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Nanosized MnO, spines on Au stems for high-
performance flexible supercapacitor electrodest
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Electrodes composed of ultrathin MnO, (thickness 5-80 nm) spines on Au nanowire (NW) stems (length
10-20 pm, diameter 20-100 nm) were electrochemically grown on flexible polyethylene terephthalate
(PET) substrates. The electrodes demonstrated high specific capacitance, high specific energy value, high
specific power value, and long-term stability. In Na;SO4(ag.) (1 M), the maximum specific capacitance
was determined to be 1130 F g~ by cyclic voltammetry (CV, scan rate 2 mV s~ ') using a three-electrode
system. From a galvanostatic (GV) charge/discharge test using a two-electrode system, a maximum
capacitance of 225 F g~ (current density 1 A g~') was measured. Even at a high charge/discharge rate
of 50 A g™, the specific capacitance remained at an extremely high value of 165 F g~'. The flexible
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electrodes also exhibited a maximum specific energy of 15 W h kg
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Introduction

Due to the demand for many applications, development of
effective energy storage devices, such as batteries and super-
capacitors, has been extensively carried out."™* Supercapacitors
are promising because of their high specific power, fast
charging/discharging rate, sustainable cycling life, and excel-
lent cycle stability.>® Large specific capacitances of electro-
chemical supercapacitors are the results of two mechanisms
occurring at or near their electrode-electrolyte interfaces. The
first one, based on charge separation at the interface, offers
the double-layer capacitance through a non-Faradic process.
The second one, dependent on redox reaction of the electrode
materials, provides the pseudocapacitance via a Faradic
process.>® Many electrode materials, including a variety of
carbon materials, various transition metal oxides (RuO,, MnO,,
Co304, NiO, VO,, and TiO,), and several conducting polymers
(polyaniline, polypyrrole, and polythiophene), have been widely
researched for supercapacitor applications.®** Among them,
transition metal oxides are considered as the best candidates
for redox supercapacitors because they possess a range of
oxidation states.**** In these metal oxides, MnO, is highly
promising because of its high theoretical specific capacitance of
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~1 and a specific power of 20 kW

at 50 A g~ . After five thousand cycles at 10 A g~', 90% of the original capacitance was retained.
A highly flexible solid-state device was also fabricated to reveal its supercapacitance performance.

1370 F g, high natural abundance, low cost, and low toxicity.2®
However, its low electrical conductivity of 10> to 10 ®* S em™*
presents a major challenge.?” To overcome this problem, several
strategies employing MnO,-based nanostructures have been
developed recently. In the first one, thin films or nanosized
structures were fabricated to increase the surface areas for
effective electrolyte contacts.”®*® However, the poor electrical
conductivity issue still existed. In another strategy, MnO,
particles were coated onto conductive materials, such as metal,
carbon materials, and conducting polymers, to enhance the
supercapacitor performances.*** However, when a large
amount of MnO, was loaded onto an electrode, the oxide's high
thickness not only limited the surface area/mass ratio but also
restricted the electrolyte from participating in the electro-
chemical charge storage process. These increased the contact
resistance and decreased the specific capacitance significantly.
To overcome the drawbacks described above, coating thin layers
of MnO, on high surface area conductive nanowires (NWs)
composed of carbon-based and oxide-based composites has
been intensively investigated.***** In principle, they provide
large interfacial areas for electrochemical reactions, short ion
diffusion pathways, high electron transport rates, and increased
charge/discharge performance. However, their multi-step
fabrications are relatively complex. On the other hand, investi-
gations on the deposition of MnO, on simple metal NWs are
few. In a rare case, MnO, was fabricated on lithographically
patterned Au NWs.*® Although the structure is simple, the
fabrication is still complicated. In this work, we will report
simple electrochemical depositions of high density nanosized
MnO, spines on Au stems (NMSAS) directly on flexible
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polyethylene terephthalate (PET) substrates. In addition, we will
discuss their much improved electrochemical properties for
potential supercapacitor applications.

Experimental section
Chemicals and instruments

HAuCl,-3H,0 (99%) and polyvinyl alcohol (PVA, M,, 85 000-
124 000) were purchased from Sigma-Aldrich. Cetyl trimethy-
lammonium chloride (CTAC, 890 mM) was supplied by Taiwan
Surfactant. NaNO; was purchased from Riedel-de Haén.
Mn(NO3),-3H,0 (98%) was supplied by Alfa Aesar. Na,SO,
(99.3%) was purchased from Macron Chemicals. H;PO, (85%)
was purchased from ]J. T. Baker. Aqueous solutions were
prepared in deionized water (DI water, MilliQ, 18 MQ). The
separators (membrane filters, grade: C020A047A, pore size:
2 um) were purchased from Advantec. All experiments were
performed at room temperature.

Scanning electron microscopy (SEM) images and energy
dispersive spectroscopy (EDS) data were obtained using a JEOL
JSM-7401F (15 keV). Transmission electron microscopy (TEM)
images and selected-area electron diffraction (SAED) patterns
were taken using a JEOL JEM-3000F (300 kV). X-ray photoelec-
tron spectroscopy (XPS) data were collected using a ULVAC-PHI
PHI Quantera SXM/Auger. Thin films were grown by using an e-
gun evaporation system AST PEVA 600I. Electrochemical depo-
sition experiments were performed with a direct current (DC)
power supply GW Instek GPS-1830D. Cyclic voltammetry (CV),
galvanostatic (GV) constant-current charge/discharge, and elec-
trochemical impedance spectroscopic (EIS) measurements were
performed using a CHI 6081C electrochemical workstation.

Fabrication of Au nanowires (NWs) on a flexible substrate

Thin layers of Ti (20 nm) and Au (80 nm) were evaporated
sequentially onto a polyethylene terephthalate (PET) trans-
parency to form a flexible conductive substrate. An electrode-
position solution composed of HAUCl(aq.) (5 mM), CTAC(5q,) (10
mM) and NaNOj;(,q) (20 mM) were prepared in DI water. At a
controlled temperature of 298 K, Au nanowires (NWs) were
grown onto the flexible substrate (cathode) at 0.7 V by using a
two-electrode electrochemical deposition system. A carbon
electrode was used as the anode. After 24 h, the flexible elec-
trode was isolated, rinsed with alcohol and DI water, and then
dried with a flowing stream of Ny(g).

Fabrication of nanosized MnO, spines on Au stems (NMSAS)
on a flexible substrate

MnQO, was coated on Au NWs via a two-electrode electro-
chemical deposition process. The as-prepared flexible substrate
with deposited Au NWs was used as the anode while a carbon
electrode was used as the cathode. An electrodeposition solu-
tion (pH 6) composed of Mn(NO;)y(aq,) (20 mM) and NaNO;(,q,
(100 mM) was prepared. At 298 K, MnO, was electrochemically
deposited at 1.5 V (0.85 V vs. Ag/AgCl) onto the Au NWs. After a
designated time period (10, 15, 20, or 30 min), the flexible
electrode was isolated, rinsed with alcohol and DI water, and
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then dried with a flowing stream of N,. The as-fabricated
NMSAS electrode was stored for further investigations. To esti-
mate the amounts of MnO, deposited on Au NWs, the electric
currents applied were recorded. The data were converted into
masses by Faraday's law (Table S1 in the ESIf).

Electrochemical capacitance analyses

Conventional three-electrode and two-electrode systems were
employed for all electrochemical analyses. In the three-elec-
trode system, the working electrode was a NMSAS electrode
(1 ecm x 1 cm) while the counter and reference ones were a Pt
wire and an Ag/AgCl electrode, respectively. In the two-electrode
system, two pieces of NMSAS were assembled face-to-face with a
separator membrane. CV experiments were performed at
various scan rates 2, 5, 10, 20, 30, 50, 80 and 100 mV s~ *. GV
charge/discharge curves were obtained at various current
densities 1, 2, 5, 10, 20, 30, 40, and 50 A g~ '. Current densities
were estimated based on the total mass of MnO, on two elec-
trodes in the two-electrode device tests. A potential window of
0-0.8 V was used in all the measurements. EIS data were
recorded in the frequency range of 10~ * to 10° Hz with a mean
voltage of 0 V and an amplitude of 5 mV. All electrochemical
analyses were performed in Na,SO,nq) (1 M) at room
temperature.

Fabrication of the solid-state supercapacitor

A PVA-H;PO, gel electrolyte was prepared by adding PVA
powder (4 g) into HyPOy(aqy (1 M, 20 mL). The whole mixture
was heated and stirred at 358 K until a clear solution was
formed. Two NMSAS electrodes (2 cm x 1 cm) were immersed
into the PVA-H;PO, solution, removed, and assembled face-
to-face with a separator membrane. After the gel solidified at
room temperature, the solid-state supercapacitor device was
obtained.

Results and discussion

To obtain NMSAS, a process involving two electrochemical
deposition steps was carried out. Initially, high density Au
nanowires (NWs) were electrochemically grown on a flexible
PET substrate via a simple template-free procedure reported
recently.*** Then, thin layers of nanostructured MnO, (see
below for characterizations) were covered uniformly onto the
NW stems via another electrochemical deposition in a solution
containing Mn(NOj)y@aq) and NaNOj,q) under a condition
suggested by the corresponding Pourbaix diagram.*>** Detailed
experimental steps and conditions are discussed in the Exper-
imental section. In Fig. 1 and S1 and S2 in the ESI,j the results
from SEM, TEM, and EDS investigations of bare Au NWs and
NMSAS with a MnO, plating time of 10-30 min on flexible PET
substrates are shown. The Au NWs (diameters 20-100 nm and
lengths 10-20 pm) are dense and have a high-aspect ratio, as
displayed in Fig. 1a. Nanosized stipule-like spines on stems are
observed after MnO, was coated onto the NWs (Fig. 1b and c).
The EDS studies (Fig. S21) confirm that the samples contained
Au, Mn and O atoms in the nanostructures. The atomic ratios of
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Fig. 1 Characterizations of nanostructures on flexible PET substrates. Low
magnification SEM and TEM images (insets): (a) Au NWs, (b and ¢) NMSAS with a
MnO, plating time of 15 min and 30 min, respectively. (d) TEM image and the
SAED pattern (inset, from the red circle) of a NMSAS (MnO, plating time: 15 min).
(e) Lattice-resolved HRTEM image from the green square in (d). (f) TEM image
with line-scan EDS profiles (green: Au, red: Mn, and blue: O) of a NMSAS (MnO,
plating time: 15 min).

Mn to O in the samples are approximately one to two. The TEM
image of a typical NMSAS is displayed in Fig. 1d. As shown in
the image, the one-dimensional (1D) nanomaterial has a spiny
stem structure. The SAED pattern (inset, Fig. 1d) from the
circled area can be indexed to a single crystal faced-centred
cubic (FCC) Au NW with the [011] zone axis. No other diffraction
patterns can be found, suggesting that the stipular spines
outside the stem are amorphous. A high resolution TEM
(HRTEM) image in Fig. 1e, enlarged from the rectangular area
in Fig. 1d, confirms that the Au core is covered by an amorphous
shell with a thickness of 15-20 nm. The fringe from the crys-
talline core has a spacing of 0.24 nm, which can be assigned to
the [111] planes of Au. EDS line-scan profiles displayed in Fig. 1f
reveal that the signal of Au is from the core while the ones of Mn
and O are from the outer shell. The results from high resolution
XPS studies are presented in Fig. S3 in the ESL.{ In Fig. S3a,t two
peaks centered at 642.3 and 653.8 eV are assigned to the
binding energies of Mn 2pz, and Mn 2p,, electrons,

This journal is © The Royal Society of Chemistry 2013

View Article Online

respectively. Curve fittings of the signals provide multiple
splittings due to electrostatic, spin-orbital, and crystal field
interactions. This result is consistent with the XPS signals of
MnO, reported previously.®* The peaks at 529.7 and 531.2 eV
(Fig. S3bt) are assigned to O 1s electrons in Mn-O-Mn and
Mn-OH, respectively.” Finally, as displayed in Fig. S3c,t the
peaks at 84.2 and 87.8 eV are assigned to Au 4f;,, and Au 4f5,,
electrons in Au(0).”> To estimate the amounts of MnO, depos-
ited on NWs, applied deposition currents were recorded and
converted into masses by Faraday's law (Table S1 in the ESIf).
The masses increased linearly with the increasing plating time
from 10 to 30 min (see Fig. 2b). In addition, the surface
roughness and thickness of the spiny layers increased as well, as
presented in the SEM and TEM images in Fig. S1.f
Electrochemical behaviors of Au NWs and NMSAS on flexible
substrates were measured with a three-electrode system in
NaSOy(aq). Data from CV experiments are summarized in
Fig. S4 in the ESIf and in Fig. 2. As shown in Fig. S4,1 the Au NW
electrode does not generate significant responses. This corre-
sponds to the electrode's low charge storage capability. All
NMSAS electrodes exhibit responses in approximately rectan-
gular shapes. Their areas enlarged as the scan rates were
increased from 2 to 100 mV s '. The observations reveal that
NMSAS electrodes possess nearly ideal capacitive performances
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and good high-rate capabilities. By ignoring the contribution
from the Au NW stems, variations of specific capacitances to
scan rates of the NMSAS electrodes are derived from their CV
data and illustrated in Fig. S4f.1 At a low scan rate of 2 mV s,
the NMSAS electrode with a MnO, plating time of 15 min reveals
an excellent capacitance performance of 1130 F g~ . Even at a
high scan rate of 100 mV s ', the electrode provides an
extremely high capacitance of 600 F g~'. The CV data of the
electrodes recorded at 50 mV s~ ' are shown in Fig. 2. Fig. 2a
confirms that the NMSAS electrode with a MnO, plating time of
15 min provides the best performance. In Fig. 2b, masses of
MnO, loaded on the electrodes and the corresponding specific
capacitances are plotted against the MnO, plating time. The
specific capacitance maximized at the plating time of 15 min.
Therefore, MnO, spines with an appropriate thickness are
necessary for providing the supercapacitance performance. As
displayed in Fig. 1b and d, the NMSAS has thin MnO, spines of
15-20 nm and open spaces among the nanostructures. In
addition, highly conductive Au NW stems could maximize the
charge transportation in and out of the spiny oxide shells. This
electrode will be investigated further (see below) to demonstrate
its potential for supercapacitor applications. On the other hand,
after more MnO, is loaded, excessive spiny nanostructures, as
presented in Fig. 1c, may seal interstices among the stems, and
prevent effective electrode-electrolyte contact formation.
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Consequently, specific capacitances decreased after extended
MnO, depositions.

Specific capacitances can be estimated by using three-elec-
trode and two-electrode systems. In a three-electrode system, a
reference electrode is needed in the cell to obtain the capaci-
tance of the working electrode. On the other hand, a two-elec-
trode system mimics a real supercapacitor device. According to
the literature, the specific capacitance values measured from
three-electrode (C;g) and two-electrode (C,g) techniques follow
the equation Czg = 4 x Cp.*>** CV data of the NMSAS electrode
(MnO, deposition for 15 min) in Na,SOy(aq.) (1 M) are shown in
Fig. S5 in the ESIL.t The result from the three-electrode system
(Fig. S5at) suggests that the specific capacitances decrease from
1010 to 600 F g~" as the scan rates are increased from 2 to
100 mV s~ '. Using the CV data from a two-electrode system
(Fig. S5b¥), the specific capacitances are estimated to be 215 to
150 F g~ ' as the scan rates are increased from 2 to 100 mV s~ .
The ratios of C;g and C,g in Fig. S5ct are close to 4. This agrees
with the equation mentioned above.**>*

GV charge/discharge curves (Fig. 3a) of the best performed
NMSAS electrode, with MnO, deposition for 15 min, are
measured in Na,SOyunq) employing a two-electrode system.
Different current density charging/discharging cycles display
quasi-symmetric triangles. Again, the data indicate that the

electrode has an excellent electrochemical capacitive

~300

=]

250 (b)

3 | m

5200 | B

= .-——_.___._.

8150

Q.

©

©100-

9

b =

9 50

o

? 0l . ‘ : : :
0 10 20 30 40 50

Current density (A/g)

=

c

2

g First 10 cycles Last 10 cycles

E 60- LT e

2 404 %

c %Cl g:l

o 20 b "

Q §7% Tl aie we sl sén . 128200 h_':e:"?oo 138000

0 ‘ : ; . ;
0 1000 2000 3000 4000 5000
Cycle number

Fig.3 GV constant-current charge/discharge studies of NMSAS (MnO, plating time, 15 min) on flexible PET substrates (two-electrode system, in Na;SO4(aq) (1 M)). (a)
Constant current charge/discharge curves of different current densities (1-50 A g~ ). (b) Specific capacitances at various current densities. (c) Ragone plot of estimated
specific energy and specific power at various charge/discharge rates. (d) Charge/discharge cycling tests at 10 A g~ (inset: left, first ten cycles; right, last ten cycles).

13304 | J. Mater. Chem. A, 2013, 1, 13301-13307

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ta12911j

Published on 03 September 2013. Downloaded by National Chiao Tung University on 28/04/2014 01:49:26.

character.®® This corresponds well to the superior reversible
redox behaviour observed in the CV tests (Fig. S4t). Specific
capacitances calculated from the discharging curves (for details,
see ESIt) at different charge/discharge rates (current densities)
are plotted in Fig. 3b. The maximum specific capacitance of the
hybrid material is calculated to be 225 Fg ' at 1 Ag™'. Even ata
high charge/discharge rate of 50 A g ', the specific capacitance
remains at a high value of 165 F g~ . Specific energy and specific
power are two important factors to be considered when elec-
trochemical supercapacitors are developed for power applica-
tions.> A good electrochemical supercapacitor is expected to
provide both high specific energy and specific capacitance at
high charging/discharging rates. The Ragone plot (specific
energy versus specific power) of the NMSAS electrode is illus-
trated in Fig. 3c. It is derived, as described in the ESI, T from the
discharging curves measured at different charge/discharge
rates. As the GV charge/discharge currents are increased from
1to 50 A g7, the specific energy values decrease from 20 to
15 W h kg™ while the specific power values increase from 0.4
to 20 kW kg~ '. These values are much higher than those of
conventional electrochemical capacitors, as shown in the
Ragone plot.> More importantly, the highest specific power
value, 20 kW kg, of the NMSAS electrode exceeds the target
value of “Partnership for a New Generation of Vehicles” (PNGV),
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15 kW kg '.**7 Another important requirement for super-
capacitor applications is the long-term cycling stability. In
Fig. 3d, the result from five thousand GV charge/discharge
cycles of the NMSAS electrode at 10 A g~ " is shown. After the
experiment was completed, only 10% of the specific capacitance
was lost. Shapes of the last ten cycles remain nearly identical to
the first ten cycles (see insets in Fig. 3d), revealing an excellent
long-term cyclic performance.

All of the above results confirm that the NMSAS design
maximizes the supercapacitor performance. This may be attrib-
uted to the following reasons. The first one is the large surface
area provided by the spiny stem nanostructure. It offers efficient
heterogeneous interactions between the electrolyte ions and the
thin MnO, layers. The second one is due to the high electrical
conductivity of Au NW stems. Although amorphous MnO, has an
intrinsically low conductivity, which would restrict the charge/
discharge rate, the spiny stem design could enhance the elec-
trochemical capacitance by offering fast ion diffusions and effi-
cient electron transportations. The last reason may be attributed
to the amorphous nature of the spiny MnO, shells. This would
enable fast and reversible redox reactions, which improve the
specific capacitance and the long-term cycling stability.***¢

To examine whether NMSAS can be applied for flexible
capacitors, a simple solid-state device, as shown in Fig. 4a, was
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Fig. 4 (a) Schematic drawing of a solid-state NMSAS supercapacitor device (MnO, plating time: 15 min). (b) Optical photographs of the as-fabricated device. Top: white
square indicates the capacitance region. Bottom: a highly bent device. (c) A LED powered by an assembly of two supercapacitors connected in series. (d) CV curves of a
NMSAS supercapacitor with bending angles of 0°, 45°, 90°, 135°, and 180°. (e) GV charging/discharging curves of a NMSAS supercapacitor at various current densities.
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Table 1 Comparison of supercapacitors
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Specific power

Specific energy

Electrode materials Specific capacitance (F g~ ")* (kW kg™%) (Whkg™) Reference
Nanosized MnO, spines on Au stems (NMSAS) 165 (50 Ag™Y) 20 15 This study
Three-dimensional graphene/MnO, composite 50 (10 Ag )P 5° 7 61
Multisegmented Au-MnO,/carbon nanotube hybrid coaxial 69 (6.6 Ag ") 2.3 4.7 62

arrays

MnO,/carbon fiber array 70 (15A¢™ Y 6.2 6.2 63
Polyaniline-MnO, coaxial nanofiber 134 (20 A g™ 1) 10 18.6 64
Ultrafine MnO, nanowire 152 (20 Ag™Y) 10° 21.1° 65
Two-dimensional MnO,/graphene hybrid nanostructures 208 (10A g™ 3.57 14.2° 66

@ Measured at different current densities by a GV charge/discharge test in Na,SO,(aq.) with a two-electrode system. ? Estimated from the reference

data.

fabricated by joining two NMSAS electrodes immersed in poly-
vinyl alcohol (PVA)-H;PO, gel with a piece of central separator.
The PVA-H;PO, gel is a proton conducting polymeric solid-state
electrolyte. H;PO, provides H' ions, which would enhance the
conductivity.*®* The as-fabricated solid-state device is not only
lightweight but also highly flexible. It can be bent freely between
0-180°, as shown in Fig. 4b (see Fig. S6 in the ESIT for the
bending angle definition). After the two devices were connected
in series using Cu tape and charged at 1.5 V, the assembly
powered a light-emitting diode (LED), as displayed in Fig. 4c. CV
scans of the device at different degrees of bending are presented
in Fig. 4d. They demonstrate that the electrochemical perfor-
mance of the as-fabricated solid-state supercapacitor does not
change much. In addition, the rectangular shapes of the
symmetrical CV scans reveal that the device performed fast
redox reactions in the PVA-H;PO, solid electrolyte in a nearly
ideal manner. The constant-current GV charge/discharge curves
of the as-fabricated solid-state supercapacitor show quasi-
symmetric triangles at several different current densities of
1-50 A g~ ' in Fig. 4e. The observation indicates again that the
supercapacitor provides good electrochemical performance.
The maximum specific capacitance of the as-fabricated solid-
state supercapacitor is calculated to be 195 Fg 'at 1 Ag . Even
at a high charge/discharge rate of 50 A g™, the specific capac-
itance remains at a respectable value of 135 F g '. The as-
fabricated solid-state supercapacitor was further investigated by
electrochemical impedance spectroscopy (EIS) in the frequency
range of 10" to 10° Hz. As shown in the Nyquist plot in Fig. $7
in the ESL,t a steep straight line close to the imaginary axis is
observed. This suggests that the capacitive performance of the
device is nearly ideal.® The real axis intercept is found at ca. 2 Q.
This manifests that both the electrodes and the electrolyte are
highly conductive. All of the above results reveal the potential of
the NMSAS electrode for flexible supercapacitor energy storage
device applications.

Conclusion

In summary, we demonstrate a facile process to fabricate
NMSAS on flexible PET substrates for supercapacitor electrodes.
The high density hybrid nanomaterials were grown by two

13306 | J. Mater. Chem. A, 2013, 1, 13301-13307

simple electrochemical deposition steps. These involved the
deposition of Au NW stems on the substrates followed by
plating spiny amorphous MnO, shells onto their surfaces. The
maximum specific capacitance is measured to be 1130 F g~ ' by
CV (scan rate 2 mV s~ ') with the three-electrode configuration.
From the GV charge/discharge tests using the two-electrode
system, a maximum capacitance of 225 F g~ ' (current density 1
A g7 ") is obtained. Even at a high charge/discharge rate of 50 A
¢!, the specific capacitance remains at a high value of 165 F
¢ . The electrode also exhibited excellent rate capability. Both
the specific energy and the specific power values at 50 A g~ " are
high, 15 W h kg™" and 20 kW kg™, respectively. Its long-term
cycling stability at 10 A g~ is also excellent. After five thousand
cycles, it loses only 10% of the initial specific capacitance. In
comparison with other MnO, containing supercapacitor mate-
rials discussed in recent reports, as summarized in Table 1, our
NMSAS performed outstandingly.®**® In addition, a pair of
NMSAS electrodes were fabricated into a simple highly flexible
solid-state device showing superior supercapacitance perfor-
mance. All these results suggest that the hybrid material con-
taining nanosized MnO, spines on metal stems are promising
for the next generation high-performance supercapacitor
applications.
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