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Rapid technological revolution produces a wide range of convenient tools, while, in particular, the

production and consumption of batteries lead to various issues including environmental pollution.

Although efforts to solve such problems increase interest in green and dissolvable batteries, their short

service life is still recognized as a major obstacle due to limited options of materials. Here, we propose

materials and system designs for eco-friendly and biodegradable magnesium alloy–tungsten (AZ31–W)

batteries that offer long-term stability with enhanced corrosion resistance. Materials and electrochemical

inspections confirm the superior electrochemical tolerance and stable, reliable potentials of the AZ31

anode and W cathode. The assembly of an individual cell into a commercially available pouch battery

yields a high capacity of ∼430 mA h g−1, suitable for high-energy applications. The integration of

alginate-based soft, elastic electrolytes with the electrodes enables the achievement of completely eco-

resorbable solid-state batteries that maintain performance under diverse physical deformations. The

results suggest potential for biomedical and eco-friendly applications where commercial batteries pose

risks to the environment or human body.
1 Introduction

Innovative technologies that create new forms of materials,
devices, and products such as transition from internal
combustion engines to electric vehicles and from stationary to
portable electronic systems, have brought about signicant
shis in our lives, alongside challenges such as environmental
pollution and global warming. One of the examples that are
attracting people's attention at this time is an energy storage
system, ranging from the well-known alkaline, lithium batteries
ence and Technology, Korea University,

pong76@korea.ac.kr

ence Institute (KBSI), Seoul, Republic of

nition, Biomedical Research Division,

IST), Seoul, 02792, Republic of Korea

eonggi-do, 13524, Republic of Korea

Engineering, North Carolina State

of Integrated Sensors and Technologies

aleigh, NC 27606, USA

cal Engineering, Georgia Institute of

s and Healthcare, Georgia Institute of

32712–32720
to miniaturized or mechanically so energy devices that can be
applied to diverse types of wearable and implantable
electronics.1–8 Although existing components certainly provide
stable power supply and high levels of performance, different
approaches may need to be considered for system safety issues
(e.g., explosion) or biological/environmental impacts due to the
potential release of toxic metals such as cobalt, nickel, and
cadmium.9–11 Consequently, research efforts towards
environment-friendly and/or biodegradable battery systems in
a solid-state format might be one of the ideal directions that
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cannot be addressed by the conventional, established systems.
Early and recent studies on such energy storage systems
involved complete biodegradable batteries and supercapacitors
using a pair of dissolvable metals as electrodes with liquid or
solid-state electrolytes.12–21 Some cases utilized partially
degradable or non-degradable metals, but the entire systems
were able to disappear through a series of small reactions or
secondary products.22,23 Although several examples have been
proposed as prospective systems, the limited options of
dissolvable metals available as electrodes, particularly the use of
magnesium (Mg) as a typical anode material, resulted in a short
operation life due to the low corrosion resistance.24,25

Here, we introduce environment-friendly, eco-resorbable
battery systems in a so and exible format, using a magne-
sium alloy (AZ31) as an anode and tungsten (W) as a cathode.
Utilizing the AZ31 magnesium alloy—an alloy known for its
enhanced corrosion resistance compared to pure magnesium—

improves the durability of the anode, while tungsten's corrosion
resistance complements that of the AZ31 alloy, and serves as the
cathode, contributing to the overall stability and longevity of the
battery. Fundamental electrochemical inspections under
diverse conditions indicate that the anodic alloy with low elec-
trochemical potential and the cathode providing a large
potential difference offer stable electrical potentials and strong
chemical resistance over extended periods.12,26,27 In addition,
both the AZ31 magnesium alloy and tungsten are biocompat-
ible and bioresorbable metals suitable for use in environmental
and biomedical applications. The use of these biodegradable
materials in a commercial pouch battery and the fabrication of
a biodegradable solid-state battery highlight their potential as
energy sources for wearable and implantable electronic
systems.

2 Results and discussion
2.1 Eco-friendly, fully biodegradable solid-state battery

Fig. 1a represents series-connected degradable battery leaves
that can power parallel-connected arrays of light-emitting
diodes (LEDs). The eco-resorbable battery consists of a magne-
sium alloy (AZ31, 3% Al, 1% Zn) as an anode, tungsten (W) as
a cathode, a so and stretchable solid-state electrolyte (alginate
composite electrolyte), and a packaging layer that isolates the
electroactive materials from the external environment. The
AZ31 alloy exhibits a high theoretical capacity and favorable
biocompatibility similar to magnesium (Mg), with improved
discharge characteristics due to enhanced corrosion
resistance.25–27 W, which has a large potential difference
compared to Mg or Mg alloys and superior corrosion resistance,
served as a cathode material suitable for a high-voltage and
long-life biodegradable battery when combined with the AZ31
anode.12,28,29 The solid-state electrolyte was composed of an
alginate hydrogel with glycerol additives to enhance ionic
conductivity and mechanical properties.30 Together with a thin
biodegradable polymer package (e.g., poly(3-caprolactone),
PCL), a representative so and exible eco-resorbable battery
was realized. Fig. 1b demonstrates natural biodegradation of
the eco-resorbable battery components such as the AZ31
This journal is © The Royal Society of Chemistry 2024
anode, W cathode, and stretchable electrolyte in soil under
ambient temperatures. The result indicates that each compo-
nent underwent gradual and harmless decomposition in the
environment. Although the electrodes, with their stable corro-
sion resistance, maintained their morphological shapes over
a 10 week period, they have also been veried to degrade and
absorb in the soil, producing eco-friendly products over time,
while the duration for complete degradation may vary
depending on the soil environment.26,31–34 We note that all
constituent materials introduced in this study are bioresorbable
and non-toxic, suggesting their potential for biomedical appli-
cations, while the long-term biocompatibility of these materials
requires further detailed evaluation for practical uses.33,35–41
2.2 Electrochemical characteristics of anodic and cathodic
materials

Metal electrodes in the galvanic series play key roles in prop-
erties including capacity, voltage, and energy/power density,
particularly in bioresorbable batteries, the selection or combi-
nation of metals for each electrode is important. The diagram in
Fig. 2a shows the electropotential series of dissolvable and
noble metals for battery electrodes, against the standard silver/
silver chloride (Ag/AgCl) electrode in phosphate buffered saline
(PBS, pH 7) solution at room temperature. Mg (∼−1.6 V) and
AZ31 (∼−1.55 V) exhibit the lowest electrochemical potential,
suitable for use as an anode, while germanium (Ge, ∼−0.48 V),
Mo (∼−0.31 V), Fe (∼−0.29 V), and W (∼−0.25 V) are appro-
priate for cathodes. Although Mg and AZ31 display similar
potentials, reactive corrosion of Mg occurred signicantly faster
than that of AZ31 that has a high charge transfer resistance (Rct)
(Fig. S1†).25,26 Rct generally offers the advantage of stabilizing
voltage output by controlling reaction rates and minimizing
concentration polarization. In the case of AZ31, it regulates the
dissolution and deposition processes of magnesium, ensuring
consistent voltage levels and enhancing the stabilizing effects
through interactions with alloying elements such as Al and
Zn.42–45 Fig. 2b presents the time-varying galvanic potential
behaviors of each electrode when immersed in PBS solution (pH
7, RT). The AZ31 alloy (2× 2 cm, 50 mm thick) maintained stable
galvanic potentials against the standard Ag/AgCl electrode in 30
days, whereas Mg (2 × 2 cm, 50 mm thick) experienced rapid
degradation and lost the functionality within 5 days, which is
quite consistent with the properties of magnesium batteries
reported in previous articles.24,25 Fig. 2c (Mg) and Fig. 2d (AZ31)
show cross-sectional scanning electron microscope (SEM)
images before (le) and aer (right) 24 h of immersion in PBS
solution (pH 7, RT), and rapid reduction occurred in the Mg
electrodes due to a self-corrosion reaction (see the cross-
sectional SEM images for other time points in Fig. S2†).
Temporal voltage proles at various discharge currents of Mg
(Fig. 2e) and AZ31 (Fig. 2f) indicate that the Mg electrode was
stable for currents up to 100 mA cm−2; however, it experienced
a noticeable voltage drop at 1 mA cm−2. In contrast, AZ31
maintained constant voltage levels even at 1 mA, presumably
due to the high charge transfer resistance (see the time-
dependent voltage proles of AZ31 for other discharge current
J. Mater. Chem. A, 2024, 12, 32712–32720 | 32713
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Fig. 1 Eco-friendly, fully biodegradable solid-state battery. (a) Representative image of the eco-friendly, bioresorbable solid-state battery leaves
that enable the powering of microscale light-emitting diodes (m-LEDs), with an image at an idle state in the inset. Each battery leaf consists of
completely biodegradable materials, including tungsten (W) as a cathode, alginate composite gel as an electrolyte, a magnesium alloy (AZ31, 3%
Al; 1% Zn) as an anode, and biodegradable packages (e.g., polycaprolactone, PCL; polylactide, PLA; poly(L-lactide-co-3-caprolactone), PLCL;
poly(glycolide-co-3-caprolactone), PGCL). (b) Collection of dissolution images of the degradable solid-state battery under environmental
conditions (e.g., soil), after 4 and 10 weeks.
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densities and for other metals in Fig. S3 and S4†). Fig. 2g
presents the potentiodynamic polarization curves of AZ31
and W electrodes measured in PBS electrolytes (pH 7, RT)
within a voltage window of ∼1.3 V. The results reveal that both
materials remained in the active corrosion state across all tested
current densities, which ensured a high operation voltage
throughout the battery's lifecycle.45 Fig. 2h illustrates the overall
mechanism of an AZ31–W full cell, and the reaction of the Mg
anode is as follows:
32714 | J. Mater. Chem. A, 2024, 12, 32712–32720
Mg / Mg2+ + 2e− (1)

The following side reaction takes place simultaneously:

Mg + 2H2O / Mg(OH)2 + H2 (2)

As for the W cathode, the reaction is assumed to be either
oxygen reduction or hydrogen evolution.
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Electrochemical characteristics of anodic and cathodic materials. (a) Galvanic potentials of bioresorbable metals as candidates
(magnesium, Mg; magnesium aluminum zinc alloy, AZ31; germanium, Ge; molybdenum, Mo; iron, Fe; tungsten, W) and biocompatible novel
metals (gold, Au; platinum, Pt) against standard reference electrodes (Ag/AgCl). (b) Time-dependent voltage profiles of AZ31 and Mg for anodes
and W for a cathode as a potential candidate material. (c) and (d) Cross-sectional scanning electronmicroscopy (SEM) images of Mg (c) and AZ31
(d) anodes, after immersion in phosphate-buffered saline (PBS, pH 7.4) solution at room temperature for 0 (left) and 24 hours (right). (e) and (f)
Measured electrode potentials of Mg (e) and AZ31 (f) against the standard reference electrode (Ag/AgCl) at various discharge current densities
(100 pA cm−2 to 1 mA cm−2). (g) Galvano-dynamic polarization of AZ31 and W, showing voltage profiles corresponding to different current
densities. (h) Schematic illustration of an experiment set-up for an AZ31 (anode)–W (cathode) full cell in PBS solution (electrolyte). (i) Temporal
output voltages of the galvanic cells at different discharge currents.
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O2 + 2H2O + 4e− / 4OH− (3)

or

2H2O + 2e− / H2 + 2OH− (4)

The measured functional lifetime of the AZ31–W full cells in
Fig. 2i were 225, 160, and 75 hours at discharge current
This journal is © The Royal Society of Chemistry 2024
densities of 50 (black), 100 (red), and 200 mA cm−2 (blue) in PBS
electrolytes (pH 7, RT), which outperformed previously reported
biodegradable batteries.12,13,46 The stability of AZ31, particularly
in terms of corrosion resistance and solubility, plays a crucial
role in reducing side reactions such as oxidation products that
decrease the reaction area of magnesium,25,26 which contributes
to the battery's long operation. Detail information about
capacity at each discharge current is shown in Fig. S5.†
J. Mater. Chem. A, 2024, 12, 32712–32720 | 32715
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2.3 ECO pouch batteries

The deployment of the dissolvable metal electrodes in
commercial battery products is one of the possible approaches
to explore the practical feasibility of green energy storage
devices. Fig. 3a displays a representative image of a dissolvable
material-based eco-friendly (ECO) pouch battery with a biode-
gradable polymer package (e.g. poly 3-caprolactone, PCL).
Individual electrochemical cells (AZ31 anodes, separator with
PBS electrolytes, and W cathodes) were assembled into two
series and three parallel connections to enhance overall battery
performance (Fig. 3b). (The detailed circuit diagram is shown in
Fig. S6.†) Fig. 3c illustrates the discharge behaviour of the
pouch battery at a discharge current of 1 mA. Considering the
electrode surface area (2 cm × 3 cm = 6 cm2) and the series-
parallel connection, this setup corresponds to a current
density of 55 mA cm−2 per single cell. The resulting pouch cells
exhibit a capacity of ∼430 mA h g−1, which is comparable to
values reported in previous studies on non-degradable metal
Fig. 3 Biodegradable ‘ECO’ pouch cells. (a) Optical image of an ECO po
andW for both the anode and the cathode. (b) Illustration of the structure
series and parallel. (c) Discharge profiles of the pouch battery at a disch
integrated system containing the pouch battery that powers light-emitti
images of illuminated LED arrays over time while connected to the pou

32716 | J. Mater. Chem. A, 2024, 12, 32712–32720
electrode-based primary batteries, highlighting the long-term
performance of the dissolvable AZ31-based battery system.47,48

(The voltage output of the ECO pouch battery over time under
identical conditions is shown in Fig. S7.†) Fig. 3d showcases an
array of 32 LEDs connected in parallel to form the letters ‘ECO’,
powered by the home-made ECO pouch battery. The results
demonstrate that the sufficient power with the high capacity
enabled all the LEDs to operate for a prolonged duration of ∼30
hours (Fig. 3e).
2.4 So, stretchable electrolytes for bioresorbable solid-state
batteries

Several features of solid electrolytes including the electro-
chemical stability and mechanical exibility which can solve or
alleviate issues associated with conventional liquid electrolytes
motivated research efforts to develop a solid-state degradable
energy system. Fig. 4a illustrates a so, bioresorbable solid-state
battery with an alginate-based composite electrolyte using the
uch battery based on the proposed dissolvable metals including AZ31
of the pouch battery constructed withmultiple stacking cells formed in
arge current of 1 mA for the pouch cell. (d) Experimental tests of an

ng diodes (LEDs) arranged in the shape of the letters ‘ECO’. (e) A set of
ch source.

This journal is © The Royal Society of Chemistry 2024
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AZ31 anode and W cathode. The alginate composite electrolyte
was composed of sodium alginate (SA) as a polymer matrix,
calcium ions (Ca2+) in calcium chloride (CaCl2) solution as
a cross-linker, and glycerol as a plasticizer. In the CaCl2 solu-
tion, SA underwent cross-linking of polymer chains through the
interaction between Ca2+ and the carboxylate groups (–COO–) of
SA molecules, referred to as ionotropic gelation.49 However, due
to the insufficient mechanical properties of pure alginate, the
glycerol plasticizer has been used to improve the mechanical
characteristics.31,50Here, SAG0, SAG2, and SAG4 refer to SA lms
Fig. 4 Soft, stretchable electrolyte-based bioresorbable solid-state ba
description of alginate-based composite electrolyte. Calcium ions form
sodium alginate when in contact with calcium chloride. (b) Stress–strain
of glycerol. (c) Linear conductivity profile of the electrolytes as a function
deformation modes (left, bending; right, twisting). (e) Output voltage cha
mm. (f) Discharge curves of the degradable batteries with different conc
current density of 10 mA cm−2). (g) Discharge curves of SAG4 with differ

This journal is © The Royal Society of Chemistry 2024
blended with glycerol at the weight ratios of 1 : 0, 1 : 2, and 1 : 4,
respectively. Fig. 4b shows the strain–stress curves of different
alginate composite electrolytes as a function of glycerol
concentration. As the glycerol content increased, the elasticity
of the composite electrolytes proportionally increased, and
SAG4 can be linearly deformed up to 60%. Conductivity grad-
ually increased as the amount of glycerol increased (Fig. 4c).
This can be attributed to the presence of glycerol in the alginate
matrix, which creates a so amorphous structure and forms
more free spaces for ion transport.31,50 This reduction of the
ttery. (a) Exploded view of a biodegradable solid-state battery and
ionic bonds with the alginate chains, resulting in crosslinking of the

curves of alginate composite electrolytes with different concentrations
of glycerol content. (d) Photographs of a soft, dissolvable battery under
racteristics of the batteries against cyclic loads at a bending radius of 5
entrations of glycerol within the solid-state electrolyte (at a discharge
ent discharge current densities.

J. Mater. Chem. A, 2024, 12, 32712–32720 | 32717
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crystalline structure also allows water and other ions to pene-
trate more easily, accelerating hydrolytic degradation (time-
dependent changes in the weight ratios of SAG electrolyte
lms in Fig. S8†).51 Fig. 4d depicts the photographs of a solid-
state eco-resorbable full-cell battery with packaging layers of
polycaprolactone under deformation modes such as bending
and twisting. To evaluate the mechanical stability of SAG-based
batteries, we measured output voltages under cyclic loadings
and recorded stress–strain curves aer cyclic deformation at
a bending radius of 5 mm (Fig. 4e and S9†). The glycerol
incorporated into the alginate-based solid-state electrolytes
serves as a plasticizer within the alginate matrix, reducing
intermolecular forces between polymer chains and increasing
elasticity. As a result, the batteries with SAG2 and SAG4 elec-
trolytes provided stable operation without deterioration in
electrical performance, while the SAG0-based one showed
a slight decrease in the performance. Fig. 4f presents the
discharge behavior of biodegradable solid-state batteries with
SAG0, SAG2, and SAG4 electrolytes at a discharge current of 10
mA. The measured discharge capacities were ∼128 (SAG0,
black), ∼130 (SAG2, red), and ∼132 (SAG4, blue) mA h g−1,
which are consistent with the trend of increased conductivity
with the addition of glycerol to the electrolytes, revealing no
degradation in the battery performance even with various
concentrations of glycerol. Under similar conditions, we recor-
ded the discharge curves of the SAG4 electrolyte-based devices
at various currents including 10 and 50 mA cm−2 (Fig. 4g). The
resulting behavior was quite similar to that in PBS-based liquid
electrolytes, and reduced values in output voltage and battery
capacity (∼70 mA h g−1) were observed as the discharge current
density increased to 50 mA cm−2 (the time-dependent discharge
curve is shown in Fig. S10†).

3 Experimental section
3.1 Electrochemical and morphological evaluation of
bioresorbable metals

The electrochemical measurements of bioresorbable metals
were performed during semi-immersion of metal foils in
a phosphate buffered saline (PBS) solution (pH 7, RT) using
a commercial potentiostat (Ivium Technologies, Compact-stat,
Netherlands). The open circuit voltage (OCV) of each metal
was measured against a commercial standard electrode (Ag/
AgCl saturated with KCl), whose potential is +0.197 V versus
the standard hydrogel electrode (SHE, 0.000 V). A 50 mm thick
AZ31 foil (High Broad New Material, China) was used as the
anode, and a 50 mm thick W foil (Nilaco, Japan) was used as the
cathode. Their potentials against an Ag/AgCl electrode were
measured over 10 days and were compared with those of Mg to
compare their functional lifetime. Morphological observation
was conducted by scanning electron microscopy (SEM, S-4300,
Hitachi, Japan), and the metal foils in their as-prepared state
and aer 24 h immersion in a PBS solution (pH 7, RT) were
compared. The discharge behavior of AZ31–W galvanic cells
(electrode surface area, 1 cm × 1 cm = 1 cm2) with PBS solution
as an electrolyte was investigated with various current densities
using a commercial potentiostat.
32718 | J. Mater. Chem. A, 2024, 12, 32712–32720
3.2 Fabrication of ECO pouch batteries

ECO pouch batteries were fabricated by preparing AZ31 and W
foils for electrodes, which were cut into sizes of 2 cm× 3 cm using
an ultraviolet (UV) lasermarker (MD-U1000C, Keyence, Japan), and
glass microber lters (Cytiva, China) for the separator, which
were cut into sizes of 3 cm× 3.5 cm. Then, AZ31–W cells with PBS
solution (pH 7, RT) wetted glass ber separators were stacked to
achieve a high-voltage pouch battery, with each cell being placed in
a heat-sealed PCL package to ensure separation from other cells.
The individually sealed AZ31–W cells were then assembled into
two series and three parallel connections with an external elec-
trode using forge welding. Finally, the whole cells were packaged
with biodegradable PCL pouches. To determine the brightness of
the ECO LEDs, their luminance was measured using portable
luminance meters (MAVO-SPOT 2 USB, GOSSEN, Germany) at
a xed distance of 40 cm from the ECO LEDs. The data were
collected through external soware (gLux) connected via USB.
3.3 Preparation of so, stretchable bioresorbable
electrolytes and their characterization

Pre-cured bioresorbable electrolyte solutions were prepared by
dissolving alginic acid sodium salt (SA, Sigma-Aldrich, South
Korea) in PBS solution (pH 7) at a concentration of 30 w/v% with
continuous stirring at 90 °C for 12 h. An appropriate weight of
glycerol (Daejung Chem., South Korea) was added into the
prepared SA solutions, respectively, to achieve weight ratios of 1 :
0, 1 : 2, and 1 : 4 (SA : glycerol), and the solutions were stirred at
RT for 12 h. Finally, a so, stretchable biodegradable electrolyte
lm was formed by immersing the glycerol-added SA solution
into a 0.5 M CaCl2 solution at room temperature. Mechanical
propertymeasurement was done by using a universal mechanical
testing system (Instron 5900 series, Instron, USA) with the sample
cut into a dumbbell shape (ASTM D638). The samples were
immersed in PBS (pH 7) at room temperature, 37 °C, and 50 °C
for biodegradation testing. Each sample was removed every week,
rinsed with DI water, and dried using a freeze dryer (TFD 8503,
IlShinBioBase, South Korea). The weight ratio was calculated
using the formula weight ratio (%)=Wa/Wb× 100, whereWb and
Wa are the weights of the samples before and aer the immer-
sion, respectively. To determine the ionic conductivity, the elec-
trochemical impedance of the polymer electrolytes wasmeasured
in a frequency range of 1 to 106 Hz. A piece of electrolyte was
sandwiched between two stainless steel (SUS304) plates. The area
(A) was xed at 1 cm2, the distance (d) was the thickness of the
electrolyte, and the bulk resistance (R) was determined from the
intercept with the real axis in impedance spectra. The ionic
conductivity (s) was calculated using the following equation:

s = d/(R × A) (5)

3.4 Fabrication of the eco-friendly, fully biodegradable solid-
state battery

The eco-friendly, fully bioresorbable solid-state battery was
fabricated by cutting AZ31 andW foil with a laser marker for the
electrodes of solid-state battery cells. The so, stretchable
This journal is © The Royal Society of Chemistry 2024
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bioresorbable electrolyte lms (1 mm-thick) were freshly made
just before mechanically stacking the AZ31 foil, electrolyte lm,
and W foil. Then, the completely stacked cells were encapsu-
lated in a biodegradable PCL package with heat pressing to
prevent dehydration under ambient conditions.

4 Conclusion

The concepts, materials, and system designs reported here
present biodegradable material-based exible, eco-friendly
battery systems. Comprehensive electrochemical assessments
of a magnesium alloy (AZ31) as the anode validated superior
voltage outputs and corrosion resistance compared to those of
previously employed pure magnesium. The assembly of the
proposed materials into the well-known existing pouch cells
suggested the potential for a commercial product. The inte-
gration of stretchable, biodegradable sodium alginate-based
electrolytes with the dissolvable electrodes realized so,
completely bioresorbable solid-state batteries, suitable for
power sources of biomedical devices and environment-friendly
electronics.
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