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ABSTRACT: SnO, nanoboxes with uniform morphology,
good structural stability, and tunable interior volume can be
facilely synthesized by template-engaged coordinating etch-
ing of pregrown Cu,O nanocubes at room temperature.
When evaluated for their lithium storage properties, these
SnO, nanoboxes manifest improved capacity retention.

wing to well-defined interior voids, low density, large sur-
face area, and surface permeability, hollow micro/nano-
structures have attracted growing research interests in a myriad of
applications.” A general route toward hollow structures involves
the growth of a shell of designed materials on various removable
templates including hard templates such as monodispersed silica
or polymer latex spheres and soft ones, for example, emulsion
micelles and even gas bubbles.” ® The use of the templates in
principle allows one to manipulate the structure and morphology
of resultant hollow particles for greater control of the local
chemical environment and extraordinary properties. However,
the geometry of hollow products obtained from template-en-
gaged approaches is mostly spherical. Controllable preparation
of hollow structures with other shapes still suffer from many
difficulties ranging from forming uniform coating around high-
curvature surfaces to the paucity of nonspherical templates
available." Recently, more novel approaches based on different
principles such as galvanic replacement, chemical etching, Kir-
kendall effect, solid-state decomposition, and self-assembly of
nanoparticles have been employed for synthesizing nonspherical
nanocages of various materials such as noble metals, transition
metal oxides and sulfides.”'* No matter the methods adopted,
the fundamental driving force for creating hollow cavities is the
difference between shell material (or its precursor) and the
template in physicochemical stability or reactivity. Here we
demonstrate another facile strategy for preparing uniform nano-
boxes of metal oxides by combining controlled hydrolysis of
corresponding metal ions and simultaneous coordinating etching
of the sacrificial template. We choose SnO, to demonstrate the
concept in view of the limited success in synthesizing nonspherical
SnO, hollow structures and its expanding technological applications
in various fields. As an example, we show that the as-prepared SnO,
nanoboxes exhibit improved electrochemical properties when eval-
uated as anode materials in lithium-ion batteries (LIBs).
Coordinating dissolution is commonly used for dissolving
many insoluble materials such as cuprous or silver halide, which
can coordinate with certain ligands (CI~, CN—, SCN™, $,05%"
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Scheme 1. Schematic Illustration of the Formation of SnO,
Nanoboxes by Template-Engaged Coordinating Etching of
Cu,O Nanocubes
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or ammonia, etc.) in solution forming soluble complexes.””

Using coordination chemistry, it is possible to create hollow
structures through controlled reactions between appropriate
ligands and template materials or reaction intermediates. In the
case of SnO, nanoboxes, the synthetic strategy is designed on the
basis of the interplay and synergy of precisely controlled hydro-
lysis of Sn*" and coordinating etching of Cu,O nanocubes, as
schematically illustrated in Scheme 1. Driven by interfacial
reaction between aqueous solution of SnCl, and solid Cu,O
crystal, SnO, precipitation layer is formed around the scaffold of
Cu,O template through accelerated hydrolysis of Sn** in solu-
tion (eq 1). As the intermediate, insoluble CuCl is generated in
this process and is simultaneously dissolved in aqueous solution
of NaCl by coordinating with CI~ to form soluble [CuCl,]' ™
(eq 2),” consequently, void space emerges within SnO, shells as
a result of outward flow of [CuCl,]'* and inward flow of Sn*"
and Cl, eventually leading to complete consumption of Cu,O
templates. The overall chemical route for the formation of SnO,
nanoboxes might be described as follows:

SnCl4(aq) + xHy0 4+ 2Cu,0() — SnO, - xH,O() + 4CuC1(s)

(1)

CuCliy) + (x — 1)CI™ (o — [CuCL]' % (2)

During this process, the effect of acidic etching can be ruled out
because even all the H' ions released from the hydrolysis of Sn**
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Figure 1. (a) Overview SEM image of the sample; (b) SEM image of
several SnO, nanoboxes with uniform dimensions; (c) SEM image of a
cracked nanobox showing the exposed interior.

are quickly consumed by reacting with Cu,O, at least double
amount of SnCl, (from a simple estimation) is required for
complete dissolution of Cu,O by acidic etching. On the other
hand, it should be noted that the reaction is completed rapidly
(within S min) without addition of any oxidizing agents; oxygen-
oxidative or redox etching also appears irrelevant for the emer-
gence of hollow interiors. In this regard, the mechanism involved
in the present system is principally different from the known ones
based on acidic or oxidative/redox etching of metal oxide
templates.'' ~'>"°

The crystallographic structure and phase purity of SnO,
nanoboxes are examined by X-ray powder diffraction (XRD),
as shown in Figure la. The as-prepared sample is expectedly
amorphous in nature because the synthesis is carried out at room
temperature. The signals from the Cu, O phase entirely disappear
giving a plain pattern with a broad peak between 20 and 40°. No
signals from possible impurities such as CuCl are detected. After
controlled annealing at 500 °C in air, the crystallinity of SnO,
nanoboxes becomes pronounced as evidenced by the increased
intensity of the diffraction peaks, especially the (110), (101), and
(211) peaks from tetragonal SnO, (JCPDS no. 41-1445). During
the annealing, a weight loss of around 8—15 wt % is observed by
thermogravimetric analysis (TGA) conducted in N, due to the
removal of crystalline and adsorbed water (Figure S1, Supporting
Information [SI]). A panoramic view reveals that the sample
consists entirely of uniform nanoboxes without impurity particles
or aggregates, as shown in the scanning electron microscopy
(SEM) images (Figure 1b,c). The nanoboxes well inherit the
uniform dimensions of Cu,O nanocubes with edge length of
around 350 to 400 nm. Their interior space can be examined
directly by SEM for cracked nanoboxes, as shown in Figure 1d.
The collapse of these nanoboxes may be caused by rapid mass
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Figure 2. (a) Low-magnification TEM image of as-prepared SnO,
nanoboxes; (b, c) enlarged TEM images of the nanoboxes at different
magnifications; (d) a nanobox with well-defined interior and very thin
shell; (e) shell structure of a nanobox; (f) SAED pattern of as-prepared
nanoboxes; TEM images (g, h) and SAED pattern (i) of SnO,
nanoboxes annealed in air at 500 °C.

transport across the walls during fast dissolution of the Cu,O
template. The other plausible reason is due to the local aggrega-
tion of Cu,O nanocube templates as observed in the SEM images
(Figure S2, SI).

The hollow interior and geometrical structure of as-synthe-
sized SnO, nanoboxes are further elucidated by transmission
electron microscopy (TEM), as displayed in Figure 2. In agree-
ment with the above SEM findings, a high uniformity of the
nanoboxes can be seen from the image, and the inner cavity is
clearly revealed by the contrast between SnO, shells and hollow
interiors. The wall of the nanoboxes is as thin as about 10 to
20 nm due to the short period of precipitation during synthesis.
The nanoboxes well duplicate the cubic morphology of Cu,O
templates and the surface is relatively smooth without opening
characteristics. No structural degradation such as collapse or
amalgamation occurs although the reaction proceeds quite fast.
The selected area electron diffraction (SAED) analysis (Figure 2f)
indicates the amorphous feature of these nanoboxes, consistent
with the above XRD analysis. Despite of being very thin and
amorphous, SnO, shells possess good structural stability and are
found robust enough to withstand thermal annealing at 500 °C
(Figure 2g, 2h). After annealing, polycrystalline SnO, nanoboxes
are obtained without apparent collapse, as evidenced by SAED
analysis (Figure 2i) and high-resolution TEM examination
(Figure S3, SI). In virtue of the unique hollow structure and
small crystallite size, the nanoboxes possess a relatively large
Brunauer—Emmett—Teller (BET) surface area of around 60 m* g !
(Figure S4, SI). Furthermore, the use of pregrown Cu,O
templates also allows the dimensions and interior volume of
resultant nanoboxes to be rationally controlled. For example,
SnO, nanoboxes with edge lengths of around 200 to 250 and
800 nm to 1 um can be fabricated using the same route by
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Figure 3. TEM images of SnO, nanoboxes with different edge lengths:
(a—c) 200—250 nm; (d) 800—1000 nm.

templating against Cu,O nanocubes with corresponding sizes
(Figure 3).

In the present strategy, precise control on the hydrolysis of
Sn*" is crucial for producing high-quality SnO, nanoboxes.
Excessively fast hydrolysis causes inevitable formation of abun-
dant irregular impurities in solution and further induces severe
collapse of hollow structures upon rapid mass transport across
the shells (Figure SS, SI). Therefore, a proper amount of non-
aqueous solvent such as ethanol should be introduced into the
reaction system to slow down the hydrolysis of Sn** so that
nanoscale deposition can occur preferentially on the accessible
surface of templates to construct conformal shells.” In this work,
the initial volume ratio of ethanol and water is optimized to be
100:3 to ensure the precipitation of SnO, to take place at an
appropriate rate. No deposition occurs in pure ethanol because
the hydrolysis of Sn** does not happen.

In an ethanol-rich system with decreased ionizability, the
etching of Cu,O templates is significantly inhibited due to the
lack of ionic species in solution. Hence, strong inorganic elec-
trolytes such as NaCl should be introduced to improve the ionic
strength of the solution.'® At the same time, the NaCl in solution
also releases sufficient CI™ to dissolve the insoluble reaction
intermediate (CuCl) by forming soluble [CuCl,]™ complexes
(eq2), which is responsible for the formation of hollow interiors.
To verify the dual roles played by NaCl in the formation of SnO,
nanoboxes, experiments with the same molar concentration of
other inorganic electrolytes such as KCl and NaNOj; or without
any electrolytes are exploited while other conditions are kept the
same. In the presence of KCI in solution, SnO, nanoboxes can
also be made following the same route despite of the slight
difference in product quality (Figure S6a and S6b). When NaNO; is
used, few hollow structures are formed besides partially etched
Cu,O cubes and large quantities of irregular impurities (Figure S6c).
Without the introduction of any electrolytes, hollow struc-
tures are hardly formed due to the slow etching rate (Figure S6d).
In brief, the presence of NaCl in solution not only offers an
appropriate ionic environment for the etching of Cu,O crystals,
but also provides an effective coordinating ligand for dissolving
the insoluble reaction intermediate. As a result, well-defined
SnO, nanoboxes are produced under optimized conditions by
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Figure 4. (a) Discharge/charge voltage profiles of annealed SnO,
nanoboxes cycled between 0.0land 2.0 V at a 0.2 C rate; (b) cycling
performance of as-synthesized and annealed SnO, nanoboxes at 0.2 C.

utilizing the interplay and synergy of coordinating etching and
hydrolysis reaction.

SnO, is a very appealing candidate as a substitute of the
conventional graphite-based anode in LIBs because of its high
theoretical capacity (782 mA h g~') and improved safety.”
However, large and uneven volume changes take place upon
lithium insertion/extraction within SnO,, resulting in electrode
pulverization and electrical connectivity loss. Macroscopically
this is manifested as poor cycling capability. Hollow structures
have been exploited to effectively mitigate this problem due to
the enhanced kinetics and structural stability for lithium storage.24726
The large surface area endows with high capacity and favorable
response to high-rate cycling due to dramatic increment of
reactive sites and interface between active materials and the
electrolyte. The presence of permeable thin walls makes the
lithium ion diffusion much easier by shortening the diffusion
length effectively to grain size (typically a few nm). The interior
space allows the volume variation upon insertion/extraction of
lithium ions to be better accommodated. Motivated by the
potential of hollow structures for lithium storage, we have evaluated
the electrochemical properties of annealed SnO, nanoboxes.
Figure 4a shows representative discharge/charge voltage profiles
of annealed SnO, nanoboxes at a 0.2 C rate within a cutoff
window of 0.01—2.0 V. The initial discharge and charge capa-
cities are found to be 2242 and 1041 mAh g_l, respectively. Such
a high initial lithium storage capacity might be associated with the
unique structure of the hollow nanoboxes with nanoporous shells
formed during mass transport across them,” and has also been
observed in many other SnO, hollow nanostructures.”**¢~%°
The large capacity loss in the first cycle is mainly attributed to the
initial irreversible formation of Li,O, and other irreversible
processes such as trapping of some lithium in the lattice,
inevitable formation of solid electrolyte interface (SEI layer)
and electrolyte decomposition, which are common for most
anode materials.”* 2%3**! From the second cycle onward, the
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capacity fades gradually to about 570 mA h g~ ' over 40 cycles
(Figure 4b). This value is much higher than the theoretical
capacity of graphite (372 mA h g~ "). When cycled at a high rate
of 0.5 C, comparable capacities of over 510 mA h g~ " can still be
retained and a capacity of over 470 mAh g~ ' could be restored at
0.2 C again (Figure S7, SI). For the as-synthesized nanoboxes
(without annealing), the capacity decay is much fast but the
capacity after 30—40 cycles is still comparable to that of graphite.
The may be ascribed to the poor crytallinity and the presence of
appreciable amount of water within the as-prepared hydrated tin
oxide (SnO,-xH,0). Consistent with previous reports, the
formation of hollow structures can greatly improve the electro-
chemical performance of Sn-based anode materials.

In summary, we have demonstrated a facile strategy for fast
formation of SnO, nanoboxes with uniform morphology, good
structural stability and tunable interior volume by template-
engaged coordinating etching of pregrown Cu,O nanocubes at
room temperature. Remarkably, the construction of SnO, nano-
boxes is achieved in a one-step process, which demands careful
tuning of many experimental conditions. Specifically, the simul-
taneous controlled hydrolysis of Sn** ions and chloride ion-
induced coordinating etching of formed insoluble intermediate
are crucial for the formation of SnO, nanoboxes. When evaluated
as potential anode materials for LIBs, the annealed SnO, nano-
boxes exhibit high lithium storage capacity and excellent cycling
performance. A perhaps obvious appeal of our approach is that it can
be extended to generate nanoboxes of other metal oxides, such as
ZrO,, as suggested by our preliminary results (Figure S8, SI).
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