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Inorganic-organic hybrid composites aroused a lot of recent
interest from the viewpoints of both new properties and techno-
logical applications.1 Incorporation of two counterparts into a single
structure may enhance or combine the superior electronic, magnetic,
and optical feathers, rigidity, and thermal stability of inorganic
frameworks with the structural diversity, flexibility, processability,
and geometrical controllability of organic molecules. Recent
advances show that novel hybrid II-VI semiconductors can be
synthesized by incorporating segments (e.g., a slab or chain) of a
II-VI semiconductor, MQ, and organic spacers (L) in one structure
via coordinate or convalent bonds.2 These structures have a
composition of [MQ(L)x] (M ) Mn, Zn, Cd; Q ) S, Se, Te; L )
mono- or diamine or hydrazine; x ) 0.5 or 1.0), wherein nanometer-
sized components of identical size are arranged in a perfectly
periodic crystal structure.2,3 In addition, many literature reports
describe the preparation of 1D inorganic-organic hybrid nano-
crystals,4 e.g., ZnSe(diethylenetriamine)0.5 nanobelts,4a ZnS/N2H4,

4b

ZnS/cyclohexylamine,4c ZnS/amine,4d WO2.72(N6C123H136O22)0.04,
4e

GeOx/ethylenediamine nanowires,4f and Fe18S25(triethylenetetr-
amine)14 nanoribbons,4g because of their potential applications as
building blocks for electronic and optical nanodevices. Since the
first discovery of mesoporous silica in 1992,5 numerous systems
of mesoporous metal oxides6 and porous semiconductors7 have been
reported so far. Only a few studies, however, have been focused
toward synthesizing a semiconductor and its organic mesostructured
composites, such as Ge,8 GeS2, SnS2, CdS, and CdSe.9 Additionally,
how to synthesize a mesostrucured composite with a well-defined
shape has been rarely reported.

As an important pyrite-type compound, CoSe2 is known as a
metallic conductor and exchange-enhanced Pauli paramagnent in
its ground state with a Curie temperature, Tc, of 124 K.10 However,
the extraordinary capability of CoSe2 has rarely been researched
in nanoscale materials primarily due to the limited availability of
high-quality materials. Herein, we report a simple method for direct
synthesis of the first mesostructed CoSe2-amine (protonated)
nanobelts (amine ) diethylenetriamine (DETA), triethylenetetra-
mine (TETA), and tetraethylenepentamine (TEPA)) in a binary
solution under solvothermal conditions.

The CoSe2-amine (protonated) composite nanobelts were syn-
thesized by solvothermal reaction of Co(Ac)2 ·H2O and Na2SeO3

in a mixed solution (40 mL) with a volume ratio of VDETA/VDIW )
2:1 (DIW ) deionzed water) at 180 °C for 16 h (see Supporting
Information, SI). The powder X-ray diffraction (XRD) of the
samples was recorded in a 2θ range of 3°-70°. The peaks of 00l′
can be indexed as (001) and (002) with lattice spacings of 1.10
and 0.55 nm, respectively (Figure 1a). The other wide-angle
reflections can be readily indexed to a pure primitive cubic phase
of CoSe2 structure with a lattice parameter of a ) 0.586 nm (JCPDS
9-234). The broadening width of all reflections and the disappear-

ance of some reflections should be related to the very thin layered
structure of the obtained product.11 Energy dispersive X-ray
spectrum (EDS) analysis shows the mean atom ratio of Co/Se is
1:2 (SI, Figure S1). A room temperature Raman spectrum of the
sample also confirms the formation of a cubic CoSe2 phase12 (SI,
Figure S2).

Scanning electron microscopy (SEM) images in Figure 2a
indicate that the sample is composed of nanobelts with widths of
100-500 nm and lengths up to several tens of micrometers. The
transmission electron microscopy (TEM) image in Figure 2b shows
that the nanobelts are flexible, smooth, thin, and almost transparent.
The selected-area electron diffraction (SAED) pattern taken on
a typical nanobelt shows the single-crystalline nature. The corre-
sponding high-resolution TEM image in Figure 2d shows resolved
lattice fringes of (210) planes with a spacing of 2.68 Å, which
depicts that the growth direction is [210].

Similarly, substitution of DETA by TETA and TEPA in CoSe2-
DETA (protonated) can also generate CoSe2-TETA and CoSe2-
TEPA nanobelts with single crystal structures (Figure 1b,c, and
SI, Figure S3). It should be noted that the CoSe2-TETA (or TEPA)
mesostructured nanobelts have almost the same interlamellar
distances with that for CoSe2-DETA nanobelts.

Interestingly, a lateral view of the as-obtained nanobelts along
the thickness direction clearly shows well-defined multilayered

Figure 1. XRD patterns of the samples prepared at 180 °C for 16 h in
different binary solution. (a) CoSe2-DETA nanobelts, VTETA/VDIW ) 2:1.
(b) CoSe2-TEPA nanobelts, VTEPA/VDIW ) 2:1. (c) CoSe2-TETA nanobelts,
VTETA/VDIW ) 2:1.

Figure 2. (a, b) SEM and TEM images of the morphology of lamellar
mesostructured CoSe2-DETA nanobelts, respectively. (c) HRTEM image
of a single lamellar mesostructured CoSe2-DETA nanobelt. Inset shows
the corresponding SAED pattern. (d) A typical HRTEM image taken on
the marked part in (c).
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nanostructures, and the direction of the strips is parallel to the [210]
direction (Figure 3). The interlayer distance can be estimated to be
∼1.08 nm, which is in good agreement with that detected by XRD.
It is worth noting that the observed thickness of a single CoSe2

layer is ∼0.57 nm which is equal to its lattice parameter (Figure
3c). To the best of our knowledge, this kind of multilayered
mesostructured nanobelt is totally different from other mesostruc-
tured 1D nanomaterials obsersed previously.4d,f

An FT-IR spectrum shows that the vibration bands of -CH2-,
-NH2, C-N, and -NH suggest the existence of DETA in the
product (SI, Figure S4). Compared with that of pure DETA, the
weak intensity of all vibrations and the absence of several bands
presumably are due to the rather low content of DETA in the hybrid
structure. The binding energy of N1s is identified at 400.5 eV, which
is close to the binding energy of protonated amine (401.1 eV)13

and also suggests the presence of DETA in the product (SI, Figure
S5). X-ray fluorescence (XRF) analysis further confirms the
existence of the low content of DETA in the product (SI, Figure
S6). Thermal gravimetric analysis (TGA) shows that ∼4.2 wt %
DETA remained in the sample (SI, Figure S7). Removal of the
amine at elevated temperature will result in the formation of pure
phase CoSe2 nanobelts (SI, Figure S8).

The influence of reaction time and temperature on the formation
of such mesostructures and morphology has been carefully inves-
tigated. Well-defined CoSe2-DETA (protonated) mesostructured
nanobelts can only be obtained in a mixed solvent within a very
narrow volume ratio range of VDETA/VDIW (SI, Table S1, Figures
S9, S10). Increasing the volume ratio of VDETA/VDIW up to 2:5 or
1:6 will result in the formation of a pure CoSe2 phase only. The
favorable conditions for the formation of such nanobelts are to
initiate the reaction at 180 °C for 16 h in a mixed solvent with a
volume ratio of VDETA/VDIW ) 2:1.

The formation mechanism of the above unique mesostructured
nanobelts has been proposed in Scheme 1. First, some amine
molecules used here are protonated by reaction with water under
solvothermal conditions at 180 °C and form positively charged
ammonium ions. Then, the protonated amine molecules are
incorporated into neighboring CoSe2 layers by coordination with
Se. Here, the amine with a linear configuration acts as a template

molecule, which not only leads to the new mesostructured nanobelts
but also induces anisotropic growth of 1D nanostructures. This is
analogous to the so-called solvent coordination molecular template
mechanism.14 Furthermore, the interlamellar distances still keep
constant although other amines with different chain lengths were
used, because the protonated amine molecules are incorporated into
the inorganic framework by taking a horizontal configuration from
the viewpoint of energy minimization (SI, Figure S11). The
experiments showed that the CoSe2-DETA nanobelts are stable in
pure acetic acid but not stable in week alkali solution, which can
further confirm that the occurrence of protonation of amine
molecules played a key role in the formation of such mesostructures
(SI, Figures S12, S13).

In summary, unique ultrathin CoSe2-amine (protonated) meso-
structured nanobelts with multiple stacked layers which are highly
parallel to the axial direction have been first prepared in a binary
solution of organic amine and water under mild solvothermal
conditions. This synthesis strategy may open new avenues toward
the syntheses of other mesostructured nanomaterials with unique
shapes and structural features, which may bring new nontrivial
functionalities.
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Figure 3. (a-c) Typical HRTEM images viewed along the lateral thickness
direction, which were taken on individual nanobelts.

Scheme 1. Formation of CoSe2-DETA Mesostructured Nanobeltsa

a The proposed formation mechanism of the CoSe2-DETA mesostructured
nanobelts. Red, white, blue, gray, pink, and yellow balls correspond to O,
H, N, C, Co, and Se atoms, respectively. Hydrogen atoms are omitted for
clarity in the structure.
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