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Supramolecular Oscillation-Assisted Ion Transport in Solid 
Electrolytes
Yigui Xie,a Weiran Zhang,*a Luxue Zhang,a Xuesong Liu,a Guojian Yang,b Yu-Mo Zhang,a and Sean 
Xiao-An Zhang*a 

Solid-state electrolytes are crucial for electrochemical devices, yet the challenge of simultaneously enhancing both ionic 
conductivity and stability—rather than sacrificing one for the other—remains a critical issue. In this work, a high-
performance solid polymer electrolyte (HP-SPE) membrane that successfully integrates exceptional stability with high ionic 
conductivity was developed. It is based on a polyvinyl butyral (PVB) matrix coupled with (3-
glycidyloxypropyl)trimethoxysilane (KH560) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and was fabricated 
through an ultra-low residual solvent content drying (ULD) process. The high comprehensive performance of HP-SPE was 
realized with the help of the binding state of trace residual solvents within LiTFSI and polymer matrix called “supramolecular 
oscillation-assisted ion transport” mechanism. The HP-SPE achieved an ionic conductivity of 10−5 S/cm at 30 oC (for over two 
months). The decomposition temperature reached 250 oC, achieving comprehensive improvement in both conductivity and 
stability. By applying the HP-SPE membrane to the emerging electrochromic devices, the electrochromic devices achieved 
rapid color switching (3.1 s for coloration and 6.1 s for bleaching), uniform color transition, and steady-state operation 
without overheating issues for up to 160 hours, the best result reported to date. This work establishes the HP-SPE as a 
versatile material platform, demonstrating immediate success in electrochromics and revealing significant potential for 
deployment in next-generation, high-safety solid-state batteries.

Introduction
Energy materials and devices are fundamental and increasingly 
critical to driving the global energy system to sustainable and 
renewable energy sources.1-3 Electrolytes, whose stability, safety, 
and rapid response are crucial for determining the efficiency of 
energy storage and conversion of energy devices, are key 
components in electronic devices and electrochemical energy 
storage systems.4-6 Currently, a major research focus is balancing 
higher energy density and faster response speed with ensuring 
device safety and long-term stability.7-9 Therefore, there is a pressing 
need to develop electrolytes with long-term chemical and 
electrochemical stability, high-temperature resistance, and high 
ionic conductivity to improve the performance limits of energy 
devices.
Solid-state electrolytes, including inorganic ceramic solid electrolytes 
10-11, polymer solid electrolytes 12-13 and composite solid electrolytes 
14-15, are seen as the key pathway to achieving compatibility between 
high safety and high energy density. In particular, all-solid-state 
polymer electrolytes show great potential in fields such as power 
batteries16-19 and smart devices20-21, due to their excellent interfacial 

compatibility, mechanical properties, and processability.22-25 
However, there is often an inherent trade-off between their core 
performances such as ionic conductivity, mechanical strength and 
interfacial stability. Specifically, the rigid polymer backbone to 
achieve high mechanical strength restricts the motion of chain 
segment, thereby inhibiting ion migration. Conversely, to ensure 
higher ion conductivity and good interfacial contact, their 
mechanical properties have to be compromised. Among them, the 
restriction of chain segment movement and strong Lewis acid-base 
interactions result in high ion migration barriers particularly.26-27

What’s more, the presence of trace residual solvents in electrolytes 
is a critical factor influencing the performance and reliability of all-
solid-state energy storage devices. Studies have shown that the 
existence of residual solvents can greatly enhance ion transport 
capabilities, while at the same time bringing about performance 
instability.28-30 Therefore, there has been a prolonged expectation to 
construct highly ordered and energetically stable microstructural 
materials that can effectively suppress the disordered migration 
tendency of conventional solvents molecules and ions from a 
thermodynamic perspective, in order to achieve long-term stability. 
This points to a long-standing core challenge in the field, that is how 
to achieve the “just right” presence of solvents within a very narrow 
compositional window. It should meet the needs of both avoiding the 
safety risks and stability issues associated with free residual solvents 
and serving as a “cable car” for fast ion transport, significantly 
improving migration rates. Therefore, it is crucial to employ residual 
solvents molecules in precisely controlled to meet the requirements 
above, thereby yielding solid polymer electrolyte membranes with 
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excellent overall performance. However, there is a lack of systematic 
understanding of the structure-activity relationship between 
residual solvents state, content, and transport mechanisms, and 
even more so, a lack of rational design strategies that balance high 
conductivity and high stability currently in solid polymer electrolyte. 
To address this challenge, we propose a novel solid-state electrolyte 
design concept: an ion-combined solvent-polymer system in local 
coordination environment with a novel “supramolecular oscillation-
assisted ion transport” mechanism, which is stable yet retains 
dynamic migration characteristics, as shown in Fig. 1. A simple and 
efficient ULD process was employed to successfully obtain a high-
performance solid-state polymer electrolyte (HP-SPE) that was in 
membrane state, highly adhesive, and possesses excellent overall 
performance. The HP-SPE was investigated for its mechanistic 
insights into high ion conductivity and stability, and was successfully 
incorporated into an electrochromic device that displayed 
outstanding performance. This breakthrough design, centered on 
utilizing strongly bound residual solvents to assist ion transport, 
effectively mitigates the long-standing trade-off between 
conductivity and stability in solid-state electrolytes, thereby opening 

new avenues for developing future high-performance, high-safety 
electronics.

Results and discussion 
Through an ultra-low drying (ULD) process, as shown in Fig. 2a, which 
was a regular vacuum drying treatment (performed at 80 oC for 48 h 
in a vacuum oven connected to an oil rotary vane pump, with the 
vacuum level maintained at 133 Pa.) and subsequently combined 
with a convection flow drying treatment (a continuous stream of 
compressed air, at ambient temperature), a flexible, self-supporting 
and transparent high-performance solid-state polymer electrolyte 
film (HP-SPE) was obtained (Fig. 2b). The HP-SPE was easy to access, 
prepare and process. Moreover, the transmittance of HP-SPE in the 
entire visible region was over 90% (Fig. S1), which ensured its 
application capabilities in transparent display, optoelectronics, smart 
glass and other fields. Quantitative 1H NMR analysis using an internal 
standard (Method S5) confirmed that the residual DMAc content in 
HP-SPE was 4% (Fig. 2c and S2-S3). This exceptionally low level 
represented a state-of-the-art value for residual solvents-retention 
in solid-state polymer electrolyte.

Fig. 1 Schematic of DMAc dynamically assisting Li+ transport in the polymer electrolyte.

To explore the indispensable roles of vacuum drying treatment and 
convection flow drying treatment respectively in ULD process of HP-
SPE, each method was applied individually. As shown in Fig. S4, both 
the vacuum and convection drying methods individually produced 
films that were non-free-standing, highly viscous, and exhibited poor 
film-forming ability due to excessive residual solvent, which was 
measured at 14% and 40%, respectively, and the corresponding 
membranes were termed C-14% and C-40%, respectively. The 
significant difference in residual solvent content indicated that the 

initial vacuum drying treatment was more effective at removing 
solvents. The film formation process was kinetically controlled, 
where the evaporation-induced concentration gradient drove 
polymer chain reconfiguration. A slow evaporation rate was 
therefore utilized to promote sufficient chain relaxation, which 
successfully produced a dense, homogeneous film with minimal 
defects.31-32 Residual solvents molecules that do not evaporate 
promptly became trapped within the polymer matrix and could not 
be readily removed. Thus, the vacuum drying process offered the 
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advantage of rapid film formation, which came at the cost of a high 
residual solvent content.
In contrast, convection flow drying treatment facilitated solvent 
evaporation through interaction between air and DMAc molecules, 
resulting in a comparatively slower process. The convection flow 
drying process was only effective when applied to a pre-vacuum-
dried film, enabling a reduction of residual solvent beyond the 

capability of either single process. Used in isolation, it produced films 
with severe phase separation (Fig. S5) and high residual solvents 
content. The curve of residual solvent content varying with time 
during the ULD process (as shown in Fig. 2d) also proved this 
conclusion. The vacuum drying process caused a large amount of 
solvent to evaporate, reducing it to 14%, while the convection flow 
drying process further removed the residual solvent content to 4%.

Fig. 2 (a) Schematic diagram of ULD process; (b) Physical images of HP-SPE to show its self-support and transparent properties; (c) 1H NMR 
(400 MHz, DMSO-d6) spectra of HP-SPE to detect the residual solvent content using NMR Internal Standard Method; (d) The residual solvent 
content of HP-SPE during ULD process; (e) Raman spectra and (f) FT-IR spectra of DMAc solutions before and after purging by different gas 
components in the air. Each gas was delivered at a controlled flow rate of 25 mL/min for 60 minutes, resulting in a total gas volume of 1.5 L 
per experiment. The black curves represented the spectra of the DMAc solution before gas purging. The red, blue, green, and purple curves 
corresponded to the spectra after the purge of nitrogen, carbon dioxide, oxygen, and water vapor into the DMAc solution, respectively.

To investigate the binding mechanism between DMAc and flow air, 
experiments on the individual interaction of each component in the 
air with DMAc were conducted. As shown in Fig. 2e and 2f, both FT-

IR and Raman spectra proved that O2, CO2 and N2 in the air did not 
combine with DMAc, resulting in no change to the spectral features 
of DMAc. However, water vapor would caused the peak position to 
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shift (from 736 cm−1 to 740 cm−1 and from 1635 cm−1 to 1616 cm−1, 
respectively), which indicated that it was water vapor that interacted 
with DMAc in the air. Due to the strong affinity between water vapor 
and DMAc molecules, flowing air could co-evaporate them from the 
film. In this process, water vapor acted as a carrier, entraining DMAc 
molecules into the air stream and thus drastically lowering the 
system's overall residue solvent content. Subsequently, to better 
simulate the high concentration environment of LiTFSI in the 
polymer, the DMAc solution was replaced with a solution where the 
mass ratio of DMAc to LiTFSI was 20:1 and conducted the same gas 
experiment. As shown in Fig. S6, consistent with the previous 
phenomenon, only water vapor could affect the peak position of 
DMAc. However, the influence on the peak position was significantly 
weaker, which implied a preferential and stronger binding of LiTFSI 
to DMAc over water. The ULD process presented a viable strategy for 
fabricating solid state membranes with ultra-low solvent residue.
These data strongly demonstrated the advanced and superior nature 
of the ULD method presented, which involved vacuum drying 
treatment and convection flow drying treatment sequentially. The 
primary step served to form a film rapidly and the secondary step 
was dedicated to the extensive removal of solvent. Each step served 
a distinct function, making the sequence critical. This innovative 
method, together with the mechanistic study of the process, 
provided a solid theoretical foundation for addressing solvent-
removal challenges. ULD is a simple and efficient processing method 
which provides a promising strategy for the rapid and efficient 
removal of solvent to produce high-quality polymer films, 
demonstrating broad applicability for diverse solvent-processing 
fields.
To test the stability of HP-SPE, the material was exposed to harsh 
environmental conditions. As shown in Fig. 3a, it was found that 
regardless of any harsh environment, there was no significant change 
in the residual solvent content of HP-SPE before and after treatment, 
indicating that HP-SPE did not have the drawbacks such as 
volatilization and aggregation that free solvents had. This 
outstanding performance provides a foundation for commercial 
extreme usage conditions. The FT-IR spectra (Fig. 3b) of the HP-SPE 
and its individual components reveal critical interactions through 
distinct peak shifts. Compared to pure PVB, the O–H stretching 
vibration in HP-SPE shifts from 3445 to 3515 cm-1, indicating a 
restructuring of the hydrogen-bonding network.33 The C=O stretch of 
incorporated DMAc appears at 1640 cm-1, confirming strong C=O···Li⁺ 
coordination.34 Importantly, the O=S=O asymmetric stretch of LiTFSI 
exhibits a pronounced 24 cm-1 blue-shift (from 1321 to 1345 cm-1) in 
the composite, providing direct evidence for significant ion-pair 
dissociation.12 These collective shifts corroborate the formation of a 
unique interacting microenvironment that stabilizes the components 
and promotes Li⁺ mobility. The ultra-low amount of solvent 
remaining in the HP-SPE membrane was tightly bound to some 
component in the membrane, thus it could not be "driven away" 
from the membrane by air. The membrane consisted of a cross-
linked PVB skeletal framework acting as the matrix, and LiTFSI as the 
electrolyte. To identify which component in the membrane tightly 
binds with DMAc, DMAc was mixed with each of the two components 

separately. For the solution of DMAc combined with cross-linked PVB 
(DcP), after vacuum drying treatment (V-DcP), no residual solvent 
content was detected (Fig. S7) and a dry membrane was obtained 
(Fig. S8a). However, for the solution of DMAc combined with LiTFSI 
(DcLi), after vacuum drying treatment (V-DcLi), it maintained its 
liquid solution form instead of a dried powder (Fig. S8b), indicating a 
strong binding effect between the LiTFSI and DMAc. V-DcP was 
applied with a small layer of DMAc residual solvents (V-DcP-D) to test 
the free state of DMAc in the membrane. The FT-IR spectra of V-DcP 
and V-DcP-D were compared (Fig. S9), and the data showed that V-
DcP-D had distinct DMAC peaks while V-DcP did not. Obviously, the 
residual DMAc in the membrane was tightly bound with LiTFSI. 
Moreover, the distinct contrast observed in the AFM topography of 
HP-SPE versus V-DcP (Fig. S10) indicates a change in polymer 
morphology induced by the addition of LiTFSI.
To further investigate the interaction between DMAc and LiTFSI, a 
comparative analysis of the Raman spectra of HP-SPE, V-DcP, V-DcP-
D and DMAc was conducted. As shown in Fig. 3c, the Raman peak of 
the DMAc solution and V-DcP-D appeared as a single peak at 736 
cm−1, while V-DcP showed no absorption at 700-800 cm−1. The 
Raman spectrum of HP-SPE showed a peak at 744 cm−1 and no peak 
at 736 cm−1, which proved that the form of DMAc in HP-SPE was 
different from the free state in the solution, resulting in an 8 cm−1 
shift. To determine whether this 8 cm−1 shift was caused by the 
binding of LiTFSI and DMAc, solutions of LiTFSI dissolved in DMAc at 
different mass ratios were prepared and Raman spectra of this series 
of solutions were tested. As shown in Fig. 3d, the curves from bottom 
to top correspond to the decreasing proportion of DMAc and the 
increasing proportion of LiTFSI. In the Raman spectra, a dominant 
peak at 736 cm−1 and a minor shoulder at 744 cm−1 were observed 
under high DMAc content. As the DMAc/LiTFSI ratio decreased, the 
intensity of the peak at 736 cm−1 progressively diminished and nearly 
vanished, whereas the signal at 744 cm−1 intensified accordingly. 
Through comparative analysis of the Raman spectra of membranes 
fabricated with varying compositions, as well as solutions with 
different DMAc-to-LiTFSI ratios, it was demonstrated that the Raman 
peak at approximately 736 cm−1 corresponded to the free DMAc, 
while the peak near 744 cm−1 was associated with DMAc-LiTFSI 
complexes. The absence of the free solvent peak in the NMR or 
optical spectrum indicated that virtually all DMAc molecules were 
coordinated with Li+ ions, which strongly confirmed the absence of 
free DMAc residues. This molecular environment provided a robust 
foundation for the long-term stability of the HP-SPE. The 
combination mode of DMAc and LiTFSI was the key to exploring 
microscopic processes. Based on the mass ratio of substances in the 
system, the number ratio of LiTFSI and DMAc molecules was 
calculated to be 3:1 (Note S1). The surface electrostatic potential 
calculations35 provided direct evidence for strong binding sites 
between LiTFSI and DMAc molecules (Fig. 3e), supporting the notion 
that DMAc existed primarily in a bound state within the system.
This binding pattern ensured that LiTFSI migration was not solely 
reliant on polymer chain dynamics but was efficiently assisted by the 
ordered, dynamic motion of the residual solvents. This process, 
which we term “supramolecular oscillation-assisted ion transport”, 
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not only accelerated lithium-ion conduction but also, in contrast to 
solvent-rich quasi-solid-state electrolytes, guaranteed the solvent's 
stable retention within the system. The combination of ultra-stability 

and fast kinetics offered by this mechanism was key to the 
outstanding device performance.

Fig. 3 (a) Comparison of residual solvent content of HP-SPE after treatment under different harsh conditions with the initial ones; C1, C2, C3, 
and C4 represent the initial state, treatment at 100 oC and 10 MPa for ten hours, freezing in liquid nitrogen for ten hours, and being left for 
half a month under ambient conditions, respectively. (b) FT-IR spectra of HP-SPE and all raw materials; (c) Raman spectra of DMAc, V-DcP ,V-
DcP-D and HP-SPE; (d) Raman spectra of DMAc, HP-SPE and different weight ratios of LiTFSI to DMAc; (e) DMAc surface electrostatic potential 
calculation.

To further evaluate the comprehensive properties of HP-SPE, its 
thermal stability, conductivity and electrical stability were tested. 
TGA tests on the V-DcP-D, residual solvent content about 26% 
membrane (C-26%), residual solvent content about 17% membrane 
(C-17%) and HP-SPE were conducted. As shown in Fig. 4a and Fig. S11, 
a strong correlation was observed, with the membrane's 

decomposition temperature increasing as the free solvent content 
decreased. It was found that the V-DcP-D began to decompose at 100 
oC, and the C-26% and C-17% membranes all began to decompose 
before 150 oC. Excitingly, HP-SPE began to decompose at as high as 
250 oC, which was much higher than the other three membranes 
contaning free residual solvents, further confirming the stably 
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existing of DMAc in the HP-SPE. Notably, 250 oC is the threshold 
marking the onset of explosive thermal runaway36, demonstrating 
that HP-SPE complies with the safety temperature for thermal 
runaway and this performance was extremely outstanding in the 
field of electrochemistry. 
Subsequently, the impedance of the membrane was measured at 
various temperatures. The impedance data were fitted using an 
equivalent circuit model (R₁ + [R₂||CPE₁] + CPE₂), where R₁ represents 
the ohmic series resistance and R₂ corresponds to the bulk 
electrolyte resistance used for conductivity calculation. The full 
fitting parameters and detailed element definitions are provided in 
Fig. S12. As depicted in Fig. 4b, the resistance exhibited a continuous 
decrease with increasing temperature. The temperature 
dependence of the ionic conductivity was summarized in Fig. 4c. The 
HP-SPE demonstrated an ionic conductivity of 5.0 × 10−6 S/cm at 30 °C, 
indicating favorable ion transport properties. This further confirmed 
that the bonded DMAc significantly enhanced the migration speed of 
LiTFSI. Furthermore, HP-SPE showed notable long-term stability. 
Impedance measurements conducted at 30 °C revealed consistent 
values over a period of two months, as illustrated in Fig. 4d. This 
result demonstrated the high stability of LiTFSI-bound DMAc within 
the system, without exhibiting the inherent disadvantages of free 
solvents. 
To rationalize the LiTFSI concentration (1.2 g per 1 g PVB) employed 
throughout this work, its effect was systematically investigated. As 
shown in Fig. 4e and S13, the residual DMAc content and the bulk 
ionic resistance exhibit opposing trends with salt loading, confirming 
that 1.2 g represents an optimal balance between achieving high 
ionic conductivity and maintaining material stability. Furthermore, 
the transport mechanism of LiTFSI bonded with DMAc within the 
polymer was illustrated. The anions are strongly anchored to the 
polymer sites, while the cations undergo dynamic movement within 
the system, facilitated by DMAc molecules. This transport 
mechanism strikes a balance between the restricted mobility 
characteristic of pure polymer electrolytes and the excessive fluidity 
prevalent in well-solvated systems. These large clusters facilitate 
chain-like ion transport through a binding-release mechanism in the 
polymer, as depicted in Fig. 4f. With the assistance of residual 
solvents, LiTFSI can propagate more rapidly within the system. Thus, 
even in a self-supporting solid-state form, the electrolyte still exhibits 
excellent conductivity, further highlighting the superiority of HP-SPE. 
Electrochromic devices (ECDs) hold promise for smart windows and 
wearable electronics but face commercialization hurdles like limited 
durability and high residual solvents content.37-42 Solid polymer 
electrolytes (SPEs) offer a solution with high ionic conductivity and 
minimal residual solvents, directly addressing these stability 

issues.43-44 Thus, a sandwich-structured electrochromic device based 
on HP-SPE (SPE-ECD) was fabricated, as shown in Fig. 4g, using a HP-
SPE membrane as the conductive layer, a polythiophene-based 
electrochromic molecule (13001) as the electrochromic layer, 
poly(benzodifurandione) (PBDF) as the counter layer, and ITO glass 
as the transparent electrode. As characterized by NMR (Fig. S14-S15), 
neither the electrochromic layer nor the counter layer contained 
solvents, confirming that both the counter layer and the 
electrochromic layer in SPE-ECD were entirely solid-state. The ion-
conducting layer contained only trace amounts of bonded DMAc, 
rather than being free. As a result, the residual solvent content in the 
entire device was extremely low, making SPE-ECD effectively an all-
solid-state device. The impedance of the SPE-ECD was tested at room 
temperature, and a conductivity of 2.0 × 10−6 S/cm was calculated 
(Fig. 4h), demonstrating that the HP-SPE maintained excellent 
conductive capability even when integrated into an electrochemical 
device. The high ionic conductivity of the device was attributed to 
the dynamic transport of lithium ions facilitated by the DMAc in the 
HP-SPE, ensuring fast ion mobility. 
Effective interfacial contact plays a critical role in all-solid-state 
devices by significantly reducing contact resistance, which 
necessitates the measurement of interfacial shear strength. The test 
results of the HP-SPE to other layers, shown in Fig. 4i, revealed that 
the shear strength between the HP-SPE membrane and the 13001 
layer was approximately 800 kPa (black line), while that between the 
HP-SPE membrane and the PBDF layer was about 1000 kPa (red line), 
indicating significantly stronger adhesion with the PBDF layer. This 
suggested that the adhesion performance of the device was primarily 
determined by the interface between the HP-SPE membrane and the 
13001 layer. Further testing of a three-layer (13001/HP-SPE/PBDF) 
device yielded a shear strength of around 800 kPa (blue line), 
consistent with the two-layer test results. A shear strength of 800 kPa 
sufficiently demonstrated excellent adhesion between the 
membrane and the other layers, which is due to the abundant 
hydroxyl groups in the PVB structure, enabling powerful interfacial 
adhesion.34 The superior stability can be directly attributed to the 
intrinsic molecular properties of the selected PVB polymer, thereby 
laying a solid foundation for the enhanced stability of SPE-ECD. The 
load-bearing test demonstrated that SPE-ECD could support a 500 g 
weight for one week without any signs of detachment in Fig. 4j, 
further confirming the excellent adhesion between the PVB layer and 
the other functional layers. Additionally, the strong adhesive 
properties of PVB ensured that the contact resistance between the 
HP-SPE and the two adjacent layers remained low, which was 
essential for the long-term stability and uniform coloration of the 
device.
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Fig. 4. (a) TGA curves of HP-SPE and contrast membranes; (b) Impedance spectrum of HP-SPE under variable temperature test; All Nyquist 
plots are presented on the same scale for direct comparison in the manuscript. (c) The variation of the ionic conductivity of HP-SPE with 
temperature; (d) Successive Nyquist plots (15-day intervals) of the HP-SPE over 2 months of storage. The near-perfect overlap of the 
semicircular segments demonstrates the stability of the bulk resistance. (e) Correlation between LiTFSI loading, residual solvent content (left 
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axis), and bulk resistance at 30 oC (right axis). The optimal loading (~1.2 g) is indicated. (f) The transport mechanism of LiTFSI in polymers; (g) 
The structural schematic diagram of SPE-ECD. (h) Impedance of SPE-ECD at room temperature (Insert picture: Fitted circuit model); (i) 
Mechanical property testing of SPE-ECD and comparison devices; (j) Load-bearing test of SPE-ECD.
The comprehensive tests on the electrochromic performance of SPE-
ECDs were conducted. As shown in Fig. 5a, SPE-ECD exhibited 
reversible coloration and bleaching under low voltage stimulation, 
with a transmittance change of 25%. The maximum current density 
of SPE-ECD reached 0.06 mA/cm² (Fig. S16), demonstrating its 
excellent conductivity. As illustrated in Fig. 5b, a transmittance 
change of 7% was achieved under a voltage stimulus of +0.1 V 5 s. 
The transmittance change increased with higher voltages, reaching 
23% at +0.8 V. Beyond this voltage, no significant further change in 
transmittance was observed despite increasing voltage. Therefore, 
+0.1 V was selected as the turn on voltage and +0.8 V as the working 
voltage. And the optical modulation (ΔT) is 24.9% after +0.8 V 5 s 
stimulation. The response time of SPE-ECD was 3.1 s and 6.1 s for 

bleaching and coloring, respectively (Fig. 5c), indicating the rapid ion 
conduction capability of SPE-ECD, which was a ttributed to its unique 
ion transport mechanism. The optical switching performance of this 
device showed 10% attenuation after 1500 “bleaching-coloring” 
cycles, as shown in Fig. 5d, confirming the exceptional cycling 
stability of the device, which further proved that HP-SPE was ultra-
stable and fast-conducting. In HP-SPE, combined residual solvents 
molecules play the role of “cable car”, assisting ions in inter-chain 
hopping under the control of an electric field, significantly improving 
ion migration. At the same time, due to their strong binding state, 
these combined residual solvents molecules are less likely to 
dissociate, volatilize, or aggregate, thus achieving a significant 
enhancement in ionic conductivity while maintaining high stability.

Fig. 5 (a) Transmittance spectra of SPE-ECD without stimulation, at +0.8 V 5 s and at − 0.8 V 5 s; (b) Comparison on transmittance spectra 
change of the SPE-ECD at 600 nm under different voltages for 5 s; (c) The transmittance at 600 nm of the SPE-ECD under the voltage of +0.8 
V, 5 s / OCV, 10 s / -0.8 V 5 s / OCV. t1 and t2 refer to the bleaching time and coloring time, respectively. (d) The cycling stability of SPE-ECD 
at 600 nm, under the voltage of +0.8 V, 5 s / OCV, 10 s / -0.65 V 7.5 s / OCV, 10 s; (e) Changes in transmittance at 600 nm of SPE-ECD under 
the voltage of +1.8 V, 20 s / OCV, 160 h / -0.5 V 0.5 h / OCV; (f) Transmittance spectra of SPE-ECD under different storage days. (g) Optical 
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memory time (from the highest ΔT to 90% of the highest ΔT) of SPE-ECD and the contrast devices; (h) Physical photos of the device showing 
reversible color change under low-voltage stimulation.
The bistable stability of the SPE-ECD was assessed, as shown in Fig. 
5e. Initially, in the colored state, the device remained stable. After 
applying a +1.8 V voltage for 20 seconds, the device transitioned to a 
colorless transparent state, which remained stable for 160 hours 
with only a 4% decrease in ΔT. A small voltage of -0.5 V was then 
applied, and after prolonged stimulation, the device returned to its 
original state. Due to multiple intermediate states in polythiophene, 
a slow spectral rebound occurred after voltage removal, but it 
eventually stabilized near the initial state. The device’s 160-hour 
stability demonstrated the excellent performance of the solid-state 
electrolyte, which avoided the drawbacks of free solvents that could 
compromise performance. The excellent cyclic stability and rapid 
switching kinetics of the device can be attributed, in part, to efficient 
ion transport within the solid-state configuration. This is 
underpinned by a high apparent Li⁺ transference number of ~0.998 
(Fig. S17 and Table S1). This value indicates both that charge 
transport is dominated by Li⁺ ions and that TFSI⁻ anions are 
effectively immobilized within the matrix, as conceptually depicted 
in Fig. 1. Consequently, polarization losses from counter-ion 
accumulation are minimized, ensuring consistent performance. 
Durability tests over one month showed no significant change in ΔT 
(Fig. 5f), further confirming the device's outstanding stability. The 
exceptional stability of the SPE-ECD was attributed to the extremely 
low residual solvents content in the HP-SPE. In this system, the 
residual solvents was bound with the LiTFSI and remained stably 
integrated, preventing the presence of free solvent that could have 
caused detrimental effects and defects in the device. As a result, the 
stability of the device was greatly enhanced, as evidenced by the 
significantly prolonged bistable duration and improved durability.
To further investigate the impact of ultra-low residual solvents 
content on bistable time, devices were prepared with gel layers 
containing PC and PMMA (gel film), as well as photocrosslinked 
PEGDA and PC (P-C-L film), with residual solvents contents of 26% (C-
26% film) and with residual solvents contents of 17% (C-17% film) as 
the ion transport layer. For consistency, the electrochromic layer and 
the counter layer remained the same. By comparing the time it took 
for SPE-ECD and the other four contrast devices to drop from the 
highest point to 90% of the highest ΔT, it could be seen that the SPE-
ECD had an ultra-long memory effect (>160 h), which was 1730 times 
that of the gel device (333 s), 283 times that of the photocrosslinked 
device (2032 s), 301 times that of the C-26% device (1914 s) and 165 
times that of the C-17% device (3840 s), as shown in Fig. 5g and S18 
and Table S2. This also reflects that the lower the solvent residue, the 
better the device stability, and the ultra-low residual solvents 
condition provided a stable environment for both the bleaching and 
coloring states of the electrochromic molecules. 
The above experimental results showed that the HP-SPE enabled 
ultra-stable and fast ion transport. When a voltage was applied, 
under the influence of the electric field, DMAc molecules carried 
LiTFSI through supramolecular interactions, facilitating extremely 
rapid transport within the system and ensuring excellent 
conductivity. In the absence of an applied voltage, there were no free 

liquids in the system, allowing the other components to remain 
stable without being affected by issues such as liquid evaporation or 
aggregation, thereby ensuring the overall stability of the device. The 
supramolecular ion transport mechanism of the HP-SPE achieved 
both high conductivity and stability, representing a breakthrough in 
electrochemical devices. This also provided valuable insights for 
addressing solvent-related issues in other fields of research. Finally, 
a 1 cm × 1 cm device was fabricated and placed on paper with the 
letters “ECD”. The text remained clearly visible, and a distinct color 
change was observed before and after voltage application (Fig. 5h). 
Moreover, the device exhibited highly uniform coloration, 
attributable to the excellent adhesion of HP-SPE. A comparison of the 
ionic conductivity and electrochromic performance between SPE-
ECD and previously reported devices based on various electrolytes 
was summarized in Table S3. The data highlight the superior overall 
performance of SPE-ECD. The supramolecular oscillation-assisted ion 
transport mechanism is key to the concurrent high ionic conductivity 
and outstanding stability of our solid electrolyte. The resultant 
electrochromic device achieves a superior combination of ultra-
stability and fast ion transport, paving the way for its viable 
commercialization. In addition to its excellent electrochromic 
performance, HP-SPEs ionic conductivity also makes its application in 
the field of solid-state batteries possible. Preliminary battery tests 
(Fig. S19) indicate that it has good ion transport capability as a solid-
state electrolyte (critical current density ~2.84 mA/cm2), although 
further material and interface engineering optimization is still 
needed for long-term cycling. This attempt preliminarily validates the 
potential of this material for multifunctional applications and lays a 
foundation for subsequent cross-disciplinary research.

Conclusions
This work developed a novel ULD method for efficient solvent 
removal, enabling the fabrication of a solid-state polymer electrolyte 
membrane HP-SPE with exceptional comprehensive properties. The 
obtained membrane demonstrates remarkable performance, 
including thermal stability up to 250 oC, long-term durability, high 
ionic conductivity and excellent mechanical robustness. Through 
multiple characterization techniques, this excellent performance was 
verified to be attributed to the strong binding between the DMAc 
and LiTFSI within the system, a finding that led us to propose the new 
conceptual mechanism of “supramolecular oscillation-assisted ion 
transport”. When applied in all-solid-state electrochromic devices, 
HP-SPE afforded outstanding operational stability. Beyond 
electrochromics, the HP-SPE presents a versatile platform for next-
generation solid-state batteries. Its exceptional interfacial stability 
and high Li⁺ transference number address critical challenges in 
battery systems, making the exploration of its performance in 
lithium-metal batteries a compelling next frontier.
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