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MnWO, nanorods have been successfully synthesized using a facile, cost-ef-
fective DNA-templated hydrothermal method. The effect of the hydrothermal
reaction time and DNA template were systematically examined, and both
were found to affect the surface morphology of the MnWQO,. The prepared
specimens were further investigated by x-ray diffraction analysis, Fourier
transform-infrared spectroscopy, confocal Raman spectroscopy, high-resolu-
tion scanning electron microscopy, and high-resolution transmission electron
microscopy. The morphological studies further confirmed formation of MnWO,
nanorod structure (MW-3 specimen) with dimensional size and length of
110 nm and 40 nm, respectively. Electrochemical investigations on the
MnWO, (MW-3 specimen) electrode revealed high specific capacitance of
386 F g1 at scan rate of 5 mV s ! with 90% capacitance retention after 2000
cycles and further excellent rate capability. These findings suggest that such
MnWO, nanorod electrode would be promising candidates for use in energy

storage devices.
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INTRODUCTION

In recent years, much interest has focused on
fabrication of zero- and one-dimensional (1-D)
nanostructured inorganic materials due to their
electronic, optical, magnetic, and catalytic applica-
tions.™ It is well known that the functional
properties of nanomaterials mainly depend on their
size, shape, morphology, and crystal orientation.
Morphology-controlled synthesis of inorganic
nanostructures with specific properties is one of
the most important issues and main interests in
materials science and nanotechnology. In recent
years, many synthetic methods have been proposed
for preparation of different nanomaterials with
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particular shapes and morphologies for various
applications.®®

Tungstate-based mixed transition-metal oxides
(M?* = Co, Cu, Mn, Zn, Fe, Ni) are a class of materials
with enhanced performance in various applica-
tions.”'° Metal tungstates exist in two types of
crystal arrangement, namely scheelite and wol-
framite structures. Bivalent metal cations with
larger ionic radius crystallize in scheelite-based
structures, while bivalent cations with smaller size
can favor formation of Wolframite structures.!'™*?
Among them, MnWO, is a promising candidate
because of its distinctive physical and optical prop-
erties. Monoclinic manganese tungstate is known as
hiibnerite, lying in space group P2/c and being
isostructural with Wolframite-type structure.'* It is
used for various applications including sensors,”
photocatalysts,'® magnetic materials,”” multifer-
roics,'® oxidation catalysts, and as supercapacitive'®
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and battery materials.?® Remarkably, many reports
are available on synthesis of MnWO, nanomaterial
with different morphologies. Recently, MnWO,
materials with wire-, flake-, and rice-like morpholo-
gies were synthesized by using a DNA-assisted
microwave method and were proved to be more
suitable for use in magnetic, catalytic, and superca-
pacitor applications.'® Hydrothermal and solvother-
mal methods have also been used to achieve
spherical-like structure,?’ nanofibers,”®> nanor-
ods,?*?* and nanococoons.?” Thontem et al.?® pre-
pared a flower-like structure by using a spray
pyrolysis method, whereas shuttle-like structures
were prepared using a simple precipitation method
and investigated for their supercapacitive perfor-
mance.?” Most previous reports have mainly focused
on synthesis of MnWO, nanomaterials with various
morphologies and their characterization by physio-
chemical methods.

Both artificial and natural templates are often
used as nanoscale templates for synthesis of shape-
controlled nanomaterials. Artificial templates such
as cetyltrimethylammonium bromide (CTAB),
mesoporous carbon, and polymers are frequentlzy
used for fabrication of nanostructured materials.*®
On the other hand, Nature provides enormous
biomaterials such as DNA,?° proteins,30 virus cap-
sids,>! bacterial cellulose,” and globular proteins,®?
which have also been widely used as templates for
synthesis of nanoscale materials. They exhibit the
capability for self-assembly into a variety of exten-
sive structures with nanoscale dimension. Among
the different types of biotemplate, DNA is arguably
an excellent biopolymer template for nanoparticle
assembly, offering a distinctive programmable nat-
ure to tune the shape-controlled properties of nano-
materials. Interestingly, purine, pyrimidine bases,
and phosphate groups are present in DNA, which
can act as competent chelation sites for orienting
the different geometrical forms of nanostructured
materials. Several reports are available on such
DNA templation in shape-controlled nanomaterials
synthesis; For example, Zinchenko et al.?* prepared
spherical-shaped gold nanoparticles through DNA
templation for catalytic applications. Woolley and
coworkers synthesized copper nanowires using
DNA as a template.?’ The Kundu group synthesized
CoS-DNA molecular hybrids for electrocatalytic
applications.®® Li et al. reported preparation of
nickel cobalt oxide nanoflakes via a DNA template
method and their use for supercapacitor electrode
applications. Other reports are also available on
preparation of Pd,*® Pt*" Cu,2® PbS,*® Ti0O,,*
Fe;0,,%° Ni,! and BiyS;*? nanoparticles using
DNA as a template.

We report herein the synthesis of MnWO, nanor-
ods via a simple, cost-effective DNA-templated
hydrothermal method and an investigation of its
structural, morphological, and electrochemical
properties. The electrochemical properties of the
as-prepared MnWO, were evaluated by means of

cyclic voltammetry, galvanostatic charge/discharge
measurements, electrochemical impedance spec-
troscopy (EIS), and cycling stability measurements,
revealing excellent double-layer capacitance char-
acteristics as well as high specific capacitance, rate
capability, and capacitance retention. The results
obviously demonstrate that thus-prepared MnWO,
nanorods are potential candidates for fabrication of
energy storage devices.

EXPERIMENTAL PROCEDURES
Materials

All chemicals and reagents employed were of
analytical grade and used without further purifica-
tion. Sodium tungstate dihydrate (Na;WO42H50),
ethanol, and N-methyl-2-pyrrolidone (NMP) were
acquired from SRL (India). On the other hand,
manganese acetate tetrahydrate (MnCyHgO44H50),
deoxyribonucleic acid (DNA) sodium salt from her-
ring testes, polyvinylidene fluoride (PVDF), and
carbon black were purchased from Sigma Aldrich.
In addition, nickel foil (0.025 mm thickness) was
obtained directly from Alfa Aesar. Deionized (DI)
water was used in all synthesis procedures and other
studies.

Synthesis of MnWO, Nanomaterials

In a typical synthesis, aqueous solution of DNA
was prepared by dissolving 0.003 g deoxyribonucleic
acid (DNA) sodium salt in 50 mL DI water with
further stirring for 12 h using a magnetic stirrer to
obtain a homogeneous solution. Subsequently,
50 mM (0.858 g) manganese acetate tetrahydrate
(MnCyHgO44H>0) and 50 mM (1.15g) sodium
tungstate dihydrate (Na;,WO42H50) were dissolved
in 20 mL DI water in separate beakers under
constant stirring. Thereafter, 50 mL DNA aqueous
solution was gradually added to the manganese
precursor. Subsequently, the two aforementioned
precursors were mixed together by constant stirring
and transferred to a 100-mL autoclave. After seal-
ing, it was heated to 180°C for 6 h and naturally
cooled to room temperature. The resultant precip-
itate was washed several times using ethanol and
DI water to remove all impurities. The precipitate
obtained was dried in a hot air oven at 80°C for 12 h
and later at 500°C for 3 h. For comparison, control
experiments were also performed at 12 h and 24 h
intervals. The materials synthesized using
hydrothermal preparation for 6 h, 12 h, and 24 h
were named MW-1, MW-2, and MW-3, respectively.

Characterization

The crystal structure of the synthesized samples
was studied by x-ray diffraction (XRD) analysis
using a PANalytical X’PertPRO diffractometer with
Cu K, radiation (1 = 0.154060 nm). Fourier-trans-
form infrared (FTIR) spectra were recorded in the
range from 4000 cm ! to 400 cm ' using a
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PerkinElmer RX1 spectrophotometer. Raman spec-
tra of all the prepared specimens were collected in
the range from 2000 cm ™! to 250 cm ! using a I-11
confocal Raman spectrophotometer (Nanophoton
Corp., Japan). The surface morphology of the pre-
pared MnWO, samples was analyzed by high-reso-
lution scanning electron microscopy (HR-SEM, FEI
Quanta FEG 200) and transmission electron micro-
scope (HR-TEM, Tecnai G2S-TWIN, FEI, 200 kV)
system.

Electrochemical Characterization

The electrochemical performance of the prepared
MnWO, nanorods was explored using a three-
electrode system on a Bio-Logic electrochemical
workstation (model VSP-150) with aqueous 1M
NaySO, as electrolyte. The working electrode was
prepared by mixing of the sample under study,
acetylene black and Polyvinylidene fluoride (PVDF)
in a mass ratio of 80:10:10. The hybrid material was
mixed with N-methyl-2-pyrrolidone as solvent, and
the resultant homogeneous slurry was coated on
nickel foil. The as-prepared working electrode was
dried in a vacuum oven at 80°C for 12 h. The weight
of active material in the as-prepared electrode was
5 mg. Platinum wire and saturated calomel elec-
trode (SCE) were used as counter and reference
electrode, respectively. The supercapacitive perfor-
mance of the electrodes was evaluated by cyclic
voltammetry (CV) and galvanostatic charge/dis-
charge measurements at various rates. The specific
capacitance of the supercapacitor electrode was
calculated by CV and galvanostatic charge/dis-

charge measurements using Eq.1 and 2,
respectively:*?
_ Jidv
CSpiS-AV~m’ (1)
IAt
Cop = mAV’ (2)

where [idV denotes the integral area of the CV
curve, AV is the potential window (V), m is the mass
of active material (mg), S is the scan rate (mV s 1). I
is the discharge current density (A), and At is the
discharge time (s).

RESULTS AND DISCUSSION

The freshly synthesized MnWO, nanomaterial
specimens MW-1, MW-2, and MW-3 were charac-
terized by powder XRD analysis to determine their
phase and purity (Fig. 1). The observed diffraction
peaks located at 20 = 23.5°, 24.0°, 29.8°, 30.2°, 31.0°,
35.9°, 36.2°, 37.2°, 40.2°, 40.4°, 40.8°, 40.9°, 43.3°,
44.0°, 44.8°, 47.2°, 48.1°, 49.2°, 51.1°, 52.1°, 53.0°,
53.2°, 54.4°, 55.7°, 57.5°, 59.6°, 60.5°, 61.3°, 62.3°,
63.1°, 64.5°, 67.6°, 69.2°, 70.8°, 73.2°, 76.2°, and
77.3° could be perfectly indexed to the (011), (110),
(=111), (111), (020), (002), (120), (200), (—102),
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Fig. 1. XRD patterns of synthesized MnWO, specimens MW-1,
MW-2, and MW-3.

(210), (121), (102), (~112), (112), (211) (030), (022),
(220), (130), (—202), (221), (202), (—131), (212),
(013), (310), (—113), (113), (—311), (311), (023),
(041), (—321), (141), (—232), (042), and (—322)
planes of monoclinic MnWO, material in Joint
Committee on Powder Diffraction Standards
(JCPDS) card no. 01-080-0133 and space group P2/
C. Noticeably, no other impurity peaks were
observed, suggesting a high purity for these MnWOQO,
specimens. The Scherrer formula was used to
calculate the average crystallite size of the prepared
MnWO, specimens:

~09)
~ BeosO’

(3)

where /4, f§, and 0 are the x-ray wavelength, full-
width at half-maximum, and diffraction angle,
respectively. The average crystallite size of the
MW-1, MW-2, and MW-3 specimens was found to
be 12.2 nm, 13.5 nm, and 14.9 nm, respectively.
FTIR spectroscopy is commonly used to evaluate
the nature of bonding and functional properties of
compounds. Figure 2 shows the FTIR spectrum of
MnWO, nanomaterial prepared via DNA-templated
synthesis with the features labeled. All the bands
observed at 882cm™!, 820cm !, 722 cm7?,
587 cm ', 520 cm !, 455 cm ™!, and 422 cm ! cor-
respond to characteristic peaks of MnWOQO, material.
The pair of bands at 882 cm ' and 820 cm ™!
correspond to symmetric and asymmetric stretching
vibration modes of the short W—O bond in terminal
WO, groups. The bands seen at 722 cm ' and
587 cm ™! may be associated with the asymmetrical
stretching vibrations (B, and A,) of the longer W-O
bond in the (W50,), chain, while the typical bands
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Fig. 2. FTIR spectra of synthesized MNWQO, specimens MW-1, MW-
2, and MW-3.
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Fig. 3. Confocal Raman spectra of synthesized MnWQO, specimens
MW-1, MW-2, and MW-3.

at 520 cm ' and 455 cm ™! are assigned to the in-
plane deformation modes (A, and B,) of the longer
W-0 bond. The particular band at 422 ¢cm ' may be
ascribed to the in-plane deformation vibration (B,)
of W—=O bond in terminal WO, groups,?/***° ag
further confirmed by confocal Raman spectroscopic
analysis.

The confocal Raman spectra obtained for the
synthesized MnWO, materials MW-1, MW-2, and
MW-3 are displayed in Fig. 3. Eight modes were
obtained in the range of 100 cm ™! to 1000 cm ™! at
room temperature. The spectra displayed one
prominent high-intensity peak at 874 cm™ !, corre-
sponding to symmetric stretching vibration (A,) of
the short terminal W—O bond. The band at 767 cm *
is attributed to asymmetric stretching vibration (By)
of the short terminal W—O bond. The symmetric (A,)
and asymmetric stretching vibration (B;) modes of
longer W—0O bonds in (W50,), chains are found to
appear at 517 cm ! and 676 cm !, respectively. The
peaks at 386 cm ! and 317 cm ™! can be ascribed to
the deformation vibration (Ag) of short W—O bond
and vibration modes of Mn-O, respectively. The
remaining two peaks at 193 cm™! and 114 cm™!
originate from interchain deformation modes and
lattice modes.!1521:4446 Thege XRD, Raman, and
FTIR results thus confirm formation of high-purity
MnWOQ, specimens.

The surface morphology of the MnWQ, specimens
prepared via DNA-mediated hydrothermal synthe-
sis was characterized using high-resolution scan-
ning electron microscopy (HR-SEM) and high-
resolution transmission electron microscopy (HR-
TEM). HR-SEM images of MnWO, specimens MW-
1, MW-2, and MW-3 are shown in Fig. 4a—f, clearly
revealed the effect of DNA mediation and
hydrothermal reaction time on the morphology of
the freshly prepared specimens. The morphological
images of specimen MW-1 clearly exhibit a mixed
structure containing both edge-curved nanorods
and nanoparticles (38 nm in size), assembled
together to form an aggregated morphology (Fig. 4a,
b). Figure 4c and d correspond to specimen MW-2
and clearly show that there was no particular
change in morphology when the hydrothermal
reaction time was increased from 6 h to 12 h,
whereas the number of nanoparticles decreased.
Interestingly, only perfect nanorod morphology with
length and size of 110 nm and 40 nm, respectively,
was obtained in the case of MW-3 specimen, as
shown in Fig. 4e, f. The nanorods were found to be
edge curved, which is highly beneficial for electro-
chemical supercapacitive performance. These
results clearly indicate a transition of the nanorods
from mixed morphology with nanoparticles depend-
ing on the DNA mediation and increased hydrother-
mal reaction time. The strategy for DNA-templated
hydrothermal synthesis of MnWO, nanorods as
reported in literature®’ is illustrated in Scheme 1.

The structural details of the nanorods obtained in
specimen MW-3 were further investigated by HR-
TEM analysis (Fig. 5). A morphology resembling
uniform nanorods was also evident from the HR-
TEM image obtained for specimen MW-3, in good
agreement with the HR-SEM results presented in
Fig. 5a, and b. Furthermore, Figs. S1 and S2 (Elec-
tronic Supplementary Material) show lower- and
higher-magnification images of specimen MW-3,
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Fig. 4. HR-SEM micrographs of synthesized MnWQO, specimens (a, b) MW-1, (c, d) MW-2, and (e, f) MW-3.

revealing homogeneously formed edge-curved
nanorods. Additionally, a sole edge-curved nanorod
is also shown in Fig. S3 (supplementary informa-
tion). Moreover, small pores are perfectly visible
over the surface of the edge-curved nanorods.
Figure 5¢ and d provides additional crystal struc-
ture information in the case of specimen MW-3. HR-
TEM analysis of an individual nanorod (Fig. 5c¢)
revealed clear lattice fringes with primary interpla-
nar distances of 0.37 nm and 0.29 nm, which can be
assigned to the (011) and (—111) crystallographic
planes. The selected-area electron diffraction

(SAED) pattern recorded for a single nanorod in
MW-3 specimen is depicted in Fig. 5d, revealing its
perfect crystalline nature. The results observed in
terms of lattice fringes and SAED pattern are in
good agreement with the XRD data too.

Electrochemical Analysis

To evaluate the features of the prepared unique
MnWO, nanostructures as electrochemical super-
capacitive electrodes, electrochemical measure-
ments such as cyclic voltammetry (CV),
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Scheme 1. Pictorial representation for the preparation of MN\WO, materials.

chronopotentiometry (CP), and cycling stability
studies were performed in a three-electrode system
using aqueous 1 M Na,SO, as electrolyte solution.
Cyclic voltammetry is a well-known method used to
determine the specific capacitance of any given
material. Figure 6a, b, and ¢ display the CV curves
obtained for specimens MW-1, MW-2, and MW-3 in
the potential range from 0 V to 1 V at scan rates of
5mVs ! to 100 mV s ! Remarkably, the CV
curves of the freshly prepared MnWO, electrode
materials displayed a distinct rectangular shape at
different scan rates, with no obvious peaks for
oxidation and reduction reactions, which tends to
indicate an electric double-layer charge storage
mechanism.*® Fascinatingly, the fact that the cur-
rent density increased with increasing scan rate
further confirms the superior capacitive behavior of
the MnWOy, electrodes. Moreover, the shape of the
CV curve remained the same at the highest scan
rate of 100 mV s~ !, demonstrating a superior rate
capability, mass transportation, and excellent fre-
quency response.*’ The area under the CV curve of
the MnWOy, electrode materials increased at higher
scan rate, which may be due to fast transportation
of ions from the aqueous electrolyte solution
towards the electrode—electrolyte interface.’® The
specific capacitance of the different MnWO, elec-
trodes can be calculated from CV curves using
Eq. 2. The observed specific capacitance values of
the MW-1, MW-2, and MW-3 electrodes were found
to be 181Fg!, 350F g !, and 386 Fg ! at
5 mV s L. Overall, specimen MW-3 tended to exhi-
bit higher specific capacitance at given scan rate,
indicating its pronounced supercapacitive

performance. Comparing the capacitive perfor-
mance of electrode MW-3 with other reported
MnWOy-based electrode materials, it is clearly
observed that the specific capacitance of the as-
prepared MnWO, electrode in the present study is
higher than that of reported MnWO,-, Mn-, and W-
based nanostructures (Table I). This further demon-
strates the improved pseudocapacitive performance
of the freshly prepared MnWO, electrode materials.

Furthermore, on increasing the scan rate to
100 mV s~ 1, the MW-1, MW-2, and MW-3 electrode
materials still delivered capacitance of 124 F g1,
245 F g1, and 288 F g1, respectively, confirming
their good rate capability at higher scan rates. The
effect of the scan rate on the specific capacitance is
further displayed in Fig. 6d. On increasing the scan
rate from 5mV s ! to 100 mV s, the specific
capacitance decreased due to restricted diffusion of
electrolyte ions on the surface.?®

To further evaluate the electrochemical superca-
pacitive performance of the prepared MnWO, mate-
rials (MW-1, MW-2, and MW-3 electrodes),
galvanostatic charge/discharge analysis was per-
formed in the potential window from 0 V to 1V at
five different current densitiesof 1A g1, 1.5 A g1,
2Ag ! 25Ag ! and 3Ag ! (Fig. 7Ta—c). It is
interesting to note that the MnWO, electrodes
exhibited a triangular charge—discharge profile,
further confirming the operation of an electric
double-layer mechanism and indicating their good
capacitive property as well as reversibility.®°
Besides, the absence of IR drops for all the prepared
electrode materials can be ascribed to their low
internal resistance and the good contact between
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Fig. 5. (a, b) HR-TEM images and (c, d) lattice fringes and SAED patterns of specimen MW-3.

the active electrode materials and current collec-
tor.%? The specific capacitance values calculated
from the galvanostatic charge—discharge curves
using Eq. 3 were found to be 87 F g1, 146 F g,
and 243 F g~ ! for electrodes MW-1, MW-2, and MW-
3, respectively, at current density of 1 A g~'. Com-
paratively, electrode MW-3 exhibited high specific
capacitance according to both the CV and CP
analyses, which might be due to the following
reasons: (1) the presence of active redox sites in
the MnWOQO, nanorods enhances the specific capac-
itance value, (2) the small MnWO, nanorods
obtained in MW-3 specimen would efficiently reduce
the ion diffusion path length for enhanced ion
transportation,®> and (3) the synergistic effect
between MnWOQO, nanorods. The estimated specific
capacitance values are plotted against current
density in Fig. 7d, showing agreement with the

CV results. These features are predominantly favor-
able for real-time supercapacitor applications.
Electrochemical impedance spectroscopy (EIS)
was carried out to further examine the capacitive
properties of the MnWQO, materials. The Nyquist
and enlarged Nyquist plots (inset) of the materials
are displayed in Fig. 8. All materials exhibited
similar shapes of Nyquist curves, with each EIS
curve showing a short arc in the high frequency
region followed by a nearly vertical line in the low
frequency region.®®%* The diameter of the arc
corresponds to the charge transfer resistance, while
the nearlz\)g vertical line is related to the capacitive
behavior.%® It is interesting to note that the charge
transfer resistance (R) of the MW-3 electrode was
lower compared with those of the MW-1 and MW-2
electrodes, revealing the good capacitance behavior
of the MW-3 electrode material. Furthermore, the
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Table I. Comparison of electrochemical performance of different electrode materials

Material Electrolyte Specific Capacitance (F g™1) Ref.
MIIWO4 0.1 M NaZSO4 34 19
MnWO, 1 M KOH 295 27
MHWO4 1M HzSO4 27 51
MnWO, /reduced graphene 6 M KOH 288 52
MnOs-based mixed oxides 1 M NaySOy 210 53
MnO, 0.1 M NaySO, 250 54
&-MnOy 1 M NaySOy4 123 55
WO03-W0s3:0.5H,0 0.5 M H,S0, 290 56
WO3 1M Na2804 266 57
WO;3 0.5 M H,S0, 319.26 58
MnWO, 1 M NaySO, 386 Present
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Fig. 6. Cyclic voltammetry curves of MNWO, specimens at different scan rates in three-electrode system: (a) MW-1, (b) MW-2, and (c) MW-3; (d)

variation of specific capacitance of MnNWQ, specimens versus scan rate.

point of intersection of the EIS curve with the real
axis in the high frequency region indicates the
surface resistance (R,).%® The surface resistance is a
combination of the ionic resistance of the electrolyte,
the intrinsic resistance of the active electrode
material, and the contact resistance at the active
material-current collector interface.®” The surface

resistance of the MW-3 electrode was lower than
those of the other electrodes (MW-1 and MW-2).
This result proves that the MW-3 electrode offered
greatly improved capacitance due to its perfect
nanorod structure, which is well consistent with
the cyclic voltammetry and galvanostatic charge—
discharge results.
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Fig. 8. Electrochemical impedance spectroscopy of samples MW-1,
MW-2, and MW-3 with enlarged Nyquist plots inset.

Achievement of a long cycling stability window is
an additional criterion determining the scope of
real-time supercapacitor applications. To estimate
the cycling stability, all the prepared MnWO,
electrodes were evaluated at a higher scan rate of
100 mV s~ ! in the potential range between 0 V and
1 V for 2000 cycles in aqueous 1 M NaySO, (Fig. 9).
In the first 400 cycles for all three electrodes, the
specific capacitance increased with cycles, which
can be attributed to electrochemical activation of
the prepared MnWO, specimens.®® Subsequently,
the capacitance values gradually decreased with
cycle number then remained stable until 2000
cycles. The MW-3 electrode exhibited outstanding
long-term stability with only 10% capacitance loss
even after 2000 cycles, which is evidently much
better than the 21% and 16% capacitance loss
noticed for electrodes MW-1 and MW-2 after the
same number of cycles. The inset of Fig. 9 shows the
cycling stability results at the 1st and 2000th cycles
for specimen MW-3. On the other hand, Fig. S4
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Fig. 9. Cyclic performance of MnWO, specimens at scan rate of
100 mV s~" using three-electrode system; Inset: 1st and 2000th
cycles of specimen MW-3.

(Electronic Supplementary Material) shows the
stability results at the 1st and 2000th cycles for
electrodes MW-1 and MW-2. Comparatively, speci-
men MW-3 exhibited excellent electrochemical per-
formance including higher specific capacitance,
good rate capability, and excellent long-term stabil-
ity. The results of this work confirm the potential of
such MnWO, nanorods (specimen MW-3) for appli-
cation in next-generation high-performance electro-
chemical supercapacitive energy storage devices.

CONCLUSIONS

MnWO, nanorods were successfully synthesized
by a facile, cost-effective DNA-templated hydrother-
mal technique and their supercapacitive perfor-
mance investigated in a  three-electrode
configuration. Furthermore, the physicochemical
properties of the as-prepared MnWOQO, specimens
were systematically analyzed using various charac-
terization techniques. The electrode formed from
specimen MW-3 showed enhanced specific capaci-
tance of 386 F g ! at scan rate of 5 mV s~ ! with 90%
capacitance retention after 2000 cycles at scan rate
of 100 mV s~! and excellent rate capability. These
excellent electrochemical properties of the MnWO,
nanorod electrode make it a potential candidate for
use in supercapacitor applications.

ELECTRONIC SUPPLEMENTARY
MATERIAL

HR-TEM images of specimen MW-3 and 1st and
2000th cycle stability results of MW-1 and MW-2
electrodes.
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