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3D MnO; nanorod/welded Ag-nanowire-network supercapacitor elec-
trodes were prepared. Welding treatment of the Ag nanowire-network
leads to low resistance and long lifetime. Galvanostatic charge/discharge
(GCD) induces an ever-lasting morphology changing from flower-
like to honeycomb-like for MnO,, which manifests as increasing
specific capacitance to 663.4 F g ' after 7000 GCD cycles.

Development of alternative energy sources and energy storage
devices is of great importance globally, because of the urgent need
to replace rapidly consumed fossil fuels and to alleviate climate
change. Supercapacitors (SCs) are promising energy storage
devices, which have drawn increasing attention because of their
unique features of high power density, fast charge/discharge rate,
and long-term stability."* To further improve the electrochemical
performance of SCs, development of high-performance electrode
materials is vitally important. In general, the most widely used
electrodes for SCs are carbon material, transition-metal oxides, and
conducting polymers. The transition-metal oxides such as RuO,,
NiO, MnO,, Co;0, and Fe;0, are promising electrode materials
because of their high specific capacitances from the fast and
reversible redox reactions on the material surface.’

Among the various transition-metal oxide electrode materials,
MnO, is an attractive pseudocapacitive material with high theore-
tical specific capacitance (up to 1370 F g~ "), and it is low cost,
naturally abundant, and environmentally friendly.*” However,
the poor conductivity (10°>-10"° S cm™") of MnO, has limited
development of MnO,-based SCs with high capacity performance.®
In recent years, two strategies have been developed to improve the
conductivity of MnO,. The first is doping various elements to form
a mixed oxides matrix.” The second is to combine MnO, with a
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material with excellent conductivity, such as a carbon material,
metal, or oxides.*®° Among conductive materials studied, Ag shows
promise as a collector material for an MnO,-based electrode.'*""
Recent investigations have shown that nanostructure Ag, in parti-
cular Ag nanowires (AgNW), can improve the electrochemical per-
formance of MnO,-based SCs. Xia et al. reported an electrode with
hierarchical heterostructure of Ag/MnO, nanowires, which exhibited
much larger specific capacitances compared with bare MnO,.?
Thomas et al. prepared sandwich-like AgNW/PEDOT:PSS nano-
pillar/MnO, for SC electrodes, exhibiting enhanced capacitive
performance.'” Tay et al. reported a ternary hybrid electrode
fabricated with 2-D graphene, MnO, and AgNW, which also
showed superior capacity performance.’® Hence, the AgNW
can significantly boost the surface and the conductivity of
MnO,. However, poor adhesion of the AgNWs means that they
can be lost easily by peeling off in the electrolyte. This severely
impacts the deposition quality of MnO, on AgNWs and reduces
the lifetime of AgNW/MnO,-based SC electrodes.

Herein, as a possible SC electrode material with high capacitive
performance, we first report the three-dimensional (3D) flower-like
MnO, nanostructure grown directly on a welded AgNW network by
an electrochemical deposition method. The welded AgQNW network
can form junctions at AgNW crossing points to prevent peeling off of
the AgNWs, resulting in long-term stability of the 3D hierarchical
MnO, nanorod/welded Ag-nanowire-network (MN/w-ANN) electrode
with more than 7000 GCD cycles. The 3D MN/w-ANN electrode
shows ever-increasing specific capacitance (from 423.5 F g~ " up
to 663.4 F g ') because of the gradual morphology changing
from flower-like to honeycomb-like MnO, with increasing
galvanostatic charge/discharge (GCD) number.

The steps involved in fabrication of the SC electrodes (Fig. 1)
are presented. The ultralong AgNWs were synthesized by redu-
cing AgNO; with ethylene glycol (EG) in the presence of poly-
vinylpyrrolidone (PVP) and FeCls;, as described previously.'
Then, AgNW ink was spun on the surface of FTO substrates at
3000 rpm several times to ensure the AgNW network layer was
dense enough. Next, the AgNW network was welded at different
annealing temperature for 30 min under an Ar atmosphere to
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Fig. 1 Fabrication procedures for 3D MN/w-ANN composite electrodes
on FTO substrate.

form junctions between AgNWs. Electrodeposition of MnO, was
carried out in 0.25 M Mn(CH3COO),-4H,0 solution by a potentio-
static electrochemical deposition technique with three electrode
configuration. Carbon, saturated calomel, and AgNW/FTO sub-
strates were used as the counter electrode, reference electrode,
and working electrode, respectively. The portion of the working
electrodes at which the MnO, was to be deposited was dipped into
the solution, with the remainder of the AgNW/FTO kept in air.
A 0.45 V potential was applied to the electrode for 400 seconds.
The final 3D MN/w-ANN composites were washed in distilled
water three times. The loading mass of the plated MnO, was
calculated by integrating the total coulombic charges used for
plating over electrolysis durations, and was confirmed by direct
weight measurements of the electrodes (see the ESIT).”

Morphology and crystal structure studies were performed on the
samples using field emission scanning electron microscopy (SEM,
Quanta 250, FEI), transmission electron microscopy (TEM, Tecnai
G2 F20, FEI), X-ray photoelectron spectroscopy (XPS, Thermo Fisher
K-Alpha American with an Al Ko X-ray source), high resolution
Raman spectrometry (LabRAM HR Evolution, HORIBA JOBIN
YVON S. A. S), and X-ray diffraction (XRD, D8-Advance, Bruker).
Cyclic voltammetry (CV), GCD, and electrochemical impedance
spectroscopy (EIS) were carried out in a three-electrode system
using an electrochemical workstation (Zahner/Zennium E 6.0). The
electrolyte was a 0.5 M Na,SO, aqueous solution.

The XRD pattern of AgNW/FTO substrate (Fig. S1a, ESIT) shows
the presence of metallic Ag (JCPDFS 87-0597) and cassiterite SnO,
(JCPDFS 77-0452) from the FTO substrate. In the two patterns
shown in Fig. 2a, the diffraction peaks at 26.6°, 34°, 37.9°, 54.8°,
and 61.6° indicate the ramsdellite MnO, (JCPDFS 42-1316), and
the peaks at 26.5° 33.7°, 37.8°, 51.6°, 61.6°, and 65.7° are the
characteristic peaks of cassiterite SnO,. In the green curve, three
new diffraction peaks are observed at about 38.1°, 44.3°, and
64.4°, which index the (111), (200), and (220) peaks of metallic Ag.
The structural assignment is further corroborated by Raman
spectroscopic analysis (Fig. 2b). The peaks at 508, 570, 630 cm ™"
of bare MnO, and the peaks at 505, 564, 627 cm ' of the
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Fig. 2 (a) XRD patterns of bare MnO, and 3D MN/w-ANN composites.
(b) Raman spectra of bare MnO, and 3D MN/w-ANN composites.
(c) and (d) XPS core-level spectra of Mn 2p, and Ag 3d of the3D MN/w-
ANN composite, respectively.

MN/w-ANN electrode demonstrate that the deposited MnO, is
ramsdellite MnO,.**

The chemical compositions and surface chemical states of the
3D MN/w-ANN composites were examined by XPS. Four elements
(C, Ag, Mn, and O) were identified from the full-survey-scan
spectrum of the 3D MN/w-ANN composite (Fig. S1b, ESIf). The
Mn 3s spectrum (Fig. Slc, ESIT) shows a peak separation value
of 4.83 eV, suggesting that Mn*" is the dominant Mn species."®
In Fig. 2¢, two distinct peaks with binding energies of 641.8 and
653.5 €V can be assigned to Mn 2p;,, and Mn 2p;,, respectively,
indicating that Mn mainly exists in the form of Mn*" in the 3D
MN/w-ANN composites.> The Ag 3d spectrum (Fig. 2d) shows
two obvious peaks located at 368.1 eV for Ag 2d;/, and 374.2 eV
for Ag 2ds/,, with a spin energy separation of 6.1 eV, which
indicates that Ag is present in the metallic state.'

Fig. 3a-d and Fig. S2 (ESIt) show SEM images of the AgNW
network, the bare MnO,, and the 3D MN/w-ANN samples. According
to Fig. 3a and Fig. S2a and b, (ESIt), the interconnected ultralong
AgNWs form a good 3D network. The diameters range from 40 nm
to 200 nm. Based on the morphologic features, the AgNW network
not only facilitates electron transfer but also provides a large surface

Fig. 3 SEM images of (a) AQNW network, (b) annealing AQNW network,
(c) bare MnO; film on FTO, (d) 3D MN/w-ANN composites. (e) and (f) TEM
images of the 3D MN/w-ANN composites.
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Fig. 4 (a) CV curves of the a-AgNW electrode, the bare MnO, and the 3D MN/w-ANN electrodes at a scan rate of 5 mV s~*. (b) Specific capacitances of
3D MN/w-ANN electrodes and the sheet resistances of AQNW/FTO substrates at different spin-coating number before and after annealing treatment.
(c) EIS of 3D MnO,/a-AgNW and the bare MnO, electrodes, the inset shows the enlarged EIS at the high-frequency region. (d) Cycling performance at a
current of 0.5 mA (red curve: the bare MnO,; black and blue curves: the MN/ANN and MN/w-ANN electrodes, respectively). The insets are optical images
of the 3D MN/w-ANN electrodes before and after GCD. (e) SEM image of the 3D MN/w-ANN electrode after 3000-cycle GCD measurement. (f) SEM
image of the 3D MN/w-ANN electrode after 7000-cycle GCD measurement.

area. For the initial AgQNW network, the connections at the crossed
section are established by physical contacts, such as van der Waals
forces and capillary force from solvent evaporation.'”*® Thus, the
AgNW network can be lost easily by peeling off in the electrolyte. To
solve this problem, AgNW networks were welded at 200, 250, 300
and 350 °C for 30 minutes under an Ar atmosphere to form
junctions at the crossing points of AgNWs. At 200 °C, the AgNWs
could not be welded together (Fig. S2c, ESIT). Up to 250 °C, only slim
AgNWs welded together (Fig. S2d, ESIt), probably because the
annealing temperature was not high enough. Junctions were formed
with various diameters at 300 °C (marked by the dashed circles in
Fig. 3b and Fig. S2e, ESIt). However, at 350 °C the AgNWs suffered
serious distortion and fused together, which caused destruction of
the AgNW network (Fig. S2f, ESIt). Thus, the optimal annealing
temperature at which to form AgNW junctions is 300 °C.

Based on Fig. 3¢, MnO, particle islands are deposited on the
surface of FTO to form a compact MnO, film, with small surface
area. By contrast, Fig. 3d shows a dramatically different MnO,
product with a flower-like morphology coated on the AgNWs to
form 3D hierarchical MN/w-ANN composites. The detailed micro-
structure of the MN/w-ANN composite is shown in the TEM images.
Fig. 3e shows a magnified image of MnO, deposited on the surface
of AgNWs, and the flower-like MnO, coating is composed of
nanorods. Therefore, the 3D hierarchical MN/w-ANN composite
has large surface area; however, because of the low mass loading of
the study material, reliable BET measurements were not possible."®
A representative high-resolution TEM image (Fig. 3f) displays the
distinct lattice fringes with an interlayer spacing of 0.24 nm, which
are indexed to (111) planes of ramsdellite MnO,. The energy
dispersive X-ray spectrometry (EDS) spectrum (Fig. S3, ESIt) exhi-
bits peaks of C, O, Mn, Ag, and Sn, supporting the incorporation of
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MnO,, AgNWs, and SnO,. The insets of Fig. S3 (ESIf) are the
element mapping of Mn, Sn, and Ag, indicating that AgNWs are
uniformly dispersed on FTO and that MnO, is deposited on the
surface of the AgNWs.

Fig. 4a shows the CV curves of the AgNW network, bare MnO,,
and 3D MN/w-ANN electrodes over a potential window between 0
and 1.0 V at a scan rate of 5 mV s~ '. The CV curve of the pure
AgNWs is almost a straight line, indicating that the contribution of
pure AgNWs is insignificant.® The CV curve for the 3D MN/w-ANN
electrode shows a much larger enclosed area than that of the bare
MnO, electrode. Its curve exhibits obvious pseudocapacitance
features with one pair of well-defined redox peaks, suggesting that
the capacitance characteristics are controlled by the Faradaic redox
reaction related to Mn-O/Mn-O-OH associated with Na" cation or
OH™ anions. The specific capacitances of the 3D MN/W-ANN and
the bare MnO, attain 551.3 F g~ and 226 F g, respectively, at a
scan rate of 5 mV s~ . The larger specific capacitance for the 3D
MN/w-ANN electrode may be attributed to the larger surface
area of the MnO, nanorods and the high conductivity of the
AgNW network. Furthermore, the CV curves of the bare MnO,,
the MnO,/Ag-nanowire-network without the welding treatment
(MN/ANN), and the 3D MN/w-ANN electrodes were recorded at
various scan rates from 5 mV s~ ' to 100 mV s~ (Fig. S4a—c, ESIt).
Fig. S4d (ESIt) shows the specific capacitance of these electrodes
at different scan rates. Significantly, the 3D MN/w-ANN electrode
yields the highest specific capacitance. Compared with the
MN/ANN electrode, it shows a good rate capability when the
scan rate increases from 5 mV s~ ' to 100 mV s~ '. Fig. S5 (ESIt)
displays the GCD curves of the 3D MN/w-ANN electrode at
currents from 0.125 mA to 1 mA. Good symmetry and fairly
linear slopes are observed, indicating a superior reversible
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redox reaction.”® Lower sheet resistance and greater surface
area of the MnO, nanomaterials and current collector materials
are very important. As shown by the two black lines in Fig. 4b,
the sheet resistance of the AgNW/FTO substrate decreases from
15.7 Q sq ' to 7.6 Q sq” " with increasing spin-coating time to 100,
and is further decreased to 6.6 Q sq~* when the AgNW network is
annealed. The red line (Fig. 4b) shows the relationship between
AgNW spin-coating number and specific capacitance of the com-
posites, which suggests that the optimum spin-coating number is
~ 80 times. The corresponding mass ratio between the MnO, and
AgNW network of the sample is about 1:0.40 (Table S1, ESIY).
Further understanding of ion diffusion in the electrode has been
obtained by EIS measurement within a frequency range of 100 kHz
to 0.01 Hz for the 3D MnO,/a-AgNW and the bare MnO, electrodes
(Fig. 4c). The 3D MnO,/a-AgNW electrode has a much smaller
charge transfer resistance than that of the bare MnO, electrode,
which indicates that the conductivity for the 3D MnO,/a-AgNW
composite is enhanced by the AgNW network, leading to its
superior capacitance behavior.

Fig. 4d shows the cycle performance of the bare MnO,, the
MN/ANN, and the 3D MN/w-ANN electrodes at 0.5 mA. From
the red line, it can be seen that the specific capacitance of the
bare MnO, electrode continuously decreases from 260.7 F g~
to 130.7 F g~ *. However, the MnO, material peels off when the
cycling life is only about 3600 cycles, and its specific capaci-
tance returns to ~50%. The black line shows that after anneal-
ing the AgNW network, the specific capacitance of the 3D MN/
w-ANN electrode decreases from 423.5 F g " to 370.8 F g ' in
the initial 400 cycles. Then, it increases up to 663.4 F g~ " with
increasing cycle number, revealing 156.6% retention. Mean-
while, the morphology of MnO, gradually changes from flower-
like nanorods (Fig. 3d) to lamellar wrinkles at 3000 GCD cycles
(Fig. 4e), and to highly porous honeycomb-like nanoflakes when it
reaches 7000 cycles (Fig. 4f). Such porous honeycomb-like nano-
structures provide a much larger accessible area of Na cation. The
morphology changes can be attributed to an electrochemical
oxidation process during GCD cycling, leading to dissolution
and redeposition of the MnO, electrode, which can also promote
the electrolyte to diffuse into the electrode.” > However, the
specific capacitance of the MN/ANN electrode sharply decreases
from 625 F g ' to 131 F g before the 300th cycle because of
easy exfoliation of the AgNW network, revealing poor stability
(blue curve in Fig. 4d). Fig. S6 (ESIT) shows photo images of the
MN/ANN and the 3D MN/w-ANN electrodes after GCD testing.
Compared with the 3D MN/w-ANN electrode, the MN/ANN
electrode clearly peels off after the GCD cycle.

In summary, a 3D MN/w-ANN composite, with high capacitive
performance and good stability, was fabricated as an electrode

This journal is © The Royal Society of Chemistry 2016
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material of SCs. MnO, nanorods were grown directly on the
AgNW network by an electrochemical deposition method. The
AgNWs can be welded to each other at 300 °C to prevent the AgNW
network from peeling off, which dramatically improves the conduc-
tivity and lifetime of the electrode. The 3D MN/w-ANN electrode also
shows an ever-increasing specific capacitance from 423.5 F ¢~ * to
663.4 F ¢~ because of gradual morphology changes from flower-like
to honeycomb-like MnO, with increasing cycle number, revealing
156.6% retention after 7000 cycles of GCD.
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