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core–shell nanowire network for
visible-to-infrared data encryption and
supercapacitor applications†

Yeongju Jung,‡a Kyung Rok Pyun,‡a JinKi Min,a Hyeokjun Yoon,a Minjae Lee,ab

Byung-Wook Kim, c Jinwoo Lee*d and Seung Hwan Ko *ae

The intriguing electrochemical properties of polyaniline (PANI) have enabled the functionalization of other

nanomaterials and facilitated the development of various smart devices. In this study, we demonstrate an

Ag–Au-PANI multilayered core–shell nanowire network that works both as an electrochromic

supercapacitor and visible-to-infrared multispectral display. By laminating the silver nanowires (AgNWs)

with gold and subsequent laser sintering, we fabricated a highly conductive nanowire network electrode.

To functionalize the metallic nanowire network, we electrodeposited PANI such that the resultant

nanowire network can operate as an electrochromic supercapacitor device. Due to the reversibly

variable optical properties of PANI by its unique redox processes, the electrochromic supercapacitor

presented herein can display the energy storage level by its visible color and also by its temperature in

the absence of light. In addition, since the identical architecture and material make-up can be utilized for

the display application, we also demonstrate the data encryptable display that operates both in the

visible and infrared wavelength region.
Introduction

The recent emergence of conductive polymers has endowed
a new class of electronics with interesting properties, and of all
conductive polymers, PANI exhibits fascinating characteristics
such as facile synthesis, electrochemical stability, extraordinary
redox process, and relatively high electrical conductivity.1

Exploiting these intrinsic properties of PANI, a large number of
studies demonstrated potential electronics with PANI such as
electrocatalysts,2 sensors,3 batteries,4,5 supercapacitors,6,7 and
electrochromic displays.8,9 Among practical applications based
on PANI, electrochromic supercapacitor devices have drawn
considerable attention because these devices can not only store
energy but also display the level of energy storage by color
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variation in the presence of electrical input.10 As exemplied by
previous studies,9,11 PANI possesses the potential to be utilized
as the backbone for electrochromic supercapacitors due to its
intrinsically high specic capacitance and variable optical
properties that arise from its unique redox process.1 Further-
more, it has been reported that the redox reactions of PANI
serve to change the infrared emissivity,12,13 suggesting that the
material is capable of modulating the optical characteristics in
both visible and infrared ranges.

Despite the favorable electrochemical properties of PANI for
electrochromic supercapacitor applications, the supercapacitor
electrodes must attain a large surface area to obtain high energy
density, and, in this regard, nanomaterials offer a viable solu-
tion to increase the surface area. Of various nanomaterials,
metal nanowire (NW) networks exhibit fascinating characteris-
tics for supercapacitor electrodes: they show remarkable elec-
trical conductivity as a current collector and can also form
a percolation network that provides excellent mechanical
properties to be applied for the mechanically deformable elec-
trode.14 Due to the desirable characteristics of the metal NWs,
there have been extensive studies that utilized metal NWs to
develop highly advanced smart devices such as electromagnetic
interference shielding,15,16 physiological monitoring,17 virtual
reality haptic interface,18 sensors,19,20 and air lters.21 Likewise
for supercapacitors, a myriad of reports utilized metal NW
networks as a current collector and deposited other super-
capacitive materials such as metal oxides,22,23 conductive poly-
mers,24,25 and hybrid composites26 to fabricate core–shell NW-
This journal is © The Royal Society of Chemistry 2023
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based supercapacitors. Many of these reports demonstrated
interesting studies on electrochromic supercapacitors in the
visible wavelength region,23,27,28 but there is no PANI NW-based
study that modulates the optical properties of supercapacitors
in the infrared-visible multispectral wavelength regions
according to the authors' best knowledge. Thus, we expected
that if we can laminate the metal NWs with PANI, the fasci-
nating properties of PANI will functionalize metal NWs into
both a supercapacitor and electrochromic device with a single
material architecture, implying that such functionalities will
allow the supercapacitive devices to display the level of energy
storage both in the visible and infrared wavelength spectrum.
Also, the electrical conductivity of the metal NWs will contribute
to the performance of the device because the NWs will serve as
a current collector of the device, and the incorporation of the
NWs will allow the device to be mechanically deformable under
applied stress.

In addition, the identical structure of the NW-based full-cell
supercapacitor can be utilized for multispectral display systems
if the NW-based electrode can be patterned into any type of
arbitrary shape. Thus, with patterning, we can induce the
electrochromic effect on a specic region of the NW-based
electrode for both visible and infrared wavelengths while the
rest of the electrode remains unaffected. Although there exist
several patterning methods such as lithography, laser
patterning offers a cost-effective and powerful patterning
process for the NW-based electrode because laser irradiation
can join NWs at the junctions both electrically and mechan-
ically by plasmonic welding.29,30 The ability to pattern the elec-
trochromic electrode enables several practical applications as
the patterned electrochromic device can deliver useful infor-
mation. In this regard, the focus of this study is to morph these
interesting features of the metal–PANI core–shell NWs into
innovative yet practical technologies.

Here, we present all-nanowire-based electronics that func-
tion both as an electrochromic energy storage device and
visible-to-infrared data encryption device based on the identical
core–shell NW architecture. To fabricate the multi-layered core–
shell NWs, we synthesized the Ag–Au core–shell NWs (AANWs)
based on the solution process, and irradiated laser onto AANWs
to make a highly conductive NW network by plasmonic welding
and to further pattern the electrode. The subsequent PANI
electrodeposition on the NW network produces multi-layered
core–shell NWs that can be utilized as electrochromic super-
capacitors. Due to the variable optical properties of PANI during
the reversible redox process, the electrochromic supercapacitor
proposed herein can inform the level of energy storage in two
ways: (1) by its visible colors in the presence of light and (2) by
temperature in the absence of light. In addition to the electro-
chromic supercapacitor application, the identical system can be
utilized for multispectral data encryption display that only
delivers information to whoever has access to it. Unlike previous
studies, the data encryption display based on PANI in this work,
for the rst time, can operate regardless of day and night
because the device can control the optical properties in visible
and infrared wavelengths. Furthermore, all the devices
proposed herein are capable of withstanding external bending
This journal is © The Royal Society of Chemistry 2023
stress due to their all-nanowire-based architecture. From this
perspective, we expect that this work will make signicant
contributions to future nanotechnologies and serve to facilitate
the imminent advance of smart electronics for real-life appli-
cations since metal–PANI core–shell NW composites can also be
utilized in diverse applications such as chemical sensors,31

electrocatalysts,32 heavy metal removal,33 energy harvesting,34

and electromagnetic composites.35,36

Results and discussion

As Fig. 1 delineates, PANI in the leucoemeraldine (LE) state can
impart light green color to the multi-layered core–shell NWs,
whereas the NWs turn dark green when PANI is oxidized to the
emeraldine salt (ES) state. It has been previously reported that
the difference in the band gap energy due to the redox processes
leads to the electrochromic behavior of PANI in the visible
wavelength.37 Hence, in the presence of the programmed elec-
trical input, PANI can switch between LE and ES states, which
correspond to reduction and oxidation states, respectively. Just
as the electrochromic optical change in the visible wavelength,
the emissivity difference originates from the reversible redox
processes of PANI.

However, the infrared optical modulation of PANI-doped
AANWs, on the other hand, follows a different phenomenon.
Fig. 1a and b explain the underlying mechanism for the emis-
sivity change of PANI-doped AANWs in the infrared region.
When in the LE state, PANI becomes highly transparent in the
infrared region, as a result it displays low emissivity of Au and
Ag, which are the inner layers of the multi-layered core–shell
NWs (Fig. 1a). However, the ES state exhibits low transmittance
and high emissivity as illustrated in Fig. 1b, so PANI in the ES
state on the outer surface of the core–shell NWs serves to ‘mask’
the optical properties of Au and Ag with its high emissivity.12 In
other words, the infrared emissivity change for PANI-doped
AANWs directly corresponds to the emissivity difference of Au/
Ag and PANI in the ES state.

The graphical representation in Fig. 2a illustrates a series of
fabrication processes for PANI-doped AANWs in three essential
steps. With the synthesized AANWs based on the modied
method previously reported by our group,38 we utilized the
vacuum ltration of AANWs on a hydrophilic porous poly-
ethersulfone (PES) substrate to produce a thin lm of the core–
shell NWs. Fig. S1† shows the scanning electron microscopy
(SEM) image of the porous PES substrate that we utilized in this
work. Subsequently, selective laser irradiation on the NWs
serves to weld their junctions by providing sufficient thermal
energy to forge an electrically conductive NW network. Here, the
laser annealing process not only enhances the electrical
conductivity of the NW network but also strengthens the
mechanical adhesion of the NWs and the substrate. Therefore,
simple water rinsing only removes the NWs that have not been
laser-welded, leaving the mechanically stable NW electrode
behind. This process enables a direct patterning of the NW
electrode into the desired shape at room temperature and in an
ambient atmosphere without resorting to a rather expensive
and complicated lithography technique. Finally, the following
J. Mater. Chem. A, 2023, 11, 7264–7275 | 7265
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Fig. 1 Mechanism of electrochromic effect for PANI-doped AANWs. (a) Optical and thermal properties of PANI-doped AANWs when PANI is in
the LE state and (b) when PANI is in the ES state.
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electrodeposition process conformally laminates PANI on top of
the Au layer of AANWs.

The Au layer in this work acts as an anti-oxidative agent as it
prevents the oxidation of silver during the electrodeposition of
PANI. The top view of the electrode and SEM image in Fig. 2b
shows that the direct electrodeposition process of PANI does
not occur on the surface of AgNWs. In fact, it causes the NWs to
break into parts due to the instant oxidation of silver,39 whereas
the electrodeposition on AANWs produces PANI-laminated
core–shell NWs due to the electrochemical stability of Au. The
SEM image in Fig. 2c implies that the NWs do not become
fractured during the PANI electrodeposition. Furthermore, the
increased thickness and relatively rough texture of NWs in the
SEM image prove that PANI conformally laminates the AANWs .
The voltage curve of constant current electrodeposition for PANI
growth on the NW surface as in Fig. 2d substantiates this point.
Compared to AANWs which depict a gradual increase and
a successive plateauing of voltage over time, AgNWs produce an
abrupt voltage spike as they are instantly oxidized. Likewise, the
cyclic voltammetry (CV) analysis in Fig. 2e also offers electro-
chemical evidence of AgNW oxidation. The result shows that
AgNWs only exhibit a tiny oxidation peak during the forward
scan as in the inset of the gure whereas AANWs show much
larger oxidation and reduction peaks. All of these results
corroborate that the oxidation occurs shortly aer electrode-
position of PANI starts, and the oxidation of silver in the course
7266 | J. Mater. Chem. A, 2023, 11, 7264–7275
of electrodeposition creates an electrochemical barrier for the
PANI nucleation on the surface of AgNWs. The transmission
electron microscopy (TEM) images in Fig. 2f present the
synthesized PANI-doped AANWs and show that the diameter of
the multi-layered core–shell is approximately 170 nm. AgNWs,
which we synthesized in this work, are 140 nm thick and 50–70
mm long, suggesting that the PANI–Au shell has a thickness of
30 nm. The chemical composition of carbon and nitrogen from
the energy-dispersive X-ray spectroscopy (EDX) results in Fig. 2g
implies the presence of the PANI lamination as a shell of the
NW. Also, Raman spectroscopy offers the chemical bonding
analysis for carbon-based and conductive polymers, and
Fig. S2† compares the Raman intensity of PANI-doped AANWs
and pristine AANWs. The result conrms the presence of PANI
as an NW shell because the PANI-doped AANWs contain the
intrinsic Raman peaks of PANI at 1178 cm−1 and 1600 cm−1,
each of which is related to the C–C stretching vibration of
benzene and C–H vibrations of aromatic rings of PANI,
respectively.40,41 Lastly, the thermogravimetric analysis (TGA)
results in Fig. S3† imply that the weight composition of PANI
and AANWs respectively corresponds to 52% and 48% because
AANWs does not experience a substantial weight reduction
throughout the course of temperature elevation up to 800 °C.
Meanwhile, the pristine AANWs do not contain any of these
peaks since they are solely comprised of metals. Fig. 2h presents
the laser-patterned electrode (the alphabet letters, S, N, U)
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Fabrication process and material characterization of PANI-doped AANWs. (a) Simplified illustration of fabrication steps to make PANI-
doped AANWs. (b) Visible light snapshot and SEM images of pristine AgNWs and AgNWs after PANI electrodeposition. When PANI is electro-
deposited on AgNWs, the process causes the Ag oxidation and mechanical fracture of AgNWs. (c) Visible light snapshot and SEM images of
pristine AANWs and AANWs after PANI electrodeposition. (d) Voltage profile of AgNWs and AANWs when PANI is being electrodeposited. (e)
Cyclic voltammetry analysis of AANWs and AgNWs. The inset figure shows the magnified view of the cyclic voltammetry of AgNWs. (f) A TEM
image of PANI-doped AANWs. (g) EDX of PANI-doped AANWs. (h) Snapshots of laser-patterned AANW and PANI-doped AANW electrodes.
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based on AANWs and PANI-doped AANWs aer electrodeposi-
tion of PANI on AANWs.

Fig. 3 characterizes the optical properties of the PANI-doped
AANWs during their transformation from the ES state into the
LE state. First, we optimized the electrodeposition condition of
PANI to maximize its optical property modulation, so we used
polymerization charge as a measure of the electrodeposition
condition for PANI since the polymerization charge is directly
correlated with the thickness of PANI (Fig. S4†). Fig. 3a reveals
the considerable effect of polymerization charge on the
This journal is © The Royal Society of Chemistry 2023
emissivity change for both LE and ES states, suggesting the
importance of material optimization. For instance, at the
polymerization charge of 2C, there is only a negligible differ-
ence in the emissivity between the two redox states, and the
emissivity difference begins to widen from 3C. The polymeri-
zation charge of 4C produces the maximum emissivity differ-
ence of 0.34, which then decreases starting from 5C. We also
measured the infrared emissivity of PANI-doped AANWs that
were electrodeposited with the polymerization charge of 4C
using Fourier-transform infrared spectroscopy (FTIR) as in
J. Mater. Chem. A, 2023, 11, 7264–7275 | 7267
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Fig. 3 Optical characterization of PANI-doped AANWs. (a) Emissivity difference between the LE and ES states of PANI-doped AANWs with varying
polymerization charge. (b) FTIR analysis of PANI-doped AANWs in the LE and ES states. (c) UV-Vis analysis of PANI-doped AANWs in the LE and ES
states. (d) Visible light photographs of PANI-doped AANWs at different voltage inputs from −0.2 V to 0.7 V. (e) 1931 CIE diagram with the points of
PANI-doped AANWs from −0.2 V to 0.7 V. (f) Infrared light photographs of PANI-doped AANWs at different voltage inputs from −0.2 V to 0.7 V. (g)
Temperature and temperature difference between the LE and ES states in relation to the surrounding temperature. (h) The reflectance of PANI-
doped AANWs as the material is repeatedly switched between two states. The inset figure shows the magnified view from 0 s to 30 s. (i) The
temperature profile of PANI-doped AANWs as it is switched between two states. The inset figure shows the magnified view from 0 s to 40 s.

7268 | J. Mater. Chem. A, 2023, 11, 7264–7275 This journal is © The Royal Society of Chemistry 2023
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Fig. 3b. The electrical voltage input from−0.2 V to 0.7 V resulted
in a dramatic emissivity increase in the infrared wavelength
range, suggesting that the electrical input can be utilized to
modulate the emissivity of the NW composite structure. In
addition to the infrared emissivity modulation, the electrical
input to the 4C sample affects the visible reectance of the
composite. For instance, as the electrical input voltage varies
from −0.2 V to 0.7 V, the peak of visible reectance shis from
600 nm to 500 nm (Fig. 3c).

To visualize the results in Fig. 3b and c, we captured the
visible light and infrared thermal images of the PANI-doped
AANW full-cell device in the course of the state transition as
shown in Fig. 3d and f. For the full-cell device assembly, we
sandwiched two lms of PANI-doped AANWs with the gel-based
electrolyte in between, and for the gel electrolyte, we used poly
2-acrylamido-2-methyl-1-propanesulphonic acid (PAMPS) and
hydrochloric acid (HClO4), which can prevent electrolyte
Fig. 4 Characterization and performance evaluation of electrochromic
AANW-based supercapacitor with a scanning speed of 5 to 200 mV s−1

with different current densities of 0.1 to 2 mA cm−2. (c) Areal capacit
Capacitance retention of the PANI-doped AANW supercapacitor in relatio
PANI-doped AANW supercapacitor, in which the graphs in gray and
respectively. The inset figure magnifies the high-frequency region of t
supercapacitor in relation to the number of bending cycles with diff
capacitance retention of the device with decreasing bending radius curv

This journal is © The Royal Society of Chemistry 2023
leakage and yet facilitate ion diffusion. When −0.2 V is applied
to the sample, it produces the moccasin green color and is then
converted into lunar green at 0.7 V. Fig. 3e exhibits the corre-
sponding electrochromic shi from the light to the dark green
chromatic coordinates within the 1931 CIE color gamut as PANI
transforms from the LE state into the ES state. Besides the
electrochromic properties of PANI-doped AANWs, the LE and ES
states of the NW composite demonstrate a distinctive emissivity
difference. Fig. 3f presents the infrared (IR) camera snapshots
of each state at different surrounding temperatures, and it
indicates that the ES state shows a much higher temperature
than the LE state at the same surrounding temperature. The
temperature discrepancy under the identical thermal condition
presumably originates from the emissivity change in accor-
dance with the surrounding temperature. To present it in
a quantied manner, Fig. 3g shows the temperature of PANI at
LE and ES states, and it indicates that DT starts to widen as the
supercapacitor application. (a) Cyclic voltammetry of the PANI-doped
. (b) Galvanostatic charging discharging profile of PANI-doped AANWs
ance profile with varying current densities applied to the device. (d)
n to the number of charging/discharging cycles. (e) Nyquist plot of the
red correspond to experimental and equivalent circuit model data,
he Nyquist plot. (f) Capacitance retention of the PANI-doped AANW
erent bending radius curvatures. The inset figure demonstrates the
ature.

J. Mater. Chem. A, 2023, 11, 7264–7275 | 7269
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surrounding temperature increases. For instance, at 30 °C and
40 °C of the surrounding temperature, the temperature differ-
ence remained at around 2 °C, but it started to escalate rapidly
up to about 7 °C when the surrounding temperature was raised
up to 70 °C. Therefore, the overall result implies that the single
input source can be used to modulate both the visible and IR
emissivity difference of PANI-doped AANWs, thus validating its
potential usage for data encryption display.

To test the cyclic switchability of PANI-doped AANWs
between LE and ES states, we measured optical reectance
while alternating the states of PANI repeatedly as in Fig. 3h.
PANI-doped AANWs demonstrated decent reliability to switch
between the LE and ES states as it generated consistent optical
output in a highly controlled manner. Also, the NW composite
exhibits a rapid response time to convert from one state to the
other interchangeably. The result shows that it takes less than
3.3 seconds to switch between the LE and ES states as it is
depicted in the magnied view. Likewise, we measured the
temperature of PANI-doped AANWs with the IR camera during
repeated alternation between two states to verify its consistency
to reproduce the temperature change by emissivity modulation
(Fig. 3i). Just like the reection change, the NW composite also
exhibits a fast response time of less than 2.85 seconds to
produce temperature change as it is converted to the LE state
and back to the ES state. The rapid switchability between two
redox states of the multilayered core–shell NWs shown herein
serves as an essential feature for both electrochromic super-
capacitor and encryption display applications because it would
signify how much data the device can deliver to the user in
a limited period of time.

To characterize PANI-doped AANWs for supercapacitor
applications, we examined the capacitive performance by con-
ducting CV tests with varying scanning rates of 5, 10, 20, 50, 100,
and 200 mV s−1 with 1 M HClO4 gel-electrolyte (Fig. 4a). We set
the voltage window as −0.2 V and 0.7 V to match the device
operating range of the optical and thermal modulation. The CV
curve illustrates a classical supercapacitive feature, and this
geometrical characteristic is well preserved even when the CV is
swept with high scanning rates, owing to the high surface area
and chemical stability of PANI-doped AANWs. The galvanostatic
charge–discharge (GCD) curves of Fig. 4b depict highly
Table 1 Nanowire-based supercapacitors and their performance

Ref. Material Areal specic

This
work

Ag–Au-PANI NWs 40.2, 37.1, an
and 1 mA cm

52 Te/Au/MnO2 core–shell 79.8 mF cm−

53 AgNWs 2.09 mF cm−

54 SiNWs 0.18 to 0.14 m
55 Cu3(HHTP)2 nanowire array 41.1 mF cm−2

56 PEDOT:PSS-glued MoO3 15.7 mF cm−

57 Ru/Si NWs 18 mF cm−2

58 a-MnO2 nanowires 250 mF cm−2

59 MnOOH/nitrogen-doped graphene
hybrid nanowires

173.2 mF cm

60 MnO2 porous nanowires Maximum va
61 Cu@CuO nanowires/carbon nanotubes 193.8 mF cm

7270 | J. Mater. Chem. A, 2023, 11, 7264–7275
symmetrical triangles, which indicate the supercapacitive
characteristic of the NW composite during the charging/
discharging processes.42 From the GCD curves, the specic
areal capacitance of the device was calculated to be 40.2, 37.1,
and 34.1 mF cm−2 at 0.1, 0.5, and 1mA cm−2 respectively, which
is comparable to the previous NW-based supercapacitors
without electrochromic properties (Table 1). Indeed, when
compared with the recent supercapacitor studies, the specic
areal capacitance of this work is lower than that of rigid devices
and comparable to exible devices. The reason for the slightly
lower supercapacitive performance originates from the exi-
bility and electrochromic characteristics of the device as shown
in Table S1.† It requires a large mass loading of PANI to attain
high areal capacitance, but the excessive mass loading exerts
a negative effect on exibility and electrochromic properties.
Especially, the excessive mass loading can negate the IR
modulation capability of PANI-doped AANWs because it can
affect the optical properties of the material composite. Also, the
device in this study demonstrates a power density of 0.9 mW
cm−2 and energy density of 4.525 mW cm−2 as presented in
Fig. S5.† Fig. 4c shows the specic capacitance of the device
with varying current density from 0.1 mA cm−2 to 2 mA cm−2,
and it reveals that the current density of 2 mA cm−2 produces
a specic capacitance of 30.11 mF cm−2, which corresponds to
75% of specic capacitance with 0.1 mA cm−2. Furthermore, we
recorded the specic capacitance of the supercapacitor in
relation to the cycle number as plotted in Fig. 4d, in which
a single charging/discharging process corresponds to one cycle
with 1 mA cm−2. The graph demonstrates that the device can
retain a stable specic capacitance of over 80% of its original
capacitance aer 1000 GCD cycles. The reason for the degra-
dation of capacitance retention mainly originates from the
volume change of the PANI electrode as it shrinks and expands
three-dimensionally during the charging and discharging
processes. Such a volume change of the electrode causes
a decrease in the electrical conductivity of the material and
disturbs the chain structure of PANI over time.43

Moreover, the Nyquist plot in Fig. 4e allows us to examine the
electrochemical properties of the PANI-doped AANW-based
supercapacitor. The real-axis intercept in the high-frequency
region of the Nyquist plot corresponds to the equivalent series
capacitance Electrochromic function

d 34.1 mF cm−2 at 0.1, 0.5,
−2

Yes, in the infrared-visible
region

2 at 0.4 mA cm−2 No
2 at a scan rate of 5 mV s−1 No
F cm−2 at 0.1 to 2.3 mA cm−2 No
at 0.5 A g−1 No
2 at 0.02 mA cm−2 Transparent
at 1 mA cm−2 No
at 0.5 mA No

−2 at current densities of 1 mA cm−2 No

lue of 24.7 mF cm−2 at 0.1 mA cm−2 No
−2 at 0.002 A cm−2 No

This journal is © The Royal Society of Chemistry 2023
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resistance (ESR) or the cumulative resistance of the entire
device system that includes the NW electrode, electrolyte, and
interfacial contacts.44 The inset gure demonstrates an
extremely low ESR value of 2.12 U, owing to the outstanding
electrical conductivity of the plasmonically nano-welded NW
network. In addition to the ESR, the absence of a semi-circle in
the high-frequency region in the plot signies a rapid charge
transfer at the interface between the electrode and electrolyte,
and the 45° Warburg element in the intermediate frequency
Fig. 5 Data encryptable display application. (a) Graphical illustration of th
the full-cell device. (c) Laser patterned display device in swtiching betwee
in the visible light and IR views. (d) Top view of the multi-pixel display dev
word, PANI, in visible light and IR views.

This journal is © The Royal Society of Chemistry 2023
region indicates the rapid ion diffusion at the interfacial
surface.44–47 These electrochemical properties of PANI-doped
AANWs generally arise from the high electrical conductivity
and large surface area of the NW network, thus conrming the
outstanding supercapacitor performance of the NW composite
that was discussed earlier. We also compared the experimental
result with the simulated result derived from the equivalent
circuit in the inset of the gure. In the equivalent circuit
diagram, Rs corresponds to the resistance that arises from the
e full cell device for the display application. (b) Top view photograph of
n the encryption and decryptionmode that displays the alphabets, SNU,
ice with PCB integration. (e) Multi-pixel display device that displays the

J. Mater. Chem. A, 2023, 11, 7264–7275 | 7271
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electrolyte ionic conductivity and electronic conductivity of the
electrodes, where Rs value can be derived from the x-intercept at
the high-frequency region. CDL represents double-layer capaci-
tance, and Rct is the charge-transfer resistance that originates
from the faradaic reactions. Finally, ZW is the Warburg imped-
ance from the ion diffusion and CF signies the resistance of
ionic conductivity.48 The values we used for the equivalent
circuit parameters such as Rs, CDL, Rct, Zw and CF are 2.218 U,
12.08 F, 237.5 U, 1.01 × 10−5 S s−0.5, and 0.246 F, respectively.
The simulated result from the equivalent circuit highly resem-
bles the experimental data, considering that they both have very
close Rs values and do not display a semi-circle in the high-
frequency region. The only major difference between the two
plots is the slope in the low-frequency region: the simulated
result shows a steeper slope, signifying an ideal capacitor
behavior. Utilizing NWs as a backbone material offers
mechanical stability to withstand a high degree of mechanical
stress, so we tested the mechanical robustness of PANI-doped
AANWs as shown in Fig. 4f, where we applied cyclic bending
stress to the device because one of the main causes of
mechanical failure for mechanically deformable electronics
originates from fatigue stress. The bending test result suggests
that the device is capable of retaining normalized capacitance
that is higher than 94.5% of its original capacitance even aer
1000 bending cycles for all bending radius curvatures of 0.76,
1.11, and 2.66 cm as demonstrated in Fig. S6.† Besides the
fatigue stress, the inset of Fig. 4f indicates that the super-
capacitor can retain 98.3% of its capacitance when a bending
radius curvature of 0.76 cm is applied. The result illustrates that
the supercapacitor presented herein can maintain a stable
charging/discharging characteristic regardless of external
mechanical force. Based on these gures, we expect that the
device's capability to resist a high magnitude of external
mechanical stress allows its potential applications to be utilized
on the highly deformable surface or further employed for
wearable purposes.

Another practical application of PANI-doped AANWs lies in
the display technology since the PANI-doped AANWs based full-
cell with the gel-electrolyte resembles the electrochromic
display architecture. Fig. 5a presents the graphical illustration
of the data encryptable display architecture, in which two layers
of PANI-doped AANWs on the hydrophilic PES porous
membranes sandwich the gel electrolyte with the nanowire
composites facing outward. Then, selective laser ablation elec-
trically disconnects the electrode to be displayed from the
background electrode. For example, we laser-ablated the
perimeter of the alphabet letters, S, N, and U, such that these
letters can stand out by the electrochromic effect when 0.7 V is
applied to induce the ES state. Thus, since the rest of the elec-
trode remains in the LE state, the patterned electrode can be
encrypted if it is in the LE state, and it can readily be decrypted
if it turns into the ES state. Fig. 5b shows the full-cell device, and
it can operate as a data encryption display for both the visible
and infrared wavelength realms. Fig. 5c demonstrates the
snapshots of device encryption and decryption that were
captured with the visible camera and infrared thermal imaging
cameras. The encrypted letters can be clearly observed when
7272 | J. Mater. Chem. A, 2023, 11, 7264–7275
0.7 V is applied to oxidize the patterned region for both the
visible and infrared wavelengths.

Besides the laser patterned region, another type of display
system can be made by assembling multiple miniature elec-
trochromic devices such that each device unit works as a pixel.
Fig. 5d demonstrates the multi-pixel display consisting of a 3 ×

5 pixel array, and the printed circuit board provides the pro-
grammed electrical input to each pixel such that, for instance, it
can display the desired alphabet letter. Fig. 5e shows that the
letters, P, A, N, and I, are decrypted as certain pixels are con-
verted to the ES state, while the rest of the pixels stay in the LE
state. To corroborate that the multi-pixel display operates
properly as programmed, we applied two different inputs to
show the alphabet letters in the gure: the letters, P and A, are
converted to the ES state whereas the pixels other than the
letters, N and I, switched into the ES states. As for the multi-
pixel display, the visible and infrared snapshots, which were
taken by the visible light and infrared thermal imaging cameras
respectively, substantiate that the multi-pixel display operates
well with high visibility for both the visible and infrared
wavelengths.

Conclusion

In this work, we demonstrated a polymer–metal multilayered
NW network that can function both as a multispectral electro-
chromic supercapacitor and data encryptable display. The laser
irradiation allowed the selective sintering of the NWs and
patterning of the electrode, and the subsequent electrodeposi-
tion of PANI fully functionalized the NWs into practical smart
devices. The electrochromic supercapacitor based on PANI-
doped AANWs showed a high specic capacitance of 40.2 mF
cm−2 at 0.1 mA cm−2 and is capable of displaying the level of
energy stored by its varying optical properties. Besides the
supercapacitor device, we also developed two types of data
encryptable display platforms: patterned and multi-pixel
displays. These display platforms deliver visual information
when a certain part of the electrode region is converted into the
ES state and changes the optical properties while the rest of the
electrode remains in the LE state. Owing to the material design
and deliberate optimization of PANI-doped AANWs, the elec-
trochromic device based on PANI can modulate its optical
properties both in visible and infrared wavelength spectra for
the rst time. In this regard, we expect that all the results and
smart devices presented in this work will contribute to the
development of next-generation nanomaterials and innovative
device technologies.

Experimental section
Synthesis of Ag–Au core–shell nanowires

The Ag–Au core–shell nanowires were synthesized by harness-
ing similar methods that have been reported.38,49,50 In order to
prepare the Au growth solution, 30 mg of hydrogen tetra-
chloroaurate(III) hydrate (HAuCl4$xH2O, FW 339.79, Sigma-
Aldrich) and 17 mg of sodium hydroxide (NaOH, Samchun
Chemicals) were mixed in 70 ml of distilled water. Aer the
This journal is © The Royal Society of Chemistry 2023
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color of the mixture turned from yellow to transparent, 33 mg of
sodium sulte (Na2SO3, Sigma-Aldrich) was added. Another
solution was prepared by dissolving 800 mg of poly(-
vinylpyrrolidone) (PVP, Mw 55,000, Sigma-Aldrich), 70 mg of
NaOH, 300 mg of L-ascorbic acid (L-AA, Samchun Chemicals),
and 10 mg of Na2SO3 into 100 ml of Ag nanowire solution (Ag:
20 mg). Consequently, the Au growth solution was gently mixed
with the solution containing Ag nanowires. Aer 30 minutes,
the Au shell was well attached to the core Ag nanowires. Finally,
the synthesized core–shell nanowires were washed several times
through centrifugation and utilized by dispersing them into
isopropanol.

Preparation of the AANW electrode

The synthesized AANWs were deposited onto a PES membrane
(Sigma-Aldrich) via vacuum ltration. Subsequently, the
deposited AANWs were laser-annealed using a 532 nm contin-
uous wave laser (Sprout-G-5W, Lighthouse Photonics) at
a power of 0.3 mW, and a scanning speed of 350 mm s−1.

Preparation of PANI-doped AANW lms

The electropolymerization of PANI lms was conducted using
an electrochemical workstation (VersaSTAT 3, Princeton
Applied Research) with a three-electrode system, consisting of
an AANW electrode as the working electrode, a platinum (Pt)
mesh electrode as the counter electrode, and an Ag/AgCl elec-
trode as the reference electrode. The as-fabricated AANW elec-
trode was submerged into a solution of 1 M hydrochloric acid
(HClO4, SAMCHUN Chemicals) and 0.5 M aniline (SAMCHUN
Chemicals), and then electropolymerization was carried out at
a constant current density of 0.2 mA cm−2. Subsequently, the
resulting electropolymerized PANI lms were rinsed with
deionized water.

Material characterization

The scanning electron microscopy (SEM) images and trans-
mission electron microscopy (TEM) images were acquired using
a JSM-7600f from JEOL and Tecnai F20 from FEI, respectively. In
addition, Raman spectra were obtained using a Raman micro-
spectroscopy system (Renishaw inVia-reex model with
a 514 nm diode laser).

Optical measurement

The visible reectance spectra and infrared emissivity spectra of
the PANI-doped AANW lms were measured using a UV-Vis (V-
770, Jasco) spectroscopy system and an FTIR (Spectrum
Paragon, PerkinElmer) spectroscopy system, respectively. The
temperature graph of the thermal images was measured with an
IR camera (FLIR A645 sc).

Assembly of the full-cell device

The gel electrolyte was prepared as described previously in ref. 51.
In brief, the monomer (2-acrylamido-2-methyl-1-propanesulfonic
acid) and cross-linker (N,N′-methylenebis (acrylamide)) were dis-
solved in 1 M HClO4 solution. Aer the solution became
This journal is © The Royal Society of Chemistry 2023
transparent, the initiator (ammonium persulfate) was added to the
solution. Subsequently, the solution was poured into a mold and
treated at 60 °C for 3 hours to form the gel electrolyte. Two iden-
tical sets of PANI-doped AANW lms were prepared and their ends
were connected to a copper electrode. Finally, the full-cell device
was assembled by converting two PANI-doped AANW lms on both
sides of the gel electrolyte.
Electrochemical performance measurement of the
supercapacitor

The electrochemical properties of supercapacitors were
measured using an electrochemical workstation (VersaSTAT 3,
Princeton Applied Research) with a two-electrode test method.
Preparation of the encryptable device

As-fabricated PANI-doped AANW lms were patterned into the
desired design (the word ‘SNU’) via a laser ablation process
using a 355 nm pulsed laser (Nanio Air 355-3-V, InnoLas
Photonics) with a two-axis galvano micro-scanner.
Preparation of a 3 × 5 pixel array

As-prepared PANI-doped AANW lms were cut into the desired
size (1 mm × 1 mm). The square-shaped PANI-doped AANW
unit lm was integrated into the printed circuit board to form
a 3 × 5 pixel array.
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