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S1 Comparison of gel polymers 

Some key parameters (i.e., ionic conductivity, electrochemical stability windows (ESW), and 

decomposition temperature) of ILGPEs prepared using PVA, PMMA, PVDF, and PVDF-HFP are 

shown in Table S1. The comparison suggests that PVDF-HFP is a promising candidate for preparing 

ILGPEs for use in an IR modulator, due to its high ionic conductivity, wide ESW, and good thermal 

stability.  

Table S1 Key parameters for ILGPE prepared using different gel polymers 

Name Conductivity 

(mS/cm) 

ESW  

(V) 

Decomposition 

temperature (℃) 

PVDF1-4 1.7-11.4 3.0-5.5  >300 

PVDF-HFP5-11 1.9-8.4 4.0-5.5  >350 

PVA12-17 1.2-5.7 2.0-4.7 150-250 

PMMA18-21 8.8×10-2 -2.9 3.0-4.0 220-300 

 

 

S2 Optical images of ILGPE 

 

Figure S1 Optical images of as-prepared ILGPE 
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S3 Thermal image of modulator without a Celgard separator 

The thermal images of the modulator without a Celgard separator, before and after applying 

a 3 V bias voltage, are shown in Figure S2. Clearly, removing the Celgard separator from the 

modulator does not affect its ability to tune IR emissivity. Unlike pure IL, the ILGPE can serve 

as a separator to prevent short-circuiting in the modulator. However, it remains challenging to 

directly transfer an intact MLG onto the ILGPE.  

 

Figure S2 Thermal images of the modulator without a Celgard separator before and after ion 

intercalation 

 

 

S4 Thermal stability of ILGPE 

The decomposition temperatures of ILGPE are slightly lower than that of the pure polymer 

(i.e., PVDF-HFP), but remain significantly higher than the operation temperature of 70 ºC, as 

shown in Figure S3. 

 

Figure S3 Percentage of mass loss for pure polymer and ILGPEs with varying concentrations 
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S5 Electrochemical stability of ILGPE 

The electrochemical stability windows (ESW) of the ILGPE with an IL content of 6 is 

evaluated by linear sweep voltammetry (LSV), as shown in Figure S4. Both the oxidation and 

reduction limits exceed 3.0 V. 

 

Figure S4 LSV for ILGPE with an IL content of 6 

 

 

S6 Dynamic modulation of MLG IR emissivity with different ILGPE concentrations 

Representative thermal images of the modulator with varying ILGPE concentrations (4, 5, 7 , 

and 8) before and after ion intercalation are shown in Figure S5. The thermal response of the 

modulator with an ILGPE concentration of 6 is provided in the main text. 

 

Figure S5 Thermal images of the modulator with different concentrations of ILGPE before and 

after applying a bias voltage  
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S7 Ionic conductivity of ILGPE 

The electrochemical impedance spectra (EIS) of ILGPE with different concentrations were 

measured using an electrochemical workstation. The measurements were conducted with an AC 

potential amplitude of 10 mV over a frequency range of 1 Hz to 100 kHz. Figure S6a presents typical 

Nyquist plots for the impedance analysis of ILGPEs. In the high-frequency region of the Nyquist 

plot, the intercept of the curve with the real axis (Z') corresponds to the intrinsic resistance of the 

ILGPE (R)11, 22. The ionic conductivity (σ) of the ILGPE was derived using the equation σ=
𝐿

𝑆∙𝑅
, 

where L is the thickness of the ILGPE, and S is the geometric area of the electrode/electrolyte 

interface. The error in conductivity estimation is approximately ±0.07 S/m. The conductivity of the 

ILGPE increases with increasing IL concentration (as shown in Figure S6b). This is in good 

agreement with other literature23.  

 

Figure S6 Ionic conductivity of ILGPE. (a) Nyquist plot of ILGPE with different concentrations; 

(b) Ionic conductivity of ILGPE as a function of IL concentration 

 

S8 Change in crystal structure of ILGPEs  

The XRD analyses of ILGPEs with different IL content, as well as the pure polymer (i.e., 

PVDF-HFP), are shown in Figure S7. The peaks at 18.3°, 20.2°, and 26.7° in the XRD pattern of 

pure PVDF-HFP represent the (100), (020), and (110) planes of the α-phase PVDF-HFP11. After the 

addition of ionic liquids (ILs), the intensity of the α-phase characteristic features decreases 

dramatically, while that of the β-phase peaks, (110/200), appears at 21.1°8, 11. Moreover, the full 

width at half maximum (FWHM) of the peak increases with increasing IL content, which suggests 

that the amorphousness of the polymer matrix increases. This creates more conduction sites for 

efficient ion transport11, which helps to improve ionic conductivity, as evidenced in Supplementary 

Materials S7. 

 

Figure S7 XRD patterns of ILGPE with various IL concentrations 
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S9 Completed cyclic test of MLG with an ILGPE concentration of 6 

 
Figure S8 Cyclic test of MLG-based IR modulator using ILGPE with a concentration of 6 

 

 

S10 Cyclic test of MLG with different ILGPE concentrations 

 

Figure S9 Modulation depth as a function of number of cycles for MLG-based IR modulators 

using ILGPE concentrations of 4, 5, 7 and 8 
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S11 Performance of IR modulator with pure [AMIM]NTf2 and ILGPE prepared using 

[AMIM]NTf2 

ILGPEs have also been prepared using PVDF-HFP and [AMIM]NTf2, which shares the same 

anion as [HMIM]NTf2 but has a different cation. The thermal images in Figure S10a indicate that 

the modulation depth of [AMIM]NTf2-ILGPE is similar to that of [HMIM]NTf2-ILGPE (around 

0.42) when a 3 V bias voltage is applied. Meanwhile, the lifetime of the modulator using 

[AMIM]NTf2-ILGPE is approximately 270 cycles (Figure S10b), which is seven times longer than 

that of the modulator using pure [AMIM]NTf2 (Figure S10c) in a cyclic test (with 3 V applied for 

10 s and -1 V for 5 s in each cycle). These results suggest that using a gel polymer electrolyte to 

improve the long-term stability of the MLG-based IR modulator is applicable to other ILs.  

 

Figure S10 (a)Thermal images before and after ion intercalation and (b) cyclic test of the MLG-

based IR modulator using [AMIM]NTf2-ILGPE with an IL concentration of 6, with the inset 

demonstrating the emissivity of MLG during the initial 400 s of the cyclic test;(c) cyclic test of 

the MLG-based IR modulator using pure [AMIM]NTf2 

 

S12 Electrochemical impedance of ILGPE with a concentration of 6 at different 

temperatures 

 

Figure S11 Nyquist plot of ILGPE at different temperatures 
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S13 SEM images of MLG before and after ion intercalation 

 

 

Figure S12 SEM images of (a) pristine MLG, and MLG after ion intercalation using (b) ILGPE 

and (c) pure IL as the doping sources  

 

 

S14 XRD of MLG before and after ion intercalation 

 

The MLG supported by a Celgard separator was evaluated under three distinct conditions: (1) 

Pristine state, representing MLG before any ion intercalation; (2) Undamaged state, representing 

MLG after undergoing a moderate number of ion intercalation cycles; (3) Failed state, representing 

MLG subjected to extensive ion intercalation cycles. In the failed state, the emissivity of MLG no 

longer shows a significant decrease upon applying a bias voltage, indicating an inoperable 

modulator. The XRD patterns shown in Figure S13 indicate that the intensity of the feature 

associated with the periodic stacking of graphene layers (MLG (002)) decreases dramatically after 

ion intercalation and eventually disappears in the failed MLG. This observation underscores that the 

stability of the modulator is closely linked to the structural integrity of MLG. 

 

Figure S13 XRD patterns of MLG from an operational modulator and an inoperable modulator, 

with pristine MLG as reference 
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