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Abstract
Solid-state lithium (Li)-sulfur (S) batteries are promising secondary batteries because of their high energy density 
and high safety, but their practical application is severely hindered by poor Li-ions (Li+) transport in batteries due to 
low ionic conduction of the electrolyte and unstable electrode/electrolyte interface. Here, we address the issue by 
using a polyurethane (PU)-based electrolyte. The polar urethane/urea groups of PU reduce the hopping energy 
barrier of Li+, which results in high ionic conductivity of 1.8 × 10-4 S cm-1 (25 °C), high ion transference number of 
0.54, and low activation energy of 0.39 eV. In addition, the polar urethane/urea groups endow the electrolyte with 
high adhesion, which allows the electrode/electrolyte interfaces to self-heal timely after being damaged during 
cyc l ing .  Benef i t ing  f rom these  mer i ts ,  a  symmetr ic  L i | |L i  ce l l  us ing  the  po lyo le f in-PU-
bis(trifluoromethane)sulfonimide lithium salt electrolyte can cycle for approximately 800 h with a stable 
overpotential (approximately 40 mV), and a solid-state Li-S battery using the electrolyte delivers a specific 
capacity of approximately 610 mAh g-1 after testing for 125 cycles at a S loading of about 4 mg cm-2. Self-healing of 
the electrode/electrolyte interfaces during cycling was observed in situ by a laser confocal microscope. This study 
demonstrates the importance of polar groups in electrolytes in maintaining a fast and stable Li+ transport, which 
can be applied to other solid-state batteries.

Keywords: Solid-state Li-S battery, urethane/urea groups, low energy barrier, self-healing electrode/electrolyte 
interface, in-situ observation
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INTRODUCTION
Solid-state lithium (Li)-sulfur (S) batteries are considered to be the most promising secondary batteries 
because of their high energy density (2,550 Wh kg-1) and high safety[1-8]. However, solid-state Li-S batteries 
often suffer from poor Li-ions (Li+) transport in batteries due to low ionic conduction of the electrolyte and 
unstable electrode/electrolyte interface during the charge/discharge processes [Figure 1A][9-15]

. The poor Li+ 
transport severely hinders the practical application of solid-state Li-S batteries[16-20].

Recently, many groups have designed electrolytes with high ionic conductivity and high mechanical 
strength to improve the ionic conduction of electrolytes and the stability of the electrode/electrolyte 
interface[1-8]. These electrolytes include ceramic electrolytes and solid polymer electrolytes (SPE). Although 
ceramic electrolytes generally exhibit high ionic conductivity and high strength, they often show poor 
contact with electrodes, which affects the Li+ transport in the electrode/electrolyte interface[1,6]. In contrast, 
flexible polymer electrolytes can well contact with electrodes, but they exhibit relatively low room-
temperature ionic conductivity and low mechanical strength[9-12]. A common method to improve the ionic 
conductivity of polymer electrolytes is to introduce plasticizers (such as Pyr13FSI, hydroxypropyl 
trimethylammonium bis (trifluoromethane) sulfonimide chitosan salt (HACC-TFSI), etc.) or nanofillers 
(such as Ai2O3, TiO2-TiN, Li7La3Zr2O12, etc.)[11,13-17]. The plasticizers and nanofillers reduce the crystallinity of 
the polymer electrolytes, thus resulting in high ionic conductivity[14-17]. An alternative way to realize high 
ionic conductivity is to prepare polymer-in-salt electrolytes (the content of lithium salt exceeding 50 wt%)
[8-20]. For polymer-in-salt electrolytes, Li+ can transport in their amorphous polymer regions through the 
movement of polymer segments and through the ionic channels constructed by aggregated cation/anion 
clusters[18].

SPE usually composite inorganic materials to improve their mechanical strength[6,21,22]. The composite 
p o l y m e r  e l e c t r o l y t e s  ( s u c h  a s  p o l y e t h y l e n e  o x i d e  (PEO)/Li1.3A l 0 . 3 T i 1 . 7 ( P O 4)3 /
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), PEO/Li7La2.75Ca0.25Zr1.75Nb0.25O12/LiTFSI, PEO/
polyvinylidene difluoride (PVDF)/boron-nitride/LiTFSI, etc.) combine good flexibility of the polymer 
components and high strength of the inorganic components. The high strength can inhibit the growth of 
lithium dendrites, resulting in a stable electrode/electrolyte interface. The above studies solved the Li+ 
transport problems of solid-state Li-S batteries to a certain extent, but it is still difficult for solid-state 
batteries to maintain fast and stable Li+ transport during long-term cycles.

Herein, we demonstrate that fast and stable Li+ transport can be achieved using a polyurethane (PU)-based 
electrolyte (polyolefin (PO)-PU-LiTFSI) with high ionic conduction and high adhesion. The polar urethane/
urea groups of the electrolyte reduce the hopping energy barrier of Li+, which contribute to high ionic 
conductivity (1.8 × 10-4 S cm-1), high ion transference number (0.54), and low activation energy (0.39 eV), 
thereby achieving fast Li+ transport. At the same time, the polar urethane/urea groups of PU endow the 
electrolyte with high adhesion, ensuring tight interfacial contact and self-healing electrode/electrolyte 
interface [Figure 1B], leading to stable Li+ transport. Benefiting from the fast and stable Li+ transport, a 
symmetric Li||Li cell using the PO-PU-LiTFSI electrolyte exhibits excellent cycling stability up to 800 h and 
a low overpotential of approximately 40 mV. A solid-state Li-S battery using the electrolyte displays a 
specific capacity of approximately 610 mAh g-1 even after testing for 125 cycles (S loading = 4 mg cm-2). The 
robust electrode/electrolyte interface during cycling was observed in situ using a laser confocal microscope. 
Our study demonstrates the importance of polar groups in electrolytes in maintaining fast and stable Li+ 
transport. This concept can also be used to solve similar problems of other solid-state batteries.
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Figure 1. Schematic illustrations of solid-state Li-S batteries using (A) traditional solid polymer electrolyte (SPE) and (B) the PO-PU-
LiTFSI electrolyte, (C) fabrication of the PO-PU-LiTFSI electrolyte and sulfur cathode. SEM images from (D) cross-sectional and (E) top 
view of the PO-PU-LiTFSI electrolyte, the inset is an optical image of the electrolyte. (F) FTIR spectrum of the PO-PU-LiTFSI electrolyte.

RESULTS AND DISCUSSION
The synthesis of the PO-PU-LiTFSI electrolyte is given in Figure 1C. First, polyethylene glycol (PEG) and 
isocyanate were dissolved in acetonitrile. After stirring at 60 °C for several hours, LiTFSI was added to the 
above solution, and the resulting mixture was coated on the PO membrane. The obtained membrane was 
heated in an oven at 60 °C to remove the acetonitrile. After removing the solvent, the PO-PU-LiTFSI 
electrolyte was obtained. The obtained electrolyte has a uniform thickness (about 19 μm) and a smooth 
surface [Figure 1D and E].

To identify the composition of the PO-PU-LITFSI electrolyte, Fourier transform infrared (FTIR) spectra 
and thermogravimetric analysis (TGA) curves were recorded. As shown in Figure 1F, the existence of -N-H 
bonds (3,560 cm-1), C-N- bonds (1,348 cm-1), and C=O bonds (1,641 cm-1) indicates the existence of 
urethane/urea groups formed by polyaddition. No peak of isocyanate (-NCO) stretching band is found at 
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approximately 2,300 cm-1, which indicates that isocyanate has been completely consumed by the 
polyaddition reaction. The existence of C-SO2-N bonds (1,195 cm-1) and C-S bonds (1,061 cm-1) is 
associated with LiTFSI. The existence of the -CH2- component (2,918 cm-1) and C-O-C bonds (1,135 cm-1) is 
assigned to PU segments. We also recorded FTIR spectra of the PO membrane and PU-LITFSI (PO-PU-
LITFSI electrolyte without PO membrane). After adding the PO skeleton to PU-LiTFSI, the peak positions 
of PU-LiTFSI did not shift and no additional peaks were observed, indicating that the PO skeleton does not 
react with other components and exists stably in the PO-PU-LiTFSI electrolyte [Supplementary Figure 1]. 
Furthermore, TGA reveals that the PO and PU contents were 5 wt% and 15 wt%, respectively 
[Supplementary Figure 2][23].

The PO-PU-LiTFSI electrolyte shows high mechanical strength. As shown in Figure 2 A and 
Supplementary Figure 3, the puncture resistance of the PO-PU-LiTFSI electrolyte is as high as 4.6 N, and its 
tensile strength is 145.1 MPa. The tensile strength of the PO-PU-LiTFSI electrolyte is one of the best 
performances among reported SPE [Supplementary Table 1]. The high strength of the electrolyte is related 
to the high strength of the PO membrane. The puncture resistance and tensile strength of the PO-PU-
LiTFSI electrolyte are about 10% higher than those of the PO membrane, which indicates that PU-LiTFSI 
modification can improve the strength of the PO skeleton.

The PO-PU-LiTFSI electrolyte exhibits high adhesion. The adhesive force between the PO-PU-LiTFSI 
electrolyte and S cathode is 4.15 N, and the value between the electrolyte and Li anode is 2.36 N [Figure 2B 
and Supplementary Figure 4A]. The high adhesion is related to high mobility of PU segments and the 
strong interactions (such as H-bonding) between urethane/urea groups and other polar groups[24]. The high 
mobility of PU segments was reflected by the differential scanning calorimetry (DSC) curves and X-ray 
diffraction (XRD) patterns. As shown in the DSC curves [Figure 2C], the peak at approximately -35 °C 
corresponds to the glass transition temperature (Tg) of the amorphous PU segments and the peak at 
approximately 45 °C corresponds to the melting point (Tm) of the crystalline PU segments[23]. The DSC 
curve of the PU-LiTFSI (LiTFSI: 80 wt%) shows no obvious peak at approximately 45 °C, indicating that the 
PU segments in the electrolyte are amorphous. Meanwhile, no sharp diffraction peaks are detected at the 
XRD pattern [Supplementary Figure 5], which also indicates the low crystallinity of PU segments.

The high mobility of PU segments is associated with the plasticizing effect of dissociated LiTFSI in the PO-
PU-LiTFSI electrolyte [Figure 3A]. The plasticizing effect enhances with increasing LiTFSI content 
[Supplementary Figure 4B]. In contrast, LiTFSI in the PO-PEO-LiTFSI electrolyte cannot be dissociated at a 
high content. Therefore, the PEO segments in the PO-PEO-LiTFSI electrolyte exhibit poor mobility, 
resulting in poor contact with electrode [Figure 2B and C, Supplementary Figures 4A and 6]. The high 
LiTFSI dissociation in the PO-PU-LiTFSI electrolyte is related to a strong interaction between 
urethane/urea groups and TFSI-. Density functional theory (DFT) calculations indicate that the binding 
energies (Eads) between the urethane/urea group and TFSI- are 0.76 eV, respectively, which is higher than the 
values between ether oxygen of PEO and TFSI- [Figure 3B]. The high binding energy can promote the 
dissociation of LiTFSI[25,26]. The interaction between urethane/urea groups and TFSI- was also reflected by 
the FTIR spectra of PU and PU-LiTFSI [Supplementary Figure 6]. After adding LiTFSI to PU, the N-H peak 
of PU shifted from 3,543 to 3,560 cm-1, while the C-N peak shifted from 1,360 to 1,348 cm-1. In addition, the 
C-O-C peak shifted from 1,107 to 1,135 cm-1. These peak shifts indicated the interaction between urethane/
urea groups and TFSI-.

The PO-PU-LiTFSI electrolyte exhibits high ionic conduction. The room-temperature ionic conductivity 
(σ = 1.8 × 10-4 S cm-1), Li+ t rans ference  number  ( t +  =  0 .54)  and Li+ d i f fus ion coef f ic ient  
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Figure 2. (A) Puncture resistance-strain curves of the electrolytes. (B) Measurements of the adhesive force between different 
electrolytes and sulfur cathodes. (C) DSC curves of the PEO-LiTFSI and PU-LiTFSI with different LiTFSI content. (D) Arrhenius plot of 
the PO-PU-LiTFSI electrolyte and PO-PEO-LiTFSI electrolyte at an increased temperature from 30 to 100 oC. (E) Chronoamperometry 
curve for a Li||Li symmetric cell using the PO-PU-LiTFSI electrolyte; the inset is impedance spectra before and after the polarization. (F) 
LSV (from the open circuit potential to 5.0 V) profile of the PO-PU-LiTFSI electrolyte at a scanning rate of 0.1 mV s-1.

Figure 3. (A) Molecular mechanism of the high adhesion of the PO-PU-LiTFSI electrolyte and the multiple Li+ transport pathways in the 
PO-PU-LiTFSI electrolyte. (B) DFT calculation results of the adsorption binding energy between (1) TFSI- and PU, (2) TFSI- and PEO.

(DLi
+ = 9.27 × 10-10 cm2 s-1) of the PO-PU-LiTFSI electrolyte are higher than those of the PEO-based 

electrolyte (σ = ~5 × 10-5 S cm-1, t+ = ~0.2) [Figure 2D and E, Supplementary Figure 7][27-29]
.

The activation energy (Ea) based on the Arrhenius plots for the PO-PU-LiTFSI electrolyte is 0.39 eV, which 
is lower than those of the PEO-based electrolyte (Ea = 0.51 eV). High ionic conductivity, high Li+ 
transference number, high Li+ diffusion coefficient, and low activation energy are associated with polar 
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Figure 4. (A) Schematic illustrations of the Li+ transport pathways in the PO-PU-LiTFSI electrolyte and PO-PEO-LiTFSI electrolyte. DFT 
calculation results of the adsorption binding energy between (B) Li+ and PU polymer, (C) Li+ and PEO polymer. (D) Energy diagrams of 
Li+ transport in the PO-PU-LiTFSI electrolyte and PO-PEO-LiTFSI electrolyte.

urethane/urea groups in the PO-PU-LiTFSI electrolyte. When Li+ moves in the PO-PU-LiTFSI electrolyte, it 
can dissociate from one bonded oxygen/nitrogen atom while still coordinating with the others [Figure 4A]. 
Step-by-step dissociation/complexation leads to low adsorption binding energy. It is calculated that the 
adsorption binding energy of different positions during Li+ migration is less than those in PEO chains 
[Figure 4B and C]. Low adsorption binding energy contributes to low Li+ transport resistance. It is 
calculated that when Li+ is transferred between PEO chains, the required energy barrier is as high as 
0.524 eV, while the energy barriers are 0.163 and 0.421 eV for the transfer between PU chains [Figure 4D].
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In addition, there are multiple Li+ transport pathways in the PO-PU-LiTFSI electrolyte [Figure 3A]. In the 
case of a high degree of LiTFSI dissociation and high LiTFSI content, Li+ can transport not only through the 
movement of the PU segments in the amorphous regions but also through the ionic channels constructed 
by aggregated cation/anion clusters[18-20]. Meanwhile, the migration of TFSI- is limited by the aggregated ion 
clusters and the interaction between the urethane/urea group with TFSI-. The dissociated lithium salts also 
act as plasticizers to increase the amorphous regions of the polymer electrolyte [Figure 2C and 
Supplementary Figure 5]. Therefore, the PO-PU-LiTFSI electrolyte exhibits high ionic conduction.

The PO-PU-LiTFSI electrolyte shows high electrochemical stability. The electrochemical stability window of 
the PO-PU-LiTFSI electrolyte is 4.57 V, which is higher than that of PEO-based SPE (about 4 V) 
[Figure 2F][30]

.

It is believed that the low electrochemical stability of PEO-based electrolytes is due to the high reactivity of 
their terminal hydroxyl groups[30]

. In this study, the terminal hydroxyl groups of PEG were consumed by 
polyaddition reaction, so the PO-PU-LiTFSI electrolyte exhibits high electrochemical stability.

To further evaluate electrochemical performance of the PO-PU-LiTFSI electrolyte, symmetric Li||Li cells 
and solid-state Li-S batteries were assembled. As shown in [Supplementary Figure 8] the Li||Li cell using the 
PO-PU-LiTFSI electrolyte can cycle for about 800 h with a stable overpotential (about 40 mV). The results 
show that the electrode/electrolyte interfaces of the battery are stable, and the PO-PU-LiTFSI electrolyte 
exhibits high stability during cycling. At a high S loading of approximately 4 mg cm-1, the solid-state Li-S 
battery using the PO-PU-LiTFSI electrolyte delivers a specific capacity of ~610 mAh g-1 after testing for 125 
cycles, which is one of the best performances among related solid-state Li-S batteries [Figure 5A and 
Supplementary Table 1]. The solid-state Li-S battery using the electrolyte also exhibits a good rate capability 
[Figure 5B]. At a S loading of approximately 3 mg cm-1, the solid-state Li-S battery delivers specific capacity 
values of 1,297, 994, and 822 mAh g-1 at rates of 0.05 C, 0.1 C, and 0.2 C, respectively. The cycling 
performance and rate capability of the solid-state battery deteriorate when the LiTFSI content in the 
electrolyte decreases, which is due to the poor contact between the electrolyte and the electrodes [Figure 5B 
and Supplementary Figure 9].

The solid-state Li-S batteries exhibit low interfacial impedance and stable electrode/electrolyte interfaces 
during cycling. Figure 5C records the voltage profiles of the batteries using PO-PU-LiTFSI electrolytes with 
different LiTFSI contents. The discharge curve of solid-state batteries displays two plateaus at 2.3 and 2.1 V, 
corresponding to two stages of lithiation of S8, showing a similar discharge curve to liquid Li-S batteries. The 
discharge plateau at around 2.3 V is associated with the ring opening of crown S8 and conversion into long-
chain polysulfides (Li2Sn; 3 ≤ n ≤ 8). The second plateau, corresponding to about 2.1 V, is attributed to the 
further conversion of long-chain Li2Sn to Li2S. The battery using the electrolyte with 80 wt% LiTFSI content 
exhibits small polarization and more stable voltage profiles during cycling, indicating low interfacial 
impedance and excellent electrode/electrolyte interface stability. On the contrary, the battery using low-
LiTFSI-content (20 wt%) electrolyte exhibits severe polarization and unstable voltage profiles, showing high 
interfacial impedance and unstable electrode/electrolyte interfaces.

Differences in interfacial impedance were also reflected by Nyquist plots of solid-state Li-S batteries. The 
solid-state battery using a high-LiTFSI-content electrolyte exhibits nearly coincident Nyquist plots at 
different cycles [Figure 5D]. The electrochemical impedance spectroscopy (EIS) fitting result shows small 
changes in ohmic resistance (Ro), interfacial charge transfer resistance (Rct), and SEI layer resistance (RSEI) 
during cycling [Supplementary Table 2]. The battery using a high-LiTFSI-content electrolyte shows a Rct of 
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Figure 5. (A) Cycling performance, (B) rate capability, (C) charge/discharge curves, (D and E) Nyquist plots of solid-state Li-S batteries 
using the PO-PU-LiTFSI electrolytes with different LiTFSI contents.

approximately 6 Ω during cycling, exhibiting low interfacial impedance. In contrast, the battery using low-
LiTFSI-content electrolyte exhibits unstable Rct ranging from 14 to 46 Ω [Figure 5E, Supplementary Table 2].

The stable electrode/electrolyte interfaces were confirmed by SEM observation. The PO-PU-LiTFSI 
electrolyte (LiTFSI: 80 wt%) exhibits a uniform thickness, and no obvious cracks are observed at the 
electrode/electrolyte interfaces after 50th cycles [Figure 6A]. The surface of the Li anode after cycling is 
smooth without pores and lithium dendrites [Figure 6C]. On the contrary, there are obvious cracks between 
the Li anode and the low-LiTFSI-content electrolyte [Figure 6B]. The low-LiTFSI-content electrolyte is 
detached from the S cathode. The surface of the Li anode after cycling is covered with pores and dead 
Li [Figure 6D]. The stable electrode/electrolyte interfaces of the battery using high-LiTFSI-content 
electrolytes were also confirmed by in-situ observation through a laser confocal microscope [Figure 6E]. 
The shape of the electrodes changed after different charge/discharge cycles, but the electrolyte still had tight 
contact with the electrodes without cracks. Even if we peeled the S cathode from the electrolyte surface, the 
broken electrode/electrolyte interface timely recovers after a brief contact, showing the self-healing ability of 
the electrode/electrolyte interfaces [Figure 6F].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202307/5749-SupplementaryMaterials.pdf
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Figure 6. Cross-sectional SEM images of the solid-state Li-S batteries using the PO-PU-LiTFSI electrolytes with (A) 80 wt% and 
(B) 20 wt% LiTFSI content after plating/stripping for 50 cycles. SEM images of the Li anodes from the batteries using the PO-PU-LiTFSI 
electrolytes with (C) 80 wt% and (D) 20 wt% LiTFSI content after plating/stripping for 50 cycles. (E) In-situ optical microscopy images 
of the electrode/electrolyte interfaces of the solid-state Li-S battery after different cycles. (F) Optical microscopy images show the self-
healing of the electrode/electrolyte interface. (G) Mechanism illustration of the robust interface using the PO-PU-LiTFSI electrolyte.
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The excellent performance of the solid-state Li-S battery can be explained by the following factors: (1) High 
room-temperature ionic conductivity, high Li+ transference number, high Li+ diffusion coefficient, and low 
activation energy reduce battery internal resistance and polarization, thereby achieving fast Li+ transport. 
Fast Li+ transport is critical for the excellent electrochemical performance of Li-S batteries. (2) The high 
adhesion allows the electrode and electrolyte to maintain tight contact and even enables the broken 
electrode/electrolyte interface to self-heal during cycling, leading to stable Li+ transport [Figure 6G]. (3) The 
high mechanical strength of the PO-PU-LiTFSI electrolyte inhibits the growth of lithium dendrites and 
prevents damage to the electrode/electrolyte interfaces [Figure 1B]. (4) For Li-S batteries, the shuttle of 
polysulfides between the Li anodes and S cathodes results in irreversible loss of active materials and 
capacity. The PO-PU-LiTFSI can prevent polysulfides from reaching the Li anode, reducing capacity loss. 
This effect was confirmed by DFT calculations. The binding energy between the PU segment and Li2S6 is 
1.43 eV, which is higher than that of the PEO segment and Li2S6 (1.05 eV) [Supplementary Figure 10]. The 
Li-S batteries using the PO-PU-LiTFSI electrolyte showed much lower shuttle currents. The results suggest 
that the PO-PU-LiTFSI electrolyte can effectively prevent polysulfides from reaching the Li anode and thus 
depressing the shuttle effect. Indeed, the Li-S batteries using the PO-PU-LiTFSI electrolyte also exhibited a 
lower self-discharge rate at the open circuit voltage (OCV) than the Li-S batteries using the PO-PEO-LiTFSI 
electrolyte [Supplementary Figure 11].

A solid-state Li-S pouch cell was assembled to evaluate application prospects of the PO-PU-LiTFSI 
electrolyte. As shown in Figure 7A, the solid-state Li-S pouch cell delivers a specific capacity of 608 mAh g-1 
after 100 cycles. During the subsequent 0.1 C rate, it can still cycle for 150 cycles, exhibiting a specific 
capacity of approximately 400 mAh g-1 and an average Coulombic efficiency of 99.8%. The solid-state 
battery also exhibits good safety. As shown in Figure 7B, a solid-state Li-S pouch cell can power light-
emitting diode (LED) bulbs even after it is folded, penetrated, cut, and lit.

CONCLUSIONS
In summary, we proposed a high ionic conduction and high adhesion PO-PU-LiTFSI electrolyte for solid-
state Li-S batteries with fast and stable Li+ transport. The symmetric Li||Li cell using the PO-PU-LiTFSI 
electrolyte exhibited a stable overpotential of about 40 mV during cycling for 800 h. The solid-state Li-S 
battery using the electrolyte maintained a discharge capacity of about 610 mAh g-1 after 125 cycles at the S 
loading of about 4 mg cm-1. The excellent performance was attributed to the high ionic conduction and high 
adhesion of the electrolyte. The high ionic conductivity ensures fast Li+ transport in the electrolyte, while its 
high adhesion enables tight contact with electrodes and even enables the broken electrode/electrolyte 
interface to self-heal, resulting in stable electrode/electrolyte interfaces and stable Li+ transport during 
cycling. The robust electrode/electrolyte interface during cycling was confirmed by in-situ observation using 
a laser confocal microscope. Our work demonstrates that Li+ transport problems of solid-state Li-S batteries 
can be solved by using electrolytes with polar groups. This design concept has the potential to solve similar 
interfacial problems of other solid-state batteries.
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Figure 7. (A) Cycling performance of a solid-state Li-S pouch cell using the PO-PU-LiTFSI electrolyte. (B) Solid-state Li-S pouch cell 
using the PO-PU-LiTFSI electrolyte lighting LED bulbs under normal, folded, penetrated, cut, and burning conditions.
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