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Small hollow nanocubes of the ternary spinel ZnxCo1-xCo2O4 of ca.
18 nm dimension were prepared via a facile hydrothermal route. A
growth mechanism is suggested in which solid single-crystal Co3O4

nanocubes are gradually converted to hollow single-crystal ZnxCo1-

xCo2O4 nanocubes with preservation of the spinel framework through
differential diffusion of Zn2+ and Co2+ ions. With the cation exchange,
the chemical composition and thus physical properties can be
tailored.

In the past decade, increasing efforts have been made to
prepare hollow nanostructures of electronic, optical, and
magnetic materials due to a range of potential technological
applications.1–17 Various template-based strategies have been
developed for the preparation of inorganic hollow nanoma-
terials.1 While nonreactive hard templates were normally
used to define the physical geometrical structure, reactive
templates have been used for controlling both the shape and
composition of derivative hollow nanostructures through

appropriate chemical transformations,1 such as via the interior
corrosion,8 Ostwald ripening,6,12 and Kirkendall diffu-
sion.2,5,15–17 The Kirkendall effect, a classical phenomenon
in metallurgy,16 was recently employed for the formation of
a wide range of hollow spherical, polyhedral, and tubular
nanostructures.1,5,15–17 The method makes use of differential
diffusion rates between two components in a diffusion couple
to form an interior cavity. In this method, the precursor can
serve as both a site template and a reactant.16 However,
during the formation of hollow structures, the chemical
reactions on the precursor crystals inevitably lead to a change
of the crystal geometry and thus often result in multifaceted
or spherical shells, which are different from those of the
starting crystals.4,5 Although claims have been made that the
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morphology could be preserved during hollowing, changes
in the wall structure were evident in the previous works
because of mass transport and/or phase change.5

Among hollow nanostructures, examples of hollow single-
crystal cubes are extremely rare for compounds. The only
reported examples are related to binary PbTe10 and Cu2O
(CuO).5,6 AB2O4-type spinel oxides of cubic symmetry are
a large family of natural and synthetic compounds.13,17–20

Kirkendall diffusion has been previously used to synthesize
single-crystal spinel ZnAl2O4 nanotubes from ZnO via an
interfacial solid-state reaction with Al2O3 at high tempera-
ture.3 Growth of hollow submicron cubes built by spinel
Co3O4 nanocrystals has also been achieved by a surfactant-
template route.11 In this paper, we present hollow single-
crystal spinel nanocubes and provide evidence for their
formation in an aqueous solution by nanoscale Kirkendall
diffusion. The product for this study is a ternary spinel
compound: zinc cobalt oxide.

Figure 1a shows the result of powder X-ray diffraction (XRD)
pattern for the product obtained after a facile autoclaving process
at 180 °C for 24 h. The details of experiments are given in the
Supporting Information. The pattern is in close agreement to
the standard XRD patterns of spinels CoCo2O4 (JCPDS no. 43-
1003) and ZnCo2O4 (JCPDS no. 23-1390). The zinc/cobalt ratio
in the spinel nanopowder was then determined to be ca. 1:3 by
energy-dispersive X-ray spectroscopy (EDS; Figure 1b). The
composition corresponds to the spinel solid solution ZnxCo1-

xCo2O4 with x of ca. 0.75. The crystals with the cube geometry
in the product have a mean edge length of ca. 18 nm (Figure
1c-g). The remarkable contrast between the cube edges and
centers observed in both dark- and bright-field transimission
electron microscopy (TEM) images indicates the hollow nature
of the cubes. The cubes have a wall thickness of ca. 6 nm. To
the best of our knowledge, these are the smallest hollow
nanocubes of any compound reported to date. The lattice fringe
of 0.28 nm spacing in the high-resolution TEM (HRTEM)
image (Figure 1g) corresponds well to the d spacing of the
{220} lattice planes. The fast Fourier transformation (FFT)
pattern in Figure 1g indicates that the hollow nanocubes are
single crystal and bound by primary {100} facets.

To understand the growth mechanism of the hollow
nanocubes, a detailed time-dependent crystallization study
was carried out. Figure 2 shows the powder XRD patterns
of the products obtained after different reaction times. The

sole solid product after 3.0 h of reaction is hexagonal
�-Co(OH)2, which has a brucite-like structure (JCPDS no.
30-0443; a ) b ) 0.3183 nm, c ) 0.4652 nm; Figure 2a).
After 6.0 and 12 h, the solid products are mixtures of
�-Co(OH)2 and cubic spinel (Figure 2b,c), and after 18 and
24 h, a pure spinel phase is formed (Figures 2d and 1a).
The results indicate that there is a gradual replacement of
the kinetically formed brucite-like cobalt hydroxide by spinel
oxide during autoclaving aging.

The zinc content in the solids varies with the reaction time
(Figure S1 in the Supporting Information). No zinc content was
detected by EDS for the product after 3.0 h of reaction because
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Figure 1. (a) XRD pattern of the product grown for 24 h. (b) EDS spectrum
obtained under TEM observation. (c and d) Low-magnification dark- and
bright-field TEM images, respectively. (e and f) High-magnification dark-
and bright-field TEM images, respectively. (g) HRTEM image of a single
hollow nanocube along with its FFT (inset).

Figure 2. Powder XRD patterns of the products prepared at 180 °C for
(a) 3.0, (b) 6.0, (c) 12, and (d) 18 h.
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it is pure cobalt hydroxide. The absence of zinc in the solid
product at this growth stage may be attributed to the stability
of tetrahedral [Zn(NH3)4]2+ and to the different coordination
of zinc in it as compared to that in the brucite structure (for
details, see the caption to Figure S1 in the Supporting Informa-
tion). After 6.0 h of reaction, the solid spinel nanocrystals have
begun to grow in a highly oriented manner on the surface of
the hexagonal �-Co(OH)2 plates (for details, see Figures S2
and S3 in the Supporting Information). At this stage of growth,
a negligible zinc content was also detected (Figure S2 in the
Supporting Information), indicating that the initial solid nano-
particles grown on �-Co(OH)2 are spinel with close to pure
Co3O4 composition.

Microscopic examination of the products from 12 h of
reaction indicates that more spinel cubes were formed in
accordance with the powder XRD result (Figure 2c) and the
solid spinel particles were found to have an increased zinc
content (Figures S1c and S4 in the Supporting Information).
These results indicate that cobalt is gradually substituted by zinc
within the spinel phase. After continued reaction to 18 h, a pure
spinel phase was obtained as well-defined crystalline nanocubes
(Figure 3) and the Zn/Co atomic ratio measured by EDS was
ca. 1:4. A few cubes with tiny hollow interiors became visible
by TEM observation (Figures 3b and S5 in the Supporting
Information). Upon further aging to 24 h, as shown in Figure
1, hollow cubes with larger cavities were obtained and the Zn/
Co atomic ratio was further increased to ca. 1:3.

Because the Co3O4 nanocubes grown on the �-Co(OH)2

surface at an early stage are solid and the nanocrystals after
further reaction gradually become hollow with increased zinc
composition, it can be concluded that there is a differential
diffusion between zinc and cobalt cations during the reaction.
The growth procedure is schematically illustrated in Figure 4.
Because the zinc ion, whose ionic radius in a tetrahedral
environment is practically equal to that of a divalent cobalt ion

[(rZn
2+)tetra ) 0.60 Å and (rCo

2+)tetra ) 0.58 Å], prefers to be
coordinated by four oxygen atoms in tetrahedral geometry (18-
electron configuration),19 the “substitution” of Zn2+ ions for
Co2+ ions in the spinel lattice is practicable. The differential
“ion exchange” of a fast out-diffusion and a less efficient in-
diffusion of ions introduces a net mass transport between the
internal and external parts of the spinel ZnxCo1-xCo2O4

nanocubes. With continuing hollowing in the central part, an
inner cavity is created. Unlike other examples in which the
Kirkendall effect has been observed,4,5 the present hollowing
phenomenon occurs without phase change and the cubic
geometry is maintained throughout the process. With the
substitution of zinc for cobalt, the physical properties of the
nanocubes, such as magnetic properties, can be tailored to some
degree because the extent of substitution x varies over time
(Figure S6 in the Supporting Information).

The hypothetical limit of substitution x ) 1 to form a pure
phase ZnCo2O4 has not yet been achieved in this system.
With further reaction beyond 24 h, a new phase gradually
appears, which apparently belongs to a hydrotalcite-like
compound. The hollow nanocubes are gradually destroyed,
and zinc ions are released back to the solution (Figure S7 in
the Supporting Information). In addition to the reaction time,
the growth of the hollow nanocubes is sensitive to other
conditions such as the selection of cosolvent, additives, and
the presence of zinc. Without zinc acetate in the starting
feedstock, no hollow nanocubes can be isolated, indicating
a significant role of zinc in the growth of the hollow spinel
nanostructures and supporting the hypothesis that a nanoscale
Kirkendall effect is at work.

In conclusion, we have presented evidence for the formation
of hollow spinel nanocubes with single-crystal nanowalls of a
ternary compound, zinc cobalt oxide. The synthesized hollow
nanocubes with edge lengths of ca. 18 nm and wall thicknesses
of ca. 6 nm are among the smallest hollow nanocubes of any
compounds reported so far. Their formation appears to be due
to nanoscale Kirkendall diffusion, in which interior Co2+ and
exterior Zn2+ are ion-exchanged. During the differential diffu-
sion and hollowing, both the cube geometry and spinel phase
type are preserved. Further development and understanding of
such nanoscale chemical diffusion processes should allow their
use in rational and systematic approaches to tailoring interior
nanostructures, chemical compositions, and consequently physi-
cal properties of a variety of nanomaterials.
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Figure 3. (a) Low-magnification and (b) high-magnification TEM micro-
graphs showing the nanocubes synthesized at 180 °C for 18 h. (c) Related
EDS spectrum from the particles.

Figure 4. Schematic illustration of the nanoscale differential diffusion
(cation exchange) and the hollowing process.
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