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We described herein a facile solution-phase route to three nanocrystals of antimony oxychlorides and
oxides (Sb405Cl,, Sbg041Cly, and Sb,03), whose morphologies and phases were varied with the pH value
of a reaction mixture or composition of a mixed solvent. In particular, the solvent composition
controlled the selective preparation of cubic Sb,0s; (senarmontite) and orthorhombic Sb,03
(valentinite). Both cubic and orthorhombic Sb,05; samples exhibited strong emission properties.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Considerable attention has continually been paid to the
synthesis of nanomaterials with controlled phases, sizes, and
morphologies on which their characteristic properties strongly
depend. Over a couple of the past decades, many research
groups have devoted considerable efforts to preparing such
nanomaterials [1,2].

Several nonstoichiometric antimony oxychlorides and oxides
such as SbOC], Sb304Cl, Sb405C12, SbgOnClz, Sb203, Sb204, and
Sb,05 have been widely used in various industries. Sb,03 typically
has two polymorphs, cubic polymorph (senarmontite, stable
phase) and orthorhombic polymorph (valentinite, metastable
phase), and the orthorhombic polymorph can be transformed
into the cubic one at 490-530°C [3]. Senarmontite has long been
used as an additive to enhance the flame retardancy of polymer
resins, whereas valentinite has not due to its undesirable
oxidization when exposed to air or sunlight [4]. Senarmontite
was shown to act as a catalyst in combination with vanadium for
the selective oxidation of o-xylene [5]. Valentinite is a major
component of the Sb,03-B,05 binary glasses possessing nonlinear
optical properties [6]. Besides senarmontite, some other antimony
oxychlorides (SbOCI, Sb405Cly, SbgO1;Cly) also exhibit excellent
flame retardancy when utilized alone or in combination with
halogenated organic compounds [7].
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Up to now, several 1-D Sb,03 nanomaterials such as nanorods
[8], nanowires [9], and nanobelts [10] have been prepared. On the
other hand, antimony oxychloride nanomaterials are rare mainly
due to their preparative difficulties. Nevertheless, a couple of
nanostructured antimony oxychlorides were prepared previously.
For example, Johnsson and co-workers prepared SbgO1,Cl, single
crystals from Sb,03 and SbCls at 500 °C [11]. In addition, Sb405Cl,
single crystals were recently synthesized in aqueous HCl solution
[12]. However, there has been no report on the synthesis of
nanometer-size Sb405Cl, and SbgO4;Cl,.

In this study, we prepared antimony oxychloride and oxide
nanocrystals by solution-phase methods. To our best knowledge,
we are the first to report on the synthesis of Sb,0sCl;
nanoparticles and Sbg0O4;Cl, nanobelts and nanowires on a large
scale. In particular, cubic and orthorhombic Sb,0O3; could be
prepared selectively by altering the solvent composition. Optical
properties of the Sb,03; samples were also examined at room
temperature.

2. Experimental section

All chemicals were purchased, and all reactions were carried
out in a 100 ml Teflon-lined stainless autoclave. The acidity (pH) of
the reaction solution was adjusted by adding an appropriate
amount of aqueous 6 M NaOH solution. Detailed reaction condi-
tions were summarized in Table 1.
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Table 1
Summary of reaction conditions

Product Reactants Mixed solvent (v/v: 1:1) pH

Sb405Cl, SbCl; EG-H,0 1-2
EtOH-H,0

Sbg01:1Cl; SbCl;+NaOH EG-H,0 4-5
EtOH-H,0

Sb,05 SbCl;+NaOH EG-H,0 8-9
EtOH-H,0

Notes: (1) In all cases, an initial amount of SbCls is 2 mmol, and the total volume of
a mixed solvent is 40 ml. (2) All the reactions were conducted at 120°C for 12 h.
(3) No NaOH is required in preparing Sb405Cl, because SbCl; hydrolyzes to give an
acidic solution with pH = 1-2.
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Fig. 1. XRPD patterns of the samples obtained in EG-H,0 (v/v, 1:1) at pH = 1-2
(a), 4-5 (b), and 8-9 (c).

2.1. A typical synthetic procedure for preparing cubic Sb,0s in
EG-H,0

SbCl; (2 mmol) was dissolved in ethylene glycol (EG, 20 ml)
under constant stirring to form a transparent solution, and
then distilled H,O (20ml) was added to the solution to give
lacteous colloids. The resulting mixture was stirred for 15 min,
and the pH value was adjusted to 8-9 by adding 6 M NaOH(aq).
The solution was further stirred for 20min and transferred
into a 100ml Teflon-lined stainless autoclave, which was then
sealed and kept at 120°C. After 12 h, the resulting white product
was filtered off, washed with distilled water (3 x 100ml) and
absolute ethanol (2 x40ml), and then dried under vacuum at
60 °C for 6 h.

2.2. Characterization

X-ray powder diffraction (XRPD) spectra were obtained on a
Rigaku Max-2200 with Cu Ko radiation. Transmission electron
microscope (TEM) and high-resolution transmission electron
microscope (HRTEM) images were taken with a JEOL 2100F unit
operated at 200kV at the Cooperative Center for Research
Facilities (CCRF) in Sungkyunkwan University. Photoluminescence
(PL) spectra were recorded with an AB2 spectrophotometer
(Amico Bowmann).

3. Results and discussion

The phase, crystallinity, and purity of the samples, which were
prepared in a mixed solvent at 120 °C for 12 h, were examined by
XRPD. Fig. 1 shows the typical XRPD patterns of the samples
obtained in EG-H,0 (v/v, 1:1) at three pH ranges. The reflection
peaks in Fig. 1a (pH = 1-2) can be readily indexed as monoclinic
Sb405Cl, (JCPDS card 30-0091). When the pH of the reaction
mixture was increased to 4-5 by adding 6 M NaOH(aq), mono-
clinic SbgO4:Cl, (JCPDS card 77-1583) was produced (Fig. 1b).
Furthermore, cubic Sb,0s3 (Fig. 1c, JCPDS card 05-0534) was
produced at pH=8-9. No peaks assignable to Sb40sCl,,
Sbg04,Cl,, or other phases of Sb,03 appear in Fig. 1c, which
strongly supports the formation of genuine cubic Sb,0s.

In order to investigate the effects of solvent composition on
the identity of the products, we performed the reactions in
another mixed solvent (EtOH-H,0). At pH = 1-2 (Fig. 2a) and 4-5
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Fig. 2. XRPD patterns of the samples prepared in EEOH-H,0 (v/v,1:1) at pH = 1-2
(a), 4-5 (b), and 8-9 (c).
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Fig. 3. XRPD patterns of the samples obtained at pH = 8-9 in mixed solvents
(v/v, 1:1): (a) dmf-H,0, (b) toluene-H,0O, (c) acetone-H,0, and (d) en-H,O.
*Orthorhombic Sb,05 (JCPDS 11-0689) and $ cubic Sb,03 (JCPDS 72-1334).
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(Fig. 2b), the products are identical with those prepared in
EG-H,0. However, orthorhombic Sb,03 (JCPDS card 11-0689) was
formed at pH = 8-9 in EtOH-H,O0 (Fig. 2c), which contrasts with
the fact that cubic Sb,03 was formed in EG-H,0 in the same pH
range (Fig. 1c).

From the XRPD patterns in Figs. 1 and 2, we can see that the
acidity (pH) of a reaction mixture is critical to controllably
preparing Sb405Cl,, SbgO4;Cl,, and Sb,0s. In addition, the solvent
composition also appears to control the phase of Sb,0s. In the
fabrication of nanostructures, EG is known to act in two ways:
(1) a reducing agent as in the preparation of a series of metal or
alloy nanoparticles [2a] and (2) a coordination agent (a temporary
ligand) as in the preparation of SnO,, TiO,, PbO, and In,0O3

200 nm

nanoparticles [13]. We speculate that the chelating ligand EG
binds strongly to antimony to form a more stable complex,
whereas the nonchelating ligand EtOH weakly coordinates to the
metal. The difference in coordinating capability between these
two ligands seems to result in the selective preparation of the
orthorhombic or cubic Sb,0; phase. We also tried to prepare
antimony compounds in glycerol-H,0. However, no solid pro-
ducts were obtained, maybe because the tridentate ligand glycerol
coordinates so strongly to the antimony metal to form a too stable
compound that does not participate further in the subsequent
reactions to give an ultimate product.

In order to confirm the effects of solvent composition on the
phase of the final product, we performed the experiments in
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Fig. 4. TEM images of the samples prepared in EG-H,0 (v/v, 1:1): (a and b) Sb405Cl,, (c-f) Sbg041Cls, and (g and h) cubic Sb,05.
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several mixed solvents at constant acidity (pH = 8-9). As shown
in Fig. 3, pure orthorhombic Sb,03 could be obtained in dmf-H,0
(Fig. 3a) and toluene-H,O0 (Fig. 3b). On the other hand, a mixture
of orthorhombic Sb,03; (major) and cubic Sb,03 (minor) was
formed in acetone-H,0 (Fig. 3c). Moreover, the cubic Sb,03 was a
sole product in en-H,0 (en = ethylenediamine; Fig. 3d). Conse-
quently, the selective preparation of orthorhombic and cubic
Sb,05 can be achieved by selecting a proper solvent composition.
It should be, however, mentioned that unlike dmf and acetone,
toluene is basically immiscible with water, and therefore we are
not sure whether the product is formed in organic phase (toluene)
or in aqueous phase (H,0).

Fig. 4 displays the TEM images of the samples obtained in
EG-H,0 (v/v, 1:1) at 120°C for 12h at several pH ranges. The
panoramic TEM image of the Sb40sCl, sample obtained at pH = 1-2
is shown in Fig. 4a, which illustrates the irregular nanoparticles in

various sizes. The HRTEM image taken from one nanoparticle is
presented in the inset of Fig. 4a, in which the lattice space of 0.31 nm
corresponds to that of the (002) plane. In the case of SbgOqCly
obtained at pH = 4-5, its TEM images (Figs. 4c and d) show that the
sample consists of nanobelts (major) and nanowires (minor) with
the lengths up to several micrometers. Fig. 4e demonstrates the
HRTEM image of a single SbgO,;Cl, nanowire, which has the typical
lattice spaces of 0.32 and 0.96 nm corresponding to those of (003)
and (001) planes. Furthermore, the SAED pattern in Fig. 4f illustrates
that the 1-D SbgO;;Cl, nanowires grow preferentially in the [010]
direction. However, at higher acidity (pH = 8-9), the cubic Sb,03
was produced and it has the morphology of sub-micrometer
particles (Fig. 4g). The corresponding HRTEM image obtained from
the edge of the Sb,0s5 particle is given in Fig. 4h, which shows the
broad lattice spaces of 0.32 and 0.64 nm, consistent with those of the
(222) and (111) planes.

; _[0011 0.96 nm
(001)

[010]

Fig. 5. TEM images of the samples prepared in EtOH-H,0 (v/v, 1:1): (a-d) SbgO4;Cl, and (e-f) orthorhombic Sb,0s3.
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Figs. 5a-c show the TEM images of SbgO;;Cl, synthesized at
pH = 4-5 in EtOH-H,0 (v/v, 1:1), which demonstrate that the
sample consists of many 1-D nanowires with an average diameter
of 50 nm and lengths up to tens of micrometers. The correspond-
ing HRTEM image of a single SbgO1;Cl, nanowire in Fig. 5d has the
typical lattice space of 0.96 nm corresponding to that of the (001)
plane. Based on the SAED pattern in the inset of Fig. 4d, we can
figure out that the 1-D SbgO;;Cl, nanowires also grew preferen-
tially in the [010] direction. It is worthwhile to note that the
orthorhombic Sb,03; sample prepared at pH = 8-9 has the
morphology of 1-D nanorods with a relatively low aspect ratio
(Fig. 5e), and that the cubic counterpart has the morphology of
nanoparticles (Figs. 4g and h). The HRTEM image of the
orthorhombic Sb,05 (the inset of Fig. 5e) shows the lattice space
to be about 0.25 nm, which corresponds to that of the (200) plane.
In addition, these nanorods grew in the [001] direction, as shown
in the SAED pattern in Fig. 5f.

Fig. 6 presents the TEM images of the orthorhombic Sb,0;
samples obtained at pH =8-9 in toluene-H,O (Fig. 6a) and
en-H,O0 (Fig. 6b). Whereas the reaction in toluene-H,O gave tiny
nanoparticles (Fig. 6a), the corresponding reaction in en-H,O
produced butterfly-like materials (Fig. 6b). In fact, the character-
istics of the Sb,03 sample formed in dmf-H,O (not shown here)
are practically the same as those in Fig. 6b. All phases and

100 nm

morphologies of the antimony oxychloride and oxide nanocrystals
obtained at 120°C for 12 h in mixed solvents are summarized in
Table 2.

Figs. 1-6 tell us that the sizes, shapes, and phases of the
antimony nanomaterials (Sb405Cl,, SbgO1;Cl;, and Sb,03) in this
study strongly depend on the acidity of a reaction mixture and
composition of a mixed solvent. As mentioned above, the
coordinating ability of a component in the mixed solvent appears
to play an important role in determining the morphologies of the
final products. For example, Sb,05Cl, nanoparticles were formed
in EG-H,0, whereas micrometer Sb405Cl; crystals were formed in
EtOH-H,0. This difference in morphology may be due to the
difference in growth rate of colloids, which are formed in the
mixed solvent. The more strongly coordinating EG would slow
down the growth of the colloids to give the Sb405Cl, nanoparti-
cles. On the other hand, the weakly coordinating ethanol (EtOH)
would let the colloids grow faster to develop the micrometer
Sb,405Cl, crystals.

Fig. 7 shows the room-temperature PL spectra of the Sb,0;
samples excited at 215 nm. The curve in Fig. 7a illustrates that the
cubic Sb,03 nanoparticles, which were prepared in EG-H,0, have
several emission bands: one sharp and strong band at 372 nm
(3.33eV) as well as three weak shoulders at 424 (2.92eV), 486
(2.55eV), and 534 nm (2.32 eV). Considering the band gap of bulk

Fig. 6. TEM images of Sb,03 samples obtained in mixed solvents (v/v, 1:1) at pH = 8-9: (a) toluene-H,0 and (b) en-H,0.

Table 2

Summary of antimony oxychloride and oxide nanocrystals obtained at 120 °C for 12 h in mixed solvents

Product pH Mixed solvent (v/v: 1:1) Phase Morphology
Sb,405Cl, 1-2 EG-H,0 Monoclinic Nanoparticles
EtOH-H,0 Monoclinic Irregular microcrystals
SbgO+;Cl; 4-5 EG-H,0 Monoclinic Nanobelts® and nanowires®
EtOH-H,0 Monoclinic Nanowires
Sb,03 8-9 EG-H,0 Cubic Nanoparticles
EtOH-H,0 Orthorhombic Nanorods
dmf-H,0 Orthorhombic Microrods

Toluene-H,0
Acetone-H,0
en-H,0

Orthorhombic
Orthorhombic? and cubic”
Orthorhombic

Nanoparticles
Nanoparticles
Microrods

2 Represents a major product.
b Represents a minor product.
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Fig. 7. Room-temperature PL spectra at lex = 215 nm: (a) cubic Sb,03 nanoparti-
cles and (b) orthorhombic Sb,03 nanorods.

senarmontite (4.31eV) [14], the present cubic Sb,Os; sample
exhibits a significant red shift. The corresponding PL spectrum of
the orthorhombic counterpart (Fig. 7b) also displays several
emission bands: one strong band at 393 nm (3.16 eV) and several
weak shoulders at 423 (2.93eV), 459 (2.70eV), 483 (2.57 eV), and
531 nm (2.34eV). The orthorhombic sample also exhibits a red
shift, compared to bulk valentinite whose band gap is 3.30eV [15].
Consequently, the present cubic and orthorhombic Sb,0O5; both
exhibit a red shift, which might be utilized in the field of
optoelectronic devices [16].

4. Conclusions

In summary, a simple solution-phase approach was developed
to prepare Sb405Cly, SbgO1;Cly, and Sb,03 nanocrystals in various
sizes, shapes, and phases. The acidity of a reaction mixture and
composition of a mixed solvent were found to be the critical
factors in preparing these nanocrystals. Sb405Cl,, SbgO¢,Cl,, and
Sb,03 nanocrystals were prepared at pH = 1-2, 4-5, and 8-9,
respectively. In particular, the EtOH-H,0, dmf-H,0, en-H,0, and
toluene-H,0 solvents were favored for the formation of the
orthorhombic Sb,03, whereas the EG-H,0 solvent was favored for

the formation of the cubic Sb,03. The PL spectra of the cubic and
orthorhombic Sb,03 samples exhibited a red shift compared to
the corresponding bulk materials.
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