental analysis and
infrared spectra, all were indicative of the high crystallinity and
purity of the synthetic Co-MOF precursor (Fig. S2b, Table S1,
ESIt). The as-synthesized Co-MOF was then calcined in N,
atmosphere to prepare the porous carbon nanotube materials.
The photographs in Fig. S3 (ESI}) demonstrate that the tight
pink powder switched to loosened black carbon materials after
calcination due to numerous intertwined carbon nanotubes
growing in situ. The main diffraction peaks at about 44.2° and
51.5° shown in Fig. 2a and S4 (ESI{) are attributed to the
characteristic (111) and (200) crystal planes of cubic metallic
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cobalt (JCPDS no. 89-4307), respectively. The sharp peak
centered at about 26.2° is related to carbon species, which
indicates that the cobalt/carbon hybrid material has been
successfully synthesized by the current strategy. The carbon
species are further confirmed by Raman spectroscopy. Fig. S5
(ESIY) illustrates a typical Raman spectrum of CO@BNCNTSs, in
which three distinct peaks at 1340, 1585, and 2570 cm™ ' can be
assigned to the D band, G band and 2D band of NCNTs,
respectively. The D band is related to the disordered structures
on the graphitic plane and defects in carbon materials, while
the G band suggests the degree of graphitization.’” Another 2D
band implies a relatively high degree of graphitization and the
existence of few-layer graphene-like structures.®*® The intensity
ratio of the D-band to the G-band (Ip/I) is applied to qualita-
tively assess the graphitic ordering.*® The results also indicate
that an enhanced temperature of calcination resulted in
a higher graphitization degree of the resultant CoO@BNCNTs.
The improved graphitization of these materials should be
beneficial for electrical conductivity and catalytic activity.*
Field-emission scanning electron microscopy (FESEM) was
performed to study the morphology and microstructure of Co-
MOF and Co@BNCNTs. As demonstrated in Fig. S6, ESIt
a panoramic view by scanning electron microscopy reveals that
the as-prepared Co-MOF exhibits a rod-shaped morphology
with an average size of about 15 pm. Through direct pyrolysis of
the precursor at different temperatures, the Co-MOF trans-
formed into numerous typical bamboo-shaped CNTs with high
density (Fig. 2b, ¢ and S7, ESI}). The SEM observed in Fig. 2c
distinctly reveals the vertical NCNT arrays. Interestingly, as
depicted in Fig. 2d and e, the metal nanoparticles are observed
within the apexes of the carbon nanotubes. The phase compo-
sition of the resultant sample was further characterized by high-
resolution TEM (HRTEM) analysis. Typical HRTEM (Fig. 2f)
shows that a single nanoparticle with a clear lattice distance of
0.20 nm corresponds to the (111) plane of cubic metallic Co,
which matches the XRD result as well. The high-resolution
image also reveals that CNTs are crystalline and that the
lattice fringes with an inter-planar distance of ~0.34 nm
correspond to the C (002) plane. The size of the metal nano-
particles are in the range of 20-100 nm, and the diameters of
the nanotubes are in the range of 50-200 nm (Fig. S8, ESIT).
Meanwhile, this is especially apparent for the graphene layers
directly surrounding the Co nanocrystals. These Co
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Fig. 1 Schematic illustration of the preparation of Co@BNCNTSs as an electrocatalyst for the oxygen reduction reaction.
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Fig. 2 (a) PXRD patterns for the Co@BNCNTs materials compared to the simulated pattern of cubic cobalt. (b—d) SEM images of Co@BNCNTs;
(e, f) TEM and HRTEM images of Co@BNCNTSs; (g) SAED pattern of Co@BNCNTSs; (h—k) elemental mapping images of Co@BNCNTSs clearly
showing the encapsulated Co nanoparticle and the uniform presence of N and C in carbon nanotubes.

nanoparticles encased in carbon nanotubes are protected by the
carbon layer from being leached in the extremely harsh envi-
ronment, while the encapsulated cobalt metals can activate O,
through the outer carbon surface.** Moreover, it is fascinating to
observe that the graphitic layers with interlayer spacings in the
walls are not perfectly parallel to the axial direction of the CNTs,
exhibiting more defects and edges in the NCNTs, which would
be beneficial to the enhanced electrocatalytic property.>* The
SEM and HRTEM images show that the Co@BNCNTs are
several 5 pm long and 7-8 nm thick multi-walled CNTs
(MWCNTs). The selected-area electron diffraction (SAED)
patterns in Fig. 2g also suggests several rings which correspond
to the (111), (200) diffractions of metallic Co and the (002)
diffractions of graphite carbon.'* The corresponding TEM
elemental mappings seen in Fig. 2h-k clearly express the
encapsulated Co nanoparticle and the uniform distribution of N
and C elements within the skeleton of the carbon nanotubes.
Based on the above results, it is noteworthy that the hybrid
prepared from a lower temperature (700 °C) displays the same
morphology of the compact bamboo-like NCNTs with wrapped
Co nanoparticles as those from higher temperatures (Fig. S7
and S9, ESIt), which is encouraging in consideration of energy
consumption. More surprisingly, CoO@BNCNTSs-700 possesses
comparable catalytic activity to those of higher temperatures as
discussed in detail later.

This journal is © The Royal Society of Chemistry 2018

To further clarify the surface chemical information of the
Co@BNCNTs, X-ray photoelectron spectroscopy (XPS)
measurements were conducted, which clearly showed distinct
signals of N, C, O, and Co elements without any other impurities
(Fig. 3 and S10, ESIY). Peak deconvolution of the Co 2p;, core
level region shows one main peak at 780.1 eV and one satellite
peak at 783.4 eV, while the Co 2p,/, region shows one main peak
at 795.6 eV accompanied with a satellite peak at 804.6 eV
(Fig. 3b and S11, ESIt). The peaks at 783.4 and 795.6 eV are
assigned to the Co-C bond and oxidized Co species, respec-
tively.****> The oxidized Co species on the CoO@BNCNTs surface
is probably due to the oxidation of the active cobalt surface in
ambient air.*® The intense satellite peaks observed in the Co 2p
spectra can be ascribed to the shakeup excitation of high-spin
Co®" ion.** As demonstrated in Fig. 3c, the high-resolution
XPS spectra of N 1s is deconvoluted into three subpeaks,
including pyridinic N (398.6 eV), pyrrolic N (400.8 eV), and
graphitic N (404.1 eV).** As exhibited in Fig. S12 (ESIt), the
highest content of pyrrolic N in Co@BNCNTs-900 might
contribute to the positive onset potential for ORR.*”** Mean-
while, the appropriate graphitic N was believed to promote the
adsorption of oxygen atoms by withdrawing electrons from
adjacent carbon atoms, which generally played a key role in
ORR electrocatalytic activity.*® It is worth noting that the
pyrrolic N proportion of CoO@BNCNTs-900 is the highest, but
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Fig. 3 (a) XPS survey spectrum of Co@BNCNTs-900, (b—d) the cor-
responding high-resolution XPS spectra for Co 2p, N 1s and C 1s,
respectively; (e) FTIR spectroscopy of the Co@BNCNTSs catalysts; (f) N,
sorption isotherms of the Co@BNCNTSs catalysts at 77 K.

the total N content is relatively low (1.63%, Table S2, ESIY),
which means that the total pyrrolic N content of Co@BNCNTs-
900 is not the highest in all samples. The main peak at
approximately 284.6 eV in the high-resolution C 1s spectrum
(Fig. 3d and S11, ESI{) is attributed to graphitic sp> carbon,
while carbon bonding with nitrogen (C-N) centered at 285.3 eV
further verifies the successful nitrogen doping of
Co@BNCNTs.' As exhibited in Tables S2 and S3,t the nitrogen
concentration of the materials gradually decreased with
increasing pyrolysis temperature.” Fourier transform infrared
spectroscopy (FTIR) was also used to characterize the bonding
configurations in the Co@BNCNTSs materials, and strong peaks
at 1232 cm ' were observed, which were assigned to C-N
stretching.*® The identification of the C-N bond again confirms
the N doping in Co@BNCNTs (Fig. 3e). The specific surface
areas and porous natures of the Co@BNCNTs-700, 800, 900,
1000 materials were carried out by N, adsorption at 77 K
(Fig. 3f). The isotherms for the four samples are similar in shape
and can be identified as type IV isotherms according to IUPAC
classifications, with a very distinct hysteresis loop of typical H2.
Combining the pore size distributions results (Fig. S13, ESI{), it
can be confirmed that Co@BNCNTs possess hierarchical
porous structure. The specific surface areas for CO@BNCNTSs-
700, 800, 900, 1000 were 145.89, 146.74, 147.08, 97.117 m?>
g~', respectively, based on Brunauer-Emmett-Teller (BET)
calculations. The reduced BET value under 1000 °C is probably
due to the increased graphitization degree of the materials
(Fig. S4 and S5, ESIf).** The hierarchically porous NCNTs
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combined with their nanotubular structures could promote the
transportation of reactants and products and expose more
accessible active sites for the electrocatalytic energy conversion
process.*

The heteroatom-activated carbon nanotubes are claimed to
be the active sites for ORR, which inspired us to investigate the
ORR performance of CO@BNCNTs. CV measurements were first
performed in O,- or N,-saturated 0.1 M KOH aqueous solution
in a three-electrode electrochemical cell. As shown in Fig. 4a,
a distinct oxygen reduction peak (~0.83 V vs. RHE) was observed
in the O,-saturated electrolyte but was not observed in the N,-
saturated electrolyte. The cathodic peak approaches that of
commercial Pt/C (0.84 V, Fig. S14, ESI}), suggesting the
outstanding ORR catalytic activity of the Co@BNCNTs mate-
rials.**** The linear scan voltammogram (LSV) curves for
different catalysts were obtained at 5 mV s~ and compared with
those of the commercial 20 wt% Pt/C catalyst. The corre-
sponding ORR polarization curves at 1600 rpm (Fig. 4b and
Table S4, ESIT) show that the four samples have close half-wave
potentials (0.81 £ 0.01) and onset potentials (0.91 £ 0.02),
revealing that the Co@BNCNTs materials derived from dca-
MOF under different temperatures all exhibit outstanding
ORR catalytic activity. Notably, CO@BNCNTs-900 has the high-
est electrocatalytic activity with an onset potential of ca. 0.93 V
(vs. RHE), a half-wave potential (E;,,) of ca. 0.82 V at 1600 rpm,
and a diffusion limiting current density at 0.3 V is 5.30 mA
cm 2, which are comparable to those of the 20 wt% Pt/C catalyst
(0.84 V, 535 mA cm ?). Different from most reported
results,"?*445>75% the electrocatalysts prepared at different
temperatures possess similar ORR activity, which may be
attributed to the unique structural advantage of compact
bamboo-like NCNTs wrapping Co nanoparticles for the four
samples, thus facilitating electron diffusion from well-defined
nanotubes directionality to the metal centers. The result
demonstrates that a class of efficient ORR electrocatalysts
derived from single-source dca-MOF in lenient operational
conditions under a non-reducing atmosphere express excellent
electrocatalytic activity, which is comparable to those of the
materials obtained from harsh conditions. The methodology
could shed new light on the rational design and exploration of
TM/CNTs hybrids (Table S5, ESIt).

Another critical parameter for evaluating ORR catalytic
activity was the electron transfer number (n) per oxygen mole-
cule. Thus, LSV measurements at different rotation rates (400-
2500 rpm) were recorded to evaluate the ORR kinetics and
reaction pathways of the CoO@BNCNTSs. As shown in Fig. 4c and
S15-S17 (ESIt), the limited diffusion current densities of the
Co@BNCNTs catalysts linearly increase with increasing rotation
rates, as the O, diffusion distance in the electrolyte is shortened
at high rotation rates, revealing that ORR on the CoO@BNCNTSs
catalysts is a kinetics-controlled process.**** The number of
electrons transferred during the ORR process was calculated
with the Koutecky-Levich (K-L) equation and compared at
different potentials. Fig. 4d and S15-S17 (ESIT) showed linear
and parallelism relationships of different samples between j
and w2, manifesting the presence of first-order reaction
kinetics in regard to the oxygen concentration, and a similar

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) CV curves of Co@BNCNTs-900 in O,- and N,-saturated 0.1 M KOH electrolyte at a scan rate of 20 mV s~ (b) LSV curves of
Co@BNCNTs-700, 800, 900, 1000 and Pt/C in O,-saturated 0.1 M KOH with a sweep rate of 5mV s~ at 1600 rpm; (c) ORR polarization curves of
Co@BNCNTs-900 materials at different rotating speeds; (d) the corresponding K—-L plots at different potentials; (e) chronoamperometric
response and (f) methanol tolerance test for Co@BNCNTs-900 and Pt/C at 0.6 V in O,-saturated 0.1 M KOH solution at 1600 rpm.

electron transfer number (n) toward ORR at various potentials.
When the potential ranged between 0.4 and 0.6 V, the calculated
electron-transfer numbers for Co@BNCNTs (3.92-4.04 for
Co@BNCNTs-700, 3.98-4.07 for CoO@BNCNTs-800, 3.91-4.01 for
Co@BNCNTs-900 and 3.90-4.01 for CO@BNCNTs-1000), based
on eqn (1) and (2) (ESIT), approached the Pt/C's value of 4.00
measured in the same environment (Fig. S18, ESIt). This
suggests that the catalysts can catalyze oxygen reduction in an
efficient 4e dominant process under alkaline conditions, with
water as the product.* The rotation ring-disk electrode (RRDE)
measurements were further carried out to monitor the
hydrogen peroxide yield (% H,0,), revealing that the H,0, yield
over CO@BNCNTs remained below 12% over the potential range
of 0.40-0.80 V with a corresponding electron transfer number of
about 3.85 according to eqn (3) and (4) (Fig. S19, ESI}). These
values are in good agreement with the reported n values from
the K-L plots. These results affirm that the catalytic process at
the Co@BNCNTs electrode underwent a four-electron ORR
pathway, confirming its high ORR catalytic efficiency and
selectivity.

Aside from the catalytic activity, the durability and tolerance
to methanol crossover effects of the ORR catalyst at the cathode
are two other important parameters in the practical application.
The chronoamperometric curve (i-t) at 0.6 V was collected for
evaluation, and the results in Fig. 4e show that after 40 000 s of
continuous operation, Pt/C shows a remarkable loss of ca. 40%
current, while CoO@BNCNTSs-900 yields a much slower decay of
<5%. Meanwhile, we measured LSV curves of CO@BNCNTSs-900
before and after 5000 cycles at the potential window of 0.4-
1.0 V, which displays the maintained limiting current density
with only a small negative shift of 5 mV for E,,. No significant

This journal is © The Royal Society of Chemistry 2018

changes in morphology, phase structure, or N-doping distri-
bution were observed for CO@BNCNTs after the long-time cycle
testing, also indicating an excellent ORR stability (Fig. S20-522,
ESIt). Moreover, the crossover effect caused by methanol and
the stability of the ORR electrocatalysts was also investigated by
chronoamperometric measurement in an O,-saturated 0.1 M
KOH solution at 1600 rpm. The introduction of methanol led to
a sharp drop in current density for Pt/C, whereas no apparent
performance decay was observed for CO@BNCNTs (Fig. 4f and
S23, ESIf), indicating that CoO@BNCNTs presents a strong
tolerance to methanol crossover.*»* The above results highlight
the excellent stability of CoO@BNCNTs, which could be ascribed
to the robust framework structure composed of crystalline
NCNTs embedded with Co nanoparticles. Therefore, the
Co@BNCNTs show comparable performance to that of the Pt/C
catalyst and remarkable stability as well as methanol tolerance
and could be further applied to energy conversion devices
(Table S7, ESIT). Meanwhile, the ORR catalytic activity in 0.1 M
HCIO, for CoO@BNCNTs was evaluated, which also exhibited
catalytic activities for ORR in the acidic electrolyte (Fig. S24, 525
and Table S6, ESIT).® Furthermore, their OER activities were
first observed by linear sweep voltammetry (LSV) measurements
in 1 M KOH solution (Fig. S26, ESIt). The result revealed that
the materials possess significant activity and stability for OER.

To evaluate the practical applicability of Co@BNCNTs,
a homemade Zn-air battery was assembled (Fig. 5), in which
6 M KOH with 0.2 M zinc acetate served as the electrolyte, and
a polished zinc plate and Co@BNCNTs catalyst loaded on nickel
foam served as the anode and the air cathode, respectively.®
The fabricated battery exhibits an open circuit voltage of 1.48 V
in the static ambient atmosphere without external gas purging,

J. Mater. Chem. A, 2018, 6, 24071-24077 | 24075
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Fig. 5 (a) Graphical illustration of the homemade Zn-air battery; (b)
photograph of the assembled battery with an open-circuit voltage of
1.48 V and red LED (~2 V) powered by two-series batteries; (c) open-
circuit plots of a homemade Zn-air battery; (d) polarization and cor-
responding power density curves of the assembled battery; (e) long-
term cycling tests of the Zn—air battery using Co@BNCNTs-900 as air
cathode at the charging and discharging current density of 5 mA cm™2
(10 min for each cycle).

which maintains high stability for up to 20 h (Fig. 5b, ¢). And the
device connected with two batteries in series is capable of
lighting a red light emitting diode (LED) in the actual applica-
tion (Fig. 5b and S27, ESIt). The maximum power density was
calculated as 90 mW cm ™ at 145 mA cm ™ (Fig. 5d). Further-
more, the cycling tests of the rechargeable Zn-air battery with
the 6 M KOH and 0.2 M Zn(Ac), electrolyte demonstrated the
strong stability and reversibility of the battery (Fig. 5e and Table
S8, ESIT). The long-term cycling performance at a constant
current density of 5 mA cm™? in a short interval (10 min per
cycle) further reveals its long lifetime, in which nearly invariable
charge and discharge potentials (2.03 and 1.07 V with a small
voltage gap of 0.96 V) can be observed over a duration of 65 h.

Conclusions

In summary, we report a facile and convenient strategy for the
direct formation of bamboo-shaped N-doped carbon nanotubes
decorated with Co nanocrystals by calcining a novel dca-based
Co-MOF without an extra precursor. Thanks to the synergetic
interaction between the NCNTs matrix and Co nanoparticles
wrapped in NCNTs, the CoO@BNCNTs composite demonstrated
excellent ORR catalytic activity with high catalytic efficiency,
selectivity and long-term durability. Furthermore, the catalyst
Co@BNCNTSs was used as an air cathode to construct the stable
Zn-air battery for energy conversion. More strikingly, the elec-
trocatalysts derived at different temperatures possessed
comparative ORR activity, which may be attributed to the
unique structural advantage of the compact bamboo-like
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NCNTs wrapping Co nanoparticles. The lenient synthetic
conditions for the architecture of these unique composites are
very exciting in terms of reducing energy consumption. Thus,
our study will encourage the development of metallic nano-
particles in situ wrapped in fascinating N-doped carbon nano-
tubes (M@NCNTs) derived from single-source dicyanamide-
based MOF for energy conversion applications. Furthermore,
it would expand the toolbox for the adequate usage of the
diversity of metal-organic frameworks to construct desirable
carbon-based functional materials. And it can be anticipated
that this methodology could be a versatile route for synthesizing
varied unique graphitic carbon features with other active earth-
abundant metal nanoparticles embedded for efficient and
durable Pt-alternative catalysts in renewable energy
technologies.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This study was supported by the National Science Fund for
Distinguished Young Scholars (No. 21825106); National Natural
Science Foundation of China (No. 21671175); Program for
Science & Technology Innovation Talents in Universities of
Henan Province (164100510005); Program for Innovative
Research Team (in Science and Technology) in Universities of
Henan Province (19IRTSTHN022).

Notes and references

1 M. K. Debe, Nature, 2012, 486, 43-51.

2 M. Lefévre, E. Proietti, F. Jaouen and J.-P. Dodelet, Science,
2009, 324, 71-74.

3 S. Zhao, L. Yan, H. Luo, W. Mustain and H. Xu, Nano Energy,
2018, 47, 172-198.

4 Z. Song, W. Liu, N. Cheng, M. Norouzi Banis, X. Li, Q. Sun,
B. Xiao, Y. Liu, A. Lushington, R. Li, L. Liu and X. Sun,
Mater. Horiz., 2017, 4, 900-907.

5 S. Dou, L. Tao, J. Huo, S. Wang and L. Dai, Energy Environ.
Sci., 2016, 9, 1320-1326.

6 G. Wu and P. Zelenay, Acc. Chem. Res., 2013, 46, 1878-1889.

7 H. Tabassum, R. Zou, A. Mahmood, Z. Liang and S. Guo, J.
Mater. Chem. A, 2016, 4, 16469-16475.

8 R. Wang, T. Yan, L. Han, G. Chen, H. Li, J. Zhang, L. Shi and
D. Zhang, J. Mater. Chem. A, 2018, 6, 5752-5761.

9 W. Niu, S. Pakhira, K. Marcus, Z. Li, J. L. Mendoza-Cortes and
Y. Yang, Adv. Energy Mater., 2018, 8, 1800480.

10 D. Bin, B. Yang, C. Li, Y. Liu, X. Zhang, Y. Wang and Y. Xia,
ACS Appl. Mater. Interfaces, 2018, 10, 26178-26187.

11 S. Wang, J. Qin, T. Meng and M. Cao, Nano Energy, 2017, 39,
626-638.

12 Y. Li, B. Jia, Y. Fan, K. Zhu, G. Li and C.-Y. Su, Adv. Energy
Mater., 2017, 8, 1702048.

13 H. Cheng, M.-L. Li, C.-Y. Su, N. Li and Z.-Q. Liu, Adv. Funct.
Mater., 2017, 27, 1701833.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8ta08668k

Published on 06 November 2018. Downloaded by Gothenburg University Library on 1/20/2019 11:22:29 PM.

Communication

14 H. M. Barkholtz and D.-J. Liu, Mater. Horiz., 2017, 4, 20-37.

15 Z. Li, M. Shao, Q. Yang, Y. Tang, M. Wei, D. G. Evans and
X. Duan, Nano Energy, 2017, 37, 98-107.

16 T. Chen, B. Cheng, G. Zhu, R. Chen, Y. Hu, L. Ma, H. Ly,
Y. Wang, J. Liang, Z. Tie, Z. Jin and J. Liu, Nano Lett., 2017,
17, 437-444.

17 P. Zhao, X. Hua, W. Xu, W. Luo, S. Chen and G. Cheng, Catal.
Sci. Technol., 2016, 6, 6365-6371.

18 E. Zhang, Y. Xie, S. Ci, J. Jia, P. Cai, L. Yi and Z. Wen, J. Mater.
Chem. 4, 2016, 4, 17288-17298.

19 B.Y.Xia, Y. Yan, N. Li, H. B. Wu, X. W. Lou and X. Wang, Nat.
Energy, 2016, 1, 15006.

20 S. Gupta, L. Qiao, S. Zhao, H. Xu, Y. Lin, S. V. Devaguptapu,
X. Wang, M. T. Swihart and G. Wu, Adv. Energy Mater., 2016,
6, 1601198.

21 S. Dou, X. Li, L. Tao, J. Huo and S. Wang, Chem. Commun.,
2016, 52, 9727-9730.

22 X. Zou, X. Huang, A. Goswami, R. Silva, B. R. Sathe,
E. Mikmekova and T. Asefa, Angew. Chem., Int. Ed., 2014,
53, 4372-4376.

23 Y. Hao, Y. Xu, W. Liu and X. Sun, Mater. Horiz., 2018, 5, 108—
115.

24 H. Tabassum, R. Zou, A. Mahmood, Z. Liang, Q. Wang,
H. Zhang, S. Gao, C. Qu, W. Guo and S. Guo, Adv. Mater.,
2018, 30, 1705441.

25 H. Tabassum, W. Guo, W. Meng, A. Mahmood, R. Zhao,
Q. Wang and R. Zou, Adv. Energy Mater., 2017, 7, 1601671.

26 B. Ma, P.-Y. Guan, Q.-Y. Li, M. Zhang and S.-Q. Zang, ACS
Appl. Mater. Interfaces, 2016, 8, 26794-26800.

27 C. Wang, Y. V. Kaneti, Y. Bando, J. Lin, C. Liu, J. Li and
Y. Yamauchi, Mater. Horiz., 2018, 5, 394-407.

28 W. Xia, A. Mahmood, R. Zou and Q. Xu, Energy Environ. Sci.,
2015, 8, 1837-1866.

29 J. Yu, C. Mu, B. Yan, X. Qin, C. Shen, H. Xue and H. Pang,
Mater. Horiz., 2017, 4, 557-569.

30 X. Li, Y. Fang, X. Lin, M. Tian, X. An, Y. Fu, R. Li, ]. Jin and
J- Ma, J. Mater. Chem. A, 2015, 3, 17392-17402.

31 J.-S. Li, S.-L. Li, Y.-J. Tang, M. Han, Z.-H. Dai, J.-C. Bao and
Y.-Q. Lan, Chem. Commun., 2015, 51, 2710-2713.

32 Q. Li, P. Xu, W. Gao, S. Ma, G. Zhang, R. Cao, J. Cho,
H.-L. Wang and G. Wu, Adv. Mater., 2014, 26, 1378-1386.

33 P. Su, H. Xiao, J. Zhao, Y. Yao, Z. Shao, C. Li and Q. Yang,
Chem. Sci., 2013, 4, 2941-2946.

34 J. Meng, C. Niu, L. Xu, J. Li, X. Liu, X. Wang, Y. Wu, X. Xu,
W. Chen, Q. Li, Z. Zhu, D. Zhao and L. Mai, J. Am. Chem.
Soc., 2017, 139, 8212-8221.

35 P. Jensen, S. R. Batten, B. Moubaraki and K. S. Murray, J.
Solid State Chem., 2001, 159, 352-361.

36 W. J. Ong, L. L. Tan, Y. H. Ng, S. T. Yong and S. P. Chai,
Chem. Rev., 2016, 116, 7159-7329.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Journal of Materials Chemistry A

37 Y. Chu, L. Guo, B. Xi, Z. Feng, F. Wu, Y. Lin, J. Liu, D. Sun,
J. Feng, Y. Qian and S. Xiong, Adv. Mater., 2017, 30, 1704244.

38 F. Wu, S. Zhang, B. Xi, Z. Feng, D. Sun, X. Ma, J. Zhang,
J. Feng and S. Xiong, Adv. Energy Mater., 2018, 8, 1703242.

39 G. Huang, L. Yang, X. Ma, J. Jiang, S.-H. Yu and H.-L. Jiang,
Chem.-Eur. J., 2016, 22, 3470-3477.

40 L. Jiao, G. Wan, R. Zhang, H. Zhou, S.-H. Yu and H.-L. Jiang,
Angew. Chem., Int. Ed., 2018, 130, 8661-8665.

41 D. Deng, L. Yu, X. Chen, G. Wang, L. Jin, X. Pan, ]J. Deng,
G. Sun and X. Bao, Angew. Chem., Int. Ed., 2013, 52, 371-375.

42 P. Li, Z. Jin, J. Yang, Y. Jin and D. Xiao, Chem. Mater., 2016,
28, 153-161.

43 F. Yang, P. Zhao, X. Hua, W. Luo, G. Cheng, W. Xing and
S. Chen, J. Mater. Chem. A, 2016, 4, 16057-16063.

44 R. Wang, X.-Y. Dong, J. Du, J.-Y. Zhao and S.-Q. Zang, Adv.
Mater., 2018, 30, 1703711.

45 H. Wenhui, J. Chunhuan, W. Jiabo and L. Lehui, Angew.
Chem., Int. Ed., 2014, 53, 9503-9507.

46 S. Wang, Z. Cui and M. Cao, Electrochim. Acta, 2016, 210,
328-336.

47 Y. Zhao, R. Nakamura, K. Kamiya, S. Nakanishi and
K. Hashimoto, Nat. Commun., 2013, 4, 2390.

48 Q. Lai, Y. Zhao, Y. Liang, J. He and J. Chen, Adv. Funct.
Mater., 2016, 26, 8334-8344.

49 M.-S. Wu and Z.-Z. Ceng, Electrochim. Acta, 2016, 191, 895-
901.

50 P.Zhang, F. Sun, Z. Xiang, Z. Shen, J. Yun and D. Cao, Energy
Environ. Sci., 2014, 7, 442-450.

51 Y. Guo, J. Tang, J. Henzie, B. Jiang, H. Qian, Z. Wang, H. Tan,
Y. Bando and Y. Yamauchi, Mater. Horiz., 2017, 4, 1171-
1177.

52 B. Chen, R. Li, G. Ma, X. Gou, Y. Zhu and Y. Xia, Nanoscale,
2015, 7, 20674-20684.

53 T. Liu, P. Zhao, X. Hua, W. Luo, S. Chen and G. Cheng, J.
Mater. Chem. A, 2016, 4, 11357-11364.

54 Y. a. Fu, Y. Huang, Z. Xiang, G. Liu and D. Cao, Eur. J. Inorg.
Chem., 2016, 2016, 2100-2105.

55 J. Xi, Y. Xia, Y. Xu, J. Xiao and S. Wang, Chem. Commun.,
2015, 51, 10479-10482.

56 B.Y. Guan, L. Yu and X. W. Lou, Energy Environ. Sci., 2016, 9,
3092-3096.

57 G.-L. Chai, K. Qiu, M. Qiao, M.-M. Titirici, C. Shang and
Z. Guo, Energy Environ. Sci., 2017, 10, 1186-1195.

58 M. Qiao, C. Tang, L. C. Tanase, C. M. Teodorescu, C. Chen,
Q. Zhang and M.-M. Titirici, Mater. Horiz., 2017, 4, 895-899.

59 X.Li, Q. Jiang, S. Dou, L. Deng, J. Huo and S. Wang, J. Mater.
Chem. A, 2016, 4, 15836-15840.

60 W. Xia, J. Zhu, W. Guo, L. An, D. Xia and R. Zou, J. Mater.
Chem. A, 2014, 2, 11606-11613.

61 H. Tang, M. Zheng, Q. Hu, Y. Chi, B. Xu, S. Zhang, H. Xue
and H. Pang, J. Mater. Chem. A, 2018, 6, 13999-14024.

J. Mater. Chem. A, 2018, 6, 24071-24077 | 24077


http://dx.doi.org/10.1039/c8ta08668k

	Apically Co-nanoparticles-wrapped nitrogen-doped carbon nanotubes from a single-source MOF for efficient oxygen reductionElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ta08668k
	Apically Co-nanoparticles-wrapped nitrogen-doped carbon nanotubes from a single-source MOF for efficient oxygen reductionElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ta08668k
	Apically Co-nanoparticles-wrapped nitrogen-doped carbon nanotubes from a single-source MOF for efficient oxygen reductionElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ta08668k
	Apically Co-nanoparticles-wrapped nitrogen-doped carbon nanotubes from a single-source MOF for efficient oxygen reductionElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ta08668k


