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Vanadium pentoxide (V20s) stands out as a preferred cathode material for stretchable lithium-ion batteries due
to its high specific capacity, robust structural stability, cost-effectiveness, and ease of synthesis. However, its
practical application is limited by a low Li* diffusion coefficient (1072-107!% ecm? s™1) and poor electrical
conductivity. To address these challenges, we have developed an innovative yolk-shell V,Os architecture using a
facile synthesis method involving spray pyrolysis followed by thermal treatment. This yolk-shell V2Os is coated
with a poly(ethylene oxide) (PEO) electrolyte to enhance ion transport contact areas and flexibility. The yolk-
shell V,0s5@PEO is then integrated with a PEO-based polymer electrolyte in a thin film configuration, paired
with zig-zag truncated lithium metal anodes for stretchable lithium metal batteries. The integrated film dem-
onstrates superior electrochemical performance due to highly reversible Li" insertion/extraction and enhanced
Li ion diffusion. The unique design of the stretchable Li-yolk-shell V,05@PEO battery achieves an excellent
specific discharge capacity of 261 mAh g™, compared to 158 mAh g™ for pure V,0s at 0.1C. Additionally, the
stretchable Li-yolk-shell V,05@PEO cell exhibits a discharge capacity of 250 mAh g~! under zero-strain con-
ditions and 233.7 mAh g~! under 40 % strain at 0.1C and 40 °C. Characterization through X-ray diffraction
(XRD) and scanning electron microscopy (SEM) confirms the nano-sized morphology and high crystallinity of the
yolk-shell V,0s. X-ray photoelectron spectroscopy (XPS) analysis reveals the transformation of yolk-shell
V205@PEO into a-V30s, e-Lig5V20s, §-LiV40s, and y-LiaVoOs phases during lithium-ion (de)intercalation. This
cutting-edge battery design paves the way for the development of high-performance, stretchable, and flexible
batteries, ideal for next-generation portable electronic devices.

1. Introduction wrinkled designs, buckled and elastic scaffolds, origami, kirigami, and

spiral coil springs [7-12]. However, considering their targeted elasticity,

The demand for stretchable energy storage configurations is prolif-
erating owing to their applications in wearable electronic devices, such
as artificial skin, strain sensors, displays, and light-emitting diodes
(LEDs) [1-3]. Lithium-ion batteries (LIBs) are highly suitable for
portable stretchable electronic devices because of their long life, high
specific energy, and lack of memory effects [4-6]. Stretchable lithium-
ion batteries have been developed via structural deformations, such as
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these structure-modified stretchable batteries suffer from various limi-
tations, including low energy density and poor mechanical durability,
which compromise their overall stability.

Recently, metal oxides and alloys [13-15] have gained widespread
application in energy storage due to their excellent electrochemical
properties and high capacity, driving significant advancements in the
field. Among these materials, vanadium pentoxide (V20s) stands out as a
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particularly attractive cathode material for stretchable lithium-ion bat-
teries (LIBs). This is due to its high specific capacity, non-toxicity,
structural stability, low cost, and ease of synthesis [16]. It delivers a
discharge capacity of 147 mAh g™! in the voltage range of 4.0-2.5 V (vs.
Li/Li*) and a high theoretical capacity of 294 mAh g~ for a discharge
voltage of 2.0 V corresponding to the transport of one and two lithium
ions, respectively [1,17,18]. The reversible Li" insertion/extraction in
V205 occurs via the following electrochemical reaction:

V505 +x Li" +x e”—Li,V,0s.

However, V,05 has an intrinsically low Li" diffusion coefficient
(107221072 em? S™1) and electrical conductivity (107221073 S em™)
[19,20]. limiting its potential utility. Nano shape processing has been
proposed as a solution to address the limitations associated with the
sluggish kinetic transport leading to the low performance and cycling of
LIBs. For example, nanostructured V;Os exhibits enhanced electro-
chemical performance and sustained capacity stability for energy stor-
age devices [19-26]. Moreover, it provides large electrolyte/electrode
contact interfaces by enabling high Li" ion flow, which decreases the
diffusion distances of lithium-ion kinetic transport and alleviates the
structural strain of V,0s5 upon lithium intercalation/deintercalation
during cycling [27,28] (e.g., LiFePO4 [29], LiCoO2 [30], and LiMnyO4
[31]1). Regarding the design of stretchable batteries, introducing point
adhesion between the electrode materials, such as employing a spherical
morphology between the substrate and electrode, can effectively
address the stability limitations during the stretching state of the
electrode.

This study modified V305 to yolk-shell V505 with a spherical
morphology using the spray pyrolysis method followed by heat treat-
ment at a low melting temperature of 700 °C to prepare a stretchable
electrode. The yolk-shell V5,05 exhibited structural advantages, such as
high specific capacity during the first cycle and easier transfer of Li™ ions
[32]. It exhibited improved electrochemical properties at high current
densities due to the formation of a large insertion/extraction region and
was applied to a stretchable electrode to fabricate a flexible lithium
polymer battery. The point adhesion of the yolk-shell V205 due to the
sticky and flexible polymer electrolyte guarantees good adhesion be-
tween the electrode material and the current collector, enabling the
stretchable LIB to overcome its initially limited mechanical stability
[33,34]. For fabricating stretchable lithium metal batteries, the yolk—
shell Vo05 was integrated with a poly(ethylene oxide) (PEO)-based
stretchable polymer electrolyte by thermocompression into a zig-zag
truncated lithium metal electrode. Although the stretchable yolk-shell
V205 and PEO-based polymer electrolyte composite film exhibits low
electrochemical performance due to the low conductivity of PEO-based
polymer electrolyte (< 10~ mS) at room temperature, it achieves a
specific discharge capacity of 250 mAh g~* at 0.1C current density and
40 °C with high stretchability.

2. Experimental
2.1. Synthesis of yolk—shell V205 powders

Yolk-shell V05 powders were synthesized following subsequent
steps. The synthesis involved spray pyrolysis and heat treatment. First, a
precursor solution was prepared by uniformly dispersing 3 g of V20s in
distilled water. Aqueous ammonia was then slowly added to this solu-
tion until it became transparent. Subsequently, a red transparent solu-
tion was obtained by adding 2 ml of acetic acid. Next, sucrose (30 g) was
added until it completely dissolved. The final volume of the solution was
increased to 300 ml by adding distilled water. Spray pyrolysis was
performed using an ultrasonic spray generator comprising a droplet
generator, quartz reactor, and powder collector to obtain a homogenous
material. The carrier gas, flow rate, and reactor temperature (process
parameters) were Np, 10 L min~}, and 700 °C, respectively. The
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subsequent heat treatment involved oxidation at 400 °C for 5 h in air
with a heating rate of 5 °C min~..

2.2. Preparation of PEO-based ternary solid polymer electrolyte

All the processes were conducted in a dry room (dew point < —60 °C
at 20 °C). Before the preparation of the cross-linked ternary solid
polymer electrolyte, all materials were carefully dried. In particular,
PEO (Dow Chemical, WSR 301, Mw = 4,000,000) was pre-dried at 50 °C
in vacuum for 48 h with a mechanical pump, followed by further vac-
uum drying with a turbo molecular pump (107710~% mbar) for an
additional 48 h. LiTFSI and PYR;4TFSI were dried at 150 °C and 110 °C,
respectively, under vacuum with a mechanical pump for 20 h and a
turbo molecular pump (10~7-10"® mbar) for 48 h. Benzophenone
(Aldrich) was dissolved into PYR14TFSI in the ratio of 5 wt% BP/
PYR14TFSI and then stirred overnight. The PEO and LiTFSI powders
were first mixed in a glass vial, followed by the addition of BP/
PYR74TFSI solution to achieve a molar ratio of 10 (PEO): 1 (LiTFSI): 2
(PYR;4TFSI). The paste-like mixture was sealed under vacuum in a small
pouch bag and aged at 100 °C overnight. The homogenous material was
sandwiched between two Mylar foils and hot pressed at 100 °C to obtain
a thin electrolyte film. Subsequently, this film was crosslinked under UV
light using a cube photoirradiator equipped with a 350 W Hg lamp
[34.35].

2.3. Preparation of the cathode composite electrode

All processes were conducted in a dry room. The cathode composite
film (called V,05@PEO) was prepared by manually mixing the active
materials (yolk-shell V505, 43 wt%), conductive agent (Ketjenblack EC-
300, Akzo Nobel, 7 wt%), PEO (Dow Chemical, WSR 301, Mw =
4,000,000, 17.5 wt%), LiTFSI (5 wt%), and PYR14TFSI (27.5 wt%) in a
mortar to form a gummy-like mixture, which was then housed in a
vacuum-sealed pouch bag. An aging step (100 °C, overnight) was
applied to form a homogenous mixture, followed by a sequence hot-
pressing step at 100 °C. Finally, a cold calendaring step was used to
further reduce the thickness of the composite electrodes to approxi-
mately 40 pm. This corresponded to the active material areal loadings
ranging from approximately 3.2 mg cm™2 [34].

2.4. Material characterization

The morphology of the obtained yolk-shell V,Os powder was
investigated using SEM (Philips XL30 SFEG). The quantity of the dopant
was assessed using EDS (Philips XL30 SFEG). A FT-IR (Cary670, Main
Bench) was used to obtain the IR spectrum by measuring the absorption,
penetration, and reflexibility of the indigenous material in the spectral
range of 9000-350 cm~ L. BET (Micromeritics ASAP 2010) analysis was
performed on the surface areas and pores of the powders using Ny
adsorption—desorption isotherms. XPS (Ulvac-PHI PHI Quantera-II) was
used to determine the electrochemical state of the material surface using
an Al monochromatic X-ray source (1486.6 eV). Micro XRD (Rigaku
VariMAX-007HF, Ka radiation = 1.5418 Z\) were used to measure the
structural components of samples by observing the angle of diffraction
by crystals. The amount of coated carbon was determined via elemental
analysis using an inductively coupled plasma mass spectrometer (ICP-
MS, 7700x).

2.5. Electrochemical testing

The electrochemical performance of V,O0s@PEO electrode was
investigated with a galvanostatic charge-discharge unit (WBCS3000
battery cycler, WonATech, Korea) at 40 °C in the voltage range 4.0-2.0
V at various current densities. CV was performed with a scan rate of 0.2
mV s~ ! using a heating chamber, WBCS3000 battery cycler, in the po-
tential range 2.0-4.0 V.
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3. Results and discussion

The synthesis of yolk—shell V205 by spray pyrolysis and subsequent
heat treatment is shown in Fig. 1. The prepared mixed solvent of V20s
and sucrose was maintained in a quartz reactor at 700 °C and subjected
to spray pyrolysis, resulting in the formation of a vanadium oxide
(VOx—C) composite. During this process, V20s and sucrose experienced
phase changes due to polymerization and carbonization. The resulting
VO4-C composite powders then underwent heat treatment at 400 °C in
air, initiating combustion. This combustion began at the surface of the
powder particles. However, due to the dense structure of the VO4-C
particles and limited oxygen supply to the interior, the combustion did
not penetrate deeply, leading to incomplete combustion within the
particles. Consequently, a core-shell-structured V20s@VOx-C composite
was formed as an intermediate. The outer V20s shell, created by the
combustion of the carbon component, exhibited minimal shrinkage,
while the contraction of the VOx-C core during subsequent heating
resulted in the formation of a yolk-shell-structured V20s. For the
stretchable lithium metal battery, the vapor deposition process was used
to inject the PEO polymer electrolyte into the voids of the yolk-shell
structure. The injected polymer electrolyte in voids contacted the V505
core and the effective area for the electrochemical reactions was
increased for lithium-ion transfer.

The X-ray diffraction (XRD) pattern of the V,05 powder was used to
identify the crystallographic structure between 5° and 45° in the 20
range (Fig. 2a). All the diffraction peaks were indexed to the ortho-
rhombic V305 with monoclinic symmetry (space group: Pmmn). The
lattice parameters were shown as follows: a = 11.5041 (A), b = 4.3730
(A), and ¢ = 3.5607 (A) for a cell volume of V (;\3) =179.13. The crystal
structure did not exhibit any apparent additional peaks, indicating the
absence of impurities. The sharp and strong peaks suggest a high degree
of crystallinity [36]. V205 extended perpendicular to the (010) direc-
tion, forming distorted VOs square pyramids that extended on both sides
of the layers. These layers possessed three distinct crystallographically
unequal coordinated O centers. When the V05 crystals grow along the
[010] direction, the area of the [001] surface increases, and the oxygen
atoms of the outermost [001] layer tend to form oxygen defects on the
crystals, improving the electronic conductivity and electrochemical
performance of V505 [37]. The chemical structure of V,Os is considered
as a distorted octahedral VOe which serves as the building block of the

Decomposition
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V205 crystal structure. The octahedral are erratic in V,0s structure
which has five bonding distances of average 1.803 Aand largest bonding
2.80 A. The distorted VOg octahedra from wrapped layers of oxide an-
ions are shared with the near octahedra (Fig. 2b). V05 structure hosts
lithium-ions in tetrahedral sites and that is proper to intercalation and
deintercalation of lithium ions in layered structure with as easy sepa-
ration along (001) lattice plane. The Fourier transform infrared spec-
trometer (FT-IR) analysis of the yolk-shell V:0s revealed three
prominent characteristic absorption bands at approximately 602, 820,
and 1012 cm ™}, along with a small kink band at 512 cm™! and a broad
band at 3595 c¢m ! (Fig. S1). The bands at 512, 602, and 820 cm ™!
correspond to the stretching vibrational modes of the V-O-V symmetric
stretch and V—O stretching bond. The other band at 1012 cm™! is
associated with the vanadyl group (V=0). The band at 3595 cm?
resulted from H-O-H bending or O—H stretching vibrations, indicating
the presence of molecular H2O. These variations provide insights into
the yolk-shell V505 structure [35-43].

Scanning electron microscopy (SEM) characterization with energy-
dispersive X-ray spectroscopy (EDS) was used to investigate the
morphology of the yolk—shell VoOs powders (Fig. 3). The synthesized
yolk-shell V205 comprised spherical particles like single droplets within
the range of 800 nm to 2 pm and were mesoporous with void diameters
of approximately 100 nm between the outer and inside spheres (Fig. 3a).
The V305 particles with the special yolk-shell structure exhibited
enhanced electrochemical characteristics by expanding the migrating
area of lithium ions through the void spaces between the core and the
shell (Fig. 3b) [37,41]. Fig. S2 shows the pore size distribution of the
shell V505 according to Brunauer-Emmett-Teller (BET) analysis. The
average pore diameter of adsorption was 15.2 nm, and the pores were
concentrated at 2 nm. The SEM-EDS analysis confirmed that the PEO-
injected yolk-shell V505 (yolk-shell VoOs@PEO) comprised C (red), V
(yellow), and O (blue) with a uniform distribution (Fig. 3c—f). The
yolk-shell VoO5@PEO had fewer pores and a smoother surface than pure
yolk-shell V505 (Fig. 3a and b) because PEO was primarily coated on the
surface of the V05 primary particles to penetrate the void space when
the composite V,05@PEO electrode was aged in a vacuum-sealed pouch
bag. The cross-sectional micrograph with line-EDS of the yolk—shell
V20s@PEO particle is displayed in Fig. S3. The focused ion beam
technique was used to estimate the void space and element distribution.
Although the void space was not wider than that of pure yolk-shell
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Fig. 1. Schematic of the preparation process of yolk—shell V,0s@PEO powder.
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Fig. 2. XRD patterns (a) and crystal structure (b) of yolk-shell V,0s.

V0s, it was still formed by a small amount of PEO. V, O, and C were
present in all sections of the cutting plane, and the carbon atoms pro-
duced by PEO were well distributed along the primary V2Os particles, as
well as inside and outside the walls.

The pore structure of the yolk-shell V,O5@PEO particles was
investigated using TEM (Fig. 4). The yolk-shell V,05@PEO comprised
outer and inner spheres, a porous phase formed by the aggregation of
primary V3Os particles (Fig. 4a). The yolk-shell structure of the
V20s@PEO particles is further illustrated in Fig. S4. The yolk-shell
structure is clearly distinguishable from the color contrast observed.
Additionally, EDS mapping shows the distribution of elemental O and V,
further confirming the yolk-shell structure. In addition, a void was
formed between the outer and inner spheres, and a thin PEO layer (~2
nm) was observed on the surface of the V,05 particles (Fig. 4b). The
voids prevent the collapse of particles during shrinkage and the
expansion of particles during lithiation and delithiation. Moreover, the
void and porous structure of the yolk-shell VoOs increased the effective
area in contact with the electrolyte and improved the electrochemical
performance. In the stretching state, the spherical yolk-shell and void
structures enhance the adhesion between the current collector (polymer
electrolyte) and the active materials by deformation. The high-
resolution TEM image in Fig. 4b shows that the lattice fringe of the
primary V,0s particles is visible, with an interplanar spacing of 0.2752
nm, which matches that of the (310) lattice plane of orthorhombic V50s.
The TEM-EDS mapping shown in Fig. 4c indicates that the vanadium and
carbon atoms are homogeneously distributed along the particle shape,
demonstrating that the yolk-shell structure of V505 was successfully
prepared via a simple spray pyrolysis synthesis method without the

aggregation of atoms. Moreover, the PEO injected by vapor deposition
resided well in the outer and inner spheres. The PEO well coated on all
the surfaces benefits the active particles participating in the electro-
chemical reaction of the stretchable battery.

As cathode in battery, VoOs has three phases (a, 8, y) within the
voltage range of 2-4 V [44]. The fresh-phase V205 has a layered
orthorhombic structure, whereby the VOs square pyramids form zig-zag
double chains stacked along the [011] direction, sharing edges via weak
van der Waals forces. This phase can reversibly insert and extract
lithium-ion carriers in vanadium oxides [45,46]. a-V2Os transforms into
e-Lip 5V205 at a discharge potential plateau of 3.22 V [19] according to
Eq. (1).

a—V,05+05Li" +0.5e” <& —LigsV,05 1

€ —Lip5V20s +0.5Li" +0.5e” <8 — LiV,0s (2)

When discharging to 2.5 V, one Li* ion is transferred to V* and V*°
at 8-LiV,0s5 (3.02 V), according to Eq. (2).

8 —LiV,05 +Li* +e” <y —LiV,0s 3)

During this process, a structural transfer occurs without the breakage
of the strong V—O bonds. This occurs because of the seamless transfer of
the VOs square pyramids, efficiently transmitting the minimal necessary
energy by shifting half a unit cell parameter along the b-axis [44]. Upon
discharging to 2.0 V, the y-LiaV20s (2.14 V) adsorbs/desorbs two Li ions
in V+4, as described by Eq. (3) [46]. This structural deformation is
irreversible because it breaks the V—O bonds. A more electrochemical
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O

Fig. 3. Scanning electron microscopy (SEM) images of (a) and (b) the yolk-shell structure of V505 powders and (c) yolk—shell V,Os@PEO. Energy-dispersive X-ray

spectroscopy (EDS) maps of (d) C, (e) V, and (k) O of the yolk-shell V,0s@PEO.

material is obtained by intercalating x-lithium when 0.0 < x < 2
[44-46]. The practical electrochemical reaction mechanism of the
yolk-shell V,05@PEO was investigated using the ex-situ X-ray photo-
electron spectrometry (XPS). The ex-situ XPS patterns of the electrodes
at different discharge/charge states and 40 °C are shown in Fig. 5.
During the lithium-ion insertion process, the XPS peak positions grad-
ually shift toward higher binding energies. The wide-survey XPS profiles
of the samples are shown in Fig. S5, which indicate the same predomi-
nant signals of V, O, and C. Yolk-shell V,05@PEO was measured under
four different voltage plateaus (fresh, discharged to 2.7 V, discharged to
2.0V, and charged to 4.0 V). The V2ps3,, spectrum could be divided into
two peaks assigned to V** and V°'. The peak of the as-prepared
yolk-shell V,05@PEO was sharp owing to the appearance of only V°*
at 517.8 eV [22,42]. During discharge, the peak was broadened to full
discharge to 2.0 V, and V** and V°* shifted to higher energies because of
the lithium-ion interaction. These distinct curves with voltage plateau

are associated with the phase transformations of a-V20s to e-Lig 5V20s,
§-LiV,0s, and y-LigVoOs [17-19]. The crystal structures were also
altered by the lithium-ion intercalation and distortion of the V205 bonds
(Fig. S6) [22]. The first two plateaus at 3.34 and 3.15 V can be ascribed
to the phase transition from a-V9Os5 to &-Ligs5V20s and §-LiVyOs,
respectively. At 2.7 V, the peak balances between v** and V>* with the
formation of 5-LiV,0s. The V' peak continually decreases, while the
V4 peak increases at 2.0 V, implying a reduction of V5,05 at the
y-LioV20s phase. A few Vot peaks remain because not all the V05
participate in the reduction reaction, resulting in a lower discharge ca-
pacity than the theoretical capacity. In the charged yolk-shell
V,05@PEO, the V** peak disappears at 517.1 eV, accompanying the
recovered peak of V°*, which is consistent with the redox reaction of
yolk-shell Vo05@PEO.

To investigate the electrochemical performance of the yolk-shell
structure V3Os, Fig. 6a compares the charge-discharge curves of
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Fig. 4. TEM (a, b) and TEM-EDS (c) images of yolk-shell V,0s@PEO powders.

conventional bare VoO5@PEO and yolk-shell VoOs@PEO in stretchable
lithium metal batteries. The initial charge-discharge curves for the
yolk-shell V,0s@PEO cells at 0.1, 0.2, 0.5, and 1C rate test cycles at
40 °C, when the voltage range is set at 2.0-4.0 V, are shown in Fig. 6b.
The discharge capacities were 261, 234.7, 200.2, and 179.6 mAh g’1 for
the respective current densities. As the current density decreased, the
initial discharge specific capacity increased. The initial capacity at 0.1C
was close to the theoretical capacity of V905 (294 mAh g™1), and the
yolk-shell V,0s@PEO delivered a higher capacity than the purchased
V305 prepared by the conventional method. Moreover, several clear
voltage plateaus were observed during the lithium insertion process at
approximately 3.2, 2.3, and 2.1 V (vs. Li/Li") in the first discharge curve
for yolk-shell VoOs@PEO. Apparent differences in capacity were
observed between the conventional bare V,Os@PEO and yolk-shell
V20s5@PEO (Fig. 6a). Conventional VoOs@PEO cell exhibited an initial
discharge capacity of approximately 158 mAh g~!, whereas the initial
discharge capacity of yolk—shell Vo05@PEO cell was approximately 261
mAh g1 This suggests that the Li* ion diffusion was facilitated by
decreasing the diffusion length by passing the electrolyte through the
void space created by the core and shell structures of the yolk-shell
V205@PEO. V,0s5@PEO can be attributed to the plateaus at approxi-
mately 3.30, 3.05, and 2.07 V, whereas the yolk-shell VoO5@PEO can be
attributed to the plateaus at around 3.33, 3.14, and 2.24 V. The curve
shape evolved according to the crystals in the material, and the yolk—
shell V505 exhibited excellent structural stability without any undesired
reactions. Fig. S7 shows the cyclic voltammetry (CV) results of the Li/
yolk-shell VoOs@PEO stretchable cell for the first and second cycles
scanned at 0.2 mV s~! and 40 °C. Three reversible peaks were observed
in accordance with the Li-ion intercalation reaction. The cathodic peaks
related to the phase transformation were observed at 3.22, 3.02, and
2.14 V (vs. Li/Li"). Two peaks were observed at 3.0-4.0 V, which

primarily indicate the phase transformation from crystalline a-V2Os5 to
£-Lip5V205 and 6-LiV,Os by the insertion of 0.5 Lit. The remaining
peaks indicate the phase transformation from §-LiV2Os to y-LiaVoOs by
the insertion of one Li'" [40,43]. These phase transformations typically
match the plateaus observed in Fig. 5. Fig. 6¢ shows the rate perfor-
mances of the conventional bare V,05@PEO and yolk-shell V,05s@PEO
at various current rates (0.1, 0.2, 0.5, and 1C). Although the storage
capacities of the two samples were stable at all current densities, the
yolk-shell Vo0O5@PEO cells showed a higher capacity at all current
densities, and the difference in capacity increased at a high current
density of 1C. Furthermore, the capacity recovery of yolk-shell
V205@PEO cell was 98.8 % when the current density reverted back to
0.1C from 1C (conventional V505 is 87.2 %). This high recovery can be
ascribed to its superior rate capability and stable crystal structure.

An integrated film composed of an electrode and polymer electrolyte
was prepared by hot-press calendaring after blending the integrated
electrode and polymer electrolyte. The integrated film exhibited high
stretchability (Fig. 7a). Many grape-like clusters were distributed on the
electrode side of the integrated film because of the high concentration of
concentrated yolk—-shell V,Os@PEO (Fig. S8). Polymer chains and car-
bon black were homogeneously distributed among the particles.
Considering the polymer electrolyte side of the integrated film, although
the wrinkles on the polymer film were visible, its surface was signifi-
cantly different from that of the electrode side. However, the V atom,
observed by SEM-EDS, indicated the thinness of the polymer electrolyte
(Fig. S9). The ionic conductivity of the polymer electrolyte (PE, PEO/
LiTFSI/PYR14TFSI) was evaluated and is shown in Fig. S10. Impres-
sively, the polymer electrolyte demonstrated an ionic conductivity of
0.97 x 1072 S em™! at 30 °C, highlighting its robust electrochemical
performance. The interfacial stability and polarization voltage were also
assessed using a symmetric Li|PE|Li battery configuration with direct
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Fig. 6. (a) Electrochemical performances of conventional bare V,Os@PEO and
yolk-shell V,0s@PEO cells at 0.1C for 40 °C. (b) Initial charge-discharge
curves of the yolk-shell V,0s@PEO cells at different current densities in the
voltage range 4.0-2.0 V. (c) C-rate performance of conventional V,0s@PEO
and yolk-shell V,0s@PEO cells at various current rates (0.1C, 0.2C, 0.5C, and
1C at 40 °Q).

current at room temperature. As depicted in Fig. S11, the Li|PE|Li
symmetric battery exhibited a remarkably low polarization voltage and
maintained flat, stable voltage plateaus for 300 h. This consistency in-
dicates uniform electroplating/stripping of Li with minimal fluctuations,
demonstrating the outstanding stability and reliable performance of the
polymer electrolyte during prolonged operation.

Anodes of stretchable batteries also require stretchability; lithium
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metal is emerging as a promising anode for lithium-ion batteries owing
to its high specific energy and low negative electrochemical potential
[47]. However, V205, which is not a lithium source, has to be applied
with a lithium metal anode. Although using lithium metal electrodes as
stretchable electrodes is challenging, zigzag-truncating architectures are
favorable for application in stretchable electrodes (Fig. 7b). The
stretchable lithium metal battery comprised an integrated film, zigzag-
truncated lithium metal, and polydimethylsiloxane (PDMS) packing
(Fig. 7¢). A dimethyl sulfoxide doped PEDOT:PSS polymer substrate was
used as the stretchable current collector. The manufacturing process of
the stretchable lithium metal battery is shown in Fig. S12. For the final
cell, the components were laminated and pressed at 1 MPa. Fig. 7d
shows the charge-discharge curves of the Li/yolk—shell V,0s@PEO
stretchable cell at a rate of 0.1C and 40 °C with 20 % stretching. The
initial discharge curve of the cell presented three voltage plateaus at
3.26,3.06,and 2.21 V, and 1.67 Li* (245 mAh g’l) was inserted into the
cathode. The stretched-state cell exhibited a higher voltage difference
between the discharge and charge curves because of its increased
resistance to tensile stress. The appearance of the discharge curves was
almost identical during the five cycles. There were three oxidation
voltages located at approximately 2.54, 3.3, and 3.52 V corresponding to
the reduction voltages, suggesting good reversibility of the electro-
chemical reaction with useful contact between injected PEO polymer
electrolyte and primary VoOs particles in the stretching state [48].
Fig. 7e shows the cycling properties of Li/yolk-shell V,0s@PEO
stretchable cells at 0 % and 20 % stretching. The flatness-state cell (0 %
stretching) demonstrated stable cycling performance over 100 cycles
with 98.8 % capacity retention. However, the 20 % stretching cell
initially showed a first discharge capacity of up to 245.0 mAh g ! during
the first five cycles, but the discharge capacity rapidly decreased by the
60th cycle due to tensile stress. Additionally, the flatness-state cell (0 %
stretching) with excellent reversible capacity and a long lifespan is
shown in Fig. S13. The EIS results (Fig. S14) suggest that the bulk
electrolyte resistance and interfacial and charging transfer resistances
significantly increased after 100 cycles in the 20 % stretching state. The
initial adhesion strength of integrated electrode was excellent, but it
appeared to be loosened by continuous tension at 20 % stretching.
Nevertheless, the reversible discharge capacity was still high at 176.6
mAh g~ after 100 cycles with 70.6 % capacity retention, which shows
that the integrated electrode and zig-zag truncated lithium metal could
be a good electrode concept for stretchable lithium metal batteries.
However, optimization of the process and materials in the concept is
required for a stable long life in the stretching state. Fig. 7f shows the
performance of the stretchable Li/yolk-shell VoOs@PEO metal battery
in various stretching states. The discharge capacity was maintained at
245.2 and 233.7 mAh g~ ! at 20 % and 40 % stretching states even after
five cycles of bending, compared to 250 mAh g~ ! before stretching. The
capacities slightly decreased to 2 % and 7 % at 20 % and 40 % stretching,
respectively, but the capacity at 40 % stretching decreased to 225.1 mAh
g~! during the five cycles. Their capacities significantly recovered to
248.3 mAh g~ ! when the stretchable cell was back to 0 % stretching. The
capacity of the stretchable Li/yolk—shell V,05@PEO metal battery did
not decrease significantly even after stretching. Optical images of the
stretchable lithium metal battery connected to a red LED are shown in
Fig. S15. The stretchable lithium metal battery continuously powered
the LED after stretching 10 times to a 40 % stretching state. The excel-
lent electrochemical results of the stretchable Li/yolk-shell Vo,Os@PEO
metal battery are attributed to the large area of contact between the
primary V,Os particles and the polymer electrolyte, good point adhesion
in the integrated electrode, short movement path of ions, and unique
stretchable lithium metal electrode architecture.

4. Conclusion

Yolk-shell VoOs@PEO powders were successfully prepared by a
facile route combining spray pyrolysis, subsequent heat treatment, and
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stretchable Li/yolk-shell V,05@PEO metal battery in several stretching states.

vapor deposition. The yolk—shell VoOs@PEO integrated electrode film
was employed as the positive electrode with a PEO-based polymer
electrolyte in a stretchable lithium metal battery. The yolk-shell
V205@PEO powders comprised an unusual core-void-shell structure
with increased charge-discharge capacities and superior rate capabil-
ities than those of conventional V50s. The yolk-shell VoOs@PEO is in-
tegrated with a PEO-based polymer electrolyte in a thin film. The
stretchable lithium metal battery using a zig-zag truncated lithium metal
anode showed excellent electrochemical performance, such as a high
discharge capacity of 250 mAh g~! at 0.1C for 40 °C and high stretch-
ability with 93 % capacity retention in 40 % stretching state. The PEO-
filled voids formed by this distinctive structure facilitate the diffusion of
Li ions by reducing the diffusion length and enabling free electrolyte
penetration. The yolk-shell VoOs@PEO demonstrated robust adhesion,
and the integrated electrode exhibited good contact with flexibility in
the stretching state. The zig-zag truncated electrode design can enable
the application of metal electrodes in stretchable batteries, making this
specially designed stretchable battery suitable for diverse practical
applications.
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