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Abstract Bi,WOg nanoplates were synthesized by a sim-
ple one-step hydrothermal method using oleic acid (OA) as
a green and cheap capping agent. The X-ray diffraction
(XRD) analysis, scanning electron microscopy (SEM), and
energy-dispersive X-ray spectroscopy (EDS) were used to
characterize the products. The interaction between the
precursor product and oleic acid was studied by Fourier
Transform Infrared (FT-IR). In addition, the catalytic
activity of prepared Bi;WOg for the oxidation of thiols to
disulfides as an important reaction in both biological and
chemical processes was investigated. It was found to be an
efficient catalyst for the selective oxidation of thiols to the
corresponding disulfides, without over-oxidation, at room
temperature.

Keywords Bi,WOg - Oleic acid - Thiol oxidation - Green
capping agent

Introduction

The oxidation of thiols to disulfides without over-oxidation
is a pivotal reaction in both biological and chemical pro-
cesses. A number of methods for this conversion, such as
potassium dichromate [1], I,/HI [2], sodium perborate [3],
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and nitric oxide [4], have been used. Most of these pro-
cedures suffer from drawbacks, such as generation of
undesirable waste materials, low selectivity, over-oxida-
tion, and low yield. Hence, developing economical, green,
and mild approaches have attracted a great attention [5]. In
accordance with these aims, previous studies suggested that
metal oxides would be capable of oxidizing thiols under
mild conditions [6].

Bi,WQg, the most important member in the Aurivillius
family, possessing a layered structure with the perovskite-
like slab of (WO4)*~ and (Bi,0,)*" has been widely
studied because of its potential applications in dielectric,
ion conductive, solar-energy-transfer, luminescent, and
photocatalyst materials [7]. So far, different methods have
been used to synthesize Bi,WOg, such as biomimetic [8],
hydrothermal [9], electrospinning [10], ultrasonic spray
pyrolysis [11], sol-gel [12], and microwave-assisted syn-
thesis [13]. Among them, the hydrothermal method is an
advantageous technique, since it is an environmental-
friendly, low-cost method to provide highly pure products
with controlled morphology [14]. The various 3D mor-
phologies of Bi,WOg, including flower-like structure [15],
clew- like microspheres [16], multilayered disk-like
architecture [17], and octahedron-like structure [18] have
been synthesized by the hydrothermal method. A 2D
nanostructure, such as nanoplates and nanoparticles, is an
important category of nanostructured materials, which have
attracted much attention in recent years [19].

In this study, we report the synthesis of Bi;WOg nano-
plates by a simple hydrothermal method using oleic acid as
a green and inexpensive capping agent. Furthermore, for
the first time, we have studied the catalytic activity of
Bi,WOg¢ nanoplates to oxidation of thiols by H,O, as
oxidant in non-aqueous media under neutral conditions at
room temperature.
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Experimental
Hydrothermal synthesis of Bi,WOg

All chemicals were of analytical grade and used without
further purification. Bi,WOg¢ nanoplates were synthesized
by the hydrothermal method as follows: 0.46 g of
Bi(NO3)5-5H,0 (0.95 mmol) was dissolved into a 30-mL
NaNOj; solution (2 M) using a magnetic stirrer at 75 °C for
10 min. Then, 12-mL Na,WOQO,-2H,0 (0.05 M) was added
dropwise into the above solution. After 2 h, 2-mL OA was
added into the above solution and stirred for 30 min. The
resulted suspension was transferred into a 50-mL Teflon-
lined autoclave and maintained at 175 °C for 15 h. After
the autoclave cooled at room temperature, the collected
yellowish white precipitate was washed with deionized
water and acetone for several times and dried in oven at
100 °C for 6 h. The final product was calcined at 550 °C
for 4 h.

Characterization

The morphology of Bi,WOg nanoplates were observed
by a VEGA/TESCAN microscope with an accelerating
voltage of 30.00 kV. The FT-IR analyses were carried
out on a Shimadzu FT-IR-8400S spectrophotometer
using KBr pellets. Furthermore, the structure of parti-
cles were analyzed by a JEOL diffractometer with
monochromatic Cu Ko radiation (1 = 1.5418 10%). An
Oxford energy-dispersive X-ray spectroscopy (EDS)
was used for the determination of Bi and W elements
in the product.

Oxidation reactions

First, 1 mmol of thiol was dissolved in 10-mL dichlor-
omethane, then 5-mg Bi,WOg catalyst was added, and the
mixture was stirred at room temperature. After the com-
pletion of the reaction (detected by TLC), the reaction
mixture was filtered and the solid material was washed
with 20 mL of dichloromethane. The filtrate was evapo-
rated and the resulting material was either recrystallized or
subjected to a silica-gel plate. The filtrate was then sub-
jected to GC and GC-Mass analysis.

Results and discussion
Characterization of Bi,WQOg4 nanoplates

The composition and phase of Bi;WO¢ nanoplates were
characterized by the XRD analysis, as shown in Fig. la.
All the diffraction peaks are indexed to the orthorhombic
phase of Bi,WOg and match well with the reported data
(JCPDS card No. 73-1126, a = 5.457, b = 5.436, and
¢ = 16.42 A). In addition, the EDS result (Fig. 1b) showed
merely the presence of Bi, W, and O elements, which is
indicative of its high purity. The weight percentages of
69.19 and 30.81 were obtained for Bi and W, respectively
(molar ratio of Bi:W is about 2:1).

The SEM image of Bi,WOg reveals the production of
Bi,WO¢ nanoplates with the average thickness of about
90 nm and length and width of about 100-350 nm (Fig. 2).

For the investigation of the interactions between Bi,.
WOg and oleic acid, the FT-IR spectra of pure oleic acid,
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Fig. 1 a XRD patterns and b EDS analysis of Bi,WOg¢ nanoplates

’r @ Springer

5 10 15
Energy (KeV)



J Nanostruct Chem (2016) 6:191-196 193
Fig. 2 Morphology evolution of Bi,WOg nanoplates
5 Table 1 Effect of solvents on oxidation of thiophenol
W Entry Solvent Conv. (%)* Sel. (%)*
3 B 1 Water 5 >99
2 Ethanol 60 >99
3 Dichloromethane 97 >99
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Fig. 3 FT-IR spectra of a OA and b OA adsorbed on Bi,WOg
surface, and ¢ Bi;WOg nanoplates after calcination

Bi,WOg capped by oleic acid and Bi, WOg after calcination
are compared in Fig. 3. The FT-IR spectrum of calcined
Bi,WOg (Fig. 3a) displays strong sharp bands at 734 and
579 cm ™!, which belong to the stretching vibrations of W—
O and Bi—O bonds, respectively [20]. Figure 3b shows the
characteristic peaks of the pure OA comprising the oleyl
group. The peaks at about 2925 and 2854 cm™' were
assigned to the asymmetric and symmetric CH, stretching
modes, respectively, and the C = O stretch of the car-
boxylic acid dimers was observed at about 1710 cm” ! [21].
It is known that in the FT-IR spectrum of the organic acids
adsorbed on the metal oxides (Fig. 3c), the peaks at
1680-1710 cm ™" are attributed to the C = O stretching
modes of the single hydrogen-bonded carboxylic acid

Reaction conditions: thiols (1 mmol), Bi;WOg (5 mg), solvent
(4 mL), H,O, (50 pL), 60 min, room temperature

# Conversion and selectivity were determined by GC

Table 2 Effect of catalyst loading on oxidation of thiophenol

Entry Amount of Catalyst (mg) Conv. (%)* Sel. (%)*
1 Without catalyst 8 >99
2 2.5 61 >99
3 5 97 >99

Reaction conditions: thiols (I mmol), dichloromethane (4 mL), H,O,
(50 pL), 60 min, room temperature

# Conversion and selectivity were determined by GC

groups, while in the cyclic hydrogen-bonded dimeric form,
the frequency of carbonyl group shifts to higher
wavenumbers by ~ 35 cm™! [22, 23]. Therefore, the peak
at 1745 cm™" can be corresponded to the adsorbed OA in
the form of cyclic hydrogen-bonded dimeric structure.
Although the Bi,WOg treated with OA was washed several
times with acetone, the peak at 1710 cm™' was remained
which indicates that a fraction of the OA was physically
adsorbed on the Bi,WOg particles through the van der
Waals forces (the possible formation mechanism of Bi,.
WOg nanoplates is discussed in SI).
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Table 3 Oxidation of various thiols catalyzed by Bi,WO¢

Entry | Thiol Product Conversion | Selectivity
(%) (%)
1 97° 100*

69° 100°

(.,

Wl N TN )

3 74 100*

HgCO—@SH -
cho@s - s—<:/>—o<jﬂ3

4 83 100?
ZBT—4<;:;;F—S}{ —

Reaction conditions: thiols (1 mmol), Bi, WOg¢ (5 mg), dichlromethane
(4 mL), HO, (50 pL), 60 min, room temperature

“Conversion and selectivity were determined by GC

°Conversion and selectivity were determined by chromatography
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Catalytic study

The catalytic performance of Bi,WO¢ was studied for the
oxidation of thiols using H,O, as oxidant. To optimize
reaction conditions for the oxidation of sulfides, thiophenol
was taken as a model compound and different reaction
conditions including catalyst loading and solvent were
studied. As shown in Table 1, the reaction was performed
in various solvents. The conversion of thiophenol is 5, 60,
and 97 % when water, ethanol, and dichloromethane are
used as solvent, respectively (Entries 1-3). The effect of
catalyst loading on the conversion of thiophenol is also
investigated. As shown in Table 2, the conversion of
thiophenol without catalyst is about 8 % (Entry 1); *while,
in the presence of catalyst, the conversion was increased
from 61 to 97 % when the amounts of catalyst were varied
from 2.5 to 5 mg (Entries 2, 3). These results suggested
that the progress of thiophenol oxidation is strongly
dependent upon the catalyst loading.

Under optimal conditions, aromatic thiols with different
substituents have been converted to their corresponding
disulfides in the presence of Bi,WOg (Table 3). As can be
seen, aromatic thiols with various substituents in ortho and
para positions resulted in good yields of the corresponding
disulfides without any other by-products (no peaks of by-
products for thiophenol oxidation were observed in GC-
Mass chromatogram, supporting information, Fig S1).

Conclusion

In summary, we have synthesized Bi,WOg4 nanoplates by a
simple one-spot hydrothermal method using oleic acid as a
capping agent. The FT-IR studies revealed that oleic acid was
chemically adsorbed by cyclic hydrogen-bonded carbonyl
groups on Bi,WOQg surface, and also, there is physically
adsorbed oleic acid via van der Waals forces. Furthermore, the
catalytic activity of Bi,WOg for the synthesis of disulfides via
oxidative coupling of thiols was studied. For the use of a
nontoxic and inexpensive catalyst, the mild conditions and
relatively short reaction time and excellent yields are some of
the notable advantages of this method.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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