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A highly transparent and stretchable electrode based on a Au
nanomesh, electrodeposited with a thin layer of MnO, with a
transparency of 84.7% is introduced. The as-prepared transparent,
stretchable, and imperceptible supercapacitor (TSPS) exhibits a
specific capacitance of 0.53 mF cm™2 and excellent bending stability,
together with high stretchability (up to 160% strain).

Flexible electronics have been developing rapidly as a rising
technology because of their enormous potential applications
for human-environment interactions." Developing integratable,
light weight, stretchable, transparent flexible electronics has
been proposed to meet the increasing and urgent requirements
when considering the application conditions of artificial intelligence
and wearable electronic skin.”> Generally, an integrated wearable
electronic system often includes sensors, circuits, data acquisition
and data transfer units, and a power supply. Huge efforts have been
devoted to develop the functional parts of wearable devices, such as
tactile sensors,® sweat sensors,' photodetectors,” temperature
sensors,® and other sensing units. As the power source to support
wearable and skin-like systems, flexible energy storage devices have
a vital role in the whole flexible and wearable electronic system,
thus, developing stretchable energy storage devices like super-
capacitors is necessary but is still facing challenges.”
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Stretchable, transparent and imperceptible
supercapacitors based on Au@MnO, nanomesh
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® and Chuan Fei Guo*®

To construct stretchable supercapacitors, previous research
mainly focused on the design of stretchable electrodes and
active materials. For example, supercapacitors with wrinkled,?
fiber shaped,” and rhombic shaped electrode structures,'® and
other stretchable geometries,'" have been developed recently. The
wrinkled and spring-like structures enable the supercapacitors to
be highly stretchable. Besides stretchability, other considerations
such as small thickness and high transparency are also important
to realize highly skin-conformable and invisible stretchable
supercapacitor systems,'” because the high transparency is
necessary for imperceptible integration of the wearable electro-
nic system. Although many highly transparent supercapacitors
are based on a gold network,’® gold nanowires,'* silver
nanowires,"” polypyrrole'® and other active materials'”'® have
been developed, but these devices have limited mechanical
stretchability. Therefore, it is highly desirable to fabricate a
novel, stretchable and transparent supercapacitor with high-
performance energy storage capacitance, high optical transparency
as well as robust stretchability.

Here, a new approach to fabricating a supercapacitor with
high stretchability and transparency using a Au and manganese
dioxide (MnO,) nanomesh electrode is introduced. The Au
nanomesh, which was prepared by grain boundary lithography,
has shown outstanding mechanical stretchability and optical
transparency in previous work.'® A thin layer of MnO, was then
electrodeposited onto the Au nanomesh to ensure the high
electrochemical properties and transparency. An interdigital
type design was employed to construct a transparent, stretch-
able, ultrathin and planar supercapacitor (TSPS) device in this
work because of the benefits of the thickness and the structure
of 2D supercapacitors.

The typical fabrication process of the A u@MnO, nanomesh
electrodes is described in the Experimental section and shown
schematically in Fig. 1a. The as-prepared Au nanomesh (80 Qsq )
was first transferred to a PDMS substrate. The MnO, was then
electrodeposited onto the grid of the Au nanomesh to form a core-
shell structure. The loading of MnO, was controlled by using the
charge quantity as the terminal condition during electrodeposition
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Fig.1 (a) A schematic illustration of the fabrication of the Au@MnO,
nanomesh on a PDMS substrate, and the core—shell structure of the
Au@MnO, nanomesh electrode showing the ion diffusion pathways and
charge transport channels. (b) Transmittance spectra of the Au nanomesh
and the Au@MnO, nanomesh (0.008 C cm™2). (c) Photographs of an
Au@MnO, nanomesh electrode on a PDMS substrate in unfolded and
bending states. (d) SEM images of the Au nanomesh and the Au@MnO,
nanomesh. (e) A TEM image of MnO, flakes on the Au nanomesh core.

to verify the relationship between performance and transparency,
and the charge quantities tested were: 0.004 C cm ™2, 0.008 C cm™>
and 0.016 C cm 2.

The morphology of the Au nanomesh and the Au@MnO,
nanomesh was investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As shown
in Fig. 1d, a clear boundary can be observed between the Au
mesh and the Au@MnO, nanomesh. The continuous nano-
mesh of petal-shaped MnO, is coated on the surface of the Au
core and its thickness increases when using a high charge
quantity as the terminal condition (Fig. S1, ESI{). The TEM
image further verifies that the MnO, flakes on the grid of Au
nanomesh have a wrinkled morphology with a very thin thickness
(Fig. 1e). The thickness of the MnO, layer is about 7 nm with a
charge quantity of 0.008 C cm™ > when the MnO, is considered to
be a continuous layer (see the calculation details in the ESIt). Such
a thin nanosheet enables MnO, to be mechanically flexible and
also highly transparent. As shown in Fig. 1b, the transmittance of
the Au@MnO, nanomesh is 84.7% at 550 nm, which offers a
strong possibility for the fabrication of an invisible and imper-
ceptible device (demonstrated from Fig. 1c). Meanwhile, the
d-spacing sequences for the MnO, flakes are 0.241, 0.228, and
0.152 nm indexed to the interlayer spacings of the (0 1 1), (0 —1 1)
and (0 1 4) planes, respectively, and these are obtained from the high
resolution TEM and corresponding SAED patterns (Fig. S2, ESIT),
indicating that birnessite-type MnO, was formed during electro-
deposition.”® In addition, the surface feature of the Au@MnO,
nanomesh electrode was found to be hydrophilic after loading with
MnO, (Fig. S3, ESIt). The Au@MnO, nanomesh electrode exhibits
an areal capacitance of 1.52 mF cm > at a current density of
0.0125 mA cm 2 in a three-electrode system, and this remains at
about 98% after 10000 galvanostatic charge-discharge (GCD)
cycles at a current density of 0.125 mA cm ™2, suggesting excellent
capacitive performance and long-term stability (Fig. S4, ESIf).

Planar supercapacitors constructed on a single substrate
have shown excellent advantages such as being separator-free,
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Fig. 2 (a) A schematic illustration of the device assembly of a transparent,
stretchable and planar supercapacitor (TSPS) based on Au@MnO, nano-
mesh electrodes. (b) CV curves of the TSPS device at different scan rates.
(c and d) Galvanostatic CD curves and the dependent areal capacitance of
the TSPS device at different current densities.

having a high-power density and ultralong life span.>* This
offers a strong possibility of fabricating competitive miniaturized
energy source devices, especially for multifunctional applications.
Herein, the development, and further exploration of its advan-
tages, of an all-solid, transparent and planar supercapacitor
device based on the Au@MnO, nanomesh electrodes is reported.
Three planar supercapacitor devices were assembled, which
included different types of interdigital fingers of the Au@MnO,
nanomesh electrodes with a symmetrical structure (see the
schematics in Fig. 2a and Fig. S6a, ESI{). As determined from
the CV measurements (Fig. S6b, ESIt), the interdigital super-
capacitor has the highest area capacitance, indicating that more
finger electrodes will result in a higher performance. Therefore,
this interdigital design was employed to fabricate a transparent,
stretchable and planar supercapacitor (TSPS). The gap between
two fingers is about 50 um, and the width of each finger is about
600 pm for the interdigital electrodes shown in Fig. S7 (ESIT). The
transparency of the TSPS device with a solid-state electrolyte
remains at 82.1% at 550 nm, indicating an outstanding optical
performance (Fig. S8, ESIT).

It is worth noting that the TSPS device obtained is ultra-thin
because it takes advantage of the small thickness of the Au@
MnO, nanomesh electrodes (~47 nm except for the electrolyte),
while the thickness of the flexible substrate can be ignored. The
electrochemical performance of the TSPS device was investi-
gated using CV and GCD measurements in a two-electrode
system. As shown in Fig. 2b and c, the nearly rectangular shapes
and symmetry of the CV scans (even at a high scan rate of
500 mV s~ ') and nearly triangular shaped GCD curves indicate its
pseudocapacitive nature. The calculated highest areal capacitance of
the TSPS device from the discharge slope after the IR drop is
0.53 mF cm™ > at 0.01 mA cm™ 2 current density, which corresponds
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to the energy density of 0.047 UW h cm™? at a power density of
2.16 pW cm ™2, and it decreases to 0.27 mF cm ™2 at 0.2 mA cm™ 2,
and the areal capacitance still remains at 51%.

A transparent wristband integrated with the TSPS device was
fabricated to exhibit the potential application for wearable
electronics due to its high transparency and flexibility (shown
in Fig. 3a). The flexibility of the TSPS device was evaluated in
terms of bending and stretching performance. As shown in
Fig. 3b and ¢, no obvious change is observed in the CV curves
after bending at curvature radii from 1.7 to 5.0 mm at a scan
rate of 200 mV s~ ' (the digital photos at the bending state are
shown in Fig. S9, ESIT). The specific capacitance maintained by
near 100% of its initial capacitance after 200 cycles of bending/
releasing at a bending radius of 2 mm (Fig. 3d), suggested that
the TSPS device had a high bending stability. Meanwhile, the
specific capacitance retained 90% of its initial value at a strain
of 40% (Fig. 3e and i). Even stretched to 60% strain, the TSPS
device still retained 75% of its initial capacitance. The specific
capacitance of the TSPS device is nearly unchanged after
stretching and releasing over 400 cycles under a strain of
40%, indicating that there is a high stretching stability. Note
that human skin can typically be stretched to 20%," smaller
than the strains tested here. The stretchability of the TSPS
device is expected to enable applications in wearable systems as
well as for on skin electronics.
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Fig. 3 (a) A wearable and transparent wristband integrated with the TSPS
device. (b) CV curves of the TSPS device at different bending radii.
(c) Capacitance changes at different bending radii. (d) The cycling stability
of the TSPS device under a bending radius of 2 mm at a 200 mV s~ scan
rate. (e) CV curves of the TSPS device under different stretching strains.
(f) The cycling stability of the TSPS device under a tensile strain of 40% at a
200 mV st scan rate. (g) CV curves of a TSPS device with a pre-strain of
100% tested at different tensile strains. (h) The stability of the pre-strained
TSPS device repeatedly stretched to a strain of 40% over 200 cycles. (i) The
capacitance changes of TSPS devices without pre-strain and with 100%
pre-strain, tested at different tensile strains.
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However, considering other specific applications like soft
robotics, even higher stretchability is demanded for the energy
devices.?* Using a pre-stretched substrate is an effective way to
improve the stretchability for various electrodes by generating
wrinkled structures.”® Thus, this pre-stretching method was
applied to the Au@MnO, nanomesh electrodes to further improve
the stretchability. Fig. 3g shows that the specific capacitance was
still retained at ~79%, even if the TSPS device (pre-strain ~100%)
was stretched to a strain of 160%, and the pre-strained TSPS device
also exhibited excellent stability of electrochemical performance
after 200 cycles of stretching at a strain of 100% (Fig. 3h and i),
indicating the remarkable stability over the stretching cycles.

As demonstrated from the presented data, the TSPS device
based on the Au@MnO, nanomesh electrodes exhibits high
transparency (~82.1% at 550 nm) and excellent mechanical
performance, without a significant decrease in capacitance
when highly stretched to strains up to 160%. The high trans-
parency lies in the network structure of the Au nanomesh and
ultra-small thickness of the MnO, flakes. The thin layer of
MnO, is expected to be flexible because nanoscale materials
can basically generate quite small strains during bending. The
large stretchability of the Au@MnO, nanomesh, however, is
attributed to the Au nanomesh rather than the MnO, nano-
flakes. Fig. S10 (ESIf) shows that the conductivity of the Au
nanomesh increases only once when applying 100% strain.
This high stretchability results from two stages of deformation
of the Au nanomesh. At small strains, ligaments of the Au
nanomesh are straightened, and deform out-of-plane so that
the mesh pores can be elongated elastically. Beyond the elastic
regime, however, some straightened nanowires break and form
distributed cracks,'® which is verified in the SEM observation in
Fig. 4a. Such delocalized or distributed rupture is quite different
from the failure of a free-standing film: once a crack is formed
in a free-standing film it will propagate rapidly, and the film
breaks into two pieces. Therefore, the elastomeric substrate
plays an important role to stabilize the formed cracks and allow
other places to break. Although having small distributed pockets
during stretching, the Au@MnO, nanomesh remains a continuous
network and keeps its the electrochemical properties. However,
when much thicker MnO, is deposited on the Au nanomesh, the
composite will strongly adhere to the substrate, and the improved
adhesion will have a “stiffening effect” on the film,>* and as a
result, the Au@MnO, composite seriously cracks and becomes
nonconducting upon stretching (Fig. Sic, ESIt). This is the
reason that only a thin MnO, layer was deposited on the Au
nanomesh in this work.

Generally, it is difficult for a material to realize high stretch-
ability and high optical transparency simultaneously. Here the
Au@MnO, nanomesh electrodes accommodates the previously
mentioned properties well. The TSPS device has shown signifi-
cant potential for applications for wearable electronics. For this
device, the achieved transparency of the device is 82.1%, the
specific capacitance is 0.53 mF cm™ 2, and the maximum strain
tested can achieve 160%, whereas the specific capacitance still
remains at 79%. The transparency, specific capacitance, and
stretchability of the reported supercapacitors and these devices
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Fig. 4 (a) SEM images of Au@MnO, nanomesh under 0% strain and 60%
strain, and schematic diagrams illustrating the microstructures of the Au
nanomesh electrode before and after stretching, forming distributed
cracks in the strained state to ensure high stretchability. (b) A comparison
of the transparent and stretchable supercapacitor with recently reported
supercapacitors, with transmittance at 550 nm, and showing capacitance
per unit area, maximal stretchability, and the remaining capacitance at
maximal strain.

b,31%71¢ and detailed data are also listed in

{17,25,26

are compared in Fig. 4
Table S1 (ESIt), including those that are only transparen
or stretchable.'® Meanwhile, it can be seen that this TSPS device
exhibits the highest stretchability with a stable electrochemical
performance and transparency.

In conclusion, a transparent, stretchable, and ultrathin
planar supercapacitor (TSPS) device has been achieved based
on the interdigital design of a Au@MnO, nanomesh electrode.
The TSPS displays high transparency of 82.1%, a specific
capacitance of 0.53 mF cm™?, excellent bending stability and
high stretchability, allowing the device to be strained up to 60%
while the specific capacitance can be maintained at 75%. When
applying a pre-strain of 100% to the Au@MnO, nanomesh
electrode, it can be stretched up to 160% while the specific
capacitance is maintained at 79%. This work provides an effective
strategy for developing stretchable and invisible electronic devices.
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