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Hollow micro- and nanostructures have recently been the
focus of tremendous interest because of their great potential
in various applications, including catalysis, drug delivery, gas
sensors, energy conversion, and storage systems.'*! In the
past decade, there has been great success in developing
effective methods for the synthesis of hollow structures, such
as hollow spheres, cubes, and 1D micro-/nanotubes.* !
However, most of the hollow structures reported are rela-
tively simple. Hollow structures with higher complexity in
terms of structure and composition are expected to offer
exciting opportunities for both fundamental studies and
practical applications. As an example, multi-shelled hollow
structures have been shown to exhibit enhanced lithium
storage and gas sensing performance compared to simple
hollow structures.'®'® With this interest, researchers world-
wide have recently devoted rapidly increasing efforts on the
rational design and synthesis of complex hollow struc-
tures.'*?! In particular, tubular structures (such as micro-/
nanotubes) can be regarded as special hollow structures that
might inherit benefits from both hollow and 1D structures.
Despite great advances in complex hollow structures with
isotropic architectures, there has been less development in the
fabrication of complex 1D hollow structures. Therefore, it
would be highly desirable to develop a simple, but general,
strategy to effectively synthesize novel, highly complex 1D
hollow structures for different functional materials.
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Transition-metal oxides, including binary and mixed
oxides, are a family of important functional materials that
could find widespread uses, including such applications as
electrocatalysts for the oxygen reduction reaction (ORR)224
and as electrode materials for lithium-ion batteries (LIBs)
and supercapacitors.'*®2271 It has been widely demon-
strated that complex hollow micro-/nanostructures of mixed
metal oxides could largely improve their performance.['**!
On the other hand, 1D hollow micro-/nanostructures have
also found promising uses in various applications, including
energy conversion and storage systems.”” Hence, the
fabrication of transition-metal oxides with a 1D tubular
structure would be highly desirable for realizing certain
functions. Nevertheless, the simple and general synthesis of
transition-metal oxide micro-/nanotubes, especially with
complex architectures and controllable compositions, is still
considered a challenging task.

Herein, we discuss a facile and general strategy to grow
novel complex tube-in-tube hollow structures for many binary
and mixed metal oxides. Asillustrated in Figure 1, the method
involves a simple two-step process. In the first step, carbon
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Figure 1. Formation process of metal oxide tube-in-tube complex
hollow nanostructures: a) formation of the metal-glycolate coating
layer surrounding the surface of the carbon nanofibers (CNFs) through
a facile polyol method; b) formation of the complex tube-in-tube
structure through a simple thermal annealing treatment in air.

nanofibers (CNFs) are dispersed in ethylene glycol (EG) with
different metal acetate precursors. After refluxing at an
elevated temperature for 2 h, a metal glycolate (MG) layer
can be uniformly grown on the surface of the CNFs to form
a CNF@MG hybrid structure.'*3! The preferential deposi-
tion of MG on the surface of CNFs is facilitated by the
existence of abundant surface functional groups on the
CNFs.P2%#l In the second step, the complex tube-in-tube
structure can be easily formed during thermal annealing of
the CNF@MG composites in air. It is postulated that, during
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the annealing process, two different processes with opposite
effects could be generated as the temperature increases. One
is a contraction process originating from oxidative degrada-
tion of the organic species in MG and the CNFs. The other is
an adhesive process induced by the gas release that accom-
panies combustion of the carbon species and, more impor-
tantly, the crystallization of metal-oxide crystals that form the
solid walls of the tubular structures. To support these two
hypotheses, thermogravimetric analysis (TGA) of the
CNF@CuCo-glycolate was performed (Supporting Informa-
tion, Figure S1) and the fraction of organic species contained
was estimated to be about 49.3%, in total. Therefore, it is
highly possible to generate two processes with opposing
effects during the oxidative decomposition of such a large
amount of carbon species. After the completion of combus-
tion at a temperature much higher than the decomposition
temperature of carbon species from the TGA curves (Fig-
ure S1), tube-in-tube structures of phase-pure metal oxides
can be obtained.

Figure 2 shows the morphological characterizations of the
CNF template and derived structures, using CuCo,O, as an
example. As shown in Figure 2a, uniform CNFs can be
obtained through a Te-nanowire-templated hydrothermal
method.”® The inset in Figure 2a shows a typical trans-
mission electron microscopy (TEM) image of the CNFs,
which clearly shows the thin hollow cavity in the center of the
nanofibers derived from the Te-nanowire template. After
refluxing for 2 h, CNF@CuCo-glycolate nanowires can be
obtained, as shown in Figure 2b. The 1D morphology is
perfectly retained after the reaction, and the diameter
increases from about 300 nm for pure CNFs to about

Figure 2. a) Typical FESEM image of the carbon nanofibers (inset:
TEM image). b) FESEM image of the CuCo-glycolate-coated carbon
nanofibers (inset: TEM image). c) Low-magnification FESEM and

d) typical TEM images of CuCo,0, complex tube-in-tube structures,
the inset in (c) shows an enlarged view of an individual tube-in-tube
structure. e,f) Magnified TEM images of the CuCo,O, complex tube-in-
tube structures. g,h) TEM images of CuCo,O, triple-layered tubular
structures.
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500 nm for the CNF@CuCo-glycolate composite nanofibers.
The corresponding TEM image (Figure 2b, inset) reveals the
uniform growth of CuCo-glycolate on the surface of the
CNFs. Interestingly, there is no clear interface observed from
the TEM image between the CNF and the CuCo-glycolate
overlayer, suggesting the penetrative growth of CuCo-
glycolate into the CNFs. The X-ray diffraction (XRD) pattern
of CNF@CuCo-glycoate (Figure S2A) shows no notable
difference from that of the CNFs (Figure S2B), which
suggests that the as-synthesized CuCo-glycolate is amor-
phous. After the annealing treatment, the product still retains
the large-scale 1D morphology, as revealed by the panoramic
field-emission scanning electron microscopy (FESEM) image
(Figure 2 c). The corresponding XRD pattern (Figure S2 C) of
the product can be readily indexed to a spinel CuCo,0O,
structure (JCPDS card no. 78-2177), thus indicating the
phase purity of the product. The interesting tube-in-tube
structure can be clearly identified from both FESEM and
TEM images. The inset in Figure 2 ¢ shows a typical open end
of the CuCo,O, tubular structures, which reveals the interest-
ing tube-in-tube structure. The morphological feature can be
further confirmed through TEM analysis (Figure 2d). Both
closed and open ends of tube-in-tube structures are observed
(Figure 2e,f). The average diameter of the outer tubes is
about 400 nm, whereas that of the inner tubes is generally in
the range of 150-200 nm. Compared to the CNF@CuCo-
glycolate nanowires, the diameter of these CuCo,O, tube-in-
tube nanostructures is reduced, which is caused by overall
shrinkage during the annealing process. More interestingly,
under TEM anaylsis, some of the CuCo,0O, tubular structures
can even be seen to form more complex triple-layered tube-
in-tube structures, as shown in Figure 2g,h. As described
above, this CuCo,0O, tube-in-tube structure can be obtained in
large scale and high yield with the simple two-step method.

Importantly, the strategy described above is quite general.
We have successfully synthesized many other mixed metal
oxide tube-in-tube structures. Figure 3 shows typical FESEM
and TEM images of ZnCo,O, (Figure3a—c), CoMn,O,
(Figure 3d-f), ZnMn,O, (Figure 3g-i), and NiCo,0O, (Fig-
ure 3j-1) complex tubular structures. As can be seen, similar
tube-in-tube structures can be synthesized in large scale and
high yield for these four different mixed metal oxides. Their
corresponding XRD patterns (Figure S3) can all be well
indexed to the respective phases without any impurity peaks.
There is some slight difference in the surface roughness of the
structures for different materials. For example, the surface of
ZnCo,0, and NiCo,0, tube-in-tube structures is quite rough,
whereas that of the CoMn,O, and ZnMn,O, structures
appears relatively smooth. This difference could originate
from the different crystallization and crystal growth behavior
of different materials during the annealing process. Aside
from the aforementioned ternary oxides, the method can be
readily extended to synthesize mixed metal oxides with other
atomic ratios of the two metal elements involved. As an
example, the phase-pure MnCo,0, tube-in-tube structures
(Figure S4) can be fabricated by simply adjusting the molar
ratio of the Mn and Co precursors in the EG solution. This is
very useful for the design of materials with controllable
compositions for different applications. Our strategy can also
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Figure 3. Typical FESEM and TEM images of complex tube-in-tube
structures. a—c) ZnCo,0O,, d—-f) CoMn,0,, g-i) ZnMn,0O,, j-I) NiCo,0,.

be easily applied to synthesize tube-in-tube structures of
various binary metal oxides, such as Mn,0;, Co;0,, NiO, and
Fe,O;, with high phase purity and morphological yield
(Figures S5-S7). Therefore, this strategy is very effective
and versatile for the construction of complex tubular nano-
structures for many binary and mixed metal oxide materials.

Mixed metal oxides with a spinel crystal structure are
a class of functional materials that could find widespread
applications.*?>37-3 First, we examine the electrocatalytic
activity of MnCo,0O, tube-in-tube structures for the oxygen
reduction reaction (ORR). Figure 4a shows the cyclic vol-
tammetry (CV) curves measured in an aqueous KOH solution
(0.1m) at room temperature. A comparison of CV curves in
O,- versus Ar-saturated electrolytes reveals the notable ORR
electrocatalytic activity of the MnCo,0O, tube-in-tube struc-
ture. Specifically, it exhibits an ORR onset potential of about
—0.23 V (vs. Ag/AgCl), and the peak current appears at about
—0.43 V. The ORR kinetics were further investigated using
a rotating disk electrode (RDE) in a KOH solution (0.1m)
under various rotation speeds with a sweep rate of 10 mVs™,
as shown in Figure 4b. The current density at —0.23 V is
1.336-2.035 mA cm * when the rotation speed increases from
400 rpm to 1600 rpm. The limiting current densities are 1.48,
1.99, 2.36, and 2.78 mA cm at rotation speeds of 400, 800,
1200, and 1600 rpm, respectively. The limiting current density
of these complex metal oxide tubular structures without any
carbon additive is remarkable, and is much higher than that in
previous reports;** it is even comparable to that of MnCo,0,/
graphene hybrid materials in KOH solution (1m).?* The
electron-transfer number (n) is derived from the slopes of
Koutecky-Levich plots at various potentials (Figure 4c). The
n value was calculated to be approximately 3.8 throughout the
investigated potential range of —0.3——0.6 V, which suggests
that a four-electron reduction mechanism is involved.
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Figure 4. a) CV curves of MnCo,0O, tube-in-tube structures on an Ar-
saturated (-----) and O,-saturated (——) glassy carbon electrode in
KOH solution (0.1 M) with a sweep rate of 50 mVs™". The catalyst
loading is about 0.4 mgcm™2. b) RDE curves of MnCo,O, tube-in-tube
structures in O,-saturated KOH solution (0.1 M) with a sweep rate of
10 mVs™" at different rotation speeds (400-1600 rpm). c) Correspond-
ing Koutecky-Levich plots (j~' vs. @™ ') at potentials of —0.6-—0.3 V
from the RDE curves shown in (b).

Mixed metal oxides have also been considered as
promising electrode materials for electrochemical energy
storage devices, including LIBs and supercapacitors.l%1%27]
We have therefore investigated the lithium storage properties
of these tube-in-tube structures, using ZnCo,O, as an
example. Figure Sa shows representative discharge—charge
voltage profiles for the first two cycles. Notably, an initial
discharge plateau at around 0.9 V (vs. Li/Li") contributes to
the majority of the discharge capacity in the first cycle, which
shifts to higher voltage and becomes less well-defined in the
second cycle. Meanwhile, poorly defined charge plateaus
appear in the range of 1.5-2.5 V, and are stable in the first two
cycles. Such mixed metal oxides can reversibly react with
lithium, presumably based on the conversion reaction mech-
anism, giving rise to very high lithium storage capacity.!'®1%%"]
The initial discharge capacity is as high as 1161 mAhg™' for
the ZnCo,0, tube-in-tube structures, wherease the corre-
sponding charge capacity is 876 mAhg'. The irreversible
capacity loss of the first cycle is partly attributed to the initial
formation of the solid-electrolyte interface (SEI) film.*
Figure 5b gives the cycling performance of the ZnCo,O,
electrode at a constant current density 200 mAg~'. The
capacity gradually decreases from 903 mAhg™' for the
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Figure 5. a) Discharge—charge voltage profiles of ZnCo,0, tube-in-tube
structures. 1st cycle (—), 2nd cycle (-----). b) Cycling performance
and Coulombic efficiency (current density =200 mAg™") of ZnCo,0,
tube-in-tube structures.

second cycle to around 560 mAhg™' for the 50" cycle, and
stabilizes afterwards. The Coulombic efficiency of the
ZnCo,0, electrode (Figure Sb) is about 75% in the first
cycle, which is considered quite high for transition-metal-
oxide-based electrodes. The value quickly increases to around
95% for the second cycle, and reaches 98 % after several
cycles, thus indicating the good reversibility of the electrode.

In summary, we have developed an effective strategy for
the general synthesis of complex tubular structures. In this
method, the uniform penetrative growth of the metal-
glycolate precursors into the carbon nanofiber template is
mainly responsible for the subsequent formation of complex
tubular structures upon thermal annealing. Novel tube-in-
tube nanostructures have been successfully synthesized for
many binary and ternary metal oxides, including CuCo,O,,
ZnCo,0,, CoMn,0,, ZnMn,0O,, MnCo,0,, NiCo,0,, Mn,0;,
Co;0,, NiO, and Fe,O;. We have also demonstrated the
promising use of these interesting tubular structures of mixed
metal oxides as electrocatalysts for the oxygen reduction
reaction and as negative electrodes for lithium-ion batteries.
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