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Abstract: Hierarchical tubular structures composed of Co3O4

hollow nanoparticles and carbon nanotubes (CNTs) have been
synthesized by an efficient multi-step route. Starting from
polymer-cobalt acetate (Co(Ac)2) composite nanofibers, uni-
form polymer-Co(Ac)2@zeolitic imidazolate framework-67
(ZIF-67) core–shell nanofibers are first synthesized via partial
phase transformation with 2-methylimidazole in ethanol. After
the selective dissolution of polymer-Co(Ac)2 cores, the result-
ing ZIF-67 tubular structures can be converted into hierarch-
ical CNTs/Co-carbon hybrids by annealing in Ar/H2 atmos-
phere. Finally, the hierarchical CNT/Co3O4 microtubes are
obtained by a subsequent thermal treatment in air. Impres-
sively, the as-prepared nanocomposite delivers a high rever-
sible capacity of 1281 mAh g¢1 at 0.1 A g¢1 with exceptional
rate capability and long cycle life over 200 cycles as an anode
material for lithium-ion batteries.

Lithium-ion batteries (LIBs) have been the focus of
intensive efforts for portable electronic devices, electric
vehicles, and hybrid electric vehicles.[1–6] However, existing
commercial graphite based anodes have a relatively low
theoretical capacity of 372 mAh g¢1, which is far below the
specifications required in large-scale energy applications.[7–9]

Thus, it is highly desirable to explore alternative anode
materials that could endow LIBs with higher energy density
and better rate performance. Cobalt oxide based materials
have attracted a lot of attention as promising anode materi-
als.[10–13] Of particular note, mixed-valent Co3O4 can theoret-
ically deliver as high as three times the capacity of graphite
due to its 8-electron transfer reaction upon cycling.[13–19]

Unfortunately, the practical applications of Co3O4-based
electrodes are largely hampered due to the poor electrical
conductivity and the large volumetric variation during the
charging-discharging processes.[12, 13,20, 21]

Nanostructured electrode materials can enhance the
electrochemical performance that could not be achieved in
traditional bulk materials, benefiting from the higher surface
area and shorter diffusion path.[22–25] Amongst various struc-
tural designs, considerable attention has been paid to
hierarchical tubular structures (HTSs) in view of their many
advantages such as enlarged electrode/electrolyte contact

area and pore volume. These hierarchical microtubes are
usually organized by low-dimensional building blocks. For
instance, Wang and co-workers reported a simple solution-
phase method for constructing robust tubular structure
composed of single-layered MoS2 for lithium storage.[26] Our
group has also synthesized several hierarchical tubulars con-
structed from Mn-based mixed metal oxide nanoflakes and
TiO2 (B) nanosheets by efficient template-based strategies as
advanced electrode materials.[27,28] More recently, great efforts
have been devoted to designing hybrid nanostructures of
inorganic nanostructures and carbon-based species for LIBs
application. It is generally believed that these hybrid con-
structions could simultaneously overcome the shortcomings of
poor mechanical stability and poor electrical conductivity in
simple inorganic materials.[29–32] Despite the progresses, the
designed synthesis of HTSs constructed from different types
of functional subunits is still quite challenging due to the
limitations of synthetic strategies.

Herein, we have designed a multi-step strategy for the
efficient synthesis of novel HTSs composed of Co3O4 hollow
nanoparticles and carbon nanotubes (CNTs). Through a con-
trolled chemical transformation process, zeolitic imidazolate
framework-67 (ZIF-67) tubulars have been made as the single
source for carbon and cobalt in the final composite. After
a two-step annealing treatment, the hierarchical CNT/Co3O4

microtubes are obtained, which inherit unique structural
features from the different functional subunits. Specifically,
these HTSs constructed by hollow nanoparticles can provide
sufficient active interfacial sites and effectively alleviate the
volume variation during the electrochemical reactions. The
well-distributed CNTs on the HTSs ensure the enhanced
electron transfer and prevent the aggregation of Co3O4

nanoparticles during cycling processes. As expected, the as-
prepared hierarchical CNT/Co3O4 microtubes show excellent
electrochemical properties as an anode material for LIBs.

The synthesis process of the hierarchical CNT/Co3O4

microtubes involves the following steps as schematically
shown in Figure 1. Electrospun polyacrylonitrile (PAN)–
cobalt acetate (Co(Ac)2) composite nanofibers are selected
as the self-engaged templates to provide the cobalt source for
the growth of ZIF-67. Next, due to the strong coordination of
2-methylimidazole to cobalt ions within the PAN–Co(Ac)2

nanofibers, a uniform shell of ZIF-67 nanocrystals can be
grown on the nanofibers. After being dispersed in N,N-
dimethylformamide (DMF) to dissolve the PAN–Co(Ac)2

core, the obtained ZIF-67 tubulars can be further converted
into CNT/Co–carbon hybrids through a heating treatment in
Ar/H2. During this process, elemental Co nanoparticles are
first yielded in the strong reduction atmosphere. At the same
time, the highly dispersed Co nanoparticles can catalyze the

[*] Dr. Y. M. Chen, Dr. L. Yu, Prof. X. W. Lou
School of Chemical and Biomedical Engineering
Nanyang Technological University
62 Nanyang Drive, Singapore 637459 (Singapore)
E-mail: xwlou@ntu.edu.sg
Homepage: http://www.ntu.edu.sg/home/xwlou/

Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201600133.

Angewandte
ChemieZuschriften

6094 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 6094 –6097

http://dx.doi.org/10.1002/anie.201600133
http://dx.doi.org/10.1002/ange.201600133
http://dx.doi.org/10.1002/anie.201600133


growth of CNTs from carbon precursor,[33–35] leading to the
formation of the hierarchical hybrids. Finally, these Co
nanoparticles are oxidized to Co3O4 hollow nanoparticles
via a thermal annealing in air while the CNTs can be well
retained, generating hierarchical CNT/Co3O4 microtubes.

Co(Ac)2 can be uniformly distributed in the PAN nano-
fibers to form the PAN-Co(Ac)2 composite nanofibers by an
electrospinning method (Figure S1 a–c, see Supporting Infor-
mation), as confirmed by energy-dispersive spectroscopy
(EDX) spectrum (Figure S1 d). The typical field-emission
scanning electron microscopy (FESEM) images (Figure S2a–
c) show that 2-methylimidazole can react with Co(Ac)2 in the
composite nanofibers to generate ZIF-67 nanocrystals. Trans-
mission electron microscopy (TEM) images clearly reveal
a core–shell structure (Figure S2 d–f). XRD pattern of the
composites indicates typical diffraction peaks of ZIF-67 phase
(Figure S3a).[36, 37] As elucidated in Figure 2, the PAN-Co-
(Ac)2 core is completely removed after the treatment in DMF.
The remaining ZIF-67 nanocrystals are interconnected to
build tubular structures. In addition, the ZIF-67 particle size is
about 40 to 80 nm, which can be slightly reduced using
methanol as the solvent (Figure S4). When annealed in Ar/H2

atmosphere, the as-synthesized ZIF-67 microtubes can be
transformed into the CNT/Co–carbon hybrids. Some multi-
walled CNTs can be clearly identified on the surface of Co–
carbon composite (Figure S5). The interplanar spacings of

0.34 nm and 0.21 nm correspond to the
(002) planes of carbon and the (111)
planes of Co, respectively. Selected
area electron diffraction (SAED) pat-
tern (Figure S5c) and XRD pattern
(Figure S3 b) further confirm the pres-
ence of elemental Co.

In the final step, a mild annealing
treatment at 360 88C in air is employed
to convert the CNT/Co–carbon compo-
sites into the hierarchical CNT/Co3O4

microtubes. The tubular morphology of
the materials is well maintained after
the oxidation process (Figure 3, and
Figure S6). More interestingly, the tub-

ulars are mainly organized by Co3O4 hollow nanoparticles
with a size ranged from 15 to 30 nm (Figure 3c–e). The
transformation from Co solid nanoparticles into Co3O4

hollow particles can be attributed to the Kirkendall effect
during the annealing process.[38, 39] Moreover, CNTs can be
generally retained after the calcination in air, yielding
hierarchical CNT/Co3O4 microtubes (Figure 3b,d). In addi-
tion, the inner diameter of Co3O4 hollow nanoparticle and
CNTs is about 10� 5 nm and 3� 2 nm, respectively (Fig-
ure 3d–f). The clear lattice fringes with an interplanar
distance of 0.24 nm can be ascribed to the (311) planes of
the cubic Co3O4 (Figure 3e). The crystallographic structure of
the microtubes are then investigated by XRD (Figure S3 b).
All the diffraction peaks can be perfectly indexed to cubic
Co3O4 (JCPDS card No.: 42-1467), which is consistent with
the high-resolution TEM (HRTEM) image and selected area
electron diffraction (SAED) analysis (Figure 3e and Fig-
ure S6c). EDX analysis reveals that the Co/O atomic ratio of
the microtubes is about 0.79 (Figure S7). As verified by
thermogravimetric analysis (TGA; Figure S8), the carbon
content in the composite is about 13%. The X-ray photo-
electron spectroscopy (XPS) spectrum confirms the existence
of pyridinic N (398.5 eV) and pyrrolic N (400.8 eV) in the
composites (Figure S9). Moreover, the hierarchical CNT/
Co3O4 microtubes exhibit a high specific Brunauer–Emmett–
Teller (BET) surface area of 93.9 m2 g¢1 with the pore sizes

mostly below 15 nm (Figure S10). It
is worth to mention that the selec-
tion of the atmosphere and temper-
ature in the two-step annealing
treatment plays important roles in
the generation of the unique hier-
archical structures. If Ar is used
instead of Ar/H2 in the first-step of
annealing treatment, only Co3O4

microtubes could be achieved with-
out the formation of CNTs (Fig-
ure S11). When a lower calcining
temperature is applied in the oxi-
dization step, significant amount of
residual carbon will remain in the
final materials (Figure S7 b and
S12).

Figure 1. Formation of the hierarchical CNT/Co3O4 microtubes. I) The growth of ZIF-67 onto the
PAN–Co(Ac)2 composite nanofiber. II) Removal of the PAN–Co(Ac)2 core. III) Heating treatment
in Ar/H2 to convert ZIF-67 tubular structures to hierarchical CNT/Co-carbon composites.
IV) Further calcination in air to obtain hierarchical CNT/Co3O4 microtubes.

Figure 2. a–c) FESEM and d–f) TEM images of the synthesized ZIF-67 microtubes.

Angewandte
ChemieZuschriften

6095Angew. Chem. 2016, 128, 6094 –6097 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


Figure 4a presents the typical galvanostatic charge-dis-
charge voltage profiles of the hierarchical microtubes at the
current density of 0.1 Ag¢1. A long voltage plateau at around
1.03 V and the other inconspicuous plateau at about 1.3 V can
be observed in the first discharge process, corresponding to
the reduction reactions of CoO to Co and Co3O4 to CoO,
respectively.[40] The main plateau at 2.1 V can be assigned to
the delithiation of Co to Co3O4 in the first charge process.[16]

The voltage plateau obviously shifts to about 1.25 V in the
second discharge cycle, which could be mainly attributed to
the structural variation of the electrode materials.[20, 40] Never-
theless, the voltage profiles are well overlapping except for
the initial discharge, indicating the good stability of
the composites for reversible lithium storage. The represen-
tative cyclic voltammetry (CV) curves of these hierarchical
microtubes further confirm the typical multi-step electro-
chemical processes of Co3O4 (Figure S13). The first charge
and discharge specific capacities are about 1281 and
1840 mAh g¢1, respectively, which are much higher than
those of the CNTs derived from the hierarchical CNT/
Co3O4 microtubes after acid treatment (Figure S14). The
relatively large irreversible capacity could be due to the
formation of the solid-electrolyte interface (SEI) film and the
decomposition of electrolyte.[14, 17, 41]

The rate capability of the CNT/Co3O4 electrode is shown
in Figure 4b. At current densities of 0.75, 1.25, 2, 2.5, and
3 Ag¢1, the reversible capacities of the hierarchical micro-
tubes are around 832, 768, 715, 673, and 643 mAh g¢1,
respectively. Even at a relatively high current density of
6 Ag¢1, the hierarchical hybrid can still deliver a capacity as
high as 515 mAh g¢1. The capacity is slightly increased during
the cycling process when the current density is decreased to
0.75 Ag¢1, due to the reactivation process caused by the high-
rate lithiation.[42] More importantly, the hierarchical CNT/
Co3O4 electrode also exhibits exceptional cycling stability. As
shown in Figure 4 c, the as-prepared electrode shows a high
capacity of 782 and 577 mAh g¢1 after 200 cycles at 1 and

4 A g¢1, respectively, without obvi-
ous capacity fading. The Coulombic
efficiency (CE) for the CNT/Co3O4

composite electrode is close to
100 % after the first few cycles.
This performance is superior to
that of many other Co3O4-based
anodes (Table S1). Post-mortem
study shows that the shape and
structural integrity of the CNT/
Co3O4 composite can be well
retained after 200 cycles (Fig-
ure S15). The outstanding perfor-
mance of the hierarchical CNT/
Co3O4 microtubes might be attrib-
uted to the unique structural and
compositional features. To be spe-
cific, the construction of Co3O4

hollow nanoparticle and CNT sub-
units not only enables a short dif-
fusion distance for fast diffusion of

Figure 3. a–c) FESEM, d) TEM, and e,f) HRTEM images of the synthesized hierarchical CNT/Co3O4

microtubes.

Figure 4. Electrochemical performance of the hierarchical CNT/Co3O4

microtubes. a) Charge–discharge voltage profiles at 0.1 A g¢1, b) rate
performance, and c) cycling performance and Coulombic efficiency.
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Li+ ions but also provides sufficient contact between active
material and electrolyte for the rapid charge-transfer reac-
tion.[20] Moreover, the tubular structures and void space
within the Co3O4 nanoparticles can effectively withstand large
volume variation upon cycling, therefore maintaining struc-
tural integrity.[40] In addition, the CNTs integrated in the
hierarchical tubulars can enhance the electronic conductivity
thus improving the rate capability,[34, 43] as well as the electro-
chemical reactivity further improving the electrochemical
property.[34]

In summary, we have developed a multi-step method for
the effective synthesis of hierarchical tubular structures
composed of Co3O4 hollow nanoparticles and carbon nano-
tubes (CNTs). Electrospun polyacrylonitrile (PAN)–cobalt
acetate (Co(Ac)2) composite nanofibers are used as the bi-
functional template. Through a facile chemical transforma-
tion process and subsequent removal of the core, tubular-like
structures of ZIF-67 nanocrystals are obtained. A two-step
annealing process is applied to convert these ZIF-67 tubulars
into hierarchical CNT/Co3O4 microtubes. Benefiting from the
unique structural and compositional advantages, the as-
prepared hierarchical CNT/Co3O4 tubular structures show
excellent electrochemical performance as an anode material
for lithium-ion batteries.
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