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The development of nano- or micromaterials with size- and
shape-controlled morphologies may open new opportunities in
exploring material chemical and physical properties.1 Hollow
structures have attracted great attention due to their widespread
potential applications in catalysis, drug delivery, lightweight filler,
acoustic insulation, photonic crystals,2 and so on. However, in most
cases, only spherical hollow structures have been synthesized
through the use of removable templates or droplets.3 Recently, some
anisotropic hollow inorganic nanostructures with regular morphol-
ogies have been prepared through different synthetic strategies.
Examples include octahedral SnO2

4 and hexagon-based drums of
ZnO,5 etc. Herein we report the synthesis of high symmetric 18-
facet polyhedron of nanocrystalline Cu7S4 with regular hollow
structure based on the Kirkendall Effect6 and converted it from
cubic cuprous oxide nanocrystals. Copper sulfide and oxide are
chosen in this work due to their potential applications in solar energy
conversion, fast-ion and electrical conduction, and catalytic reaction
as well.7

As one of the nonstoichiometric copper sulfides, Cu7S4 with a
Cu/S ratio of 1.75 is known as anilite and was discovered as a new
low-temperature mineral phase in 1969 by Morimoto et al.8

Synthetic approaches to anilite could be fulfilled by reaction of an
aqueous suspension of Cu2O with H2S9 or sulfuring agent with a
solution of a metal salt.10 Our synthetic strategy resembles the
former one and involves following processes. First, cubic Cu2O
nanoparticles were prepared by adding weak reductive agent
(ascorbic acid solution) into Cu2+ aqueous solution with the use of
PVP (poly(vinylpyrrolidone)) as capping agents, then hollow Cu7S4

nanocages were obtained by adding a sulfur source (thiourea) under
heating conditions. Details of the experiments are provided in
Supporting Information.

Before addition of thiourea, cubic cuprous oxide, which mirrors
its crystal nature, could be formed under experimental conditions.
The mechanism for this process has been well documented in the
literature.11 Pure cubic phase of Cu2O, as shown in Figure s1A
(JCPDS card No. 05-0667) and Figure s2 in Supporting Information,
could be obtained in our system. After addition of thiourea into
the reaction mixture and increasing the temperature to 90°C, a
gradual conversion of Cu2O to Cu7S4 could be observed as shown
in Figure s1B (Supporting Information), where patterns of both
cubic Cu2O and monoclinic Cu7S4 (JPCDS No. 23-958) could be
indexed for products obtained by heating the reaction system for 3
h. The conversion could be completed (Figure s1C) by prolonging
the reaction time to 6 h or longer. On the basis of the amount of
added copper ions, the yield of Cu7S4 is larger than 95%.

From SEM results (Figure 1A and 1B), we can find that uniform
high symmetric 18-face polyhedron nanocrystals with particle size

of around 320 nm are almost the exclusive products in our synthesis.
In this polyhedron, it contains 18 facets, 32 vertices, and 48 edges,
as shown in the simulated structure (Figure 1C). As a simple
connected polyhedron, it follows the Euler’s Formula,12 which
related the number of polyhedron verticesV, facesF, and edgesE
as

There are two types of faces in this structure: six square and
twelve hexagon planes. Therefore, it is not Platonic polyhedron
(one type of face). For the vertices, there are also two types. One
is the joint of three hexagons, and the other one is the joint of two
hexagons and one square. So this polyhedron is not Archimedean
polyhedron (vertices are identical) either. Among the 48 edges, 24
edges with larger length form 6 square faces, and the rest of the 24
are shorter in length and form eight vertices, which are the joints
of each of the three neighboring hexagons. This structure can also
be viewed as a result of cutting the 12 edges of a cube. It bears all
the symmetric elements that a cube has and belongs to Oh point
group.

TEM result of the 18-facet Cu7S4 nanocrystals is shown in Figure
2A. The particles look octahedral or hexagonal in shape under TEM
depending on whether the particles are sitting on an even number
(4 and 2) fold axis (corresponding to octahedral shape) or a 3-fold
axis (corresponding to hexagonal shape). Another important
phenomenon observed here is the obvious difference in terms of
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Figure 1. Typical FESEM images of as-synthesized 18-facet Cu7S4

nanocrystal and its simulated structure: (A) low magnification, (B) high
magnification, and (C) simulated structure.

Figure 2. (A) TEM of polyhedral Cu7S4 nanocrystals; (B) FESEM of
broken polyhedral Cu7S4 with regular shape void; (C) and (D) SAED of
two polyhedra with their square and hexagon facets oriented perpendicular
to the electron beam.
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contrast between the central and fringe part of each individual
particle. The darker fringe appearance implies that the nanoparticles
may have a void inside. To prove this, we sonicated the samples
for 2 h in order to break particles into pieces before taking the
SEM image. The result in Figure 2B does show the existence of a
regular-shaped void within the nanocrystals. The select area electron
diffractions (SAED), recorded on the two sets of the Cu7S4

polyhedron face, show that both faces are well crystallized.
The formation of nanocages within the particles is believed to

be the result of Kirkendall Effect, which was first introduced to
nanomaterial synthesis by Sun and Xia6a and was well explained
by Yin et al.6b In our process, truncated nanocubic Cu2O was formed
first. When thiourea was added and subjected to heat treatment,
sulfur ions were released from thiourea upon a hydrolyzation
process. On the surface of nanocubic Cu2O, a thin layer of Cu7S4

was formed. This thin layer acts as an interface and separates the
inner copper ions or Cu2O from the outside sulfur ions. Therefore,
a direct chemical reaction is hindered, and further reaction depends
on the diffusion of copper or sulfur ions through this interface.
The interface consists of a sulfide shell with lots of vacancies, and
part of the vacancies are filled with copper ions. This specific
structure allows the diffusion of copper ions from the inner part to
the surface of nanoparticles and makes the conversion to Cu7S4

feasible, provided that there are plenty of sulfur ions in the bulk
solution and other experimental conditions are satisfied. Due to
the big size of sulfur ions, the diffusion of sulfur ions through the
interface is negligible. The formation of voids within the particle
is due to gradual outward movement of copper ions; as a result,
particles tend to grow in size during the conversion courses. The
Kirkendall Effect process for the formation of Cu7S4 is depicted in
Figure s3 of Supporting Information, where we use a SEM picture
of one intermediate particle to describe this conversion. In Figure
3, we show FESEM pictures of products obtained at different
synthetic stages to support this mechanism.

According to Gibbs-Wulff’s13 theorem

where γn is the surface tension of crystal facen, and hn is the
distance of that face from the Wulff’s point in the crystal. Higher
surface tension faces tend to grow along its normal direction and
eventually disappear from the final appearance. For cubic phase, a
sequence ofγ{111} < γ{100} < γ{110} can be easily deduced from
the distances between these three faces and the central Wulff’s
point.13,14 However, if the size of the nanocrystals is smaller than
15 nm, some higher energy surfaces may still be retained due to
the incomplete evolution, and spherical morphology is usually
observed. Another variation from Wulff’s theorem is using additives
to tune the surface energies of specific crystallographic faces. For
the 18-facet Cu7S4 obtained here, the two surfaces can be assigned
as{110} for hexagon and{100} for square, respectively. With the

presence of organic additives, which tend to be absorbed by{110},
theγ{110} becomes the lowest among the three kinds of faces{111},
{100}, and {110} (if γ{111} is the lowest among them, it would
form 14-facet nanocrystal according to ref 14). We also noticed
that the square surfaces on the nanocrystals are rougher than
hexagonal faces under SEM (Figure 3B and C). This could serve
as a direct evidence thatγ{100} is larger thanγ{110}, as we know
higher surface energy can lead to a rougher surface during the
growth process. The growth along the direction normal to the{100}
faces makes the{110} prominent in the final morphology and leads
to the formation of 18-facet nanocrystals.

In summary, high symmetric 18-facet nanocrystals of Cu7S4 could
be formed in an aqueous approach. When converted from Cu2O to
Cu7S4, the crystal structure changes from cubic to monoclinic.
Although the cubic morphology of Cu2O was not retained by Cu7S4

during the conversion, the formation of 18-facet polyhedral Cu7S4

is still based on the growth of the cubic skeleton. At present, we
are not clear why the monoclinic crystal structure of Cu7S4 does
not have significant effects on its final morphology. We believe
this might be another induction that makesγ{110} smaller thanγ{111}
andγ{100}. Further investigations are underway in order to uncover
the underlined principles for this observation. We are also trying
to use other organic additives to study their influence on the
morphology variations during the conversion process based on
Kirkendall Effect.
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XRD patterns, and evolution schemes of 18-facet Cu7S4 nanocrystals
obtained at different synthetic stage. FESEM and TEM pictures of pure
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the Internet at http://pubs.acs.org.
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Figure 3. FESEM images of products at different stages: (A) pure truncated
cubic Cu2O; (B) Cu2O and copper sulfides nanocomposite at reaction time
of 3 h; (C) Cu7S4 polyhedron at reaction time of 6 h. Scale bar: 100 nm.
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