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Antimony is the semi-metal element belonging to group
15 elements of the periodic table called pnictogens. Four
allotropes of antimony have been known, which are α-, β-,
γ- and δ-Sb.1 Among them, the β-Sb is the most stable
allotrope in the atmosphere. Other allotropes of antimony
are also quite stable in the atmosphere compared to phos-
phorus which is another pnictogen.1,2 Due to high stabil-
ity and semi-metallic property, the β-Sb has been applied
in wide fields such as electrode materials for lithium- and
sodium-ion batteries,3,4 electrocatalysts for ammonia pro-
duction,5 and sensing materials for trace heavy metals.6

Since reaction mechanisms in these applications include
surface reactions, antimony nanostructures with large sur-
face area are preferable to bulk antimony for superior per-
formances in the applications.7 In order to fabricate β-Sb,
various synthetic methods have been demonstrated, which
include hydrothermal and solvothermal methods,8,9 heat-
treatment,10 high energy mechanical milling,11 electrode-
position,12 magnetron sputtering,13 co-precipitation,14 sol-gel
route,15 liquid-phase exfoliation,16 galvanic replacement,17

and solution-phase chemical reduction.18 Specially, the
solution-phase chemical reduction in which an antimony
source is reduced by a reducing agent is a scalable, energy-
saving and low-cost method as its reaction processes do
not require high reaction temperature, long reaction time
and expensive equipment. The most common antimony source
used for the solution-phase chemical reduction is antimony
trichloride19-21 rather than antimony trioxide22 or antimony
powder. Higher solubility of antimony trichloride in water
than those of antimony trioxide and antimony powder leads
to complete reduction of antimony ion to antimony ele-
ment without any impurities such as antimony oxychlo-
rides and antimony trioxide. On the other hand, the use of

antimony trioxide could be very harsh condition for hybrid-
ization reactions of antimony with other transition metal-
based nanostructures. The antimony trichloride is readily
hydrolyzed and produces hydrochloric acid with traces of
water,23 which induces decomposition of transition metal-
based nanostructures such as layered double hydroxide
nanosheets.24,25 The antimony triacetate could be an alter-
native antimony source with small Ka for the formation of
antimony nanoparticles through the solution-phase chem-
ical reduction. To the best of our knowledge, there has
been no report on facile synthetic routes to β-Sb nanopar-
ticles and their hybrids with inorganic nanosheets using
antimony triacetate as an antimony source for the solu-
tion-phase chemical reduction. Herein, facile syntheses of
highly crystalline β-Sb nanoparticles and β-Sb hybrids
with Zn-Cr-LDH or MoS2 nanosheets denoted as β-Sb/
Zn-Cr-LDH hybrid or β-Sb/MoS2 hybrid are established
by the solution-phase chemical reduction as illustrated in
Fig. 1.
The synthetic procedures and characterization informa-

tion for β-Sb nanoparticles, and β-Sb/MoS2 and β-Sb/Zn-
Cr-LDH hybrids are described in detail in Supporting Infor-
mation (SI). Crystal structures of the samples are inves-
tigated by X-ray diffraction (XRD) analysis. As shown in
Fig. 2, all the antimony triacetate-derived samples show
XRD patterns corresponding to β-Sb without any impu-
rity peaks. The usefulness of the antimony triacetate com-
pared to the antimony trichloride as an antimony source is
demonstrated in SI (Fig. S1 and S2).
The antimony triacetate-derived β-Sb has hexagonal

crystal system with R-3m symmetry. Calculated lattice
parameters of the β-Sb are a=b=4.31 Å and c=11.30 Å,
while the lattice parameters of the β-Sb component in β-
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Sb/MoS2 and β-Sb/Zn-Cr-LDH hybrids are determined as
a=b=4.31 Å and c=11.20 Å, and a=b=4.31 Å and c=11.26 Å,
respectively. It is interesting that the lattice parameters, a
and b of the β-Sb retain 4.31 Å even after its hybridization
with inorganic nanosheets, whereas the lattice parameter,
c of the β-Sb slightly decreases upon the hybridization of
the β-Sb with MoS2 and Zn-Cr-LDH nanosheets. Con-
sidering that only the lattice parameter, c is changed for the
hybrid samples, and β-Sb, MoS2 and Zn-Cr-LDH com-
monly have layered crystal structures, it is inferred that the
hybrid materials have a face-to-face interaction between
(00l) planes of β-Sb and exfoliated nanosheets of MoS2 or
Zn-Cr-LDH. 
Primary particle sizes of the samples calculated by the

Scherrer equation are displayed in Table S1 (see SI). The
primary particle sizes of all the samples are calculated as
36.0−51.6 nm, which vary depending on crystal-growing
directions. The primary particle sizes for β-Sb component

in  β-Sb/Zn-Cr-LDH and β-Sb/MoS2 hybrids are not sig-
nificantly different compared to pure β-Sb, indicating that
the hybridized inorganic nanosheets do not change a
diameter of β-Sb primary particles. 
A crystallinity and crystalline morphology of samples are

examined by high resolution-transmission electron micros-
copy (HR-TEM). Fig. 3 shows TEM images of β-Sb nanopar-
ticles, and β-Sb/Zn-Cr-LDH and β-Sb/MoS2 hybrids together
with those of Zn-Cr-LDH and MoS2 nanosheets. The mor-
phologies of Zn-Cr-LDH and MoS2 nanosheets are aniso-
tropic and their lateral sizes are above 200 nm (Figs. 3(a)
and (b), respectively). The particle sizes observed by HR-
TEM for pure β-Sb and β-Sb component in β-Sb/Zn-Cr-
LDH and β-Sb/MoS2 hybrids are between 30−60 nm (Fig.
3(c)-(f)), which is in a good agreement with the primary
particle sizes calculated in Table S1 (see SI). Very impor-
tantly, as displayed in the HR-TEM image of β-Sb nanopar-
ticles (Fig. 3(d)), each nanoparticle with a diameter in a
range of 30−60 nm is single crystalline, demonstrating a
formation of highly crystalline β-Sb nanoparticles. The
co-existence of MoS2 or Zn-Cr-LDH nanosheets with β-
Sb nanoparticles is clearly confirmed in Figs. 3(e) and (f).
The single crystalline β-Sb nanoparticles with diameters
of 30−60 nm are decorated on the surface of MoS2 or Zn-
Cr-LDH nanosheets.
The homogeneous co-existence of β-Sb nanoparticles

and inorganic nanosheets of Zn-Cr-LDH or MoS2 is fur-
ther cross-confirmed by field emission-scanning electron
microscopy (FE-SEM) (see Fig. S3 in SI). FE-SEM anal-
ysis with energy dispersive spectroscopy (EDS) reveals
that a content of β-Sb is 86at% for both β-Sb/MoS2 and β-
Sb/Zn-Cr-LDH hybrid samples (see Fig. S4 in SI).
The specific surface area of obtained samples is analyzed

using the N2 adsorption-desorption isotherms, as illustrated
in Fig. 4. All the samples of β-Sb nanoparticles, and β-Sb/

Figure 1. Schematic illustration for syntheses of highly crystalline (a) β-Sb nanoparticles and (b) β-Sb/Zn-Cr-LDH or β-Sb/MoS2

hybrids.

Figure 2. XRD patterns of (a) β-Sb nanoparticles, and (b) β-Sb/
Zn-Cr-LDH and (c) β-Sb/MoS2 hybrids.
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Zn-Cr-LDH and β-Sb/MoS2 hybrids exhibit the type 4 iso-
therm with the H3 hysteresis loop as per the IUPAC clas-
sification, which suggests the existence of connected capillary
pores.26 Pore sizes of all the samples are in a range of
17.5−34.5 nm (see Fig. S5 in SI). The connected capillary
mesopores result from interstitial space of β-Sb nanopar-
ticles with diameters of 30−60 nm. The Brunauer-Emmett-
Teller (BET) specific surface areas of β-Sb, and β-Sb/Zn-
Cr-LDH and β-Sb/MoS2 hybrids are 49.9, 58.2 and 55.3
m2g-1. The slightly expanded specific surface areas for β-
Sb/Zn-Cr-LDH and β-Sb/MoS2 hybrids are attributed to
well-dispersion of β-Sb nanoparticles on the surfaces of
Zn-Cr-LDH and MoS2 nanosheets.
The chemical bond features of the samples are inves-

tigated by FT-IR analysis as presented in Fig. 5. The FT-
IR spectrum of pure β-Sb nanoparticles shows faint FT-IR
peaks, indicating a formation of alkyl ligand-free β-Sb
nanoparticles. The FT-IR peaks observed at wave numbers
of 880−900 cm-1 are stretching and bending bands of
metal−oxygen or metal−sulfur bonds of β-Sb/Zn-Cr-LDH
and β-Sb/MoS2 hybrids.

27 The FT-IR bands at 1070 and
1080 cm-1 for β-Sb/Zn-Cr-LDH and β-Sb/MoS2 hybrids
correspond to C−N stretching bands,27,28 which result from
the uses of formamide and thiourea for the syntheses of
exfoliated Zn-Cr-LDH and MoS2 nanosheets, respectively.

Considering the mild synthetic conditions and small amount
of formamide and thiourea as residues, it is inferred that
the formamide and thiourea are existing in interstitial space
between Zn-Cr-LDH or MoS2 nanosheets rather than
functionalizing the inorganic nanosheets.
UV-Vis spectroscopic analysis is carried out to identify

band structures of the β-Sb nanoparticles, and β-Sb/Zn-
Cr-LDH and β-Sb/MoS2 hybrids. As plotted in Fig. S6 in
SI, all the samples strongly absorb light from UV to IR
region (λ=185−1400 nm), suggesting metallic band struc-
ture for β-Sb nanoparticles, and β-Sb/Zn-Cr-LDH and β-
Sb/MoS2 hybrids. 

Figure 3. TEM images of exfoliated (a) Zn-Cr-LDH and (b) MoS2

nanosheets, (c,d) β-Sb nanoparticles, and (e) β-Sb/Zn-Cr-LDH
and (f) β-Sb/MoS2 hybrids.

Figure 4. N2 adsorption-desorption isotherm curves of (a) β-Sb
nanoparticles, and (b) β-Sb/Zn-Cr-LDH and (c) β-Sb/MoS2 hybrids.

Figure 5. FT-IR spectra of (a) β-Sb nanoparticles, and (b) β-Sb/
Zn-Cr-LDH and (c) β-Sb/MoS2 hybrids.
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In summary, we are successful in synthesizing β-Sb
nanoparticles, and β-Sb/Zn-Cr-LDH and β-Sb/MoS2 hybrids
using antimony triacetate as an antimony source through
solution-phase chemical reduction. The developed synthetic
method is highly effective in obtaining not only high crys-
talline β-Sb nanoparticles but also their hybrids with inor-
ganic nanosheets of Zn-Cr-LDH and MoS2. High crystallinity
and homogeneous particle size of β-Sb nanoparticles
retain after their hybridization with Zn-Cr-LDH and MoS2

nanosheets. The specific surface area of the β-Sb is slightly
expanded upon the hybridization with the Zn-Cr-LDH
and MoS2 nanosheets. All the β-Sb nanoparticles, and β-
Sb/Zn-Cr-LDH and β-Sb/MoS2 hybrids show alkyl ligand-
free chemical state and metallic properties. Considering
the high crystallinity, small particle size, expanded surface
area, alkyl ligand-free chemical state and high metallic
properties of both hybrids, they could be promising elec-
trode materials, and/or electrochemical catalysts in energy
storage/conversion and sensing application fields.
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tra and BJH pore size distribution curves.
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