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A novel type of one-dimensional (1D) nanohybrid of SnO,
and transition-metal oxides, i.e. CuO nanobelts decorated
with SnO, nanocrystals (CuO@SnO, nanobelts), has been
constructed via a facile hydrothermal approach by using CuO
nanobelts as templates. The as-prepared CuO@SnO,
nanobelts has been applied as a potential anode material for
lithium-ion batteries (LIBs), and exhibits markedly enhanced
lithium-storage capabilities in terms of specific capacity and
cycling stability compared with single CuO and SnO,
counterparts. The synergistic effects between CuO and SnO,
together with the unique 1D belt-like nanostructure could be
responsible for its high capacity and remarkable capacity
retention. The facile synthetic approach and superior lithium-
storage capabilities of CuO@SnQO; nanobelts make it an ideal
anodic candidate for advanced LIBs with high energy density
and long cycle life.

Since the pioneering work reported in 1997 by Miyasaka et al.,'
tin-based materials including tin alloys, tin oxides, tin sulfides,
and so forth have emerged as an important anodic category for
lithium-ion batteries (LIBs).”® Among them, tin dioxide (SnO,)
has been considered to be ideal anodic candidate to replace
commercial graphite-based materials owing to its high safety,
specific capacity, and ease of preparation.'”” However, the
practical application of SnO, has been greatly hampered by the
poor anodic performances in terms of cycling stability and so

forth, which intrinsically originate from its Li-storage mechanism.

Generally, the lithium storage behavior of SnO, can be described
as follows: SnO, + 4Li" + 4e” — Sn + 2Li,0 (eq 1); Sn + 4.4Li" +
4.4¢ o LissSn (eq 2)."° The alloying and de-alloying processes
described by eq 2 give rise to huge volume changes (~300%),
progressive pulverization, and fast capacity fading, whereas the
formation of inactive Li,O described by eq 1 leads to the large
lithium consumption and irreversible capacity.

Up to now, substantial research efforts have been devoted to
address the aforementioned issues starting from the structural and
compositional design of the anodic systems, and nanostructuring
and hybridizing SnO, materials with various matrixes have
proved to be effective design strategies for improved Li-storage
performances.''* On one hand, various nanostructures especially
one-dimensional (1D) nanostructures have demonstrated
improved anodic performances owing to their large surface area
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and fast charge transport pathways.'''* On the other hand, the
hybrids of SnO, and transition-metal oxides (M,Oy, M = Fe, Co,
Ni, Cu, Mo, W, etc) have proven their superiorities compared
with single-component oxides due to their synergistic effects on
lithium storage, which can be specified as follows.?>*’ The
stepwise Li-storage processes at different potentials of SnO, and
M,O, can accommodate the volume variations and thus improve
the cycling performance of the hybrids, whereas the in situ
generated transition-metal nanoparticles from M,O, component
can activate/promote the oxidation of metallic tin, reversible
formation/decomposition of polymeric gel-like film, and increase
the overall capacity of the hybrids.®™*' Therefore, the 1D
nanohybrids of SnO, and M, Oy are expected to display prominent
Li-storage performances and serve as advanced anodes for LIBs
in electric vehicles and smart grids by virtue of their unique
structural and compositional features.

Herein, a novel type of 1D nanohybrid of SnO, and M,0O,, i.e.
CuO nanobelts decorated with SnO, nanocrystals (CuO@SnO,
nanobelts), has been designed and synthesized via a facile
hydrothermal method by using CuO nanobelts as templates. The
as-prepared CuO@SnO, nanobelts has been applied as a potential
anode material for LIBs, and exhibits much higher capacities and
markedly improved cycling stability compared with bare CuO
nanobelts and SnO, nanocrystals.
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Fig. 1 XRD patterns of CuO nanobelts (curve a) and CuO@SnO,

nanobelts (curve b).
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The crystalline state of the samples was examined by X-ray
powder diffraction (XRD) (Fig. 1). As can be seen, the diffraction
peaks from curves a and b could be indexed to monoclinic CuO
(JCPDS No. 05-0661) and tetragonal SnO, (JCPDS No. 41-1445),

s respectively. The crystalline phases change from CuO in the
template and mixed phases of CuO and SnO, in the final products,
confirming the formation of CuO and CuO@SnO, nanobelts.
Additionally, the differences in sharpness of these two sets of
diffraction peaks originate from the different crystalline sizes of

10 CuO and SnO,.

Fig. 2 SEM images of CuO nanobelts (a,b) and CuO@SnO,
30 nanobelts (c,d). Insets in (a) and (c) are their corresponding
models.

Fig. 2 displays the scanning electron microscopy (SEM)
images of CuO and CuO@SnO, nanobelts with their
35 corresponding models. As observed, the CuO template displays a
typical belt-like morphology with a smooth surface (Fig. 2a and
b), and the nanobelt is single-crystalline in nature (Fig. S1, ESI¥).
After the coating of SnO, layer, the belt-like morphology is well
preserved, and the surface of the nanobelts become much rougher
40 due to the decoration of uniform SnO, nanocrystals (Fig. 2c and
d). For comparison, bare SnO, sample has been prepared through
the same approach but without CuO templates, and exists in the
form of porous nanospheres (Fig. S2, ESIY).
The morphological, structural and compositional features of
4s CuO@SnO, nanobelts were further characterized by transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
(Fig. 3). As can be seen from the TEM image (Fig. 3a), the
CuO@SnO,; product exists in the form of core—shelled nanobelts,
and no isolated SnO, nanocrystals can be observed in the sample
s0 except for the surface of the nanobelts. The magnified TEM
image of a single nanobelt clearly demonstrate that the SnO,
layer consisting of numerous nanocrystals is uniformly and
densely coated on the surface of CuO nanobelt (Fig. 3b).
Additionally, the selected-area electron diffraction (SAED)
ss pattern shows typical diffraction spots characteristic of (110), (-
110), and (020) planes of CuO and diffraction rings related to
(110), (101), and (211) planes SnO,, further suggesting the
formation of single-crystalline CuO nanobelt decorated with

numerous SnO, nanocrystals. Fig. 3c displays the energy-
o dispersive X-ray spectrometer (EDS) spectrum of the product.
The observed strong peaks for Cu, Sn, and O elements come from
CuO and SnO, components in the hybrid nanobelts, whereas the
additional Ni and C elemental peaks originate from the nickel
grid coated with carbon film used in the HRTEM measurements.
In addition, the molar ratio of CuO and SnO, is determined to be
ca. 1.15:1 based on the EDS analysis. Moreover, the HRTEM
image (Fig. 3d) clearly reveals four types of lattice fringes with
lattice spacings of ca. 0.17, 0.33, 0.26, and 0.24 nm,

corresponding to (020) plane of CuO nanobelt, (110), (101), and
(200) planes of SnO, nanocrystals, respectively.
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Fig. 3 Morphological, structural and compositional
characterizations of CuO@SnO, nanobelts: (a) TEM image, (b)
magnified TEM image with its SAED pattern (inset), (c) EDS
spectrum, and (d) HRTEM image.

Fig. 4 TEM images (a,c) together with their corresponding dark-
us field TEM images and EDS elemental mappings of Cu (red), Sn
(green), and O (purple) of CuO@SnO, nanobelts (b,d).
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Fig. 4 shows the TEM images together with their
corresponding dark-field TEM images and EDS elemental maps
of Cu (red), Sn (green), and O (purple) of the CuO@SnO,
nanobelts. As can be seen, the copper, tin, and oxygen elemental

s signals are evenly distributed within the selected area of multiple
nanobelts (Fig. 4a and b) and a magnified nanobelt (Fig. 4c and
d), and these elemental distributions are in accordance with the
TEM images. These TEM-EDS elemental mapping results further
demonstrate the uniform distribution of SnO, nanocrystals on the

10 surface of CuO nanobelts.
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Fig. 5 Lithium storage capabilities of CuO@SnO, nanobelts, bare
CuO nanobelts and SnO, nanocrystals: (a) discharge and charge
curves, and (b) cycling stability.
25
The as-prepared CuO@SnO, nanobelts was applied as a
potential anode material for LIBs, and its cycling performance
was examined in the potential range of 0.01-3 V at a current
density of 100 mA g in comparison with bare CuO nanobelts
30 and SnO, nanocrystals (Fig. 5). As observed from Fig. Sa, the
voltage plateaus in the discharge/charge curves for CuO@SnO,
nanobelt anode are not obvious, suggesting the combinative
electrochemical behavior including the formation/decomposition
of polymeric gel-like layer and lithium insertion/extraction in
35 CuO and SnO,, respectively (Fig. S3, ESIt). More interestingly,
the capacities of CuO@SnO, nanobelts experience a gradual
increasing process after the initial fading process in the first 20
cycles. In sharp contrast, the capacities of bare CuO nanobelts
and SnO, nanocrystals decrease very fast upon cycling. The
40 synergistic effects between CuO and SnO, components as well as
the unique 1D belt-like nanostructure could be responsible for its
markedly enhanced Li-storage capabilities in terms of specific
capacity and capacity retention compared with single CuO and
SnO, counterparts.’>® For example, the in-situ generated Cu
4s nanocrystals during initial lithium-insertion processes can act as
effective buffering and conducting matrices and improve the
strain accommodation and charge transport capabilities of CuO—
SnO, nanohybrids, and thus the CuO-nanotubes/SnO,
composite” and SnO,~CuO Janus-structured nanorods® both
so demonstrate significantly enhanced Li-storage performances in
terms of cycling stability and rate capability compared with bare
SnO, anodes. Herein, the in-situ generated Cu nanocrystals not
only act as effective buffering/conducting matrices, but also serve
as efficient catalysts to activate/promote the oxidation of metallic
ss tin”® and reversible formation/decomposition of polymeric gel-
like film on the anodic surface’ due to the relatively higher
operating voltage (3 V) compared with CuO-nanotubes/SnO,
composite (1.5 V)* and Sn0,—~CuO Janus-structured nanorods (1

V),”> which might be responsible for the higher reversible
¢ capacities and capacity-rising phenomena in CuO@SnO,
nanobelts. Additionally, the voltage plateaus at ca. 2.5 V in the
charge curves become more and more apparent upon cycling,
further indicating the existence of probable activation processes
of metal oxide components or reversible formation of polymeric
gel-like layer (Fig. 5a).*'?® After 100 cycles, the CuO@SnO,
nanobelt anode is able to deliver a high discharge capacity of
584.3 mA h g, which is much higher than those of bare CuO
nanobelts (108.1 mA h g'), SnO, nanocrystals (28.1 mA h g")
and the previously reported CuO-nanotubes/SnO, composite
(~350 mA h g in the 20" cycle at 50 mA g")* and Sn0,~CuO
Janus-structured nanorods (~392 mA h g in the 50™ cycle at
3000 mA g').?? The high reversible capacities and remarkable
cycling stability of CuO@SnO, nanobelts make it a promising
anode material in advanced LIBs with high energy density and
long cycle life.

After 100 cycles, the morphological and compositional features
of CuO@SnO, nanobelt anode in a de-lithiated state (3.0 V vs.
Li'/Li) were further characterized in comparison with bare CuO
nanobelts and SnO, nanocrystals. Fig. 6 shows the TEM image
and its corresponding dark-field TEM image and EDS elemental
maps of Cu (red), Sn (green), and O (purple) for CuO@SnO,
nanobelts. As can be seen from the TEM image, the de-lithiated
product still manifests a belt-like morphology and is composed of
numerous ultrafine nanoparticles. Additionally, the Cu, Sn, and O
elemental signals are still uniformly spread over the entire
nanobelt. In sharp contrast, the belt-like morphology of bare CuO
sample and porous spherical morphology of bare SnO, sample
are not preserved after repeated lithium insertion/extraction (Fig.
S4 and S5, ESIf). The de-lithiated CuO and SnO, products
become larger and agglomerated after cycling, and the EDS
elemental mappings also demonstrate the nonuniform distribution
of Cu and Sn signals within the chosen region. These results
confirm the structural stability of bare CuO nanobelts and SnO,
nanocrystals has been significantly enhanced by constructing
CuO@SnO, nanobelts, which can further explain the huge
differences in Li-storage capabilities of CuO@SnO, nanobelts
and bare CuO and SnO, samples.
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Fig. 6 Morphological and compositional characterizations of

10 CuO@SnO, nanobelts in a de-lithiated state (3.0 V vs. Li‘/Li)
after 100 cycles: (a) TEM images, and (b) dark-field TEM image
and its corresponding EDS elemental mappings of Cu (red), Sn
(green), and O (purple).
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Conclusions

In summary, we have designed and synthesized novel
CuO@SnO, nanobelts through a facile hydrothermal approach by
using CuO nanobelts as templates. Compared with single CuO
and SnO, counterparts, the as-prepared CuO@SnO, nanobelts
exhibits much higher capacities and markedly improved capacity
retention by virtue of its unique compositional and structural
features. For example, a high reversible capacity of 584.3 mAh g
! could be delivered after 100 cycles in CuO@SnO, nanobelt
anode at a current density of 100 mA g'. The facile synthetic
methodology and remarkable Li-storage performance of
CuO@SnO, nanobelts facilitate its practical application as a
high-capacity and long-life anode material for advanced LIBs.
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