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Metal oxides have attracted great attention as active materials for supercapacitor devices because of their
high energy densities. However, their application for transparent supercapacitors is limited due to their
opaqueness. The challenge remains to fabricate flexible transparent metal oxide supercapacitor
electrodes. Here, in this paper, we report a novel technique to fabricate flexible transparent core—shell
MnO,@AUNF network electrodes for flexible transparent supercapacitors. A high electro-optical
performance AuNF network electrode (sheet resistance 9.58 Q sq~* and optical transparency ~93.13%)
was fabricated using a scalable electrospinning process and thermal vacuum deposition technique. With
the AuNF network electrode as a current collector, a hierarchal MnO, nanosheet was electrodeposited
over the AuNF network, yielding a highly interconnected core—shell MNnO,@AUNF network electrode
structure with high transparency (~86%). The fabricated MnO,@AuNF network electrode exhibited a high
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stability, and excellent mechanical flexibility. Furthermore, the assembled flexible transparent
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Introduction

Flexible transparent electrodes are envisioned to have
a substantial impact on the development of our future smart
flexible transparent optoelectronic gadgets, and other novel
enhanced reality devices, as well as aesthetic household
objects.® However, to produce a flexible transparent optoelec-
tronic device, the development of primary portable power
sources with mechanical flexibility, as well as long lifetime with
high transparency is greatly needed. Among the flexible trans-
parent primary portable power sources, many researchers have
turned their attention to flexible transparent supercapacitors
because of their excellent specific capacitance, high power
density, cycle stability, and low cost.”**> However, to get a high-
performance flexible transparent supercapacitor, the active
electrode material should not only possess excellent electro-
chemical performance but also excellent electrical and optical
properties, along with mechanical flexibility. Principally,
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supercapacitor device also showed high transparency (~79%), a high energy density of 0.14 pyW h cm™
at a power density of 4 pW cm™2, along with excellent mechanical flexibility.

2

transparent supercapacitor electrodes should act both as
current collectors, and as active materials to store electro-
chemical energy.”*"” This is quite challenging as most of the
active electrode materials are opaque in nature. Several flexible
transparent supercapacitor devices have been demonstrated
using carbon-based active electrode materials such as gra-
phene,'®*® carbon nanotubes (CNTs)***' and conducting poly-
mer films."*>* However, the transparency and capacitance of
such flexible transparent supercapacitors depend on the
thickness of the active materials.*®**** For instance, Tao Cheng
et al. reported the fabrication of a flexible transparent super-
capacitor with free-standing PEDOT:PSS electrodes which yiel-
ded 65% transparency with an areal capacitance of 1.18 mF
cm 2, which decreased to 0.23 mF cm > with a decreasing
thickness of the PEDOT:PSS layer, although the transparency of
the device improved.” Thus, the performance of the trans-
parent supercapacitor device seems to be a trade-off between
the capacitance and transparency of the device. Significant
efforts have been put forth to improve the performance of such
flexible transparent supercapacitors by incorporating the flex-
ible transparent electrode as a current collector such as metallic
fabrics/graphene,* metal nanowires/PEDOT:PSS,*” metal grids/
PEDOT:PSS,"****® and metal NWs/polymer.”® Although the
performance of these devices was improved up to a certain
extent but remains a challenge to improve transparency as well
as capacitance for practical applications. In addition, the
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electrochemical performance of these materials, defined by
electric double-layer capacitance, is far below the pseudo-
capacitive materials such as MnO, which has a very high
theoretical specific capacitance of 1370 F g, nearly 1 order
higher than the value of CNTs.* Therefore, current research has
focused on the development of a flexible transparent super-
capacitor device by incorporating flexible transparent current
collectors with a thin layer of pseudo-capacitive materials.*>*'-3*
Among the various pseudo-capacitive electrode materials for
a flexible supercapacitor device, MnO, has been extensively
studied because of its high theoretical specific capacitance, low
cost, natural abundance, and environmental friendliness.**3¢
However, the application of metal oxide films for a flexible
transparent supercapacitor electrode is limited due to its low
electrical conductivity (107 to 10°® S ecm '), opaqueness and
mechanically brittle nature.*” In recent years, various strategies
have been proposed to improve the conductivity as well as the
capacitance of the MnO, by doping various elements to form an
oxide matrix or forming a composite structure by combining
with excellent conducting materials or developing hierarchical
nanostructures.***° Direct growth technique of the metal oxides
on the metal network transparent electrodes using electro-
chemical deposition technique has recently been demonstrated
and presented more promising future supercapacitor electrodes,
with high electro-optics, high electrochemical performance and
good mechanical flexibility."*'** For example, S. Kiruthika et al.
reported the fabrication of a high-performance flexible super-
capacitor with an Au/MnO, electrode which yielded 75% trans-
parency and 3 mF cm > areal capacitance, using a cracked
template structure.®® In another, T. Qiu et al. had also reported
Au@MnO,, core-shell nanomesh electrodes using nanosphere
lithography combined with electro-deposition technique with an
areal capacitance of 4.72 mF cm 2 at 48% transparency.®
However, the reported metal network-based electrode fabrication
processes were either complicated or hazardous to the environ-
ment.?*%* Also, the metallic network fabricated from crack
templates/polymeric nanomesh structures always suffers from
a low electro-optical performance because of the large crack
width size ~10 um and dense close-packed template polystyrene
(PS) particles ~700 nm,** which limits the high optical perfor-
mance of the supercapacitor device. Also, environmental and eco-
friendly processes are other priorities for future generations.
Hence, the development of an eco-friendly high performance
flexible transparent electrode is essential to produce a highly
transparent flexible supercapacitor device. Recently, an electro-
spun based metal nanofiber network electrode has emerged as
a promising flexible transparent electrode because of its high
electro-optical performance.*™** An et al. demonstrated the best
ever electro-optical performance with a sheet resistance of 0.36 Q
sq " at ~90% transmittance, based on an electrospun nanofiber
using an electroplating technique.* So, owing to its high electro-
optical performance, along with excellent mechanical properties,
electrospun-based metal nanofiber network electrodes could be
the best alternative for fabrication of high performance flexible
transparent supercapacitor electrodes, along with an eco-friendly
fabrication process. Again, the direct growth of active metal oxide
films over the highly conductive metal nanofiber network by
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a selective electrodeposition technique might offer high electro-
optical performance along with high electrochemical and
mechanical properties.

Here, we propose an eco-friendly, scalable technique to
fabricate a core-shell MnO,@AuNF network structure as a high
performance flexible transparent supercapacitor electrode with
controllable electro-optical and electrochemical properties.
With the ability to coat thin metal films using a physical
deposition method, first, we made a 100 nm thin gold (Au)
coated PVA nanofiber network electrode structure (AuNF
network) using a scalable electrospinning process. The AuNF
network possesses not only excellent electro-optical perfor-
mance (sheet resistance 9.58 Q sq~ ' and optical transparency
~93.13%) but also good mechanical flexibility. Significantly, the
highly conducting interconnected AuNF network electrode
provides a podium for electrodeposition of hierarchal MnO,
nanosheets over the AuNF network, yielding a highly inter-
connected core-shell MnO,@AuNF network supercapacitor
electrode structure with high transparency (~86%). The core-
shell MnO,@AuNF network supercapacitor electrode showed
a high areal capacitance of 8.26 mF cm > at 5 mV s, along
with high rate capability, long-term cycling stability, and
excellent mechanical flexibility. Furthermore, the fabricated
solid-state supercapacitor device also showed high transparency
(~79%), and high energy density, along with excellent
mechanical flexibility. Thus, the electrospun-based metal
nanofiber network electrode might provide a transparent elec-
trode for the fabrication of flexible transparent supercapacitors
for transparent portable electronic systems.

Experimental
Fabrication of the AuNF network electrode

A free-standing gold-coated PVA nanofiber (AuNF) network was
first obtained, using electrospinning and thermal vacuum
deposition techniques pioneered in the laboratory.*® The prep-
aration of the precursor polymer solution and electrospinning
process for obtaining the free-standing PVA nanofiber web were
performed similarly to our earlier reported work.*® After that,
a thin layer of gold (Au) ~100 nm is deposited on one side of the
PVA nanofiber network, and then, Au is again coated on the
other side of the PVA nanofiber to obtain a fully coated free
standing Au nanofiber network structure, at a base pressure of 1
x 107° torr, and a deposition rate of 0.2 A s~* (E-Beam Evapo-
rator System, BSVAC Bosung Vacuum).

Fabrication of the core-shell MnO,@AuNF network electrode

The core-shell MnO,@AuNF network electrode was fabricated
by a potentiostatic (PS) electrodeposition technique. Typically,
the electrodeposition solution contains 50 mM sodium sulfate
(Na,SO,4) and 50 mM manganese acetate (Mn(CH;COO),). All
depositions were carried out at room temperature with a three-
electrode set-up, where the AuNF network electrode, Pt rod, and
the Ag/AgCl electrode were used as the working, counter, and
reference electrodes, respectively. Potentiostatic (PS) electrode-
position was carried out by applying a voltage of +0.6 V versus
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the Ag/AgCl electrode for different electrodeposition times (1 to
30 min). After deposition, the MnO,@AuNF network electrode
was thoroughly washed with deionized water to remove any
residual electrolyte and dried at 40 °C for 12 h in an oven.

Fabrication of flexible transparent solid-state supercapacitors

A symmetric flexible transparent solid-state supercapacitor
device was fabricated using a transparent lithium chloride (LiCl)-
polyvinylalcohol (PVA) gel as an electrolyte as well as a spacer. In
the process, the LiCl-PVA gel electrolyte was simply prepared as
follow: 2 g of PVA was first dissolved into 20 ml of deionized water
at 85 °C for 2 h followed by addition of 2 g of LiCl to the PVA
polymer solution under continuous stirring until a clear solution
was obtained and then, cooled to room temperature. After that,
the electrolyte solution was coated over an area of 2 cm x 1 cm =
2 cm’® on the MnO,@AUNF network electrode followed by drying
at room temperature for 24 h in air. The uncoated area of the
electrodes was then painted with silver paste as a contact point
for electrochemical measurements. Finally, a flexible transparent
supercapacitor device is fabricated by assembling and pressing
two similar electrodes together, where the gel electrolyte acts as
both the binder as well as the separator. The effective working
area of the device was 4 cm”.

Characterization

The material morphologies were examined by field emission
scanning electron microscopy (FE-SEM, Zeiss EVO-50). The
chemical composition of the materials was analyzed by X-ray
photoelectron spectroscopy (XPS) using a Theta Probe AR-XPS
system, Thermo Fisher Scientific, UK, where Al Ka was used as
the X-ray source at the Busan center of KBSI. Optical trans-
mittances of the films were measured using UV-Vis-NIR spec-
troscopy (Jasco-ARSN-733). The sheet resistance of the samples
was measured using a four-point-probe surface resistivity meter
(MSTEC), with a Keithley-2182A nanovoltmeter interfaced with
a Keithley-6221 DC/AC current source. The bending test was
performed using a Radius Bending Tester-JIRBT-610. The elec-
trochemical performance of the core-shell MnO,@AuNF
network electrode and fabricated supercapacitor device was
investigated in three and two-electrode configurations, respec-
tively using a Zive sp” electrochemical workstation (WonATech).

Results and discussion

The fabrication process of the core-shell MnO,@AuNF network
electrode is illustrated in the schematic diagram, Fig. 1. In the
proposed technique, firstly, a junction-less, highly conductive
free-standing gold coated PVA nanofiber network (AuNF
network) was fabricated using a conventional electrospinning
process and thermal vacuum deposition technique.*® The ob-
tained free-standing AuNF network was then transferred onto
a flexible polymer PEN (polyethylene naphthalate) substrate
followed by dropping IPA solution over the network and drying
at 50 °C for 30 min in an oven. Secondly, an electrochemically
active MnO, nanosheet was electrodeposited over the AuNF
network on a PEN substrate using potentiostatic
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electrodeposition technique, forming a core-shell structure of
the MnO,@AuNF network.

The surface morphologies of the AuNF network and core-
shell MnO,@AuNF network electrodes were characterized by
field emission scanning electron microscopy (FE-SEM). The
surface FE-SEM photograph of the AuNF network reveals the
uniform distribution of AuNFs over the large area with average
diameters of ~300 to 350 nm, determined from the FE-SEM
image (Fig. S1, ESIt). Also, AuNFs in the network were natu-
rally interconnected at each junction to form a seamless
network structure, as seen in Fig. 2b, a magnified FE-SEM
photograph of Fig. 2a (Fig. S1, ESIT), and thus might boost the
electrical conductivity of the electrode. Fig. 2c shows the
magnified cross-sectional FE-SEM photograph of a single
AuNF, confirming the formation of the AuNF structure. Fig. 2d
shows the low magnification surface FE-SEM photograph of
the electrodeposited core-shell MnO,@AuNF network on the
PEN substrate. The photographs show that the MnO, nano-
sheets were uniformly deposited on the AuNF network, form-
ing a uniform core-shell structure of the MnO,@AuNF
network (Fig. S2, ESIT). High-magnification FE-SEM (Fig. 2e)
provided further evidence of the formation of a spiky MnO,
nanosheet (inset Fig. 2e, S2, ESIT), and the magnified cross-
sectional FE-SEM photograph (Fig. 2f) demonstrated the
encapsulation of AuNFs by MnO,, resulting in a core-shell
nanofiber network structure. From the FE-SEM photograph,
the average diameters of the MnO,@AuNFs were found to be
in the range of ~1 to 2 um, suggesting an increase in the
diameter of the nanofibers after electrodeposition of MnO, on
the AuNFs (Fig. S1, ESIt). The thin porous and highly inter-
connected spiky nanosheet structure is known to enhance the
surface area, electrolyte ion diffusion rate and finally the
overall electrochemical performance of the electrode mate-
rials.”** Energy dispersive spectroscopy (EDS) was also per-
formed to investigate the elemental distribution of the
electrodeposited MnO, nanosheets on the AuNF network. In
Fig. 2g, the EDS mapping image of the MnO,@AuNF network
showed the uniform distribution of Mn, O, and Au elements
throughout the whole AuNF area. Also, the EDS mapping
image of the AuNF network showed a uniform distribution of
Au over the PVA-NF network (Fig. S3, ESI?).

Au deposition
(AuNFs)

Electrospinning PVA Nanofibers web

Free standing,
nanofiber

Syringe ! > - . _A
lat; rm ~ { 3
| 4

MnO,@AuNFs
network electrode PEN film

Transferring AuNFs above

Fig. 1 Schematic diagram for the fabrication of core-shell MNnO,@-
AuNF network electrodes using a scalable electrospinning process.
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Fig. 2 (a) FE-SEM photograph of the AuNF network electrode on the PEN substrate. (b) Magnified FE-SEM photograph of the AuNF network
showing fused structure AuNFs at their respective junctions. (c) Magnified cross-sectional FE-SEM photograph of a AuNF structure. (d) Surface
FE-SEM photograph of the electrodeposited core—shell MnO,@AUNF network electrode on the PEN substrate. (e) Magnified FE-SEM photograph
of the MNO,@AUNF network (inset: high resolution magnified FE-SEM image of the MnO, nanosheets deposited on AuNFs). (f) Cross-sectional
magnified FE-SEM image of core-shell MnO,@AuNFs, confirming the formation of a core—shell structure. (g) EDS mapping of the core—shell
MnO,@AuUNF network electrode, demonstrating the uniform distribution of MnO, over the AuNF network.

The chemical composition of the electrodeposited core-shell
MnO,@AuNF network electrode was analyzed using X-ray
photoelectron spectroscopy (XPS). Fig. 3a shows the XPS survey
spectrum of the core-shell MnO,@AuNF network electrode on
a PEN substrate which indicated the presence of Mn, O, C and Au
as its constituent elements corroborating the EDS results. The
presence of carbon might come from the PEN substrate, as the
MnO,@AuNF network leaves large open areas of the PEN
substrate. The high-resolution XPS spectrum of Mn 2p, Fig. 3b
shows two peaks located at 642.1 and 653.7 eV corresponding to
Mn 2p3,, and Mn 2p, , electrons, respectively, which demonstrate
the presence of Mn*" in the obtained MnO, nanosheet structure.
Furthermore, the binding energies of Mn 2p;, and Mn 2p;,,
show a spin-energy separation of 11.6 eV, indicating the forma-
tion of MnO,, which agrees with earlier reported values for
MnO,.**® The O 1s deconvolution shown in Fig. 3¢ shows three
peaks at about 529.7, 531.8 and 533.4 €V, corresponding to Mn-
O-Mn,* C=0, and C-0.* The presence of C=0 and C-O might
arise from the PEN substrate, as suggested by an earlier report.>
Fig. 3d shows the XPS spectrum of Au 4f, with two peaks located
at 83.04 and 86.87 eV corresponding to Au 4f;, and Au 4fs),

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 XPS spectra of (a) survey scan, (b) Mn 2p (c) O 1s, and (d) Au 4f.

electrons, respectively, with a spin-energy of separation of 3.8
eV’ The binding energy of the Au 4f was found to be shifted
towards the lower energy (83.04 eV) compared to that of pure Au
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nanofiber network (83.74 eV) (Fig. S4, ESIt), indicating a strong
interaction between AuNFs and the MnO,.”** Therefore, the
above SEM, EDS, and XPS results prove the successful synthesis
of the MnO, nanosheet on AuNFs and their uniform distribution
throughout the AuNF network.

Fig. 4a shows the optical transmittance spectra of the AuNF
network and electrodeposited core-shell MnO,@AuNF (9 min)
network electrodes on a PEN substrate. The AuNF network
electrode on a PEN substrate showed a transmittance of
~93.13% with a sheet resistance of 9.58 Q sq*. A decrease in
the optical transparency of the MnO,@AuNF network electrode
was observed with an increase in the electrodeposition time
(Fig. S5a, ESIT). This decrease in optical transparency with
increasing electrodeposition time might be due to the increase
in the thickness of the electrodeposited MnO, with time which
increases the overall nanofiber diameter as observed in the FE-
SEM photograph (Fig. 2e). This, in turn, increases the surface
coverage area of the NF network electrode. It also could have
been due to the dark/black colour of MnO, and a digital
photograph of the MnO,@AuNF network electrode at various
electrodeposition times is shown in Fig. S5b, ESIf. Optical
transmittance losses of ~8% (~86% T) and 16% (~77% T) were
observed at 9 min and 15 min of electrodeposition time
respectively, for the MnO,@AuNF network electrode, compared
to the bare AuNF network electrode. The high transparency of
the core-shell MnO,@AuNF network electrode might be due to
the selective electrodeposition of MnO, over only the AuNF
network, forming a core-shell MnO,@AuNF network structure
which results in a large open area, as depicted by the FE-SEM
image in Fig. 2d. Fig. 4b shows the digital photographs of a bare
PEN substrate in comparison with the AuNFs/PEN network
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Fig. 4 (a) Optical transmittance spectra of the AUNF network elec-
trode and MnO,@AuUNF network electrode (inset: digital photographs
of a5 x 5 cm? AuNF network electrode on the PEN substrate lighting
a blue LED lamp). (b) Digital photograph of the bare PEN substrate in
comparison with the AuNFs/PEN network electrode before and after
MnO, electrodeposition (9 min), indicating high transparency of both
electrodes. (c) Change in resistance of the AuNF electrode and
MnO,@AUNF electrode with the bending radius (inset: percentage
change in resistance). (d) Change in resistance of the electrodes with
a bending cycle (inset: percentage change in resistance with cycle).
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electrode before and after electrodeposition of MnO,, demon-
strating the high transparency of both electrodes (easily seen
the text behind the electrodes), where the MnO,@AuNF elec-
trode showed a little bit darker color compared to the AuNF
network electrode. Again, the electromechanical properties of
the AuNF network and MnO,@AuNF network electrodes on
a PEN substrate were characterized by measuring the electrical
resistance of the electrodes during the mechanical bending
process. Fig. 4c shows a comparison of the changes in the
resistance of the electrodes as a function of the bending radius
for the bare AuNF network and MnO,@AuNF network (9 min)
electrodes. It is quite significant that both the samples showed
almost a constant resistance value even after bending up to
aradius of 3 mm (Fig. 4c), but a slight increase in the resistance
was observed after bending to a radius of 2.0 mm with a ~6%
increase in resistance at the 1.0 mm bending radius (inset
Fig. 4c). Moreover, the electrodes also showed excellent bending
fatigue strength; the resistance of the electrode showed only
a ~5% increase in resistance (inset Fig. 4d), even after 10 000
repeated bending cycles at a 3.0 mm bending radius (Fig. 4d).
The high electro-mechanical properties of the MnO,@AuNF
network electrode might be due to the high mechanical flexi-
bility of the core AuNF network along with the direct growth
process of MnO, over the AuNF network. The electro-mechan-
ical properties of the MnO,@AuNF network electrode were
comparable or higher to those of the earlier reported metal
network/grid electrodes fabricated by other
teChniqueS.28’34’42’54_56

Next, the electrochemical properties of the MnO,@AuNF
network electrodes were investigated by cyclic voltammograms
(CVs), using a three-electrode configuration where the
MnO,@AuNF network electrode was used as the working elec-
trode, and platinum wire and Ag/AgCl as the counter and
reference electrodes, respectively. The CV curves of the
MnO,@AuNF network electrode were recorded at different scan
rates in the 1 M Na,SO, electrolyte at room temperature. From
the above optical characterization, the electrodeposition times
of MnO, on the AuNF network showed a strong effect on the
optical transparency of the electrode, and so, might also have
a strong effect on the electrochemical properties of the
MnO,@AuNF network electrode. Thus, the relationship
between the electrodeposition time of MnO, on the AuNF
network with the optical and electrochemical properties was
examined. The comparison of the CV curves of MnO,@AuNF
network electrodes at a scan rate of 50 mV s~ with different
MnO, electrodeposition times is shown in Fig. S6a and b, ESL.}
It was evident that the current density, along with CV loop areas
of the electrode increased steadily with the increase in MnO,
electrodeposition time, suggesting an increase in areal capaci-
tance of the electrode, while the optical transmittance of the
electrode decreased (Fig. S5, ESIt). The increase in capacitance
with electrodeposition time was obvious as MnO, nanosheets
over the AuNFs became obviously denser and bigger with the
increase in electrodeposition times, which in turn increased the
active surface area of the MnO,@AuNF network electrode as
evident in Fig. S2, ESLt."7?**% Thus, the specific capacitance
might be improved by increasing the MnO, deposition time

This journal is © The Royal Society of Chemistry 2019
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over the AuNF network. However, larger MnO, mass loading
networks will eventually lead to a decrease in the optical
transparency of the electrode, as described in the above section.
Fig. Séc, ESIt illustrates the graph of the areal capacitance and
optical transmittance as a function of the MnO, electrodepo-
sition time on the AuNF network electrode. It is observed that
with increasing the electrodeposition time of the MnO,, the
areal capacitance of the electrode increases sharply up to
a maximum limit of 10.22 mF cm ™2 at a scan rate of 50 mV s~ *
for 25 min deposition time. Further increase in the electrode-
position time leads to a decrease in the areal capacitance as well
as the optical transmittance of the electrode. However, to
produce a high-performance transparent supercapacitor, the
material should have both high optical transparency and
excellent electrochemical properties. So, from the above exper-
imental results, MnO,@AuNF electrode prepared with 9 min
electrodeposition time exhibiting an areal capacitance of 5.46
mF cm™? and optical transmittance ~86% is considered to be
the optimized sample and is used for further electrochemical
analyses.

CV curves of the MnO,@AuNF network electrode in
a potential window of 0-0.8 V, versus an Ag/AgCl reference
electrode measured at various scan rates from 5 to 200 mV s '
showed a quasi-rectangular shape, demonstrating excellent
charge storage characteristics of the MnO,@AuNF network
electrode (Fig. 5a). To check any contribution of the AuNF
network to the large CV curve of the MnO,@AuNF network
electrode, the CV curves of the bare AuNF network electrode was
also studied and is shown in Fig. S7a, ESIt. It is important to
note that the bare AuNF network electrode showed an extremely
low current density suggesting its negligible contribution
towards the large CV response of the MnO,@AuNF network
electrode. This confirms that the large CV curve is solely from
the MnO, nanosheets of the core-shell MnO,@AuNF elec-
trodes. The galvanostatic charge/discharge (GCD) measurement
was performed at a potential window of 0-0.8 V with varying
current densities ranging from 0.02 mA cm ™ to 0.25 mA cm >
(Fig. 5b). The GCD curves showed that at different current
densities, the electrode displayed nearly symmetric triangular
shapes, indicating excellent electrochemical capacitive charac-
teristics and reversible faradaic reactions between Na' ions in
the electrolyte and the MnO, nanosheets.>”*® Similar triangular
shaped GCD curves were also observed for the samples of
different electrodeposition times (Fig. S6d, ESIf). The areal
capacitance (mF cm™~?) of the electrodes was calculated from the
CV curve (ESIt) and is shown as a function of scan rate in
Fig. 5c. The areal capacitance of the electrode was found to be
8.26 mF cm ™ > at a scan rate of 5 mV s~ ', which decreased to only
4.86 mF cm ™2 when the scan rate was increased to 100 mV s,
indicating good rate performance of the electrode. The volu-
metric specific capacitance of the MnO,@AuNF network elec-
trode was also calculated and found to be 24.5 F em™® at
a current density of 0.01 mA cm 2. The calculated specific
volumetric energy density and the corresponding power density
of the MnO,@AuNF network electrode were found to be 3.47
mW h em ™ (energy density) at a power density of 0.03 W cm >,
and 1.61 mW h cm  (energy density) at a power density of 1.25

This journal is © The Royal Society of Chemistry 2019
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W cm ?, respectively. The electrochemical performance of the
core-shell MnO,@AuNF network electrode was superior to
many reported transparent flexible supercapacitor electrodes,
such as graphene,' MnO,/ITO/PET,** Ag-Au core-shell nano-
wires,*® metal nanowires/PEDOT:PSS,> metal nanowires/metal
oxide,* PEDOT:PSS/metal grid,”® metal network/MnO,,*
Au@MnO,,* carbon nanocups® etc. These high electrochemical
properties of the core-shell MnO,@AuNF network electrode
might be attributed to the advantages of the unique properties
of the core AuNFs, uniform MnO, shell and the synergistic
effect of the core-shell structure. The highly dense small sized
AuNF network electrode acts as an excellent current collector
and also serves as a backbone for the growth of electrochemi-
cally active MnO, shells throughout the entire core Au nano-
fibers resulting in a highly dense MnO,@Au NF core-shell
network electrode structure. The existence of high density
interspaced porous MnO,@Au nanofibers with a small period
would allow the deposited shell MnO, active materials to
interact more with the electrolyte facilitating the easy diffusion
of ions/molecules etc. and thus enhanced their electrochemical
performances.

The frequency responses of the MnO,@AuNF network elec-
trode (9 min) are also studied by electrochemical impedance
spectroscopy (EIS) measurements in the frequency range from
0.01 to 100 kHz. Fig. 5d shows the Nyquist plots of the
MnO,@AuNF network electrode measured at the open-circuit
potential (OCP) which showed an equivalent series resistance
(ESR) of ~22.52 Q, denoted from the intersection point on the
real axis (inset of Fig. 5d). The nearly vertical straight line at the
low-frequency regions in the Nyquist curve also illustrates an
ideal capacitive behaviour of the electrode. The Bode plots,
frequency dependent impedance, and phase angles are shown
in Fig. S7b, ESL7 It is observed that the material showed small
impedance at the high-frequency region with a slope of ~—1 at
a low frequency, demonstrating ideal capacitive behaviours of
the supercapacitor device. At a low frequency, the device showed
a phase angle of ~—80°, almost close to that of an ideal
capacitor (—90°), which further confirmed the ideal capacitive
behaviours. The capacitance response frequency for the super-
capacitor device at a phase angle of —45° (¢45) was found to be
0.55 Hz from the Bode plot (Fig. S7b, ESI{), which was equiva-
lent to a relaxation time constant (7, = 1/fy) of ~1.81 s. Addi-
tionally, another critical parameter for practical application is
the high charge-discharge cycling stability of the electrode
material. Thus, 10 000 GCD cycles were carried out to check the
charge/discharge cycling stability of the electrode, at an applied
current density of 75 pA cm™> (Fig. 5€). The coulombic efficiency
was estimated to be 100% during the entire charge-discharge
cycle. The MnO,@AuNF network electrode only showed ~6%
decay in areal capacitance, i.e., ~94% capacitance retention,
after 10 000 GCD cycles, demonstrating excellent charge-
discharge stability of the electrode material. The good cycling
stability of the electrode might be attributed to the hierarchical
nanosheet structure of the direct growth MnO, over the highly
conductive AuNF network electrode. The porous structure of the
MnO, nanosheets on the AuNF network electrode might offer
a large specific surface, which in turn can provide more active
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Fig. 5 Electrochemical measurements of the core—shell MNO,@AuUNF network electrode (9 min) in a three-electrode configuration in 1 M
Na,SO, electrolyte. (a) CV curves of the electrode at different scan rates from 5-200 mV s . (b) GCD curves of the electrode at different applied
current densities. (c) Change in areal capacitance (C/A) as a function of scan rate mV s~* determined from the CV curves in a. (d) Imaginary Z” vs.
real Z' Nyquist plots of the electrode in the frequency range of 0.01 to 100 kHz. (e) Cyclic stability of the MnO,@AuNFs network electrode at 75
mA cm™2 current density, showing ~95% capacitance retention. (f) Comparison of the CV curves of the MnO,@AUNF network electrode before

and after 10 000 repeated bending cycles at a scan rate of 50 mV s~

redox sites to enable the quick passage of electrolyte ions.
Again, the highly conductive nature of the AuNF network elec-
trode could enhance the conductivity of the MnO, nanosheets
and promote the fast electron transport efficiency between the
AuNF network electrode and the MnO, nanosheets.”” The elec-
trochemical performance, along with the transparency of our
MnO,@AuNF network electrode was compared with previously
reported flexible transparent supercapacitors (Table S1, ESIT).
The electrochemical-mechanical properties of the MnO,@AuNF
network electrode were also investigated and are shown in
Fig. 5f. The CV curves of the MnO,@AuNF network electrode
before and after 10 000 bending cycles at a radius of 3.0 mm
(bending radius) are almost overlapped with one another with

10678 | J Mater. Chem. A, 2019, 7, 10672-10683

just a ~7% decrease in areal capacitance, demonstrating the
high mechanical flexible properties of the MnO,@AuNF
network electrode.

Finally, we have fabricated a flexible transparent symmetric
supercapacitor as a portable transparent energy storage device
by assembling two MnO,@AuNF network electrodes as both the
positive and negative electrode, with a PVA/LICl gel electrolyte
acting as both the separator and ionic electrolyte (Fig. 6a). The
fabricated supercapacitor device showed high optical trans-
parency with ~79% transmittance in the visible range, only a 6-
7% transmittance decrease compared to the electrode, (Fig. 6b,
inset: a photograph of the device attached to a pen) showing its
good transparency. The high transmittance of the fabricated

This journal is © The Royal Society of Chemistry 2019
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devices measured at different applied current densities. (f) Device stability tests upon repeated charging/discharging for 10 000 cycles at 60 pA

cm™2 current density.

solid-state flexible supercapacitor device can be ascribed to the
high transmittance of the MnO,@AuNF network electrodes and
the electrolyte. The digital photograph of the gel electrolyte film
coated on PEN is shown in Fig. S8a, ESI,7 showing its high
transparency. The transparency of the device was almost
comparable to or higher than those reported for transparent
supercapacitors.'”?”*%31-33 The electrochemical performance of
the flexible supercapacitor devices was studied using cyclic
voltammograms (CVs) using a two-electrode configuration
system. Fig. 6¢ shows the CV curves of the flexible device in the
range 0 to 0.8 V, at scan rates ranging from 5 mV s~ ' to 100 mV
s~'. The supercapacitor device still retained its CV curved
shape, even at a high scan rate of 1 V s, indicating excellent

This journal is © The Royal Society of Chemistry 2019

capacitive behavior and low contact resistance (Fig. S8b, ESIf).
The areal capacitances (mF cm™~?) of the device were calculated
from the CV curves and are shown in Fig. 6d as a function of
scan rate. At a low scan rate of 5 mV s~ ', the areal capacitance of

the supercapacitor device was calculated to be 2.07 mF cm ™2,

which decreased to 1.18 mF cm > at the scan rate of 100 mV s~ .
The GCD curve of the flexible device measured with a potential
window of 0 to 0.8 V under different applied current densities
exhibited a typical symmetric triangular shape, indicating good
electrochemical capacitive characteristics (Fig. 6e). The
symmetric charge/discharge curves of the device also indicated
a relatively high coulombic efficiency. It is important to note
that the lifetime performance of a device is determined by the
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repeated charge/discharge cycle stability for practical applica-
tions. Fig. 6f shows the charge/discharge cycle stability of the
device, determined by carrying out 10 000 GCD cycles at an
applied current density of 60 pA cm™>. The cycling stability of
our solid-state device was also found to be excellent. The device
retained ~94% of its initial capacitance, i.e., ~6% decay in areal
capacitance after 10 000 continuous charge/discharge cycles,
signifying high cycling stability of the device. The small
decrease in the capacitance value after 10 000 cycles might be
due to the dissolution/loss of a small proportion of MnO,
caused by volume expansion of MnO, during repeated charge-
discharge cycles.*** The frequency response curves of the

(a)

0.154 Flat Scan rate@100 mV/s
&E 10 mm
S 0404 gmm
<
E
. 0.054
=
[72] —
c |- HONBL
§ o000 Het BN
=
@ -0.054
=
g —g mm
—4 mm
-0.104 —2mm
0.0 0.2 0.4 0.6 0.8
Potential
(c) V)
——This work
- ——[12] MnO,@AuNFs
£ —A-[34] HTSE
O 104 —w—[64] '3
£ ——[65]
2 ——([66] Mxene
= ——[67] \AgNWs/(NiOH)2
> —#—[68]  RuO,PEDOT:PSS
ﬁ H_m\.——ameo
g 10%3 ’_N—o—o\.
o
° PEDOT:PSS
2
@
= 3
W 107 @y Graphene-Q dot
107 10" 10° 10’ 10° 10°
(e) Power density (uW/cm?)
1.8
1.54 s
——2 device in parallel
——2 device in series
s ——single device
S
€
2
°©
o
0.0 v T T v v v
20 40 60 80 100 120 140

Time (s)

View Article Online

Paper

fabricated devices were also examined by electrochemical
impedance spectroscopy (EIS) measurements from 100 kHz to
0.1 Hz (Fig. S8d, ESIt). Nyquist plots measured at the open-
circuit potential (OCP) illustrated an equivalent series resis-
tance (ESR) of ~41.11 Q. In the low-frequency regions, the
device exhibited a nearly vertical straight line which was almost
parallel to the imaginary axis, demonstrating an ideal capacitive
behaviour. Also, the presence of a small semi-circle-like
response in the high-frequency regions indicated high ionic
conductivity at the electrode/electrolyte interfaces.

The mechanical flexibility of the device was also investigated
by measuring the electrochemical performance of the device
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digital photograph of flexible device showing its bending capability). (b) The measured areal capacitances (C/A) and corresponding change in
areal capacitance (%) with respect to different mechanical bending radii. (c) Ragone plots (energy density vs. power density) of the flexible
transparent supercapacitor device based on a MnO,@AuUNF network electrode, compared to previously reported flexible transparent super-
capacitor devices. (d) CV curves measured at a scan rate of 500 mV s~ for a single device, two in series, and two in parallel configuration. (e) GCD
curves for a single device, two devices in series, and in parallel configuration. (f) CV curves of two devices connected in series at three different
potential windows at a scan rate of 500 mV s %,
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under different mechanical bending radii. The device demon-
strated excellent mechanical bending characteristics, as shown
in Fig. 7a, (Fig. S9c, ESI{). The CV curves of the device at the
bending radii of 10, 8, 6, 4 and 2 mm, were measured at a scan
rate of 100 mV s '. The calculated normalized areal capaci-
tances determined from the CV curves in Fig. 7a were plotted
against the bending radius (Fig. 7b). From the mechanical
bending tests, the calculated capacitance value was observed to
decrease from 1.18 mF cm 2 to 1.11 mF cm ™ 2 as the bending
radius was decreased from 10 mm to 2 mm, with a maximum
change of ~6 percent. After bending to a radius of 2 mm, EIS
measurement of the device was again performed in the same
frequency range (100 kHz to 0.1 Hz) to confirm the mechanical
stability of our device, as shown in Fig. S8d, ESLf. It was
observed that there was a slight increase in the equivalent
series resistance of the device from 41.11 to 42.95 Q, and an
almost similar vertical line with a steep decrease in the slope
which indicated a nearly ideal capacitive behaviour of the
device even after bending. The mechanical flexibility of our
supercapacitor device was comparable to the earlier reported
flexible transparent supercapacitors.'”?”?#31-33 Table S1, ESIf
summarizes the comparison of transparency and electro-
chemical features of our device with other flexible transparent
supercapacitors. Our device showed excellent electrochemical
performance at high transparency with good mechanical
bending properties. Fig. 7c shows the energy densities vs.
power densities graph (Ragone plot) in comparison with other
earlier reported transparent supercapacitor devices. The
comparison of the energy densities and power densities of the
flexible transparent supercapacitor device with that of other
reported transparent supercapacitor devices is also shown in
Table S2, ESL.f Our MnO,@AuNF network electrode-based
symmetric solid state transparent supercapacitor device
showed an energy density of 0.14 uW h cm™? at a power density
of 4 yW em ™2, and 0.05 uW h cm ™ at a power density of 20 pW
em %, and outperformed previously reported transparent
supercapacitor devices, such as PEDOT:PSS,"”> AgNWs/
Ni(OH),/PEDOT:PSS,** MXene,** RuO,/PEDOT:PSS,* reduced
multilayer graphene oxide thin films,* graphene quantum-
dot®” and HTSE.®® Our device performance, an energy density
of 0.14 uW h cm ™2 at a power density of 4 uW cm > was enough
to store energy from a nanogenerator device.*” Though the
device displayed high areal capacitance as described above, it
still stored very low energy, which might make it unsuitable for
real practical applications. To achieve the required specific
capacitance or voltage (energy and power), the supercapacitor
devices could either be connected in parallel, in series, or
both, according to the specific application.” The comparison
of the CV curves of a single device, two devices connected in
parallel, and in series configurations are shown in Fig. 7d. As
evident from Fig. 7d, the operating potential window for
a single device can be extended from 0.8 V to 1.6 V for
a tandem device by connecting two devices in series, while an
output current density twice the value of a single device (i.e.,
a capacitance value almost twice that of a single device) can be
achieved by simply connecting two devices in parallel. Also,
from the GCD curves in Fig. 7e, it was observed that the

This journal is © The Royal Society of Chemistry 2019
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operating voltage could be extended from 0.8 V for a single
device to 1.6 V by connecting two devices in series. Fig. 7f
shows the CV curves of the two devices connected in series
with respect to different window potentials of 1.0 V, 1.3 V, and
1.6 V at a scan rate of 500 mV s '. The series device configu-
ration illustrated close to ideal rectangular curves, even at
a high scan rate of 500 mV s !, with an extended window
potential up to 1.6 V and can power a RED LED lamp (Fig. S9c,
ESIt). The above results suggest that our core-shell MnO,@-
AuNF network electrode-based device holds promise for
practical applications as a transparent flexible portable power
source for transparent electronic gadgets. Thus, the electro-
deposited nanosheet core-shell MnO,@AuNF network elec-
trodes could be excellent electrodes for future flexible
transparent energy storage device applications because of
their high transparency with excellent electrochemical-
mechanical performance. In our study, we chose Au metal,
though it is expensive, because of its stability in electro-
chemical reactions where other metals, such as Cu and Ag fail.
So, future investigations may be undertaken to replace
expensive Au metals with other inexpensive metals or alloys.

Conclusions

In conclusion, a novel technique was proposed to fabricate metal-
oxide@metal nanofiber network structures for flexible trans-
parent supercapacitors, using scalable electrospinning, thermal
vacuum deposition, and electrodeposition techniques. A highly-
conducting, transparent AuNF network electrode was first fabri-
cated using an electrospun nanofiber template with a thermal
vacuum deposition of Au metal. The fabricated AuNF network
electrode possessed high electro-optical properties, with a sheet
resistance of 9.58 Q sq " at a transparency of ~93.13 percent (%).
Utilizing a simple electrodeposition technique, a hierarchal
MnO, nanosheet was deposited over the AuNF network, yielding
a highly-interconnected core-shell MnO,@AuNF network elec-
trode structure with AuNFs as the current collectors. The trans-
parency and electrochemical performance of the core-shell
MnO,@AuNF network electrode could be simply tailored by
controlling the electrodeposition time. The MnO,@AuNF
network electrode demonstrated a high areal capacitance of 8.26
mFcm ?at 5 mVs ', along with high transparency (~86%), high
rate capability, long-term cyclic stability, and excellent mechan-
ical flexibility. Additionally, the assembled flexible transparent
supercapacitor device showed high transparency (~79%), a high
areal capacitance of 2.07 mF cm™ > at 5 mV s~ ', and high energy
density of 0.14 yW h cm ™2 at a power density of 4 pW cm 2. The
device also showed a long charge/discharge cycle stability and
good mechanical bending properties. With the AuNF network
electrode as a current collector and application of the electrode-
position technique, various transition-metal oxides, such as
RuO,, NiO, Co;0, etc. core-shell network electrode structures
might also be fabricated.
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