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ABSTRACT: Self-assembled, aggregated SnWO,, nanoassem-
blies are formed by the reaction of Sn(II) salt and Na,WO,-
2H,0 in the presence of DNA under microwave heating
within 6 min. We have emphasized the natural properties of
DNA with its ability to scaffold SnWO, nanoassemblies and
examined the role of starting reagents on the particles’
morphology. The diameter of the individual particles is
ultrasmall and varies from ~1—2.5 nm. The potentiality of
the SnWO,, nanoassemblies has been tested for the first time in
two different applications, such as an anode material in
electrochemical supercapacitor studies and as a catalyst for the
oxidation of butanol to butanoic acid. From the supercapacitor
study, it was observed that SnWO, nanoassemblies with
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different sizes showed different specific capacitance (C,) values and the highest C, value was observed for S"tWO, nanoassemblies
having small size of the individual particles. The highest C, value of 242 F g~' was observed at a scan rate of S mV s™' for small
size Sn\WO, nanoassemblies. The capacitor shows an excellent long cycle life along with 85% retention of C, value even after
4000 consecutive times of cycling at a current density of 10 mA cm™> From the catalysis studies, it was observed that ShWO,
nanoassemblies acted as a potential catalyst for the oxidation of butanol to butanoic acid using eco-friendly hydrogen peroxide as
an oxidant with 100% product selectivity. Other than in catalysis and supercapacitors, in the future, the material can further be
used in sensors, visible light photocatalysis and energy related applications.
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B INTRODUCTION

Research on nanomaterials, mainly nanoparticles (NPs), has
been focused on the assembly strategies to control the specific
arrangement of NPs. The morphology controlled synthesis of
zero and one-dimensional (1-D) inorganic nanomaterials have
attracted significant interest due to the importance of the
geometrical forms of materials in determining their widely
varying properties at nanoscale.' > During the past few years,
many techniques have been developed for the successful
generation of self-assembled NPs into ordered nanostructures.
However, there are very few techniques available to organize
nanomaterials in a precise 1-D pattern. The “bottom-up”
approach and the wet-chemical synthesis have been found to be
the most easy and facile ways to synthesize self-assembled
nanomaterials in 1-D patterns in a short time scale. Considering
metal oxide nanomaterials in general, they have been
extensively studied owing to their unique magnetic, catalytic
and energy storage properties across a broad range of
fundamental and technological potential. In particular, in fields
like energy storage and catalysis, electrochemical super-
capacitors show the desirable characteristics of high power
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density, fast charging, excellent cyclic stability, small size and
low mass, when compared with batteries and fuel cells, making
them one of the most promising candidates for next generation
power devices."™” In general, most commercially available
supercapacitors contain high surface area carbonaceous
materials. However, they fail to provide sufficient power
density or efliciency due to decrease of specific capacitance at
higher current densities. To overcome this pitfall, there is a
great need to find cost-effective alternate materials with
excellent electrochemical properties. Metal oxides show
excellent pseudocapacitive properties and among them, binary
metal oxides have been reported to exhibit higher performances
than single component oxides due to their accomplishable
oxidation states and high electronic conductivity. Moreover,
they offer many advantages such as low cost, abundant
resources and are eco-friendly in nature. Recently, mixed
metal oxides, such as NiwO,, NiCo,O, and MnMoO,/
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CoMoO,, have demonstrated vastly improved performance
over single component oxides." " Beyond these super-
capacitors, metal oxides will show great importance in catalysis.
In the past few decades, alternative experimental methods with
reduced environmental impacts have been developed for many
reactions. However, similar progress has not been made on the
modification of organic oxidations. Oxidation of alcohol is
generally performed with stoichiometric amounts of inorganic
oxidants, notably chromium (VT) reagents.ll These oxidants are
relatively expensive and they produce environmentally
undesirable byproducts like heavy metal waste. Further, the
reactions are often conducted in environmentally undesirable
solvents, like chlorinated hydrocarbons. In a constant search for
greener technology, there is a definite need for catalytic
oxidants where hydrogen peroxide can be used as one of the
stoichiometric oxidants,"* which is atom efficient’® and
produces water as the only byproduct. Most reports involve
the oxidation of activated benzylic and allylic alcohols'* or the
use of the Mukaiyama co-oxidation method. Moreover, the
reports using non-noble nanomaterials for the oxidation of
nonactivated alcohols are scarce; only a few exam(?les have been
reported such as the use of palladium,” copper,'® or ruthenium
compounds'” in toluene. To overcome the above limitations,
metal oxide nanomaterials are an excellent choice for cost-
effective and eco-friendly catalysts for organic oxidation
reactions.

Among the various mixed metal oxides, the metals-tungstates
are significant due to their special physical, chemical, structural
and photoluminescence properties.'”'” Metal tungstates having
the formula MWO, mainly crystallizes in two forms, scheelite
and wolframite. In scheelite form, tungstate anions have
tetrahedral geometry and the ionic radius of the metal is
>0.99 A whereas in wolframite form where the tungstate anions
have 6-fold octahedral coordination and the radius is <0.77 A.*°
Among the various MWO,, little is known about the crystal
chemistry of divalent tin in ternary oxides of metals. This might
be due to the low stability associated with the preparation of
Sn”*, which tends to oxidize. Hence, these are to be carried out
in a closed system. Jeitschko and Sleight first reported SnWO,,
to have two polymorphs, an a-phase at low temperature having
orthorhombic structure and stable below 670 °C whereas the -
phase exists at high temperatures higher than 670 °C having a
cubic structure.”’ The a- and f-phase can be intertransformed
by a diffusion-controlled phase-transition mechanism at 670 °C.
The decomposition of a-SnWO, thick films started at a
temperature above 550 °C,** whereas f-SnWQ, decomposes in
air at a temperature above 450 °C.*

In the template controlled self-assembly method, the
sacrificial molecular guides typically consist of soft materials
that can physically guide the nanoscale structures into complex
architectures. Among the various molecular guides, the
deoxyribonucleic acid (DNA) is possibly the most remarkable
molecular guide and potentially used as a structure directing
material for creating defined nanomaterials. DNA has special
structural features and molecular recognition properties that
make it an ideal template to dictate the precise positions of the
materials into any deliberately designed structures such as
cubes,** squares,25 T-junctions26 etc. In DNA, there are mainly
two binding sites, one is a negatively charged phosphate group
and other is the aromatic base molecules. In general, the DNA
template construction of self-assembled nanostructures is
proceeding via a couple of steps. Initially, the metal cation is
attached with the phosphate group in the DNA chain either
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chemically or electrostatically. Next, the NPs start to grow and
assemble along the DNA backbone, resulting in the “organized
molecule”. Finally, the tethered DNA can form various
superstructures due to its well-known base-pairing and
supramolecular interactions.

There are different routes that have been exploited for the
generation of SnWO, nanomaterials. The synthesis of ShnWO,
was first reported in 1972.>" Solis and Lantto studied the gas
sensing properties of different a-SnWO, based thick films.”***
The same group again reported the phase-structure of a- and -
SnWO, using different spectroscopic techniques.”” Dong et al.
synthesized a-SnWO, via a hydrothermal route.”® Cho et al.
studied the photophysical, photoelectrochemical and photo-
catalytic properties of S"WO, nanomaterials.”” Ungelenk and
Feldmann synthesized A-SnWO, nanomaterials via a wet-
chemical route.”® Recently, Su et al. and Huang et al. studied
the formation of Zn doped SnWO, and reduced graphene
oxide (RGO)-SnWO, nanocomposites, respectively and
studied their photocatalytic activity.’"”*> Very recently, Pyper
et al. synthesized a-SnWO, thin films electrodes via a
hydrothermal route.”> Most of the above routes reported
either require expensive and sophisticated equipment for the
synthesis, high temperature, needed expensive chemicals or the
resultant product generated a mixture of different shaped NPs
with ununiform particles size distribution. Compared to these
conventional heating routes, the microwave dielectric heating is
advantageous as it reduces the reaction time and energy
significantly due to its high penetration and concentrated
power. The microwave heating process can heat a substance
uniformly by generating homogeneous nucleation sites, which
in turn results in the NPs with a better size distribution. Kundu
et al. reported earlier the synthesis of metal and metal oxide
nanomaterials using microwave heating routes within relatively
lower reaction times.”* > To the best of our knowledge and
from a careful literature search, there is no report for the
formation of self-assembled, aggregated SnWO, nanoassem-
blies on DNA scaffold within a couple of minutes of microwave
heating. Apart from the new way of synthesis, the SnWO,
nanomaterials have shown pronounced electrochemical super-
capacitor activity and as a potential catalyst for the butanol
oxidation.

In the present report, for the first time we demonstrate the
synthesis of self-assembled, aggregated SnWO, nanoassemblies
on a DNA scaffold within 6 min of microwave heating. The
SnWO, nanoassemblies are synthesized by the anion exchange
reaction of Sn(II) chloride with sodium tungstate (Na,WO,:
2H,0) in the presence of DNA under microwave heating. The
size of the individual ShntWO, NPs on DNA and the chain
diameter can be easily controlled by changing the starting
reagents concentration and altering various other reaction
parameters. The synthesized, self-assembled, aggregated
SnWO, nanomaterials have been used in two potential
applications for the first time, one as an anode material in
the electrochemical supercapacitor study and the other as a
catalyst for butanol oxidation. From the supercapacitor study, it
was observed that ShtWO, nanomaterial had different sizes and
showed different specific capacitance (C;) values. The C, values
were found high in the case of SnWO, particles small in size.
The observed C, value is 242 F/g for small size particles and
217 F/g for large size particles. The cyclic stability study
indicates that the C, value remains stable up to ~85% even after
4000 consecutive cycles. From the butanol oxidation reaction, it
was observed that both SnWO, morphologies acted as a
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potential catalyst for the conversion of butanol to butanoic acid
at 60 °C temperature with good product yield. The present
synthesis process is simple, cost-effective and does not need any
toxic chemicals or any sophisticated instruments. In the future,
the present route can be extended for the generation of other
nanostructured materials within a short time.

B EXPERIMENTAL SECTION

Reagents and Instruments. All the chemicals used in this present
work were analytical reagent (AR) grade. The tin(II) chloride (SnCl,)
and sodium tungstate (Na,WO,-2H,0) were obtained from Sigma-
Aldrich and used as received. Ethanol was purchased from SRL, India.
Deoxyribonucleic acid (double-stranded) from herring testes with an
average molecular weight ~50 K bp (base pair) was purchased from
Sigma-Aldrich. Butanol (99%, Alfa Aser), H,O, (30%, S D Fine
Chemicals limited), acetonitrile (CH;CN, Rankem) were used as
received. Polyvinylidene fluoride (PVDF), carbon black, N-methyl-2-
pyrrolidinone (NMP), nickel foam and potassium hydroxide were
procured from Alfa Aesar and used without any further purification.
Deionized (DI) water was used for the entire synthesis and application
purposes. The synthesized SnWO, nanoassemblies were characterized
using several spectroscopic techniques such as UV—vis absorption
spectra, TEM, FE-SEM, XRD, XPS, EDS, FT-IR, TGA-DTA, LASER
Raman, 'H NMR analyses, CHI 6304C electrochemical workstation
and the detailed specification of all those instruments are elaborated in
the Supporting Information section.

Microwave Synthesis of Self-Assembled, Aggregated
SnWO, Nanoassemblies on DNA Scaffold. The SnWO, nano-
assembles are synthesized by the reaction of SnCl, with Na,WO,-
2H,0 in the presence of DNA under microwave heating for 6 min. In
a typical synthesis, a 0.1 M SnCl, solution was prepared in 100 mL of
ethanol. Then in a separate container, 5 mL of DNA solution was
mixed with 100 mL of 0.1 M Na,WO,-2H,O solution and diluted
further by adding 20 mL of DI water. The solution was mixed well by
stirring for 20 to 30 min. Then the resultant mixture was put inside a
microwave oven and heated for 10 s, taken out and then 4 mL of
SnCl, solution was added at a time while stirring. Again, the solution
mixtures were put inside a microwave oven and heated for 10 s and
taken out, and again 4 mL of SnCl, solution was added. This was
repeated for a total of 25 times. This was followed by further
microwave heating for another 100 s and the total heating time was
350 s (~6 min). The solution was initially light yellowish and during
the reaction as well, but after complete reaction, it became dark yellow.
The resultant solution was taken out from the microwave oven and
cooled at room temperature. The yellowish color precipitate was
separated out, washed with ethanol and water for couple of times and
centrifuged 2—3 times. The resultant yellowish mass was dried initially
at 80 °C. Then the yellowish mass was annealed at various
temperatures up to 800 °C for 2 h in a box furnace. Scheme 1 is
the schematic representation for the different steps involved in the
synthesis of SnWO, nanomaterials. The resultant solid yellowish
powder was used for various analytical characterizations and for the
application purposes.

SnWO, Electrode Fabrication for Electrochemical Super-
capacitor Study and Sample Preparation for Catalytic
Oxidation of Butanol. The electrochemical studies including cyclic
voltammetry (CV), galvonostatic charge—discharge and electro-
chemical impedance spectroscopy (EIS) were done at room
temperature in 3 M KOH solution using an electrochemical
workstation CHI 6034C. The EIS measured at an ac voltage of 5
mV amplitude in the frequency range 0.1 Hz to 100 kHz at open
circuit potential. The electrochemical cell had three electrode
configurations that consist of platinum foil as the counter electrode,
Ag/AgCl as the reference electrode and a working electrode. The
working electrode was prepared by mixing an electroactive material,
carbon black, polyvinylidonedifluride (PVDF), with a ratio of
80:10:10. A small amount of N-methyl-2-pyrrolidine (NMP) was
added to prepare the slurry and pressed on nickel foam and dried in a
vacuum for 12 h at 100 °C; the loading of mass of electroactive
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Scheme 1. Schematic Presentation of the Overall
Preparation Process for the Formation of SnWO,
Nanoassemblies on DNA Scaffold
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material is 2—3 mg. The CV tests were done in the potential window
0—0.55 V at different scan rates varying from 5 to 125 mV s™". The
GCD measurements were measured at different current densities from
1 to 10 mA cm™2 The specific capacitances calculated from CV and
GCD curves according to the following equations.*

oo J1(v)dv
T ymAV (1)
_ oA
"~ mAV (2)

where I (A) is the current density used for charge—discharge, At is the
time elapsed for the discharge cycle, m (g) is the weight of the active
electrode material, AV is the potential window and v is the scan rate
(V s7!). The SnWO, aggregated nanoassemblies were tested for the
catalytic oxidation of the conversion of butanol to butanoic acid. In a
typical catalysis reaction, 0.1 mL of butanol in 10 mL of acetonitrile as
the solvent was placed in a 15 mL glass vial and 0.1 g of ShWO,
powder and 2 mL of 30% H,O, solution was added. The whole
reaction vessel was covered with aluminum foil to avoid the
interference of atmospheric oxygen during the reaction. The solution
mixture was heated at 60 °C and after 7 h, the characteristic unpleasant
smell of butanoic acid was observed indicating the successful formation
of butanoic acid. The product was confirmed using UV—vis, "H NMR,
FT-IR and HPLC studies.

B RESULTS AND DISCUSSION

Transmission Electron Microscopy (TEM) and Field
Emission Scanning Electron Microscopy (FE-SEM) Anal-
ysis. The transmission electron microscopy (TEM) images of
the self-assembled, aggregated nanoassemblies are shown in
Figure 1. Figure 1a—f shows the low and high magnified images
of SnWO, nanomaterials. Figure la—c shows the TEM images
of the Sn WO, nanomaterials where the individual particles size
is small. Figure 1a is the low magnified image and Figure 1b is
the high magnified image. As the particles are very small and
not clearly visible in the bright field images, we captureed the
dark field image also, as seen in Figure lc. From the image, we
can see that the average size of the individual particles is ~1 +
0.5 nm, the approximate chain diameter is ~9 + 2 nm and the
nominal length of the chains is ~0.8 + 0.1 pym. From the
images, it is clear that the small SnWO, particles are self-
assembled together, aggregated and grown on the DNA chain
to generate the chain-like nanoassemblies. The inset of Figure
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Figure 1. Transmission electron microscopy (TEM) micrographs of the SntWO, nanoassemblies. Figures la—c and d—f are the low- and high
magnified TEM images of the Sn\WO, nanomaterials where the individual particle size is small and large, respectively. The insets of Figures 1b and e
show the corresponding SAED patterns that indicate that the particles are crystalline in nature. The inset of Figure lc shows the dark field image
from the same sample.
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1b shows the selected area electron diffraction (SAED) pattern,
which indicates that the particles are crystalline in nature. Here
we did not get any separate intense spots, rather we got high
intense ring patterns due to very small size of individual
particles. The inset of Figure lc shows the dark field image
from the same sample where the individual particles are visible
clearly. Similarly, Figure 1d—f shows the low and high
magnified images of the SnWO, nanomaterials having larger
size of the individual particles. Figure 1d shows low magnified
images whereas Figure le shows high magnified image. Figure
le shows the image at dark field mode. The size of the
individual particles is calculated to be ~2 + 0.5 nm, whereas the
average chain diameter is ~4 + 1 nm and the nominal length of
the chains is ~0.67 + 0.025 ym. The approximate lengths of
the chain are measured from TEM at very low sample
concentration (not shown here) using Image] software. The
inset of Figure le shows corresponding SAED pattern, which
speaks that particles are crystalline in nature. Here, we can see
that small size particles are self-assembled and aggregated to
form the chain-like morphology. Figure S-1 (Supporting
Information) shows the FE-SEM images of the synthesized
SnWO, nanoassembles of two different sizes. Figure S-lab
shows the FE-SEM images where the size of individual particles
is small and Figure S-1c,d shows the images where the sizes of
particles are large. The average diameters of the particles and
approximate chain lengths match nicely with TEM analysis as
discussed before. From the FE-SEM analysis, it is further clear
that small SnWO, particles are self-assembled aggregated to
form the chain-like nanoassemblies.

Optical Absorption Properties and Electronic Band
Structure. The optical absorption spectra (UV—vis spectra) of
the different solution mixtures for the formation of self-
assembled, aggregated SnWO, nanoassembles are shown in
Figure 2A. Curve a in Figure 2A shows the absorption spectrum
of only aqueous DNA solution that has a known 4., value at
260 nm due to absorption of aromatic base molecules in its
structure. Colorless, aqueous sodium tungstate solution does
not show any specific absorption band in the visible region
(curve b, Figure 2A). Only ethanolic SnCl, solution shows a
strong absorption band at lower wavelength region at ~205 nm
due to ligand to metal transfers (LMCT) spectra (curve c,
Figure 2A). The appearance of LMCT band for other metal
salts are also observed earlier.”’™* A mixture of aqueous DNA,
sodium tungstate and SnCl, shows a small hump in the 237 to
331 nm range with a peak maximum at 258 nm (curve d, Figure
2A). The shifting of original DNA peak (curve a, Figure 2A),
original tin chloride absorption band (curve c, Figure 2A) and
original sodium tungstate absorption band (curve b, Figure 2A)
indicates the absorption of Sn®* ions on DNA or their
interaction with each other. Similar types of absorption band
shifting were absorbed earlier for synthesis of Ag"* and Os™’
metal NPs. The solid SnWO, powder was dissolved in DI
water, sonicated for 30 min and the aqueous dispersion was
measured using UV—vis spectrophotometry. Curves e and f in
Figure 2A show the absorption band of SnWO, nanomaterials
having chain-like nanoassemble morphology with large and
small size particles, respectively. In both the spectra, we did not
see any sharp peak but rather a broad absorption band
appeared in the range of 240 to 440 nm. The absorption edge
was observed at different values, indicating the change in
particle size. A similar type of UV—vis absorption band of
SnWO, was noticed by others in previous reports.””*>*> The
optical absorption spectrum of SnWO, in the UV—vis region is
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a = Only aqu. DNA soln.
b = Only aqu. Na-tungstate soln.

¢ = Only aqu. Sn(II)-chloride soln.
— d = Mix. of DNA + Na-tungstate + Sn(II)-chloride soln.
e= SnWO4 chain-like nano-assemblies (large size)

f= SnW()4 chain-like nano-assemblies (small size)
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Figure 2. Room temperature (RT) optical absorption spectra (UV—
vis spectra) of the different solution mixtures for the formation of self-
assembled, aggregated SnWO, nanoassembles. (A) Curve a shows the
absorption spectra of only aqueous DNA solution; curve b is the
spectra for aqueous sodium tungstate solution; curve c is the spectra
for SnCl, solution; curve d is the spectra for the mixture of aqueous
DNA, sodium tungstate and SnCl, solution; curve e and f are the
absorption band of SnWO, nanomaterials having chain-like nano-
assemble morphology with large and small size of the particles,
respectively. (B) Representation of a cubic crystal structure of f-
SnWO, by considering the data of the atomic positions.

due to the excitation of the electron from O 2p to W t,, in the
WO,*” group where the hole on the oxygen and electron on
the tungstate atom remain together as an exciton because of
their strong interaction. The absorption spectra of the solid
SnWO, samples were also measured by making thin film over
the glass substrate, as shown in Figure S-2 (Supporting
Information). In Figure S-2, curve a and curve b are the
absorption bands for large size and small size SnWO,,
respectively. The band gap energy of the two morphologies
was evaluated from the Tauc plot where the photoenergy (hv)
was plotted with aho for the equation, ahv = (ho — E,)" where
@, h, v and E, are the absorption coefficient, Planck’s constant,
photon frequency and photonic energy band gap, respectively.
Here n indicates the types of electronic transitions that take
place where n is 1/2 for direct allowed and 2 for indirect
allowed transition. The observed band gap values for both the
morphologies are 1.76 and 2.17 eV for large size and small size
SnWO, nanomaterials, respectively. Cho et al. observed the
band gap of -SnWO, and was 2.68 eV whereas for a-SnWO, it
was 1.64 eV.”” Pyper et al. observed an optical band gap of 1.9
eV of a-SnWO,.” In our case, the observed band gap is a little
higher/lower due to the morphology and the subsequent
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change in the electronic state in the materials. We also tried to
corelate the crystal structure of f-SnWO, with the electronic
band structure. A cubic crystal structure of S-SnWO, is also
depicted by considering the data of the atomic positions
reported in the literature,”** as shown in Figure 2B. We see
that #-SnWO, is composed of unshared WO, tetrahedra and
the SnOy4 octahedra were asymmetric and distorted due to the
lone pair effect of Sn(II) ions. As given in the literature, the
calculation band gap for a-SnWO, is 1.65 eV and for WO; is
1.77 eV. Considering the crystal structure of SnWO,, the
valence band was found hybridized by the Sn Ss and O 2p
orbitals due to strong interaction among them.” In our case of
P-SnWO,, the calculated band gap was 1.76 and 2.17 eV, which
is higher than that of the a-SnWO, and WOj;, probably due to
an increase in the crystal field splitting between W and O in
WO, tetrahedra that led to the shift of the conduction band
position at upper region that increases the band gap.

Energy Dispersive X-ray Spectroscopy (EDS) Analysis
and X-ray Diffraction (XRD) Analysis. Figure S-3
(Supporting Information) shows the energy dispersive X-ray
spectroscopy (EDS) analysis of the as-synthesized SnWO,
chain-like nanoassemblies. The spectrum consists of all the
expected peaks originated from the elements Sn, W, O, C, P, N,
Na and Cl. The detailed discussions about EDS analysis are
presented in the Supporting Information. The X-ray diffraction
(XRD) patterns of the synthesized SnWO, nanoassemblies are
shown in Figure 3. The as-synthesized samples are annealed at
different temperatures to check the change in crystallinity of the
materials. It was observed that SnWO, particles showed
amorphous nature until 600 °C, although at 800 °C they
were perfectly crystalline in nature. We already discussed in the
Introduction that ShWO, crystallized to the f-phase above 670
°C. Figure 3A shows the temperature dependent XRD pattern
at various annealing temperatures of 80, 300, 400, 500, 600 and
800 °C, respectively. From the pattern, it is observed that up to
600 °C, it shows an amorphous nature. Figure 3B shows the
XRD pattern of the SnWO, nanomaterial annealed at 800 °C.
Curve a and curve b show the XRD patterns of the SnWO,
nanoassemblies having large and small size of the individual
particles. As the difference between particles size is not much
and looks similar for both morphologies. From both the curves,
the diffraction peaks originated from the (200), (020), (001)
(110)1 (_112)) (022)1 <_202)) (202)) (411)1 (_222)) (222)1
(112), (212), (211), (322), (820) and (811) planes,
respectively. The XRD curves are plotted 10—70° for curve A
and 15—70° for curve B. All the different diffraction peaks are
indexed and match properly with Joint Committee of Powder
Diffraction Standards (JCPDS) file number 01-070-1497.”" At
lower 20 values, we have not observed any other peaks that
indicate the absence of any impurities or absence of any other
phase in the synthesized nanomaterials. The SnWO, XRD
pattern is indexed as a wolframite cubic structure where
tungstate atoms sit inside oxygen tetrahedrons that are not
linked together. Solis et al.”’ as well as Ungelenk et al.*’
observed similar types of XRD patterns of f-SnWO, nanoma-
terials. So, from the XRD analysis, we confirmed that the
synthesized SnWO, nanomaterials are pure and crystalline in
nature.

X-ray Photoelectron Spectroscopy (XPS) Analysis. The
X-ray photoelectron spectroscopic analysis was done to identify
the chemical and binding state of SnWO, particles at the
surfaces shown in Figure 4. The XPS survey spectrum (Figure
4a) consists of characteristic peaks from Sn (4d) at 26.8 eV, W
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Figure 3. X-ray diffraction (XRD) pattern of the SnWO, aggregated,
chain-like nanoassemblies at various reaction conditions. Figure 3A
shows the temperature dependent XRD pattern at various annealing
temperatures of 80, 300, 400, 500, 600 and 800 °C, respectively.
Figure 3B shows the XRD pattern of the SnWO, nanomaterial
annealed at 800 °C having large (curve a) and small (curve b)
individual particles, respectively.

(4f) at 38 eV, P (3p) at 138.5 eV, C (1s) at 285 eV, W (4p) at
428 eV, Sn (3d) at 490.2 eV, O (1s) at 531 eV and Sn (3p) at
713.8 eV, respectively. Figure 4b—f shows the high resolution
XPS scan for Sn (3d), W (4f), O (1s), C (1s) and P (3p) peaks,
respectively. In the high resolution Sn (3d) XPS peak, Sn 3d;,,
and Sn 3d;,, peaks appeared at binding energies 494.9 and
486.4 €V, respectively (Figure 4b). All the high resolution peaks
are fitted with peak sum and background to get a clear idea
about the specific peak position and oxidation state of the
elements. Figure 4c shows the high resolution spectrum for W
(4f) where W 4f;,, and W 4f,, peaks appeared at binding
energies of 38.8 and 36.7 eV, respectively. Figure 4d shows the
O (1s) high resolution XPS spectrum where the peak appeared
at a binding energy of 530.4 eV. Figure 4e shows the XPS
spectrum for C (1s) where the peak appeared at 284.8 eV.
Figure 4f shows the high resolution peak for P (3p) where the
P 3p,,, and P 3p;,, peaks appeared at binding energies of 140.5
and 138.02 eV, respectively. The appearance of the P (3p) peak
in XPS spectrum indicates the presence of P with our
synthesized SnWO, nanomaterials that came from DNA used
during our synthesis. Similar types of XPS spectral feature was
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Figure 4. X-ray photoelectron spectroscopy (XPS) analysis of SnWO,, aggregated, chain-like nanoassemblies. Figure 4a shows the survey spectrum;
Figures 4b—f show the high resolution XPS scans for Sn (3d), W (4f), O (1s), C (1s) and P (2p) peaks, respectively.

reported earlier by Cho et al, Dong et al. and Huang et al. for
their study of SN\WO, nanomaterials.”*****

Laser Raman Analysis of the SnWO, Nanoassemblies
on DNA Scaffold. The Laser Raman spectra of the self-
assembled, aggregated SnWO, nanoassemblies on DNA
scaffold are shown in Figure 5. In Figure S, curve a indicates
the Raman spectrum for SnWO, having large size whereas
curve b indicates the Raman spectrum for SnWO,, having small
size. In both cases, the spectra are taken after annealed at 800
°C. In both the curves, 4 intense bands are located almost at the
same positions at 974, 807, 714 and 273 cm™’, respectively. All
these Raman peaks had confirmed the successful formation of
SnWO, nanomaterials. Solis et al. observed the Raman bands of
P-SnWO, almost similar position and in addition of 4 high
intense peaks, few other low intense peaks also observed as they
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run the sample in a vacuum.”” Thangavel et al. observed similar
Raman bands as we observed and confirmed the composition of
p-SnWO, nanomaterials.”® It was also reported earlier for
MWO,, the highest intense Raman band observed above 900
cm™! is due to stretching vibration modes caused by each of the
six W—O bonds in WOy octahadrons. Moreover, it also
observed from the group theory analysis is that for the
wolframite MWO,, in particular for ZnWO,, 36 lattice
vibrations are possible where 18 even vibrations are Raman
active.””

Thermal Analysis Study of the ZnWO, Nanoassem-
blies on DNA Scaffold. The thermogravimetric analysis
(TGA) and differential thermal analysis (DTA) of the as-
synthesized SnWO, nanoassemblies are shown in Figure 6,
curve A and curve B, respectively. The TGA-DTA analysis is a
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Figure S. Laser Raman spectra of larger size (curve a) and smaller size
(curve b) SnWO, aggregated nanoassemblies.
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Figure 6. Curve A and curve B are the thermogravimetric analysis

(TGA) and differential thermal analysis (DTA) of the SnWO,
nanoassemblies.

sophisticated tool to determine the thermal stability and
crystallinity of the synthesized product. From the TGA curve,
we can see that there is a steep decrease in weight loss up to
328 °C. The initial weight loss up to 153 °C is probably due to
removal of water molecules or may be due to the moisture in
the sample. After that, the weight loss up to 328 °C is due to
removal of excess chemicals or excess DNA from the samples.
After 328 °C, gain in weight is observed up to 350 °C and after
460 °C, and then the gradual weight loss continues up to the
end. The increase in weight up to 450 °C is probably due to
slow phase transition and the simultaneous absorption of
moisture at the same temperature. From curve a, we can see
that we have started our experiment with 3.643 g of sample and
after heating up to 800 °C, the amount of sample remaining is
3.328 g. So, the % of weight loss is 8.8%. From the DTA curve
given as curve B, a broad exotherm is observed between 100
and 300 °C. A peak is observed at 190 °C, probably due to the
change in crystallinity or the phase change. Similar types of
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thermal results were reported earlier by others for their
synthesis of MWO, nanomaterials.****

FT-IR Analysis. The Fourier-transform infrared (FT-IR)
spectra of only DNA and DNA bound SnWO, nanomaterials
are shown in Figure 7. In Figure 7, curve a is the FT-IR

FT-IR Spectra of SnWO, Nano-assemblies
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Figure 7. Fourier-transform infrared (FT-IR) spectra of only DNA
(curve a) and DNA bound SnWO, nanoassemblies (curve b).

spectrum of only DNA and curve b is the FT-IR spectrum of
DNA bound SnWO, nanoassemblies. We plotted the spectrum
of DNA with the DNA bound SnWO, to make a comparative
study and to study the probable interaction of the nanomaterial
with DNA. It was discussed earlier that positively charged metal
ions or metal NPs can attach with the negatively charged
phosphate group present in DNA. From curve a, we can see a
few low intense peaks in lower wavenumber regions at 615,
642, 753 and 955 cm ™}, which are attributed to the stretching
vibration of the phosphate group in the parent DNA molecule.
All these specific bands of DNA are either not observed or
shifted from their earlier positions in the case of DNA bound
SnWO, (curve b), which indicates the probable interaction
between them. The peaks observed for DNA (curve a) at 1052
and 1117 cm™" are attributed to the structural vibrations of C—
O—C or C—C bonds that are shifted to a high wavenumber
region in the case of DNA bound SnWO, nanomaterials. A
peak appeared at 1394 cm ™" in the case of only DNA (curve a)
and shifted to 1400 cm™ in the case of DNA bound ShWO,
nanomaterials. The observed peak at 1394 cm™ is due to an
asymmetric stretching vibration of the PO, group. A sharp
peak observed at 1640 cm™" for DNA is due to the stretching
vibration of the carbonyl group. The same peak shifted to 1624
cm™! in the case of DNA bound SnWO, nanomaterials.
Another sharp peak for DNA is observed at 2931 cm™ due to
the symmetric stretching vibration of C—H bonds in the —CH,
group, which shifted to 2926 cm™ in the case of DNA bound
SnWO, nanomaterials. The high intense and broad peak
observed at 3422 cm™ in the case of only DNA sample shifted
to 3439 cm™' in the case of DNA bound SnWO,, which is due
to the stretching vibration of the O—H group in DNA or in
water. In the case of curve b for DNA bound SnWO, sample at
the lower wavenumber region 3—4, sharp and high intense
peaks are observed that are either shifted or not present in the
case of the only DNA sample. The positions of these peaks are
609, 748, 822—886 cm ™, respectively, which are mainly due to
the presence of SntWO, nanomaterials on DNA. The peaks at
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Table 1. Detailed Final Concentrations of All the Reagents, Reaction Parameters, Time of Reaction and Particle Size and Shape

average
set final conc. of final conc. of Sn(1I) final conc. of Na,WO,-2H,0 time of microwave shape of the chain diameter and particles size
no. DNA (M) chloride solution (M) solution (M) heating (min) particles length (nm)
1 1.3 x 1072 40 x 1072 40 x 1072 6 chain-like, NPs D=9+ 2 nm, ~1+ 0.5
assemblies L =0.8+0.10 yum
2 2.7 %X 1073 40 x 1072 40 x 1072 6 chain-like, NPs D=4+ 1nm, ~2 + 0.5
assemblies L = 0.67 + 0.025 um

Scheme 2. Formation Mechanism and Binding of Sn(II) Ions to DNA for the Generation of Different Sizes of SnWO, NPs on
DNA Scaffold
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822 and 886 cm™' are attributed to the stretching vibration of Reaction Mechanism for the Formation of SnWO,
W—O-W bridging bonds in SnWO,.*” The peaks at 609 and Nanoassemblies on DNA Using Microwave Heating.
748 cm™' are probably due to the asymmetric stretching Self-assembled, aggregated, chain-like SnWO, nanoassemblies
vibration of the WO®~ group and the stretching mode of W— are synthesized via the reaction of Sn(Il) salt with Na,WO,:
W bonds. It was reported before that there was a peak at ~450 2H,0 in the presence of DNA under 6 min of microwave
m™' observed due to the bending vibration of (WOg)®™ heating. Two different morphologies of SnWO, having small

octahedron in MWOQ,, but this was not observed in our and large individual particles formed by varying the reagents
present study. The FT-IR vibration bands observed in our concentration are shown in detail in Table 1. From Scheme 1,
study are nicely matching with the earlier reports.””*>" Table S- we can observe that SnWO, particles are successively formed
1 (Supporting Information) shows the different FT-IR bands, and annealed the sample at 800 °C. In our synthesis, the
experimentally observed bands for only DNA and the reported presence of DNA is extremely important for the formation and
FT-IR bands for DNA with the corresponding band assign- growth of self-assembled structure and their stabilization after
ments.”> After analysis of the FT-IR spectrum, it was confirmed formation. We did some control experiments as follows, first we
that SnWO, nanoassemblies are formed and bound on the did the same reaction without DNA and observed that SnWO,
DNA molecule. NPs formed but immediately agglomerated without any specific
2329 DOI: 10.1021/acssuschemeng.5b00627
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Figure 8. (a) Cyclic voltammogram (CV) curves of small and large size SnWO, electrodes at 5 mV s™'; Figures 8b and c are the CV curves of small
and large size SnWO, electrode at various scan rates; Figure 8d shows specific capacitance as a function of scan rate for small and large size ShtWO,

electrodes.

morphology (TEM images are not shown here) due to the
absence of any capping agent. Moreover, microwave heating
also plays a crucial role for the quick formation, nucleation and
growth of the particles in a chain-like fashion. When the same
reaction was done by conventional heating, it took longer time
and the resultant particles were not uniform in shape. For our
synthesis, we used Sn(II) chloride as a tin precussor. Tin(II)
chloride in anhydrous form is not fully soluble in water but
soluble in ethanol, methanol, ether and tetrahydrofuran. SnCl,
has a layered structure having a boiling point of 623 °C and
melting point of 247 °C and density of 3.95 g/cm®. In hot
water, it readily hydrolyzes and forms a Sn(OH), precipitate. In
our synthesis, we also measured the pH values of the different
solution mixtures and studied their role for the synthesis of
SnWO,. The pH of the DNA solution is 3.37, only ethanolic
SnCl, solution is 1.05, only Na,WO,-2H,O solution is 9.70, a
mixture of DNA, SnCl, and Na,WO,2H,0 is 7.78. The pH
values of the SnWO, NPs solution from which two different
morphologies were obtained at the end are 7.04 and 7.23,
respectively. The actual chemical reaction that takes place in
our synthesis is just the anion exchange reaction between the
precursors:

Na,WO,-2H,0 + DNA — DNA-WO,*” complex

2330

DNA-WO,”” complex + SnCl,
— DNA-SaWO, (nuclei) + NaCl + H,O

DNA-SaWO, (nuclei)

growth

—— SnWO,@DNA (self-assembled ShWO, nanoassemblies)

The successful formation of SnWO, nanomaterials on a
DNA scaffold is schematically depicted in Scheme 2. From the
above reaction and from Scheme 2, we can see that initially
WO,’” ions are chemically adsorbed on the DNA and once
Sn(IT) salt was added, Sn** ions electrostatically interact with
WO, ions that are already attached with DNA. Then, through
the chemical interaction, Sn** ions react with WO,>™ ions,
SnWO, nuclei are formed and then grown over DNA and
generated the SntWO, NPs as chain-like morphology. From the
UV—vis spectra (Figure 1) and from the FT-IR analysis (Figure
7), we observed the sign of adsorption of metal ions with the
DNA molecule. From the FT-IR analysis, we confirmed that
the negatively charged phosphate group, the deoxyribose sugar
unit and the aromatic base molecules participate during the
binding action of the materials with the DNA molecule. From
Tablel and Scheme 2, we can see that at low DNA
concentration, the individual SnWO, particles are formed
comparatively large in diameter whereas the resultant chain
diameter is less. On the other hand, at high DNA
concentration, the individual size of the SnWO, particles is
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less whereas the resultant chain diameter is large. We assume
that at a low DNA concentration, the small StWO, nuclei get
more space to grow and after certain time they did. At higher
DNA concentration, the individual Sn WO, nuclei get restricted
during their growth and this results in small size SnWO,
particles. Then, the formed SnWO, crystalline particles grow
on the DNA present in the solution gets self-assembled and
resulted in the aggregated, chain-like morphology. Ungelenk
and Feldmann noticed a different mechanism for their
formation of cubical SnWO, microcrystals in CTAB surfactant
media.’® They observed that f-SnWO, having a NaCl-like
crystal structure grew more along the (100) facet compared to
the (110) facets and resulted in the cubical structure. Gao et al.
also proposed a mechanism for their formation of BaWO,
nanomaterials on a DNA scaffold.”” They observed that initially
Ba®" ions bound with the phosphate backbone and the oxygen
of WO,*™ ions interact preferentially with amino moieties of
adenine due to the hydrogen bonding interaction. Then,
WO,>” ions reacted with Ba®" ions to generate the BaWO,
nuclei on DNA bases. Then, the BaWO, nuclei grew initially to
adjacent areas and finally along the length of the DNA and
generated the chain-like morphology. In our present study also,
we postulate that initially, Sn** ions react with WO,*~ ions and
generate Sn(WO, nuclei and then SnWO, nuclei grow on DNA.
The growth of SntWO, nuclei takes place in multiple steps on
DNA present in solution. Initially, small SnWO, nuclei
crystallized in the preferential direction, and then they
aggregated and stabilized on the DNA chain. Finally, all the
SnWO, particles are self-assembled on the DNA chain and
generated the chain-like StWO,, nanoassemblies. Hence, in our
present synthesis of StWO,, DNA acted in a dual role: initially
it helped during nucleation and the growth process and finally it
stabilized the synthesized particles in chain-like morphology.
The stabilization of DNA bound metal and metal oxide
nanomaterials have been previously highlighted.*”>*'~** Then,
by taking the self-assembled aggregated SnWO, nanoassem-
blies, we carried out two specific applications: one as a potential
anode material in electrochemical supercapacitor studies and
the other as a catalyst for room temperature oxidation of
butanol to butanoic acid as described below.

Electrochemical Measurements of SnWO, Nano-
assemblies. Figure 8a illustrates the CV curves of the
SnWO, nanoassemblies with small and large size at a scan
rate of S mV s/, in the voltage window 0 to 0.55 V. A pair of
strong redox peaks in the CV curves is observed for both the
small and large size Sn(WO, nanoassemblies indicating the fast
redox reaction in SnWO, nanoassemblies. The measured
capacitance is mainly governed by faradaic redox mechanism,
and the reaction is based on the reversible redox of Sn** to
Sn*.

Charge _
Sn* <—— = Sn*'+2¢

Discharge

Here the pseudocapacitance behavior comes mainly from the
faradic redox reaction of Sn and the role of W is to enhance the
electrical conductivity of the SnWO, materials. The redox
behavior of W has no contribution to the measured capacitance.
This is in good accordance with the Pourbiax diagram of W and
previous reports.”* When compared small size with large size
SnWO, nanoassemblies, it showed an increase in current
intensity that indicated that small size had the highest specific
capacitance. From eq 1, we calculated the specific capacitance
values of both small and large size SnWO, nanoassemblies,
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which were 242 and 217 F ¢' at S mV s7', respectively. The
small size SnWO, nanoassemblies exhibited the higher
capacitance compared to large size ShnWO,, which is mainly
due to their higher surface area as confirmed from BET analysis
and short diffusion path length providing easy access of ions/
electron transport with the active materials to achieve higher
specific capacitance. Figure S-4 (Supporting Information)
shows the nitrogen adsorption—desorption isotherm profile
consists of a typical type IV isotherm with a distinct hysteresis
loop observed for small size SnWO, nanoassemblies. The
specific surface area (SSA) for small size SnWO, nano-
assemblies is calculated from the Brunauer—Emmett—Teller
(BET) analysis that is 78.25 m* g~' with a total pore volume of
0.25 cm’ g~'. Barrett—Joyner—Halenda (BJH) analysis
indicates that the pores have mainly mesoporous structure
with a pore size distribution of 2—7 nm. Such a pore size
distribution is favorable to improve the electrochemical
behavior of the small size ShWO, nanoassemblies electrode
due to the unhindered diffusion and accession of electrolyte
ions into the inner space/matrix.”> The BET SSA for large size
SnWO, nanoassemblies is calculated to be 34.98 m* g'. To
evaluate the relationship between the scan rate and specific
capacitance performance of small and large size SnWO,
nanoassemblies, the CV studies were performed at different
scan rates (5—125 mV s™'). We have seen that the obvious
increase of peak current while increasing the scan rate indicates
a good rate capability of SntWO, nanoassmblies.”® Figure 8b,c
shows the CV curves of the small and large size SnWO,
nanoassemblies at various scan rates. From both figures, it was
observed that the positions of the anodic and cathodic peaks
shifted to higher and lower potentials, which might be due to
the ionic diffusion rate as it was not fast enough to keep pace
with electronic neutralization in the redox reaction.”” Figure 8d
shows the relation between scan rate with change in specific
capacitance. From Figure 8d, we can observe that the specific
capacitance value decrease with the increase of the scan rate
might be due to that some electroactive surface areas became
inaccessible (diffusion limited), leading to less availability of
electrode surface area for ion diffusion and adsorption due to
inadequate time.>®

Figure 9a shows the changes in the specific capacitance of the
SnWO, nanoassemblies (small size) at various current densities
(1-10 mA cm™2). All of the GCD curves show the symmetric
and nonlinear behavior with various current densities, further
confirming the pseudocapacitive behavior of the electrodes.
From these charge—discharge curves, the specific capacitance
was calculated at various current densities using eq 2. It can be
seen that the specific capacitance values of both electrodes
decrease with the increase of current density. This may be due
to some active material in the surface becoming inaccessible for
charge storage at higher current densities.”® For comparison,
the GCD curves of both small and large size SnWO,
nanoassemblies at a current density of 1 mA cm™ are shown
in Figure 9b. The voltage plateaus in charge/discharge process
are well matched with the peaks observed in the CV curves
(Figure 8a). Compared to large size, the small size of the
SnWO, electrode showed the higher discharging rate, which
demonstrates the higher specific capacitance of the electrode.
The calculated specific capacitance values of the large and small
size of ShWO, electrodes are 125 and 75 F g™/, respectively at a
current density of 1 mA cm™ We have checked the rate
capability of our electrode at high current densities such as 6, 8,
10 and 15 mA cm™ and observed that the specific capacitance
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Figure 9. (a) Galvanostatic charge/discharge (GCD) curves of small size S"tWO, electrodes at various current densities; (b) GCD curves of small
and large size S"WO, electrode at 1 mA cm™> current density; (c) cyclic performance of small size SN'WO, electrode at 10 mA cm™ for 4000 cycles;

(d) Nyquist plots of the small and large size ShtWO, electrode.

Table 2. Comparison for the Charge—Discharge (CD) Capacitance of the Synthesized Material with Previous Reports

set no. name of the material structure
1 MnMoO,/CoMoO, nanowires
2 NiwO,/DNA nanochains
3 ZnWO,/DNA nanochains
4 CoMoO,/MWCNT nanocomposites
N SnWO,/DNA nanoassemblies

specific capacitance (CD) current density reference
187 F g™ 1Ag! 10
45Fg! 0.2 mA cm™> 8
39F g™ 0.2 mA cm™> 39
170 F g™ 01Ag" 59
125F g™ 1 mA cm™ current report

values are 64, 49, 43.7 and 27 F g™, respectively. We have
compared our specific capacitance value from charge—discharge
curves with previous reports. As there are no reports for the
supercapacitor study on SnWO,, we compared our result with
other similar materials as summarized in Table 2.%'%** As it
is well-known, a long cycle life is the most important factor for
supercapacitor application, so an endurance test based on
SnWO, nanoassemblies (small size) was conducted by GCD at
10 mA cm ™ current density as shown in Figure 9c. Until the
first 400 cycles, a small increase in capacitance was observed
that might be due to the activation process occurring at the
beginning of the charging/discharging test with the electrolyte.
With the increasing time, it gradually penetrates into the
electrode more and subsequently more electrode material gets
activated, contributing to the increase in specific capacitance.*’
After 400 cycles, the capacitance tends to slow down and the
electrode material maintained ~85% of its initial capacitance
even after 4000 consecutive times of cycling, implying that our
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working electrode has a good cyclic stability. So, our
synthesized SnWO, nanoassemblies on DNA scaffold as
electrode or device material were found extremely efficient,
having good cyclic stability, being straightforward and robust.
Apart from these, the electrochemical impedance spectroscopy
(EIS) analysis was also done to understand further the
conductive performance of as-prepared electrodes. Figure 9d
shows the EIS results, and from the results it could be observed
that both of the plots are exhibiting the semicircle arc at the
high frequency region followed by a straight line in the low
frequency region. The semicircle arc at the high frequency
region indicating the interfacial charge transfer resistance (R),
which is about 5.38 € for larger size and 4.68 €2 for smaller size
SnWO, electrodes. The straight line in the low frequency
region indicates the Warburg resistance, which results from the
frequency dependence of ion diffusion/transport in the
electrolyte.”’ Figure S-5 (Supporting Information) shows the
behavior of EIS of small size SntWO, nanoassemblies before
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and after 4000 cycles. There is not much increase in the R
value (before cycling, 4.68 Q; after cycling, 7.52 Q) as
observed, which indicates the better electrochemical behavior
and higher rate capability of our working electrode.

Catalytic Oxidation of Butanol to Butanoic Acid Using
SnWO, Nanoassemblies as Catalyst. For the past few years,
transition metal and metal oxide nanomaterials have been
receiving much more attention in the field of catalysis. Recently,
our group reported the catalytic activity of Osmium organosol
and f-MnO, nanomaterials in the hydrogenation of cyclo-
hexene to cyclohexane and conversion of aniline hydrochloride
to emaraldine salt in aqueous solution, respectively.*** In our
report, for the first time we used SnWO, nanoassemblies on
DNA scaffold as a catalyst and hydrogen peroxide as an oxidant
for the oxidation of butanol to butanoic acid using acetonitrile
as a solvent at 60 °C in 7 h. The chemical reaction for the
catalysis study is

OH
| SnWO,, H,0, ||
CH;CH,CH,CH, —— 3y CH;CH,CH,C-OH
CH;CN, 60°C

In the catalysis reaction, 0.1 mL of butanol in 10 mL of
acetonitrile as the solvent was placed in a 15 mL glass vial and
0.1 g of SnWO, powder and 2 mL of 30% H,O, solution was
added. The reaction vessel was covered with aluminum foil to
avoid the interference of atmospheric oxygen during the
reaction and heated at 60 °C for 7 h. After 7 h, the
characteristic unpleasant smell of butanoic acid was observed
indicating the formation of butanoic acid, which was further
confirmed using UV—vis, '"H NMR, FT-IR and HPLC studies.
In our reaction, initially some of the SnWO, nanomaterial
oxidized by H,0, to form Sn(WO(Q),(OH),).”* The oxidized
form of the SnWO, nanomaterial plays a key role for the
oxidation of butanol to butanoic acid, as shown below.

30% H,0,
—

SnWO, Sn(WO(0),(OH),

OH OH
i ]
Sn(WO(0),(OH), + CH;CH,CH,CH, — 3 CH,CH,CH,C-0 +SnWO, + H,0

In Figure 10A, curve a shows the FT-IR spectrum of butanol
and curve b shows the FT-IR spectrum of butanoic acid. In
curve a, the peaks nearly at 3364, 2946, 1457, 1383 and 1061
cm™" appeared signifying the peaks of butanol. In curve b, the
peaks nearly at 3450, 2971, 2260, 1724, 1584 and 1054 cm™!
appeared whereas the peak at 1724 cm™ is attributed to C=0
stretching frequency, the peak at 2971 cm™' is attributed to
C—H stretching frequency of the alkane group, the peak at
1054 cm™ is attributed to the stretching frequency of C—O of
the acid group. Here, in the case of curve b, the appearance of a
new peak at 1724 cm™" was attributed the oxidation of butanol
to butanoic acid. Figure 10B, shows the 'H NMR spectrum of
butanoic acid and acetonitrile mixture in the (CDj;),SO,
solvent. The singlet at 6 1.98 ppm is attributed to the —CHj
group in acetonitrile and the singlet at 6 3.32 is due to
interaction of (CD;),SO, solvent with residual water. The peak
at 6 4.52 ppm is due to residual water byproduct from
hydrogen peroxide, the peak at § 2.48 ppm is attributed CH,—
CO, the peak at 6 1.31 ppm is attributed to the —CH, group
and at 6 0.84 ppm due to the —CHj group. The characteristic
peak for acidic proton appears at 6 10.97 ppm, which confirms
the oxidation of butanol to butanoic acid.®* In Figure 10C,
curve a shows UV—vis absorption spectrum of butanol and

2333

curve b shows the absorption spectrum of butanoic acid. In
curve a, an intense peak appeared at ~191 nm due to alcoholic
group. In curve b, the peak appeared at ~195 nm which is due
to the n—n* transition of the carboxyl group. In general, the
saturated carboxylic acids show a 4, value near 200 nm and in
our case we observed the peak at ~195 nm. The HPLC study
was done with starting material and final product, using
methanol as the solvent. The R value for starting material is
3.21 and for the final product is 3.26, which matches the
reference butanoic acid R; value. From the chromatogram, we
have calculated the yield and selectivity of our product. The
observed yield was found to be ~60% with 100% selectivity.
We have conducted a couple of controlled experiments to
check the influence of acetonitrile, DNA, SnWO, in the
oxidation reaction. We have carried out the reaction in the
absence of SnWO, but in the presence of hydrogen peroxide
and observed no reaction within the experimental time scale.
We also checked the reaction without heating just by stirring at
room temperature (RT) keeping all other reaction parameters
the same but found that butanoic acid was formed but with less
yield compared to the reaction done in heating conditions at 60
°C. We carried out the reaction without hydrogen peroxide and
observed that the catalytic reaction did not take place at all in
our experimental time scale. All these control experiments led
us to the conclusion that all reagents are extremely important to
carry out the reaction. We tried initially the oxidation of 1,4
butandiol with our synthesized catalyst but we did not get a
desired product and rather observed a mixture of aldehyde, acid
and ester. This might be due to presence of two alcoholic
groups in the same chemical environment. We also checked the
solvent effect on the catalytic reaction, using water as solvent in
place of acetonitrile; very less yield was obtained due to the
partial solubility of butanol in water. We have conducted
postreaction studies to check the recyclability of the catalyst by
doing the same reaction again and again for 10 consecutive
times by heating the catalyst every time up to 200 °C to remove
the residues of previous reaction. As the butanoic acid reached
boiling point, ~165 °C, it was found that with up to 6—7 cycles
the catalytic behavior was not decreased much. However, after
the first cycle of catalysis, the time taken by the catalyst slowly
increased cycle to cycle, which might be due to deactivation of
the catalyst because of overoxidation of the active sites.”*~%

B CONCLUSION

In conclusion, we have studied the properties of DNA and its
ability to scaffold SnWO, nanoassemblies and examined the
influence of starting reagents concentrations on the particles’
morphology. We observed that self-assembled, aggregated
SnWO, nanoassemblies are formed at certain concentrations
of Sn(Il) salt and Na,WO,2H,O in the presence of DNA
using microwave heating for 6 min. The average individual size
of the particles varies from 1 to 2.5 nm whereas the chain
diameter varies from 3 to 11 nm. The potentiality of the
SnWO, nanoassemblies has been tested for the first time in two
different applications, such as an anode material in electro-
chemical supercapacitor studies and as a catalyst for the
oxidation of butanol to butanoic acid. From the electrochemical
supercapacitor study, it was found that differently sized ShnWO,,
nanoassemblies showed different specific capacitance (C;)
values and the highest C; value observed for SnWO,
nanoassemblies having smaller individual particles. The highest
C, value observed was 242 F ¢! at a scan rate of S mV s~ for
small size SnWO, nanoassemblies. The supercapacitor study
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Figure 10. (A) Curve a show the FT-IR spectra of butanol and curve b shows the FT-IR spectra of butanoic acid; (B) '"H NMR spectrum of
butanoic acid in the (CDj;),SO, solvent; (C) curve a shows the UV—vis absorption spectra of butanol and curve b shows the absorption spectra of

butanoic acid.

showed an excellent long cycle life along with 90% retention of
the C value even after 1000 consecutive times of cycling at a
higher current density of 10 mA cm™. From the catalysis
studies, it was observed that SntWO, nanoassemblies on a DNA
scaffold acted as potential catalysts for the oxidation of butanol
to butanoic acid using an eco-friendly hydrogen peroxide as an
oxidant with 100% selectivity. Catalysis results signified that
both the morphologies showed almost similar catalytic activity
due to their ultrasmall size and very low size difference. Other
than catalysis and supercapacitor applications, the material can
further be used in sensor and visible light photocatalysis
applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssusche-
meng.5b00627.

Details about instrumental characterizations and prep-
aration of samples for various characterizations are
elaborated. The figures related to UV—vis transmittance
spectra, Field emission scanning electron microscopy
(FE-SEM), Energy Dispersive X-ray Spectroscopy
(EDS), BET analysis and EIS of SnWO, before and
after 4000 cycles are given in Figure S-1 to S-5
respectively. The data related to FT-IR analysis are
provided in Table S-1 (PDF).
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