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In recent years, hollow-structure particles (HSPs) have been
widely studied due to their unique structures and potential
applications. One successful synthetic strategy involves direct
construction of HSPs from functional building blocks by
processes such as the Kirkendall effect,! acid etching,
coordination-polymer self-template-directed growth, and
solid-state thermal decomposition process for the preparation
of Cu,S,,? Fe,0,,) ZnO* and MnO,” HSPs. However, all of
the reported HSPs require further heat- or acid-treatment
processes, which have disadvantages such as increased costs
and environmental pollution. Therefore, it remains a great
challenge to develop a simple, mild (at room temperature),
and environmentally friendly method for the one-pot syn-
thesis of HSPs with well-defined shape.

Cu,0 is a typical p-type direct band gap semiconductor
with a band gap of 2.17 eV and has potential applications in
solar-energy conversion,”” electrode materials,” sensors,®!
and catalysts.”) Considerable effort has been devoted to
obtaining hollow Cu,O structure by employing techniques
such as hydrothermal synthesis,"” microemulsions,"!! tem-
plate synthesis,”? and acid etching.”! Qi and co-workers
prepared octahedral Cu,O nanocages by Pd-catalytic reduc-
tion of an alkaline copper tartrate complex with glucose
followed by a catalytic oxidation process.¥ More recently,
truncated rhombic dodecahedral Cu,0O nanoframes and
nanocages were synthesized by particle aggregation and
acid etching."™ In both synthetic processes, expensive and
acidic or toxic solvents were used. Here we report a cheap and
green synthetic route for Cu,O nanoframes and nanocages
with single-crystal walls. In our synthetic strategy, polyhedral
Cu,0 particles were first prepared by adding a weak reducing
agent (glucose) to a solution of copper citrate complex with
polyvinylpyrrolidone (PVP) as capping agent," and then
Cu,O nanoframes and nanocages were obtained in situ by
oxidative etching at room temperature.
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Perfect Cu,O nanoframes were taken from the reaction
mixture after the solution was exposed to air for 16 days at
room temperature. Field-emission scanning electron micros-
copy (FESEM), transmission electron microscopy (TEM),
and high-resolution TEM (HRTEM) images provided insight
into the nanostructure and morphology of the Cu,O nano-
frames. As shown in Figure 1 A, the Cu,O nanoframes are
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Figure 1. A) Low-magnification FESEM image of Cu,O nanoframes.

B) High-magnification FESEM image of a nanoframe. C) TEM image of
Cu,0 nanoframes. D) Typical HRTEM image of a Cu,0O nanoframe.
The inset of D) shows the corresponding FFT pattern.

relatively uniform in size. A single Cu,O nanoframe is shown
in Figure 1B. The Cu,0O nanoframes, which have hollow
interiors and high geometrical symmetry, are regular trun-
cated octahedra with a mean edge length of about 300 nm. An
important feature of the as-synthesized products is that most
of the surface of the six {100} faces is absent. A truncated
octahedral particle has eight hexagonal {111} faces and six
{100} faces. Thus, the Cu,O nanoframes are constructed of
hexagonal {111} skeletons. The thickness of the nanoframe is
about 60 nm. Consistent with FESEM observations, Fig-
ure 1 C shows a TEM image of Cu,O nanoframes with hollow
hexagonal shape; the average outer diameter of the Cu,O
nanoframes is about 700 nm. The HRTEM image confirms
the single-crystal structure of the Cu,O nanoframes. The
fringes in a typical HRTEM image (Figue 1D) are separated
by about 0.24 nm, in good agreement with the (111) lattice
spacing of Cu,O. The inset of Figure 1D shows the fast
Fourier transform (FFT) pattern, which suggests that the
Cu,O nanoframe is a single-crystalline structure. Further-
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more, the phase purity of the products was examined by X-ray
diffraction (Figure S1, Supporting Information). All the peaks
can be indexed to pure cubic phase Cu,O (space group Pn3m,
a=0.4294 nm).

The formation process of the Cu,O nanoframes was
investigated in detail by characterizing the products obtained
after different aging times. Figure 2 shows representative
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Figure 2. FESEM and TEM images of the nanoframes obtained at
room temperature after aging for 1 (A), 4 (B), 8 (C), 12 (D), and 20d
(E, F). The insets of A, B, C, and D show the high-magnification TEM
images and FESEM image, and the scale bar is 200 nm.

FESEM and TEM images of the products obtained at room
temperature after 1, 4, 8,12, and 20 d. As shown in Figure 2 A,
small pits are observed on the {100} faces of the truncated
octahedral particles after aging for 1 d. After aging for 4 d,
truncated octahedral particles with some rough surfaces
appear, which show holes on the {100} faces as well as pores
in the interiors (Figure 2B) indicating partial formation of
hollow truncated octahedra. With increasing aging time, the
interior of each truncated octahedron becomes increasingly
empty, while the size of the hole in the surface starts to
increase and form a frame with relatively thick walls
(Figure 2C). On gradual oxidative etching of the interior,
the void further increases in size and the wall becomes thin
after aging for 12 d (Figure 2 D). Notably, when the aging time
is further prolonged, the truncated octahedral nanoframes are
gradually etched into fragments (Figure 2 E and F). The Cu,O
particles totally dissolve after 24 d of aging to give a trans-
parent, light blue solution, similar to the original reaction
solution containing the copper citrate complex. As a result,
the color of the reaction solution varies from deep red to light
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blue with increasing aging time (Figure S2, Supporting
Information).

Based on the examination of the time-dependent forma-
tion of Cu,O nanoframes, we propose that the nanoframes are
formed by a two-step process: formation of the truncated
octahedral Cu,O precursor particles by reduction of the
copper citrate complex with glucose, followed by subsequent
hollowing of the truncated particles at room temperature by
an oxidation process involving oxygen. During the hollowing
step, the presence of oxygen is necessary for formation of the
hollow structure. If the solution is purged with N, to remove
dissolved O, prior to aging, the oxidative etching process can
be effectively prevented. To analyze the synthesis process of
the Cu,O nanoframes, UV/Vis spectra of the solution at
different stages of the reaction were recorded (Figure 3 A).
The absorption peak at 735 nm can be attributed to copper
citrate complex [Cuy(cit),]*” (cit’ =[C;O,H,]*"), and this
assignment is consistent with the literature.!'® The change in
the concentration of [Cu,(cit),]>~ could be followed by
plotting the change in absorbance at about 735 nm against
time (Figure3B). In the formation of precursor Cu,O
particles, [Cuy(cit),]*~ is reduced by glucose to generate
Cu,0O particles and then large crystals. Hence, the concen-
tration of [Cuy(cit),]*” is gradually reduced in solution.
During the hollowing step, the truncated octahedra are
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Figure 3. A) UV/Vis spectra of the solution taken at different reaction
stages after removal of the Cu,O particles by centrifugation. B) Time
dependence of the absorbance at ca. 735 nm, which is directly propor-
tional to the concentration of the [Cu,(cit),]*~ species. 1) Formation of
truncated octahedral particles. Il) Formation of nanoframes. Note that
the concentration of [Cu,(cit),]*~ increases as nanoframes are formed.
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selectively etched on the {100} faces, and the concentration of
[Cuy(cit),]*” gradually increases. Finally, the concentration of
[Cuy(cit),]*" is largely consistent with that of the original
solution. In the etching of the precursor Cu,O particles, the
following reactions may take place.

Formation of [Cuy(cit),]*~ [Eq. (1)] forces Equation (2)
toward the right-hand side and speeds up dissolution of the
Cu,O particles. Overall, the Cu,O hollow nanoframes are
obtained by the balance between two opposing reactions:
reduction of Cu®" ([Cuy(cit),]*") to form Cu' (Cu,0), and
oxidation of Cu' to Cu®" species. A similar process was
observed in corrosion-based synthesis of single-crystal Pd
nanoboxes.['”) Furthermore, Na™* in sodium citrate and sodium
carbonate is not responsible for the formation of hollow
nanoframes. When potassium citrate and potassium carbon-
ate are used instead of sodium citrate and sodium carbonate
in the synthesis, the nanoframes still can be obtained
(Figure S3, Supporting Information).

2 Cu* 4 2cit’™ — [Cuy(cit),]*~ (1)
2Cu,0 + 0, +4H,0 — 4Cu*" +8OH" (2)

Generally, when organic or inorganic additives are added
during the crystal growth process, the relative order of surface
energies can be modified. The growth control of Cu,O crystals
by adsorption of PVP has been extensively studied."®! Our
investigations show that PVP adsorption on the Cu,O surface
takes place, and that the adsorbed PVP cannot be removed by
washing (Figure S4, Supporting Information). In a Cu,O
typical unit, each O is surrounded by a tetrahedron of Cu, and
each Cu has two O neighbors.™ For {111} planes, every other
Cu atom has a dangling bond perpendicular to the {111}
planes, whereas for {100} and {110} planes, O- and -O-Cu-O-
Cu-terminated surfaces are present, respectively.’®! There-
fore, the coordinatively unsaturated Cu in the {111} face is
obviously more active for interaction with PVP. To prove this
hypothesis, ethanol was added to the solution and aging was
carried out at room temperature for 4 d. Selective etching of
the {100} faces was disrupted, and random etching of the
imperfect nanoframes can occur, as shown in Figure S5
(Supporting Information. The PVP molecules should be
adsorbed preferentially on the {111} faces of the Cu,O
particles, and the layer of adsorbed PVP molecules on the
{111} surfaces may be temporarily disrupted by added
ethanol. Strong adsorption of polymers or foreign ions on
the surfaces of particles can effectively block oxidative
etching.” Thus, PVP may play the role of protecting the
{111} faces from direct etching, whereas the removal of PVP
facilitates the oxidative etching reaction between Cu,O and
0, to form [Cu,(cit),]*". This suggests that the surfactant PVP
is significant for the synthesis of Cu,O nanoframes.

This method of oxidative etching coupled with templating
of the precursor particles can be extended to morphology-
preserved synthesis of hollow structures with morphologies
other than polyhedra. Different structures and morphologies
of Cu,O precursor particles could be obtained simply by
changing the PVP concentration in our synthesis system
(Figure S6 and Table S1, Supporting Information). As
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expected, nanocages with holes on the apexes could be
obtained at room temperature (Figure4; Table S1 and
Figure S7, Supporting Information). This formation process

Figure 4. A) Low-magnification FESEM image of the Cu,O nanocages
obtained at room temperature after 24 d. B) High-magpnification
FESEM image of the nanocages. C) TEM image of the Cu,O nano-
cages. D) Typical HRTEM image taken from a Cu,O nanocage. The
inset of D) shows the SAED pattern.

is analogous to the reported formation of octahedral Cu,O
nanocages, which etching occurs from the apex of octahedra
to form octahedral nanocages.'¥ In addition, imperfect
hollow cubes and hollow nanocages were prepared by
oxidative etching of cubic and octahedral Cu,O precursor
particles by a similar strategy (Supporting Information,
Table S1, Figures S8 and S9). In our experiments, cubes
bounded by six equivalent {100} faces are formed when the
ratio R between the growth rates along the {100} and {111}
directions is 0.58, and octahedra bounded by eight equivalent
{111} faces will result if R is increased to 1.73 (Table S1 and
Figure S6, Supporting Information). Thus, if the selectively
etched crystal face is absent, overetching can occur and leads
to formation of imperfect hollow structures. These results
confirm that such shape-preserved formation of hollow
structures is limited to the Cu,Of/citrate system, and that
cubic and octahedral Cu,O particles are not beneficial for the
formation of hollow structure.

To determine the relative photocatalytic activities of the
Cu,0 particles, rhodamine B was used for photodegradation
experiments. As illustrated in Figure S10 (Supporting Infor-
mation), octahedral Cu,O particles with exclusively {111}
faces exhibited superior photoactivities over octahedral
particles with truncated corners due to surface properties.
Huang et al. reported that the {111} face of Cu,O contains
surface copper atoms with dangling bonds, so that the {111}
faces are higher in surface energy and expected to be more
catalytically active than the {100} faces.*!! Whether solid or
hollow, the photocatalytic activity of truncated octahedral
(R=1.15) particles is higher than that of the truncated
octahedra with R =1. This result further suggests that Cu,O
particles with more {111} facets can serve as more efficient
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photocatalysts. Moreover, the photocatalytic activity of
hollow particles is higher than that of the solid particles.
This can be attributed to the hollow structure and larger
surface area. The hollow structure can allow multiple
reflection of light within the interior hollow and lead to
more efficient use of light and improved photocatalytic
activity of Cu,O.

In summary, well-defined Cu,O nanoframes and nano-
cages with high geometrical symmetry have been readily
fabricated in situ by oxidative etching coupled with templat-
ing of the precursor particles. More specifically, etching and
shape preservation could be combined to transform single-
crystal Cu,O truncated octahedra into nanoframes and nano-
cages in a one-pot synthesis without the involvement of exotic
templates. Our results also demonstrated that PVP acts as a
capping agent, and that preferential adsorption on the {111}
faces of the Cu,O crystals “freezes” the {111} planes to
facilitate the formation of hollow structures. The Cu,O
nanoframes and nanocages with controllable wall thickness
and pore size could find applications in various areas,
including catalysis and material encapsulators or carriers.
Furthermore, this strategy may be extended to other metal
oxide systems and could possibly be used for device fabrica-
tion with appropriate metal oxide/complex combinations.

Experimental Section

In a typical procedure, an aqueous solution was first prepared by
mixing 17 mL of water, 1 mL of 0.68 M copper sulfate, and PVP (0.9 g,
K-30, M,,=30000) in a round-bottomed glass flask. The mixture was
stirred with a magnetic stirrer for about 15-20 min, and then 1 mL of
0.74M sodium citrate and 1.2M anhydrous sodium carbonate mixed
solution was added in dropwise manner. A dark blue color soon
appeared, but no precipitate was observed. After about 10 min, 1 mL
of 1.4M glucose solution was slowly dropped into this solution. The
solution was kept in a water bath at 80°C for 2 h, and then allowed to
cool to room temperature. The resulting solution was then exposed to
air and allowed to age for up to 16 d at room temperature (ca. 20°C).
The orange precipitate was collected by filtration, washed several
times with distilled water and absolute alcohol, and finally dried in
vacuum at 60°C for 8 h. Further experiments were also conducted
under different conditions by using procedures similar to those
presented above (for detailed experimental conditions, see Table S1
of the Supporting Information).

X-ray powder diffraction (XRD) analysis was conducted on a
Rigaku D/max-2500 X-ray diffractometer with Cuy, radiation (1=
1.5418 A). FESEM images were recorded on a JEOL JEM-6700F
microscope operating at 5kV. TEM images, SAED patterns, and
HRTEM images were obtained on a JEOL JEM-2000EX microscope
with accelerating voltage of 200 kV and a JEOL JEM-3010 micro-
scope operated at 200 kV, respectively. UV/Vis absorption spectra
were recorded on a spectrophotometer (Shimadsu 3100 UV-VIS-
NIR). FTIR data were taken on an MPA NIR spectrometer.

The photocatalytic activity of the Cu,O particles was evaluated by
degradation of rhodamine B under UV/Vis irradiation from a 200 W
Hg lamp. 0.1 g samples of Cu,O particles with different morphologies
were dispersed in a 50mL of aqueous rhodamine B solution
(15 mgL™"). After magnetic stirring in the dark for 30 min to reach
adsorption equilibrium, the solution was exposed to photoirradiation.
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Concentrations of rhodamine B were carried measured by UV/Vis
spectroscopy every 60 min.
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