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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A stretchable SRB-integrated energy 
device is fabricated. 

• A polymer–metal-island non-woven 
common substrate for the SRB is 
presented. 

• The stretchable integrated SRB could 
effectively offers an elastic response. 

• The PSE of the integrated SRB energy 
device was 13.3%. 

• The SRB device achieved an 89.34% 
capacity retention after 100 cycles.  
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A B S T R A C T   

Integrated energy devices consisting of solar cells and rechargeable batteries are in great demand in wearable 
electronics and low-energy-density applications in fields such as healthcare. However, developing energy- 
efficient stretchable energy systems is very difficult due to numerous technical limitations. Herein, a stretch
able solar module/rechargeable lithium-ion battery-integrated energy device using a zig-zag truncated electrode 
for energy storage, nano-sized electrode materials and a polymer–metal-island non-woven common substrate for 
the integration device is presented. This new stretchable device is portable, has a high operation potential (up to 
1.8 V), a long life, high self-charging efficiency, and a high rate-capability. Its self-power conversion/storage 
efficiency is unprecedented at 13.3%. Additionally, an 89.34% retention capacity can be obtained after 100 
cycles, and a surprisingly low-capacity decay of 5.7% in the 30% stretched state is observed. The device’s stable 
performance under various current density and stretching conditions paves the way for the development of 
highly stretchable integrated energy systems.  
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1. Introduction 

As the number and seriousness of environmental problems continue 
to increase due to the massive consumption of fossil fuels, the devel
opment of eco-friendly renewable energy has garnered much focus. 
Solar energy is an energy source that can replace fossil fuel energy to 
provide pollution-free and unlimited clean energy [1,2]. Most impor
tantly, light emitted from the sun can be converted into electrical energy 
by the formation of excitons. The electricity generated by a solar cell has 
improved efficiency from being linked to an energy storage system 
consisting of a rechargeable battery. A rechargeable battery capable of 
storing such electrical energy and directly converting chemical energy 
into reversible energy of electrical energy can be hybridized with a 
photocell [3,4]. However, each device has the disadvantage of highly 
complex components and excess packaging, weight, and costs. More
over, mobile electronic devices, such as cell-phones, sensors, and 
healthcare devices, always demand wired charging of rechargeable 
batteries that supply power. Therefore, it is important to develop an 
integrated solar cell-rechargeable battery (SRB) in one device to 
decrease packaging and improve weight, portability, and efficiency 
[5–12]. The integrated SRB provides convenience to users by elimi
nating the need for wired charging and makes it possible for the device 
to be used semi-permanently. 

In recent years, along with the increase in the use of wearable de
vices, much research and many technical developments in flexible and 
stretchable devices have progressed [13–16]. Flexible and stretchable 
electronic devices, which can be easily attached to the skin, have been in 
high demand mainly because of their enhanced biomonitoring uses. 
Thus far, several electronic circuits, light emitters, sensors, actuators, 
and power sources have been reported. For example, submicron-thick 
organic electrical circuits that can be directly attached onto human 
skin for ultra-comfortable monitoring have been tested. To develop 
stretchable devices, it is necessary to design a stretchable structure using 
a deformable material with excellent mechanical robustness and elec
trochemical properties, which may lead to the development of new 
smart textiles, robot skins, and stretchable electronic devices [17]. 
Accordingly, power supplies of wearable devices, including stretchable 
devices, have gained great attention. SRB converts electrical energy into 
chemical energy appropriate for a storage device and uses electrical 
energy when needed because it does not require a separate power supply 
and charges batteries by sunlight [18–23]. In addition, the hybridized 
equipment with added elasticity has a higher structural utilization than 
the conventional rigid SRB and is suitable for interfaces and can reduce 
transmission loss, thereby increasing energy density [24,25]. Until now, 
a stretchable SRB has not been reported in any other field, as it is very 
challenging to develop. 

In this study, a solar module was fabricated on a stretchable common 
substrate in the form of a metal foil island to give stretchability to the 
rigid solar module, and the electrode of the battery part was designed in 
a zig-zag truncated form for the stretchable SRB to ensure stretchability. 
In addition, non-woven PVdF-HFP film was prepared for the common 
substrate and was positioned between the solar cell and rechargeable 
battery and stretchable gel polymer electrolyte (GPE) [26]. It was 
bonded to the metal foil island, which is connected to the anode of the 
energy storage part and also the silicon-based photovoltaic module of 
the energy conversion part to allow movement during stretching. The 
photovoltaic module was assembled on the Cu metal foil island in the 
non-woven PVdF-HFP common film, which was bonded to the zig-zag 
truncated anode current collector of the battery. This allowed the col
lector to directly collect photo-generated electrons in the battery 
without wiring to reduce transmission loss and increase energy density. 
Moreover, the electrodes demonstrated high stability and conductivity 
in a deformed zig-zag structure. Based on this unique architecture, the 
self-power conversion/storage efficiency of the integrated device is 
13.3%, which is unprecedented value in this field. Additionally, the 
stretchable energy device using the stretchable zig-zag truncated 

Li4Ti5O12 anode and zig-zag truncated LiFePO4 cathode exhibited the 
remarkable retention capacity of 89.34% after 100 cycles. Furthermore, 
an impressive low-capacity decay of 5.7% was realized in the 30% 
stretched state. The mechanism for this unique stretchable SRB and the 
superior electrochemical properties of the photovoltaic module and 
stretchable rechargeable battery were investigated in detail. 

2. Experimental 

2.1. Materials 

An LiFePO4 (LFP) cathode material for the stretchable battery was 
prepared using a coprecipitation process. Fe-acetate[Fe-(COO)2], 
NH4H2PO4, and Li-acetate(Li–CH3COO) were added to tetraethylene 
glycol (TTEG) at a molar ratio of 1:1:1. The solution was heated slowly 
to 200 ◦C and then rapidly heated to 320 ◦C in 10-min intervals. The 
temperature of the mixed solution was kept at 320 ◦C for 16 h in a round 
bottom flask attached to a reflux condenser. To remove the TTEG and 
organic compounds, the solution produced above was washed several 
times with acetone, methanol, and ethanol. At this time, the generated 
particles were separated by filtration with a ceramic membrane funnel 
and dried in a vacuum oven at 150 ◦C for 24 h. 

Li4Ti5O12 (LTO), an anode material for the stretchable battery, was 
synthesized by a solid–solid complex reaction using fine Li2CO3 and 
TiO2 anatase as starting materials. The molar ratio of Li:Ti was 4:5. The 
powder was put into the machine and mixed according to the above 
ratio. The stirring speed was set to 3000 rpm, and the operating time was 
1 h. The powder was sintered after mixing at a temperature of 850 ◦C for 
10 h. After heat treatment, the LTO powder was agglomerated without 
strong bonding. The agglomerated LTO was crushed using a mortar and 
pestle. 

The cathode (anode) was fabricated by blending LFP and LTO with 
carbon black (TIMCAL) and polyvinylidene fluoride (PVdF) (Mw =
534,000, Sigma-Aldrich) at a weight ratio of 9:0.6:0.4, respectively. The 
LFP and LTO electrodes were made uniform by making structural 
changes in a zig-zag truncated form for stretchability with 9.0 mg cm− 2 

loading. 

2.2. Preparation of gel polymer electrolyte 

The PVdF-HFP-based gel polymer electrolyte was prepared using an 
electrospinning method to ensure stretchability. Briefly, 16 wt% of 
PVdF-HFP was dissolved in acetone and dimethylacetamide (DMAc) 
(7:3, v/v). The electrospinning parameters were as follows: the applied 
voltage was 18 kV, the distance between the tip of the needle and col
lector was 15 cm, the needle size was 0.31 mm, the solution feed rate 
was 2.0 mL h− 1, and the collector drum rotation speed was 200 rpm. To 
prepare the gel polymer electrolyte (GPE), the electrospun membrane 
was impregnated with 1.2 M LiPF6 in ethylene carbonate (EC): dimethyl 
carbonate (DMC) at a 1:1 vol%. 

The chemical composition of the prepared samples was character
ized by Fourier transform infrared (FT-IR) spectroscopy (IFS 66/S 
Bruker Optik GmbH, Germany). The X-ray photoelectron spectroscopes 
(XPS) of materials were obtained with an XP spectrometer (PHI 5500, 
Physical Electronics, Inc., ULVAC-PHI, USA/Japan). Al Kα irradiation 
(1485.6 eV) was used as the X-ray source at an anode voltage of 13.8 kV. 
The morphology and elemental mapping were examined by scanning 
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDS) (JSM-7610F, JEOL). 

2.3. Fabrication of stretchable photo-rechargeable battery 

For efficient photo-charging of the battery, monocrystalline silicon 
(Si)-based solar modules (40 mm × 32 mm, for 4 V, 60 mA, and 8 mm ×
4 mm, for 1 V, 5 mA) were prepared based on the YKSM models from the 
YOLK corporation. Photo-rechargeable batteries were fabricated in an 
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Ar-filled glove box. Fig. S1 presents fabrication process of integrated 
SRB. The electrospun PVDF-HFP polymer membrane as a common 
substrate was used to give the rigid solar modules elasticity. 

On the polydimethylsiloxane (PDMS) film, the LFP zig-zag truncated 
cathode, gel polymer electrolyte, LTO zig-zag truncated anode, 
stretchable non-woven polymer–metal-island composite common sub
strate, and Si solar module were assembled in this order. The Si solar 
module was attached onto the metal common island (Cu foil) in the 
middle of the PVdF-HFP common substrate using silver paste (CANS). 
Here, the positive terminal of the solar modules came out separately to 
be connected with one of the batteries. The prepared solar module/ 
metal-island common substrate was connected to the current collector 
of the negative electrode in back side. Welding was required to attach 
the Cu foil of the common substrate to the current collector (Cu foil) of 
the zig-zag LTO’s negative terminal to suppress possible contact resis
tance as much as possible. After that, the PVDF-HFP-based gel polymer 
electrolyte stacked on the LTO zig-zag truncated anode and the zig-zag 
LFP cathode was placed onto PVDF-HFP-based gel polymer electrolyte. 
Finally, the PDMS was covered the SRB and sealed with polyolefin 
elastomer (POE) by thermocompression binding. The top surface of the 
photo-rechargeable battery was protected by coating the PDMS layer to 
obtain a stretchable integrated system. 

2.4. Electrochemical characterization of solar modules and photo- 
rechargeable battery 

The photocurrent–voltage (I–V) curve of a solar module under illu
mination can be used to evaluate the power conversion efficiency (PCE) 
using the following equation: 

PCE
(

%
)

=
Pout

Pin
=

ISCVOCFF
Pin  

where Pin and Pout are the input and output power, respectively, for the 
solar module, FF is fill factor, and ISC and VOC are the short-circuit 
photocurrent and open-circuit voltage, respectively. 

Electrochemical characterization of the stretchable batteries and 
integrated solar module-rechargeable battery device was performed 
using an automatic galvanostatic charge–discharge unit and a 
WBCS3000 battery cycler. The stretchable LFP-LTO zig-zag full-cell was 
assembled using GPE as a separator and electrolyte. The area of LFP 
electrode was 10 cm2 and the mass loading was 9.0 mg cm− 2. Electro
chemical impedance spectra were obtained through electrochemical 
impedance spectroscopy (EIS, ZIVE SP1) over a frequency range of 1 
MHz–10 mHz at a potential of 10 mV. The stretchable LFP-LTO full-cells 
and SRB were operated with a working voltage range of 1.0–2.5 V at 
different current densities. 

3. Results and discussion 

A schematic diagram of the stretchable SRB assembled based on the 
zig-zag structure is shown in Fig. 1a. The common substrate between the 
photovoltaic module and rechargeable battery was prepared using an 
electrospinning process, as shown Fig. S2. The common substrate was 
formed with Cu foil as metal islands, and the solar module and 
rechargeable battery were assembled on opposite sides. The anode of the 
PV module directly comes into contact with and shares the lithium-ion 
battery (LIB) via the Cu foil, and the cathode is connected through a 
wired connection. Electrons/holes generated in the PV module are 
separated and flowed into the anode/cathode of the LIB, respectively. In 
the integrated SRB device, when the photocurrent flows through the 
circuit due to the energy conversion from the solar module, the gener
ated electrons pass through the common substrate and are stored in the 
anode of the battery. LFP is oxidized at the cathode with lithium-ion 
extraction during the charging process. Then, the LTO is reduced at 
the anode through the lithium-ion insertion process. The stored energy is 

released to an external load when lithium ions move back from the 
anode to the cathode via the discharging process of the battery part. 

In existing flexible batteries and SRBs, the deterioration in perfor
mance due to deformation is one of the problems with the system 
structure. However, if physical deformation is applied to a hard elec
trode, such as metal, the performance of the battery is greatly degraded 
because it cannot withstand the peeling and cracking of the electrode 
slurry material caused by the current collector. Since the metal current 
collector has a low elasticity, it is important to design a flexible electrode 
with stable electrical performance during deformation. Additionally, a 
stretchable battery manufactured in an integral form with a PV module 
has not been announced, and to solve this problem, we designed a zig- 
zag truncated electrode with high shape stability and electrospun 
PVdF-HFP as GPE, which has good porosity, good elasticity, and high 
ionic conductivity. They were used for SRB and integrated with a PV 
module to enable movement during stretching. 

Fig. 1b shows the overall circuit diagram with a light emitting diode 
(LED) load, and the red dotted line shows the equivalent circuit parts 
consisting of the PV module and rechargeable battery in the SRB in 
Fig. 1a. In addition, a rectifying diode was connected between the PV 
module and battery to prevent undesirable current flow from the battery 
to the PV module for protection in dark conditions. In a dark condition, 
the PV module does not generate electricity, and an LED can provide 
illumination by turning on a switch. This can be made via the dis
charging mode of the battery. When sufficient light is insolated, the 
photo-voltage of the PV module increases over the extent of (battery 
voltage + diode turn on voltage (~0.6 V)). Then, the solar charging 
mode can begin. 

Fig. 2a shows the I–V characteristics of a PV module with and 
without a rectifying diode that is connected to a stretchable common 
substrate for SRB. The PV module integrated on a stretchable substrate 
provides the PV performances of an ISC of 54.35 mA, a VOC of 5.18 V, an 
FF of 72.37%, and a PCE of 15.91%, which was designed to sufficiently 
charge our stretchable battery. Our silicon modules are connected in 
series to provide sufficient charging voltage for stretchable battery. The 
diode-connected PV module shows a photocurrent curve that can stably 
supply a current to charge the LTO/LFP LIB with a cut-off range of 
1.0–2.5 V. We adjusted the photocurrent output of our PV module by 
tuning the light insolation intensity to obtain the C-rate characteristic 

Fig. 1. The fabricated stretchable SRB device structure and its equivalent cir
cuit diagram. (a) The SRB schematic diagram and (b) an equivalent circuit for 
modeling the SRB device. 
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curve of the battery. Fig. S3 shows the I–V properties of the diode- 
connected Si solar module used to provide 0.1 (3 Wh m− 2) to 5C (150 
Wh m− 2) for the stretchable battery. As light insolation intensity de
creases in general Si-based solar cells, Isc decreases significantly [27]. 
The diode-connected PV module shows a photocurrent curve that can 
stably supply a current to obtain a value of 0.1–5 C in the C-rate char
acteristic curve of the stretchable LTO/LFP battery in the range of 
1.0–2.5 V. 

To control the efficient self-charging of SRB, the current and voltage 
of both the solar module and rechargeable battery have to be optimized. 
The charging curve of the energy storage part (rechargeable battery) 
overlaps the photocurrent–voltage curve of energy conversion part 
(solar module) to find the efficient operation region, as demonstrated in 
Fig. 2b. The green area is the efficient self-charging area range that can 
supply a stable current. The power is limited to a max of 135 mW cm− 2, 
and the charge potential of the battery is limited to 2.5 V. A charge 
potential higher than 2.5 V does not guarantee stable charging. To 
assemble an efficient SRB, cathode and anode materials were selected to 
appoint 2.5 V (cathode potential-anode potential, Li/Li+), and hence, 
LiFePO4 (charge potential 4.0 V; Li/Li+) as the cathode and Li4Ti5O12 
(potential 1.5 V; Li/Li+) as the anode were employed for the energy 
storage part of SRB. 

The crystallinity and morphology of the synthesized LFP and LTO 
nanoparticles were confirmed using XRD and SEM (Fig. S4). Figs. S4a–b 
shows the XRD patterns of the LFP and LTO samples. All patterns can be 
indexed as single-phase materials with orthorhombic olivine-type 
structures and spinel structures with approximately the Pnma and 
Fd3m space groups as listed in the x-ray diffraction data file (JCPDS card 
no. 40–1499 for LFP, and 49–0207 for LTO). In addition, no impurities 
were found in the LFP or LTO powder, indicating that there were no 
other peaks found in the main peaks of the LFP and LTO. There was no 
evidence of crystalline carbon, and no amorphous peaks existed, which 
indicates that pure LFP and LTO were obtained. From the XRD data, the 
lattice constants of LFP and LTO were calculated to be a = 10.45 Å, b =
6.11 Å, c = 4.74 Å, and V = 302.65 Å3 for LFP, and a = b = c = 8.36 Å 
and V = 584.28 Å3 for LTO, which are in good agreement with the lattice 
constants reported for phase-pure LFP and LTO [28–31]. FE-SEM was 
used to observe the particle surface morphology of the samples. The 
surface morphology of the LFP and LTO particles are shown in 
Figs. S4c–d. To check whether the synthesized nano particles were 
evenly dispersed and whether the sizes and shapes of the particles were 
similar, the images were observed with a magnification of 10000. LFP 
had various shapes according to particle aggregation, such as nanorods, 
spherical particles, and nanoplates, and the sizes of the particles were 
observed with a particle size distribution of 200–300 nm. LTO particles 
had a characteristic angular shape, and the average size of the particles 

was observed to be 250 nm. It was confirmed that relatively uniform 
particles were evenly distributed in both LTO and LFP, and each particle 
was slightly agglomerated. The uniform and submicron-sized electrode 
particles are beneficial for improving the lithium-ion diffusion in the 
electrode and obtaining a high rate-capability [32,33]. The rate-capacity 
(or quick charging) of the energy storage part is an important factor that 
needs to be considered to achieve high self-power conversion/storage 
efficiency (PSE), because the battery part is fabricated as mono-layer 
electrodes to allow stretchability via the zig-zag truncated form. The 
solar module supplies a high photocurrent to the stretchable mono-layer 
electrode lithium-ion battery for charging of the integrated SRB. 

Due to its high energy density, excellent stability, and long cycling 
characteristics, LFP is known as a highly stable cathode material for 
high-energy LIBs. LTO materials, which are very safe and have excellent 
rate stabilities, have also been considered as an LIB anode material. The 
electrochemical performance of the Li/LFP and Li/LTO half-cells with 
zig-zag truncated electrodes are shown in Fig. 3. Fig. 3a shows the 
charge-discharge profiles for stretchable Li/LFP half-cell and shows 
excellent flat voltage bands at various C-rates. Moreover, the stretchable 
Li/LTO cell (Fig. 3b) displays the charge-discharge curve as character
ized by a flat and extended voltage plateau at around 1.6 V. The superior 
stretchable LTO cell possess excellent electrochemical properties with a 
good cycle stability and highly specific capacities of 158.2 mAh g− 1(at 
0.1C, 0.153 mA cm− 2). The discharge capacities of the stretchable LFP 
cell were 145.4, 139.2, 133.6, 126.1, 102.5 at 0.1C, 0.5C, 1.0C, 2.0C, 
and 5.0C, respectively, as shown in Fig. 3c. In Fig. 3d, the stretchable 
LTO cell is shown to have maintained the increasing rate-capability. The 
discharge capacity of the LTO cell was 157.8 mAh g− 1 for the first cycle 
at 0.1C, which faded progressively with the increasing rate before sta
bilizing to about 155.2 mAh g− 1 at 0.5C, 153.7 mAh g− 1 at 1.0C, 149.7 
mAh g− 1 at 2.0C and 137.5mAh g− 1 at 5.0C. When the current was 
reversed back to 0.1C for the LFP and LTO cells, the capacity immedi
ately recovered its original value (142.6 mAh g− 1 for LFP and 156.1 
mAh g− 1 for LTO at 0.1C), demonstrating good reversibility even with 
high-rate cycling. The potential difference (ΔV) between the average 
charge and discharge potentials of LFP and LTO, which correspond to 
the mid-points of the curves, increased with current density. The ΔV 
increased from 0.06 V for 0.1C to 0.63 V at 5C for LFP cells and from 
0.015 V for 0.1C to 0.142 V at 5C for LTO cells. The discharge capacity 
dropped, and ΔV increased with the increased C-rate because of the 
limitation in the speed of lithium-ion diffusion at a high current density 
[34–37]. From the rate capability of each stretchable cell, we can 
speculate that the LTO material has a higher lithium-ion diffusion speed 
than LFP. As shown in Fig. 3e, after several cycles, the capacity of the 
Li/LFP cell decreases slowly to around 127.2 mAh g− 1. However, the cell 
exhibited a coulombic efficiency >99% and a fine cycling performance 

Fig. 2. The stretchable solar module performance and stretchable SRB device operation region (a) I–V properties of the Si solar module for SRB with a rectifier diode 
under 100 mWcm− 2. (b) overlapping I–V curves for the effective self-charging of an integrated energy device. 
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of just 500 cycles. Fig. 3f shows the cyclic performance and coulombic 
efficiency of the stretchable Li/LTO cell; specifically, a capacity of over 
128 mAh g− 1 can be achieved for 500 cycles. The columbic efficiency of 
the LTO cell for after first cycle was up to 99%, and that for the following 
cycles increased gradually. A stable coulombic efficiency of ~99.7% 
could be obtained after 100 cycles. After 500 cycles, the discharge ca
pacity of the LTO cell was 128.7 mAh g− 1. Of all the cell profiles, the 
calculated capacity fade per cycle based on the initial discharge capacity 
of the cells and the following 500 charge-discharge cycles was very low 

(0.029% for LFP and 0.034% for LTO). 
To prepare a stretchable full-LIB, an anode made of a zig-zag trun

cated LTO electrode was combined with a zig-zag truncated LFP elec
trode. The schematic structure of the stretchable full-cell using the zig- 
zag truncated electrodes is shown in Fig. S5. The charge-discharge 
curves of the stretchable LTO/GPE/LFP full-cell at 0.1C are shown in 
Fig. 4a. The process provided a first-charge capacity of 150.2 mAh g− 1 

and a subsequent discharge capacity of 147.0 mAh g− 1, resulting in an 
irreversible capacity loss of 2.1%. The discharge capacity reached 86.5% 

Fig. 3. Electrochemical characterization of stretchable LFP and LTO cells. (a–b) Charge-discharge curves, (c–d) short-cycle rate performance, (e–f) long cycle 
performance of zig-zag truncated LFP and LTO cells. 
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of the theoretical capacity of the LiFePO4 material. In addition, in the 
second and fifth cycles, the discharge capacities were 145.4 mAh g− 1 

and 143.1 mAh g− 1, respectively. Their corresponding charge capacities 
were 147.9 mAh g− 1 and 144.7 mAh g− 1, respectively. Moreover, the 
coulombic efficiencies in the second and fifth cycles were ~99%. The 
increased coulombic efficiency with cycling is due to interfacial in
stabilities and improved penetration of lithium ions. The high capacity 
and high coulombic efficiency are due to the outstanding ability of the 
stretchable zig-zag truncated electrodes and the stretchable gel polymer 
electrolyte, which can rapidly transfer electrons and ions. Optical im
ages of the stretchable gel polymer electrolyte and stretchable LTO/ 
GPE/LFP full-cell connected to a red LED are shown in Fig. S6. Fig. 4b 
shows the results of the EIS of the stretchable LTO/GPE/LFP full-cell and 
an equivalent circuit diagram with a scanning frequency range of 1 
mHz–1 MHz. The high-frequency region of the semicircle represents the 
charge transfer impedance, and the low-frequency region of the inclined 
line is due to the Warburg impedance representing the diffusion of 
lithium ions. The charge transfer resistance increases up to 10 cycles, but 
with stabilization, the resistance decreases from 20 cycles. That mean 
the zig-zag truncated electrodes provide stable electrochemical reaction 
with gel polymer electrolyte. 

The structure diagram of the fabricated self-charging stretchable 
integrated SRB is shown in Fig. S7. Fig. 5a exhibits the schematics of the 
stretchable integrated SRB in released and stretched states (0–30%). 
When the existing metal current collector in the electrode is used, 
deformation is insufficient during tensioning, resulting in cracks in the 
active electrode layer. However, it can be stretched without cracking 
with the designed zig-zag truncated electrode and the elasticity of the 
PDMS. In addition, the PV module is attached to the stretchable poly
mer–metal-island common substrate and is not restricted by movements 
during deformation. Photographs of the integrated SRB confirm the 
operation and stretchability. Fig. 5b proves the generated current for 
charging the SRB device using a light source for solar module energy 
conversion. The stretchable SRB device connected to a LED is shown in 
Fig. 5c–d at the released and stretched states, respectively. The inte
grated SRB continuously powered the LED at 30% stretching, and there 
was no obvious change in the inner-outer shape in the stretched state. To 
investigate the electrochemical properties of the integrated SRB, a 60 
Wh m− 2 light source was supplied to the solar module, and the 
rechargeable battery was charged with a self-current storage through a 
metal-island on a stretchable common substrate (Fig. 5e). After self- 
charging, the SRB was discharged with various current densities (from 
0.1 to 5.0C), and the C-rate was gradually increased from 0.1 to 5.0C. 
The discharge capacities of the integrated SRB were 145.9, 127.6, 123.8, 
113.5 and 88.8 mAh g− 1 at 0.1, 0.5, 1.0, 2.0, and 5.0 C-rates, respec
tively. The PSE, a critical property of an integrated energy device, can be 
calculated using the following equation: 

PSE(%)=
Pdischarge

Pinsolation
× 100% 

Here, Pinsolation is the energy (Wh m− 2) of the light source, and Pdi

scharge is the discharge energy of the battery part; 60 Wh m− 2 energy was 
provided to the solar module, and the integrated rechargeable battery 
gave 8 Wh m− 2 in a discharge state of 0.1C. The unprecedented PSE was 
obtained as 13.3%, which is the better than the reported rigid integrated 
energy device without stretchability [20,21,38,39]. The rate-capability 
of the integrated device was estimated in 5 cycles at each step of 
various current densities (Fig. 5f). The stretchable integrated SRB device 
allows stable cycling at each current density. Thereafter, the capacity 
when returned to 0.1C from 5.0C was 140.6 mAh g− 1, which showed 
high reversibility at a high current density. As shown in Fig. 5g, the 
integrated SRB device initially showed a reversible discharge capacity of 
127.64 mAh g− 1 at a 0.5 C-rate discharge, and after 100 cycles, with a 
reversible discharge capacity of 114.03 mAh g− 1, an excellent capacity 
retention rate of 89.34% was achieved. The high PSE efficiency is 
maintained during all cycles and achieved 90% at 100 cycles. The in
tegrated SRB device achieved stable electrochemical performance of up 
to 30% of the stretched state at 137.6 mAh g− 1 at 0.1C, but the capacity 
rapidly decreased to 121.8 mAh g− 1 at 40% stretching (Fig. S8a). It is 
speculated due to high contact resistance within the electrode at 40% 
stretching. The high capacity degradation at 40% stretching When the 
device returned to 0% stretching, the capacity almost recovered fully, at 
145.5 mAh g− 1. Therefore, the stretchable integrated SRB device can be 
operated at up to 30% stretching with a high PSE. The integrated SRB 
possesses a high discharge capacity (137.1 mAh g− 1) and capacity 
retention (96%) in repeated stretching-release to 100 times, as shown 
Fig. S8b. Fig. S9 shows that the stretchable integrated SRB devices work 
well in stretched states (0–30%) without self-discharge during 160 h 
(Fig. S10). The excellent electrochemical properties of the stretchable 
integrated energy device attribute to I–V control and low resistance 
integration design. The developed stretchable integrated SRB is a novel 
technology and opens a new horizon for stretchable electronic devices 
and integrated energy devices. 

4. Conclusion 

To the best of our knowledge, this is the first time a stretchable in
tegrated SRB energy device with discharge potentials reaching up to 1.8 
V and with a high efficiency has been reported. Many new scientific 
technologies, such as zig-zag truncated electrodes for stretchable energy 
storage part, a polymer–metal-island stretchable common substrate for 
integrated systems, selected nano-size electrode materials synthesis, and 
the control of I–V curves for effective self-charging, have been intro
duced to develop pioneering energy devices. The stretchable integrated 
SRB could effectively offers an elastic response to large strain 

Fig. 4. Electrochemical characterization of stretchable full-cell. (a) Charge-discharge profile and (b) electrochemical interfacial spectra of the stretchable LTO/GPE/ 
LFP full-cell. 
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deformations of 30% while maintaining good electrochemical perfor
mance. The discharge capacities of the integrated SRB were 145.9, 
127.6, 123.8, 113.5, and 88.8 mAh g− 1 at 0.1, 0.5, 1.0, 2.0 and 5.0 C- 
rates, respectively. The PSE of the integrated SRB energy device was 
13.3%, which is the better than any reported integrated energy devices. 
The SRB device achieved an 89.34% capacity retention that could be 
sustained after 100 cycles. Additionally, a low-capacity decay of 5.7% in 
the stretchable integrated device using the zig-zag truncated electrodes 
at a 30% stretched state was observed. The current stretchable inte
grated energy device represents an important potential to boost the 
development and application of stretchable electronics that can be 
directly worn on the body or be applied to medical devices with semi- 
permanent use. 
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