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ABSTRACT: With the rapid need for new kinds of portable and

$8¢
wearable electronics, we must look to develop flexible, small- o — &Qi‘go"’? 2 <t Asmbly |
volume, and high-performance supercapacitors that can be easily ® f=> e Q'Q::%':'>
produced and stored in a sustainable way. An integrated system 3 @JJ;&’?

simultaneously converting recyclable energy to electricity and = .
storing energy is sought after. Here we report photovoltaic energy ... % SR
conversion and storage integrated micro-supercapacitors (MSCs) i
with asymmetric, flexible, and all-solid-state performances con- e — Gel electrlytc |
structed from thousands of close-packed upconverting nano- | p |
particles (UCNPs) via an emulsion-based self-assembly process
using oleic acid (OA)-capped upconverting nanoparticles. The
carbonated-UCNPs supraparticles (CSPs) are further coated with
polypyrrole (PPy) to improve their electrochemical performance.
Such a design can develop CSPs@PPy as electrode materials with high gravimetric capacitance, 308.6 F g™' at 0.6 A g~". The
fabricated MSCs exhibit excellent areal capacitance, C; = 21.8 mF cm™ > at 0.36 A cm™* and E = 0.00684 mWh cm™, and have
superior flexibility and cycling ability. The MSC devices have a sensitive near-infrared ray (NIR) photoelectrical response capability,
which can capture the NIR of sunlight to convert it into electrical energy and store the electric energy due to an excellent capacitive
performance. We propose a method for multifunctional integration of energy conversion and storage, and provide future research
directions and potential applications of self-powered flexible wearable photonic electronics.

i Sitver colectod Flexible substrates |

Bl INTRODUCTION density, fast charge discharge capacity at large currents, and
long cycling life.">~"

Compared with traditional sandwiched SCs, the planar
micro-supercapacitors (MSCs) with two interdigital electrodes
have drawn much attention because of their light weight, small
size, outstanding rate performance, and easy integration with
other microdevices.'”"” However, the practical applications of
MSCs suffer the severe shortcomings of their low ener
density (0.22 #gWh cm™2) and intricate fabrication process.'®
In order to further elevate the energy density (E = (C X AV?)/
2, where E is the energy density, C is the specific capacitance,
and AV is the voltage window) of MSCs, asymmetric structure
design and high-performance electrode materials can be
introduced."

The design of asymmetric structures for MSCs is an effective
approach to elevate the energy density. Compared with

In recent years, with the increasing demand for energy, it is
essential to develop high-power, flexible, portable, lightweisght,
and reliable energy conversion and storage devices.'™ A
complete energy system should integrate energy conversion
and energy storage into one device,”” and some es of
energy conversion devices containing nanogenerators,” ther-
moelectric devices,” fuel cells,’ and solar cells'® have been
widely developed. Among these, solar photovoltaic conversion
technology, i.e., from light to electric energy, is an important
way to realize green and renewable energy power generation.
However, one of the limitations of solar cells is the low
efficiency of photoelectric conversion. It is insensitive to the
whole solar spectrum (280—2500 nm), and the light with a
wavelength greater than 780 nm cannot be effectively
absorbed.'' One effective strategy is to use upconversion
luminescent materials as a spectrum of a converter to expand
the response range to the near-infrared region, improving the
photoelectric conversion efficiency.'"'> Meanwhile, electric
energy generated from these renewable sources must be
efficiently stored to meet energy demands. Supercapacitors
(SCs) are considered as a promising electrochemical energy
storage device, which are characterized by excellent power
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Scheme 1. (a) Preparation of UCNPs Superparticles and (b) Fabrication Process of MSCs with Structural Design
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symmetric structure, an asymmetric design can broaden the
voltage w1ndow of MSCs via utilizing two different work
electrodes.> The asymmetric MSCs can be easily fabricated
via a simple screen printing technique avoiding the high costs
and lack of substrates of other techniques, including electro-
chemical depositing, laser scribing and plotter cutting, etc.'” By
screen printing, not only can the functional pattern of cathode
and anode be accurately controlled, but also various flexible
substrates can be chosen. Flexible MSCs with asymmetric
electrode structures can be easily realized via a full screen
printing process. The combination of high-performance
electrode materials with an asymmetric structure design is an
effective method to improve energy density. Apart from the
asymmetric structural design, the selection of high-perform-
ance electrode materials is vital because it is the core
component of MSCs. Various electrode materials such as
carbon materials, metal oxides, and conductive polymer and
hybrid materials have been extensively developed.”'”*° There
is still a lack of an ideal model system to study the structure—
activity relationship of electrode materials.

Colloidal nanocrystal superlattices are regarded as a new
kind of condensed matter with a low-dimensional periodic
array structure, which could be an ideal model system for
electrode materials.”’ There are long-chain organic ligands
such as oleic acid (OA) on the surface of colloidal
nanoparticles (NPs), and these organic ligands may obstruct
the transfer of charges, resulting in poor electrical conductivity.
The traditional superlattices constructed by colloidal nano-
crystals usually have a three-dimensional dense stacking
structure, which restricts the mass transfer and thus hinders
their applications. In order to solve these two problems, Dong
et al. proposed a strategy of in situ ligand carbonization, where
the nonconductive long-chain organic ligands are carbonized
into an ultrathin conductive carbon-coating layer by in situ heat
treatment, enhancing the conductivity without additional
carbon precursors for forming NPs/carbon composites.””*
Compared with traditional colloidal NPs such as Fe;O,,
upconversion nanoparticles (UCNPs) are promising candi-
dates as electrode materials for MSCs on account of their
superior conductivity and photovoltaic property.'" Lanthanide-
doped upconversion luminescent materials with multiple 4f
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electronic energy states can absorb near-infrared (NIR) light
and emit visible light, exhibiting extensive applications from
bioimaging to photovoltaic technologies.”* Recent research on
upconversion materials mainly focuses on the luminescent
property, while the excellent photovoltaic property acting as
electrode materials has not been thoroughly explored. As a
kind of photovoltaic material, UCNPs capped with OA ligands
are supposed to be promising building blocks to fabricate
MSCs by self-assembling into hollow superlattice assemblies.
This device is expected to integrate energy harvesting
(absorbing the NIR light with a wavelength greater than 780
nm) and energy storing on one plane with a small volume.
In this outlook, we present asymmetric, flexible, and all-
solid-state MSCs resulting from self-assembly of hollow
supraparticles composed of thousands of close-packed
UCNPs with superior conductivity and photovoltaic property.
The whole system is achieved by continuously screen printing
a silver current collector, activated carbon (AC) inks (anode
electrode), CSPs@PPy (cathode electrode), and gel electrolyte
onto PET flexible substrates as shown in Scheme 1. Our
UCNPs supraparticles (SPs) with hollow interiors and
hierarchical porous structure are successfully obtained by an
emulsion-based self-assembly process using OA-capped
UCNPs. The hollow porous structures and photovoltaic
property are integrally retained during the ligand carbonization
process, where the close-packed carbon shells derived from the
native OA ligands in situ generate an interconnected electron
transport network, enhancing the electrochemical activity. To
further improve the electrochemical performance, a poly-
pyrrole (PPy) conductive polymer is coated on the surface of
the CSPs through electrostatic interaction. Such a design can
develop CSPs@PPy as electrode materials with a high
gravimetric capacitance, 308.6 F g~' at 0.6 A g '. The
fabricated MSCs possess high areal capacitance, C, = 21.8 mF
> at 0.36 A cm™ and E = 0.00684 mWh cm?, superior
flexibility, outstanding cycling ability, and sensitive NIR
photoelectrical response. These MSCs based on UCNP-SPs
are expected to be developed toward multifunctional
integration, energy conversion, and energy storage in flexible
wearable electronics.
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Figure 1. (a) TEM image of the OA-stabilized lanthanide-doped upconversion nanoparticles, NaGdF,: Yb**, Er**; inset is the size distribution of
UCNPs. (b) Schematic illustration of the stepwise assembly process. (¢, d) SEM images of UCNPs-SPs at cgpg = 200 mg mL™Y, (e, f) at the
concentration of perfluorinated sodium octanoate, 10 mg mL™", (g, h) at the concentration of sodium heptadecafluorobenzenesulfonate, 10 mg

mL™". (i) Elemental mapping of SPs formed with SDS.

B RESULTS AND DISCUSSION

UCNPs and Hollow Supraparticles Assemblies. The
OA-stabilized lanthanide-doped upconversion nanoparticles,
NaGdF,: 20% Yb**, 2% Er’* were synthesized by a thermal
decom})osition method with modification of our previous
works.”* 7> The TEM image of the UCNPs in Figure la
suggests that the nanoparticles are uniform and have an
average diameter of about 16.6 nm determined by random
measurement of 100 particles. These prepared UCNPs are
used as building blocks to fabricate assemblies of SPs based on
a surfactant-assisted emulsion self-assembly method. Figure 1b
illustrates the stepwise assembly process, in which the
hydrophobic UCNPs are confined in the oil droplets stabilized
by surfactants, while the subsequent hexane evaporation forces
the NPs to pack densely within the emulsion droplets. The
effect of different types of surfactants on the solid/hollow
structure of SPs is primarily explored. According to the
classification of surfactants, there are ionic, nonionic, natural,
and novel surfactants to be explored successively.

When cationic and nonionic surfactants were respectively
used as an emulsifier to perform the emulsion self-assembly, no
ordered SPs were generated; only monodisperse small-sized
UCNPs were observed by TEM in Figure S1 in the Supporting
Information. The amphoteric surfactant was explored, and it
was found that in Figure S2 in the Supporting Information
when the pH is lower than the isoelectric point of the
surfactant, no assembly appears (Figure S2b in the Supporting
Information), while the assembly forms when the pH is higher
than the isoelectric point (Figure S2c in the Supporting
Information). It is supposed that the electrostatic repulsion
between surfactants and UCNPs may hinder the formation of
SPs, which is consistent with our previously reported results.”®
Our attention is focused on different types of anionic
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surfactants. The names and chemical structures of anionic
surfactants are summarized in Table S1 in the Supporting
Information. From TEM and SEM images shown in Table S1
in the Supporting Information, one can see the thin-walled
hollow capsules formed with the concentration of bioactive
surfactant sodium deoxycholate increasing to 30 mg mL™". The
other types of anionic surfactants with various concentrations
in Table SI1 in the Supporting Information all can drive
UCNPs assembly to form solid SPs, as shown in the TEM and
SEM images.

For anionic SDS, two factors are found to dramatically affect
the architecture of UCNPs-SPs. One is the SDS concentration,
and the other is the temperature. With the increase of SDS
concentration from 100 to 200 mg mL™' at fixed other
parameters, the large UCNPs-SPs with holes on the surface
appear, suggesting their hollow interiors, as shown in Figure
lc,d, which may be caused by the concentration control
factors. The reason may be that with the concentration of SDS
increasing to 200 mg mL ™', the surface tension of the emulsion
droplets decreases. It results in the outward diffusion force
greater than that of the inward compression force, which is
conducive to the formation of a hollow and porous structure.””
Similarly, the surfactants of perfluorinated sodium octanoate
(Figure 1lef) and sodium heptadeca-fluorobenzenesulfonate
(Figure 1gh) can also lead to UCNPs-SPs with hollow and
porous structures at low surfactants concentration, ¢ = 10 mg
mL™'; it should be attributed to the high surface activity of
perfluorinated surfactants.

Temperature may control the formation of porous and
hollow structures. When the evaporation temperature is
controlled to be 40 °C, the outward diffusion force is enlarged,
which is favorable for UCNPs to move toward the surface of
droplet and increases the possibility of forming hollow

https://doi.org/10.1021/acscentsci.1c00795
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Figure 2. (a and b) SEM images of CSPs. (c) N, adsorption—desorption isotherms, inset is the enlarged curve of SPs. (d) Pore width distribution
of SPs and CSPs, inset is the enlarged curve of SPs. (e) TGA curves of UCNPs and SPs. (f) XRD patterns of UCNPs, SPs, and CSPs. (g) CV
curves of the CSPs electrode at different scan rates. (h) GCD curves of the CSPs electrode at different current densities. (i) Nyquist plot of the

CSPs electrode.

structures.”® At T = 40 °C, it is helpful to the formation of a
dynamically stable hollow structure.”” The SEM images in
Figure 1c—h show hollow and porous UCNPs-SPs composed
of thousands of densely packed UCNPs. The diameter of SPs
ranges from 200 nm to S ym, which is smaller than that of the
corresponding emulsion droplet in Figure S3 in the Supporting
Information, indicating that the shrinkage of the emulsion
droplet is accompanied by the inner solvent volatilization.
Elemental mapping of single SPs formed with SDS reveals the
homogeneous distribution of UCNPs and SDS (Figure 1i).
CSPs and Electrochemical Performance. To improve
the comprehensive performance of SPs-based supercapacitors,
it is necessary to optimize the electrical conductivity.
Carbonization of the organic OA ligands around the UCNPs
is a good way. The assembled UCNPs-SPs were heated at 500
°C under argon protection to carbonize the OA ligands,
converting the organic ligands into a thin carbon layer without
changing the ordered superlattices structure of UCNPs, as
demonstrated by SEM images in Figure 2a,b. After the ligand
carbonization, the hollow structure of CSPs retains its
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structural integrity without collapse, suggesting that the
neighboring carbon coating is interconnected with each
other to afford 3D continuous carbon networks. This
hypothesis can be corroborated by N, adsorption—desorption
measurements and XRD characterizations.

As shown in Figure 2¢, both of the SPs and CSPs exhibit
type-IV isotherms with a Brunauer—Emmett—Teller (BET)
specific surface area, 4.4 m® g™ and 17.8 m* g/, respectively.
The large hysteresis loops can be observed at P/P, of 0.47,
indicating the existence of mesoporous structures in the
materials, in agreement with SEM observations. The pore
diameter is enlarged from 3.4 to 35.2 nm after the ligand
carbonization, as shown in the BJH pore width distribution
curve (Figure 2d). One can see that the carbonization leads to
an increase of the specific surface area and pore diameter,
suggesting again that the interiorly or superficially obtained
carbon coating affords CSPs with 3D continuous carbon
networks. Elemental mapping of CSPs reveals the homoge-
neous distribution of carbon (Figure S4 in the Supporting
Information), further indicating the existence of 3D con-
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Figure 3. (a) SEM image and elemental mapping of CSPs@PPy. (b) FT-IR spectra of CSPs and CSPs@PPy. (c) CV curves of CSPs@PPy
electrode at different scan rates. (d) GCD curves of CSPs@PPy electrode at different current densities. (e) Gravimetric capacitances (C,,) of PPy,
CSPs, and CSPs@PPy electrodes at different current densities. (f) Nyquist plots of CSPs and CSPs@PPy electrode. (g) Cyclic stability of CSPs@
PPy electrode; inset is several GCD curves (1—8 and 992—1000) during the electrochemical cycles.

tinuous carbon networks after ligand carbonization. The
UCNPs in CSPs shell are independent and cross-linked to
each other through carbon-coated networks to form
interconnected electron transport networks, enabling the
UCNPs electrochemical activity. A TGA test in N, is
employed to determine the carbon content of SPs. According
to the weight loss data of the TGA curves in Figure 2e, the
carbon content is 13.7 and 17.6 wt % for UCNPs and SPs,
respectively, indicating that the content of the surfactant in SPs
assembly is 3.9%. The increase of carbon content could be
conducive to improving the conductivity. The XRD character-
ization in Figure 2f confirms that both SPs and CSPs exhibit
the characteristic peaks of the hexagonal phase NaGdF,,
indicating that the process of ligand carbonization does not
change the crystal phase of UCNPs, which can maintain the
excellent photovoltaic property.

To study the electrochemical performance of the CSPs as
anode, cyclic voltammetry (CV), galvanostatic discharge—
charge (GCD), and electrochemical impedance spectrum
(EIS) measurements are performed via a three-electrode
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system in a liquid electrolyte of 0.1 M aqueous KClI solution.
The CV curves of CSPs electrode with different scan rates
from 10 to 100 mV s~ are presented in Figure 2g. The curves
are all quasi-rectangular shape in the voltage range of 0—0.7 V,
indicating the excellent capacitance performance. Figure 2h
shows the GCD curves at different current densities from 0.6
to 10 A ¢! with an almost symmetrical triangular peak, which
is consistent with the CV curves and implies the characteristics
of good double-layer capacitance. Figure 2i records the
Nyquist plot of CSPs electrode at 100 kHz to 0.1 Hz by EIS
measurements. A traditional semicircle electrochemical capaci-
tor behavior is observed, which is related to the charge transfer
resistance (R,) and equivalent resistance (R.). The small
semicircle of the CSPs electrode demonstrates a good
conductivity, which is beneficial to the capacitance behavior.
All of the above tests show that the CSPs can serve as an ideal
electrode material for supercapacitors.

CSPs@PPy and Electrochemical Performance. To
further improve the electrochemical performance, the CSPs
are enveloped with a conductive PPy shell to form CSPs@PPy.

https://doi.org/10.1021/acscentsci.1c00795
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Figure 4. (a) Structural design of asymmetric MSCs. (b) The dimension of screen printing patterns. (c) The devices of asymmetric, flexible, and all
solid-state MSCs based on a PET flexible substrate. (d) Capacity match of the CSPs@PPy positive electrodes and AC negative electrodes. CV
curves of the asymmetric MSCs device (e) with different voltage windows at a scan rate of 60 mV s™' and the (f) fixed windows at different scan
rates (20—100 mV s™*). (g) GCD curves of MSC devices at different current densities (0.36—0.89 A cm™2). (h) Areal capacitances (C,) of MSCs
calculated from GCD curves at different current densities (0.36—0.89 A cm™2). (i) Ragone plot of the CSPs@PPy MSCs compared with other
previous MSCs. (j) Cyclic stability of MSC the device; inset is several GCD curves (1—8 and 992—1000) during the electrochemical cycles.

The pyrrole with positive charges greatly tends to adsorb on
the surface of negatively charged CSPs (originating from SDS-
capped SPs, as shown in Figure SS) through electrostatic
attraction. After oxidation polymerization, the pyrrole mono-
mers can directly polymerize on the CSPs surface to form a
uniform PPy layer. The SEM images in Figure 3a demonstrate
a clear porous structure of CSPs@PPy, and the elemental
mapping of CSPs@PPy shows the homogeneous distribution
of nitrogen (Figure 3a), indicating the successful preparation of
CSPs@PPy. As shown in FT-IR spectra (Figure 3b), the peaks
of CSPs@PPy at 1551, 1383, 1173, and 1036 cm™! represent
C=C vibration, C—C stretching vibration, C—N stretching
vibration, and C—H in-plane bending vibration of PPy,
respectively. In Figure SS, zeta potential data provide further
evidence of the successful PPy coating on the surface of CSPs,
where the changes of zeta potential are from CSPs with —49.4
mV to CSPs@PPy with 4.8 mV.

We tested the electrochemical properties of the CSPs@PPy
electrode. As shown in Figure 3¢, CV plots of the CSPs@PPy
electrode at different scan rates ranging from 10 to 100 mV s™*
at a working potential window of 0—0.7 V are carried out. All
curves display the symmetrical slant rectangular shape, and
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even the scan rate reaches 100 mV s™', indicating that the

CSPs@PPy electrode possesses the ideal capacitance behavior
and can work stably within 0—0.7 V. Corresponding to CV
tests, the GCD curves of the CSPs@PPy electrode in Figure 3d
show a relative symmetric triangle at different current densities
(0.6—10 A g™'), suggesting the characteristics of double-layer
capacitance. The CV and GCD curves of pure PPy electrode
are also measured in the same case as shown in Figure S6 in
the Supporting Information in order to evaluate the
contribution of PPy to the capacitance of the CSPs@PPy
composite. The gravimetric capacitances (C,,) of all electrodes
are calculated from the GCD curves according to following
equation:

IAt

mAV

" (1)
where C,, is gravimetric capacitances (F g'), I is discharge
current (A), At is discharge time (s), m is the mass of active
substance (g), AV is the operating potential window (V).
Figure 3e shows the calculated results of gravimetric
capacitances, where the PPy electrode, CSPs electrode, and
CSPs@PPy electrode are 158.6, 221.1, and 308.6 F g_1 at a
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Figure S. (a) Photographs of a red LED powered by charged MSCs. (b) Schematic diagram of different bending angles for MSCs. (c) CV curves of
MSCs for different bending angles (0°, 90°, and 180°) at the direction parallel to electrodes and (d) vertical to electrodes. (e) UC emission spectra
of UCNPs; inset is the image of UCNPs dispersed in hexane with excitation of 980 nm laser. (f) Schematic diagram of the photoelectric response
system. (g) The curves of the photocurrent response of UCNPs. (h) CSPs@PPy, where the light source is toggled every 20 s.

current density of 0.6 A g~', respectively. Obviously, the
CSPs@PPy electrode possesses the highest gravimetric
capacitances at every current density, indicating the great
capacitance performance enhancement through the composite
method. The C,, can remain about 90% as high as 280 F g™/,
while the current density increases to 10 A g”'. The excellent
capacitance performance of CSPs@PPy might be attributed to
the enhancement of conductivity from PPy. EIS tests of the
CSPs electrode and CSPs@PPy electrodes are displayed in
Figure 3f; the semicircle diameter of CSPs@PPy electrodes is
smaller than that of CSPs electrode in Nyquist plots,
demonstrating the charge transfer resistance is decreased and
the conductivity is increased by the introduction of PPy. The
cycling stability tests of CSPs@PPy electrodes are presented in
Figure 3g. After 1000 continual cycles of GCD tests at a
current density of 0.6 A g~', the CSPs@PPy electrode can
retain 85% of the original capacitance, displaying an excellent
electrochemical stability of the CSPs@PPy composite.
Electrochemical Performance of Asymmetric MSCs.
We fabricated the asymmetric MSCs by a fully screen printing
technique illustrated in Scheme 1b. The structural design of
asymmetric MSCs is shown in Figure 4a, with PET film as
substrates, conductive silver as the current collector, CSPs@
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PPy as the cathode, AC as the anode, and PVA/H,SO, as the
gel electrolyte coating onto electrode materials forming a
quasi-solid-state planar device. The dimension and finger width
of screen printing patterns are presented in Figure 4b.
According to different requirements, we design the different
patterns of the asymmetric MSCs, such as finger fork and wave
fork in Figure S7a in the Supporting Information. Flexible
substrates such as PET and A4 paper are available. Connecting
three MSCs devices in series is designed to improve the overall
voltage window in Figure S7b in the Supporting Information.
The resulting asymmetric, flexible, and all solid-state MSCs
device based on PET flexible substrates are displayed in Figure
4c. The capacity match between CSPs@PPy positive (0—0.8
V) and AC negative (—0.7—0 V) electrodes is shown in Figure
4d, indicating the ability of approximate energy storage. As
presented in Figure 4e, the MSCs device can realize the
maximum voltage window of 1.5 V due to the asymmetric
design. The device exhibits nearly rectangular CV curves at
various scan rates from 20 to 100 mV s~ within an operating
potential window of 0—1.5 V in Figure 4f, indicating the
excellent capacitive behavior of the fabricated MSCs. GCD
curves of the MSC device at various current densities in a
broad operating voltage window of 0—1.5 V with a nearly
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symmetric triangle in Figure 4g also demonstrate the great
capacitive performance. However, comparing with the curves
of CSPs@PPy as shown in Figure 3¢ and Figure 3d, the MSCs
device presents a slightly distortion, which may indicate a
larger equivalent series resistance (ESR), resulting from bridge
connections with conductive silver current collector.’® The
areal capacitance (C;), energy density (E,), and power density
(P,) are calculated according to following equations:-

C = IAt
SAV ()
-1 scx (AV)?
$ 2% 3600 s (3)
P = E,
STOAt (4)

where I is the discharge current (A), At is the discharge time
(s), S is the electrode area (m?), and AV is the operating
potential window (V). The results of C, of MSCs calculated
from GCD curves are indicated in Figure 4h. It can be seen
that, at a current density of 0.36 A cm™2, the C, of the MSCs
can reach 21.8 mF cm™2, confirming the MSCs has an ideal
capacitance. At a current density of 0.36 A cm ™, a large P, of
0.268 mW cm™ can be achieved at an E, of 0.00684 mWh
cm ™2 To evaluate our CSPs@PPy-based MSCs, a summary of
the electrochemical performance of the MSCs in previous
published works including different types of active materials is
listed in Table S2 in the Supporting Information and the
comparison is displayed in a Ragone plot (Figure 4i).'%'*?>%?
Obviously, our CSPs@PPy-based MSCs present higher energy
and power densities than most of the reported MSCs,
demonstrating excellent power capability of as-fabricated
MSCs.

Apart from the high energy density and superior power
capability, the electrochemical stability is another pivotal factor
that should be noticed for an applied supercapacitor. The
electrochemical cycling stability of the MSCs is measured
during a cyclic charge/discharge process at a current density of
0.36 A ecm™? in Figure 4j. It can be seen that, after 1000
continual cycles of GCD tests, the MSCs devices can retain
83% of the original capacitance, indicating the excellent
electrochemical stability of MSCs devices. The practical
application of the MSCs devices is explored, in which we
connect three MSCs devices in series as shown in Figure Sa,
where a commercial red LED (2 V) could be successfully lit
after the MSC devices are charged by electrochemical
workstation, suggesting that the fabricated flexible all-solid-
state MSCs have practical application in energy storage. The
planar and flexible MSC device possesses great mechanical
flexibility and stability, which is confirmed by the bending test
in Figure Sb. The effect of the bending angle (0°, 90°, and
180°) and bending direction (parallel or vertical to electrodes)
on the capacitance performance is shown in Figure Sc,d, in
which the CV curves almost completely overlap when bending
at different angles parallel or vertical to the electrode,
respectively. This indicates that the flexible MSCs device
presents outstanding mechanical flexibility and stability,
implying the great potential in storage energy for portable or
flexible electronics.

Photovoltaic Property of UCNPs and MSCs Devices.
The term “upconversion” describes an optical process of
nonlinear anti-Stokes that convert two (or more) low-energy
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pump photons to a higher-energy output photon.’* Acting as
luminescent materials, UCNPs could convert a broad spectrum
of light into photons of a particular wavelength. To
demonstrate the potential application of UCNPs in NIR
photoelectric devices, we measured the UC emission spectra.
As shown in Figure Se, the UCNPs exhibit obvious green
emission peaks under a laser excitation of 980 nm. The peaks
at 525, 540, and 656 nm can be attributed to the transitions of
Er’*: 2Hn/z - 4115/2; 4S3/2 - 4I15/2; and 41:9/2 - 4115/2,
respectively. As has been reported, only when the energy
absorbed by the photons is higher than the bandgap can
electron—hole pairs be generated, which contributes to
generate the electric current.'' The transmission of sub-
bandgap photons is one of the major energy loss mechanisms
in the process of energy conversion, especially for conventional
solar cells. Photon upconversion supplies an effective method
to avoid this transmission loss by converting unutilized sub-
bandgap NIR photons into useful bandgap visible photons.***

To investigate the photoelectric effect of UCNPs under the
exposure of NIR 980 nm, the schematic diagram of the
photoelectric response system is shown in Figure Sf. The
photocurrent response of UCNPs is recorded by I-T curves
using an electrochemical workstation, where the light source is
toggled every 20 s. Notably, UCNPs exhibit an obvious
photoelectric effect under the 980 nm excitation as shown in
Figure S5g. The MSCs devices also generate a photocurrent
when the MSCs are irradiated by a 980 nm laser in Figure Sh.
The NIR photoelectric response of UCNPs is a combined
effect of upconversion and energy transfer. This inner
photoelectric effect is mainly dependent on the absorption
cross-section in the NIR area of the Er’*.”” When the samples
are illuminated by a 980 nm laser, two paratactic processes
occurred. The first one is that a part of absorbed NIR light
with low energy by UCNPs is translated into shorter-
wavelength visible light with high energy, leading to the UC
luminescence (Figure Sf). The other one is that absorbed NIR
light stimulates the electrons of UCNPs to transfer from the
valence band (VB) to the conduction band (CB) via the UC
pathway, resulting in the generation of many free electrons in
the sample and presenting a NIR photoelectric effect, as shown
in Figure 5gh. As we can see, the response photocurrent of
UCNPs and MSCs devices increases with the elevation of laser
power ranging from 0.4 to 1 W, respectively. After UCNPs is
assembled into MSCs devices, there is no significant difference
in the photocurrent performance under the same light source
power as shown in Figure Sh, indicating that the assembly
could not affect the photoelectric conversion performance.

In this system, the CSPs@PPy based on UCNPs is selected
as the electrode material, which shows excellent electro-
chemical properties and photovoltaic conversion properties.
The asymmetric, flexible, and all solid-state MSCs based on
CSPs@PPy may be designed into an integrated device, which
could capture the NIR light of solar light and convert it into
electric energy, and this electric energy can be efficiently stored
due to excellent capacitive performance of the MSC device.
The function of energy conversion and storage in CSPs@PPy
materials-based MSCs will be a good substitute for green and
renewable energy.

B CONCLUSIONS

To conclude, asymmetric, flexible, and all solid-state MSCs
composed of hollow UCNPs supraparticles have been
successfully fabricated by a screen printing technique. The
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UCNPs supraparticles with hollow interiors and a hierarchical
porous structure excite superior conductivity and photovoltaic
properties. Under ligand carbonization, the hollow porous
structures and photovoltaic properties of CSPs are integrally
retained, and the generated close-packed carbon shells derived
from the native OA ligands provide an interconnected electron
transport network enhancing the electrochemical activity. The
synthesis of CSPs@PPy improves the electrochemical perform-
ance. The functional layers are directly printed onto flexible
PET substrates to construct MSCs in the order of silver
current collector, cathode electrode, anode electrode, and gel
electrolyte. The fabricated MSCs exhibited excellent areal
capacitance, C; = 21.8 mF cm™ at 0.36 A cm™ and E =
0.00684 mWh cm™, superior flexibility, and outstanding
cycling ability. The MSCs devices can capture the NIR light of
solar light and convert into electric energy because of the
ability of the sensitive NIR photoelectrical response, and the
electric energies could be efficiently stored due to excellent
capacitive performance. We suppose that the screen printed
flexible all-solid-state MSCs can be a promising multifunctional
integration device, i.e., energy conversion and energy storage
for application in flexible wearable electronics in the future.

B METHODS

Synthesis of NaGdF,: Yb**, Er**. Lanthanide-doped
UCNPs were synthesized following our 4previously reported
procedures by a thermal decomposition.2 =26 For details, see
the Supporting Information.

Emulsion-Based Self-Assembly of UCNPs and Syn-
thesis of CSPs. Upconversion nanoparticles (UCNPs) and
supraparticles (SPs) were obtained by an emulsion-based self-
assembly process as reported previously.””*” Hexane solution
of UCNPs was used as the oil phase, into which different types
of surfactant aqueous solutions with various concentrations
were added. Then the mixture was stirred and emulsified to
form an oil-in-water emulsion system. After stabilization, the
emulsion mixture was heated to 40 °C and kept for 8 h, in
which with the organic solvent volatilizing hydrophobic forces
drive the nanoparticles to self-assemble forming SPs. The
hollow and porous structures of SPs were obtained by
controlling different kinds of surfactants and different
concentrations to regulate surface properties.

To be used as electrode materials, UCNPs-SPs were
carbonized for 2 h at 500 °C under argon protection forming
carbonated-supraparticles (CSPs), where the organic OA
ligand of UCNPs and surfactant layers on the surface of SPs
were carbonized into ultrathin conductive carbon layers.

Preparation of CSPs@PPy. To grow PPy layers onto the
surface of CSPs, the conductive polymer PPy was first
prepared. The ethanol solution ($ mL) containing 200 uL of
pyrrole was added into HCI aqueous solution (1 M, 10 mL)
under stirring for 30 min. Subsequently, 400 mg of ammonium
persulfate dissolved in 10 mL of water was gradually added to
trigger the polymerization of pyrrole with the color darkening.
The obtained products were centrifuged and washed with
ethanol/water for three times and then vacuum-dried at 60 °C.
The CSPs@PPy was prepared similarly to PPy, except the
needs of adding CSPs into HCI aqueous solution.

Formulation of CSPs@PPy and AC Printing Inks. The
CSPs@PPy screen printing ink was prepared through
dispersing 70 wt % CSPs@PPy active materials, 15 wt %
conductive carbon black, and 15 wt % tackifier into DI water.
Similarly, 70 wt % activated carbon, 15 wt % carbon black, and

1S wt % tackifier were dispersed into DI water forming AC
screen printing ink.

Fabrication of Asymmetric, Flexible, and All-Solid-
State MSCs by Screen Printing Technology. We used a
simple and eflicient technique of screen printing to fabricate
the MSCs in all steps, as shown in Scheme 1b. The functional
inks could be briefly moved onto substrates through the screen
to form designed patterns utilizing the screen printing
technique, and the photographs of the designed printing
plate and overall screen printing process are displayed in
Figure S8 and Video S1, respectively. The detailed printing
process is presented in Supporting Information.

Electrochemical Measurements. The electrochemical
performances of the as-prepared CSPs@PPy material were
tested through a three-electrode method. The working
electrode was fabricated through depositing a 200 L solution
of CSPs@PPy onto the carbon cloth with a mass concentration
of 5 mg mL™' (CSPs@PPy dispersed in 1 mL of ethanol with
40 uL of Nafion). The electrochemical test was performed in
0.1 M KClI solution, and the platinum plate as the opposite
electrode and Ag/AgCl as the reference electrode. The as-
fabricated MSCs devices were tested in a two-electrode system
with the prepared gel electrolyte.

Photoelectric Conversion Measurements. The photo-
electric conversion property of CSPs@PPy was measured in a
three-electrode system, and the diagram of a simple photo-
current testing device as shown in Figure Se. The photocurrent
was obtained by recording I-T curves of CSPs@PPy under
the irradiation of the 980 nm laser. The light source was turned
off every 20 s, and the obtained current value was recorded.

Safety Statement. No unexpected or unusually high safety
hazards were encountered.
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