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Antimony oxychloride SbgO,;Cl,(H,0)s products with various morphologies including sheaf-like, rhombic-plate, oval leaf-like
and quasi-wafer have been successfully synthesized via a mild and facile solution route at room temperature. The morphologies
and structures of the as-prepared samples were characterized by X-ray powder diffraction (XRD), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). A possible formation mechanism of these structures is proposed according

to the experimental results and analysis.
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Over the past decade, an important target of material sci-
ence is the design of inorganic materials with precisely tai-
lored shapes and sizes that have novel properties (optical,
electrical, magnetic and catalytic features) which are
strongly dependent not only on their composition, but also
on the structure, phase, shape, size and size distribution
[1-8]. As a result, the synthesis of inorganic nanomaterials
with well-controlled shapes and sizes has recently attracted
considerable interest. Moreover, it is important to match the
desired shape, size and phase with the corresponding poten-
tial applications. Consequently, by understanding or con-
trolling the growth mechanism, an important link between
the required product morphologies and the experimental
parameters is made.

Among the series of Sb flame retardants, antimony ox-
ychlorides (SbOCI, SbsOsCl,, SbgO;,Cl,) exhibit superior
flame retardant properties that can be used as a flame retar-
dant alone and also provide good synergistic effects when
used with a halogenated organic compound [9]. However,
there is limited information available on the preparation of
the various antimony oxychloride nanostructures using a mild
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and facile solution route. Currently, Sb,OsCl, nanobelts [10],
SbgO,;,Cl, architectures such as nanobelts [10], nanowires,
nanowire-flower, bundles of nanowires, nanobelts, bundles of
flakes and hollow prisms [11], and needle-like SbgO;;Cl,-
(H,0)¢ microcrystallines [12], have been obtained by solution
and hydrothermal methods. However, challenging synthesis
problems remain, including how to solve the irregular shapes
or impure-phases present in the products.

Herein, we report a mild, facile solution route of the
synthesis of SbgO;;Cl,(H,0)¢ with different morphologies
in the presence of poly (vinyl pyrrolidone) (PVP) at room
temperature. In our system, the shape evolution from sheaf-
like to rhombic-plate, oval leaf-like and quasi-wafer struc-
tures has been investigated using different concentrations of
NaOH, which may influence the degree of crystal splitting
during the reaction. Furthermore, the mechanism of the
evolution of the morphologies is postulated.

1 Experimental section

1.1 Synthesis

All of the chemical reagents used were analytical grade and
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used without further purification. In a typical procedure,
0.555 g polyvinyl pyrrolidone (PVP, MW 58000) and 30
mL of a 0.033 mol/LL SbCl; ethylene alcohol (EG) solution
were initially added to a round-bottomed glass flask. After
constant stirring, a colorless solution was acquired. Subse-
quently, an appropriate amount of NaOH at different con-
centrations (0.25, 0.35, 0.40, 0.45, 0.48 and 0.50 mol/L)
was added in a dropwise manner to the above solution and
the stirring was continued for 5 h. The solution was then left
standing for several hours. A white precipitate was obtained,
washed several times with ethanol and finally dried at 50°C
overnight in an oven.

1.2 Characterization

The as-prepared products were characterized by X-ray
powder diffraction (XRD), field emission scanning electron
microscopy (FESEM) and transmission electron microscopy
(TEM). The XRD analysis was performed on a Rigaku
Dmac 2200 X-ray diffractometer (Japan) with Cu Ka radia-
tion (A= 1.5416 A) at a scanning speed of 0.02°/s over the
20range of 10°-60°. The morphologies of the samples were
directly observed with SEM using a Hitachi S-4800 (Japan)
at an accelerating voltage of 5 kV. TEM observations were
carried out using a JEOL JEM-2100F microscope operating
at 200 kV. Specific surface areas were measured at 77 K by
a Brunauer-Emmett-Teller (BET) nitrogen adsorption-
desorption instrument (NOVA 2200e, Quanthachrome,
USA.), and pore size distributions were calculated from the
adsorption branch of the nitrogen adsorption-desorption
isotherm using the Barrett-Joyner-Halenda (BJH) formula.

2 Results and discussion

2.1 Characterization of the as-prepared samples

X-ray powder diffraction (XRD) was used to characterize
the chemical composition and phase purity of the as-pre-
pared products. As shown in Figure 1, the diffraction peaks
in all samples matched with the structure of the orthorhom-
bic SbgO;,Cl,(H,0O)s species with lattice constants a =
0.9618 nm, b = 1.314 nm and ¢ = 0.4078 nm (JCPDS No.
77-1584). The intensity ratio of the reflection peaks repre-
sents a well established approach used to discuss the crystal
orientation against the standard powder XRD pattern
[13,14]. Based on our detailed analysis, we observed that
the intensity ratio between the (020) and (031) diffraction
peaks gradually changed with different shapes obtained for
samples in different concentrations of NaOH. In Figure 1(a),
this intensity ratio is lower than the ratio of similar peaks in
the standard powder pattern (0.57 versus 0.75). By careful
analysis of Figure 1(b)—(e), the intensity ratios between the
(020) and (031) diffraction peaks increased as the concen-
tration of NaOH increased (numerical values corresponding
to 0.62, 0.92, 1.01 and 3.57, respectively). Furthermore, the
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intensity ratios between the (040) and (031) diffraction
peaks, and the (060) and (031) diffraction peaks distinctly
increased in Figure 1(e). These results indicate the aniso-
tropic growth of these planes during the growing process.
The results are further confirmed by the following discus-
sion.

The representative SEM images of the products prepared
with different concentrations of NaOH are shown in Figure
2. Sheaf-like microcrystals of antimony oxychlorides (Fig-
ure 2(a) and (b)) with different outspread extensions at the
top were formed when the concentration of NaOH was ei-
ther 0.25 or 0.35 mol/L. Despite bearing the so-called
“sheaf-like” structure with the top and bottom fanning out
and the middle remaining tightly bound, the extent of the
outspread in product (a) is clearly larger than observed in
product (b), and the length of the structures are also longer
in (a) than observed in (b).

When the NaOH concentration was increased to 0.40
mol/L, the morphology of the products evolved to a middle
structure between a sheaf-like and a rhombic-plate shape, as
shown in Figure 2(c). The main structure is the rhombic
form and the two ends appear to have fork-like features.

Increasing the NaOH concentration to 0.45 mol/L leads
to the formation of primarily rhombic-plate structures with
very few plates containing a fork-like feature at an end
(Figure 4(d)). The oval leaf-like structure of SbgO;Cl,-
(H,0)¢ is observed in Figure 2(e) when the NaOH concen-
tration was increased to 0.48 mol/L. The as-prepared
SbgO;CL,(H,O)s crystals possess primarily an oval mor-
phology with ~3 pum lengths, ~1.8 um widths and ~0.4 pm
thicknesses. The shape finally forms a quasi-wafer structure
from the oval leaf structure as the NaOH concentration
reached 0.50 mol/L (Figure 2(f)). If the concentration of
NaOH exceeds 0.5 mol/L, the product is Sb,O; instead of
SbgO,,Cl,(H,0)g, which has been discussed previously [15].
From the fully developed sheaf-like structure to a sheaf-
like shape with decreasing extensions at the edges, i.e.,

(020)

(040)

Intensity

10 20 30 40 50 60
26()

Figure 1 XRD patterns obtained from the as-synthesized samples with
the various concentrations of NaOH: (a) 0.25, (b) 0.35, (c) 0.40, (d) 0.45
and (e) 0.50 mol/L.
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Figure 2 SEM images obtained from SbgO,,Cl,(H,O)s samples with
various concentrations of NaOH: (a) 0.25, (b) 0.35, (¢) 0.40, (d) 0.45, (e)
0.48 and (f) 0.50 mol/L.

quasi-wafer shape, the evolution of the whole process is
clearly presented.

The morphologies of the as-synthesized products using
different concentrations NaOH were further investigated by
TEM analysis, as shown in Figure 3. All images in Figure 3
clearly show the evolution of the morphologies from
sheaf-like to rhombic-plate, oval leaf-like and quasi-wafer
structures. The selected area electron diffraction (SAED)
patterns taken from the tips of each single as-prepared
product show different information (as shown in the insets
of Figure 3(a)—(f)). In the insets of Figure 3(a) and (b), the
SAED patterns show discrete bright elongated dots that in-
dicate the sheaf-like microcrystals were assembled by na-
norods in a highly oriented way. From Figure 3(c) to (f), the
SAED patterns all show discrete spots, which clearly indi-
cate a single crystal of the as-obtained products. The pat-
terns could be indexed to the [020] zone axis of the mono-
clinic phase SbgO,;Cl,(H,O)s, and these pattern spots were
consistent with the XRD results which demonstrated that
the shape evolution from the sheaf-like to quasi-wafer of the
as-gained products has an oriented formation.

The nitrogen adsorption-desorption isotherm curves of
the SbgO,,Cl,(H,0)¢ (Figure 4(a) to (c)) exhibit the type IV
isotherms that are assigned to the mesostructure. The BET
surface areas of the SbgO;,Cl,(H,0)q samples with different
concentrations of NaOH are (9.49+ 0.5), (8.98+ 0.5) and
(8.47 + 0.5) m*/g, respectively. The decreasing BET surface
areas with increasing concentrations of NaOH are consistent
with the morphology observations obtained from the SEM
results. To further analyze the pore structures of the samples
with different concentrations of NaOH, pore size distribution
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Figure 3 Representative TEM images obtained from SbgO;;Cl,(H,O)e¢
samples with different concentrations of NaOH: (a) 0.25, (b) 0.35, (c) 0.40,
(d) 0.45, (e) 0.48 and (f) 0.50 mol/L. The insets in every figure show the
corresponding SAED patterns.

curves using the BJH (Barrett-Joyner-Halenda) method
were investigated. As presented in the insets of Figure
4(a)—(c), the pore sizes of SbgO;;Cl,(H,0)s were centered at
3.83, 3.06 and 2.75 nm as the concentration of NaOH in-
creased from 0.25 to 0.45 mol/L, indicating that the samples
have mesopores.

2.2 Growth mechanism

As previously reported for other sheaf-like crystals, inclu-
ding Bi,S;[16-18], f-FeO(OH) [19], BaWO, [20,21], lan-
thanum orthovanadates [22], Sb,S5 and Sb,Se; [23,24], CuO
[25,26], CeO, [27] and Tb-doped CePO, [28], it has been
widely accepted that the formation mechanism of sheaf-like
morphologies is because of crystal splitting. Crystal split-
ting possibly occurs because of solution oversaturation con-
ditions are used, or the presence of additives which may
influence the crystal growth process leading to crystal split-
ting. In our synthesis, the effect of PVP is significant in
constructing the sheaf-like shape. In the absence of PVP,
only irregular nanorods with some fork-like features were
obtained (Figure 4(a)). As a very potent crystal face inhibi-
tor and surface stabilizer, it is postulated that the presence
of PVP may Kkinetically control the growth rate of different
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Figure 4 Nitrogen adsorption-desorption isotherm and pore size distribution of sheaf-like SbgO,,CL(H,O), microcrystals with different concentrations of

NaOH: (a) 0.25, (b) 0.40, (c) 0.45 mol/L.

crystallographic faces of the crystal by selectively absorbing
onto specific faces. However, we have no experimental data
to clarify the certain face because of the thickness of the
core part. The selective adsorption of PVP on specific faces
leads to the preferential and fast growth of a particular face,
and this process consequently enhances crystal splitting.

The effect of PVP in the absence of NaOH was examined.
Figure 5 shows SEM images obtained from SbgO;;Cl,-
(H,O)q samples with different concentrations of NaOH in
the absence of PVP. Clearly, in comparison to the previous
results, when the concentration of NaOH was lower than
0.45 mol/L the shapes of the as-obtained products were dif-
ferent from the results obtained when PVP was present.
However, increasing the NaOH concentration to 0.45, 0.48,
or 0.50 mol/LL gave similar rhombic-plate, quasi-oval or
quasi-wafer morphologies, respectively.

These observations are explained by the crystal-splitting
theory in conjunction with the nucleation and growth theory
of nanocrystals. It is well known that crystal splitting is
possible if oversaturation exceeds a certain “critical” level
and the sheaf structure will form under fast crystal growth
conditions. However, when the NaOH concentration in-
creases, more nuclei will form in a shorter period. Conse-
quently, a large number of nuclei will grow slowly, which
prohibits the splitting growth process [18,29]. Similarly, in
our experiments, the degree of crystal splitting decreases

Figure 5 SEM images obtained from SbsO;;Cl,(H,O)s samples with
various concentrations of NaOH in the absence of PVP: (a) 0.25, (b) 0.35,
(c) 0.40, (d) 0.45, (e) 0.48 and (f) 0.50 mol/L.

with increasing concentration of NaOH in the presence of
PVP, i.e., from the sheaf structure with large numbers of
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bundles (0.25 mol/L. NaOH), to bundle numbers decreasing
(0.35 mol/L NaOH), to small bundles with a small degree of
splitting (0.40 mol/LL NaOH), to individual rhombic-plate
structures with negligible splitting (0.45 mol/L NaOH), to
oval leaf-like, quasi-wafer structures with no splitting (0.48
and 0.50 mol/L. NaOH, respectively). Therefore, the evolu-
tion of the morphologies is dependent on the concentration
of the reactant in the solution system in the presence of PVP.
It is very clear that the shapes of the as-obtained products
were different when the concentration of NaOH was lower
than 0.45 mol/L in the absent of PVP. In contrast, when the
concentration of NaOH was > 0.45 mol/L, the as-obtained
results are similar to those obtained when PVP is present.
Therefore, we can assume that when the concentration of
NaOH is lower than 0.45 mol/L the function of PVP is im-
portant for forming the sheaf-like structures with different
degrees of crystal splitting. By increasing the concentration
of NaOH to > 0.45 mol/L, the effect of the NaOH concen-
tration is identical to that observed in the presence of PVP.
More nuclei will form in a shorter period and grow slowly,
which results in structures with no splitting. This observa-
tion is also supported by the results examining a change in
the molar amount of Sb™ in system, as observed in Figure 6.
From Figure 6(a) to (f), with decreasing concentrations of
Sb3+, the shape evolution from sheaf-like to rhombic-plate,
oval leaf-like and quasi-wafer structure is clearly observed.
This observation is in agreement with the conditions in
which the Sb** molar amount is held constant, but the con-
centration of NaOH is modulated.

Based on the above investigation, it can be deduced that
the presence of PVP and the ratio of reactant play important

Figure 6 SEM images obtained from SbsO;,Cl,(H,O)s samples with the
different molar amounts of Sb**: (a) 0.90, (b) 0.80, (c) 0.70, (d) 0.60, (e)
0.53 and (f) 0.50 mmol. 0.25 mol/L. NaOH was used.
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roles in regulating the shape evolution from sheaf-like to
quasi-wafer structures. Figure 7 shows the schematic illus-
tration of the growth process of SbgO,;Cl,(H,O)¢ micro-
crystals with different morphologies. In the presence of
PVP, when the ratio of Sb>*/OH™ equals 1:1.5, crystal split-
ting occurs and the sheaf-like structure is formed. By
changing the ratio to 1:2.1 the degree of crystal splitting
decreases and the number of bundles in the sheaf-like mor-
phology decreases. When the ratio of Sb>*/OH™ reaches
1:2.4 and 1:2.7, simple crystal splitting is found and only a
small quantity of fork-like features exist at the tips of the
as-prepared products. The oval leaf-like and quasi-wafer
structures showed no crystal splitting and this occurred
when the ratio of Sb**/OH™ increased to 1:2.88 and 1:3,
respectively.

Therefore, according to previous analysis, we postulate
that both the addition of the surface stabilizer PVP and dif-
ferent concentrations of the reactants can affect the scale of
crystal splitting, as illustrated for SbgO;,Cl,(H,0O)s micro-
crystals.

3 Conclusions

In this paper, we presented a mild and facile solution route
for the shape-controlled synthesis of SbgO,;Cl,(H,O)¢ mi-
crocrystals by simply changing the concentration of NaOH
in the presence of PVP. A series of morphologies, such as
sheaf-like, rhombic-plate, oval leaf-like and quasi-wafer
were easily prepared by subtle manipulation of the concen-
tration of NaOH. With the proposed growth mechanism, we
believe that this straightforward approach has the potential
to guide shape-controlled synthesis of other inorganic crys-
tals. In addition, antimony oxychlorides represent promising
flame retardants because they include a halogen. Conse-
quently, such compounds can be used as stand-alone flame
retardants and provide good synergistic effects when used
with a halogenated organic compound.

Figure 7 (Color online) Schematic illustration of the growth process of
Sbg0,,Cl(H,0)s microcrystals with different morphologies.
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