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Figure S1. (a) FT-IR spectra of PANI (black), Th-OR (red), and PR-Br (blue), (b-c) UV-Vis spectra of 
the pristine (black line), fully doped (blue), and fully dedoped (red dashed line) polymeric films, (b) 
PR-Br, and (c) Th-OR. 

Figure S2. (a) Cyclic Voltammetry for electro-polymerization of aniline in 1 M H2SO4, 0.05 M aniline 
aqueous solution. SEM image of PANI film prepared with a scan rate of b) 20 mV/s, c) 50 mV/s, e) 100 
mV/s, f) 200 mV/s (scale bar = 1 μm) and (d) CV of monomer free PANI film prepared with a scan rate 
of 20 mV/s (black), 50 mV/s (blue), 100 mV/s (red), 200 mV/s (green) in SPAn electrolyte, Ag/AgCl 
electrode and stainless steel were used as a reference electrode, counter electrode, respectively. The CV 
scan rate was 100 mV/s.



Figure S3. The cyclic voltammetry of the PANI film which was electrochemically polymerized using a 
potentiodynamic methods sweeping from –0.2 V to 1.2 V at different sweep rate of 20 mV/s (black), 50 mV/s 
(blue), 100 mV/s (red), 200 mV/s (green) a) in HClO4 1M, NaClO4 3 M of aqueous electrolyte, b) in Ionic liquid 
electrolyte containing 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide. (scan rate = 0.1 V/s, 
PANI film, Ag/AgCl electrode and stainless steel wire was used as a working electrode, reference electrode and 
counter electrode, respectively) c) The cyclic voltammetry of the PANI film in different acidic organic electrolyte 
condition of 0.1 M p-toluenesulfonic acid (black), 0.1 M trifluoroacetic acid (blue), 0.1 M dodecylbenzene 
sulfonic acid (red), d) 0.1M perchloric acid (green), all the electrolyte containing 0.3 M sodium perchlorate for 
ionic conduction. PANI film for (c) was electrochemically polymerized using a potentiodynamic methods 
sweeping from –0.2 V to 1.2 V at different sweep rate of 100 mV/s 



Figure S4. Cyclic voltammetry (a–c) and in-situ spectroelectrochemistry (d–f) of PANI_2 (thickness : 25 nm) (a, 
d), PR-Br_1 (thickness : 170 nm) (b, e), Th-OR_2 (thickness : 210 nm) (c,f) at given sweep rate and at given 
voltage. (electrolyte was 0.1 M HClO4, 0.3 M NaClO4 in acetonitrile solution (SPAn), Ag/AgCl reference 
electrode and stainless steel wire were used as an electrolyte, reference electrode and counter electrode, 
respectively



Figure S5. Cyclic voltammetry (black) and corresponding transmittance (blue, λ = 580 nm) of (a) PR-Br (170 
nm)//SPAn//PANI(11 nm), (b) PR-Br (170nm)//SPAn//PANI(25 nm) (c) PR-Br (170 nm)//SPAn//PANI (47 nm) 
and corresponding potential at each electrode (d–f), and charging-discharging graph (g–i) of devices (black) and 
potential at each electrode (red line : WE (PR-Br), blue line : CE (PANI))



Figure S6. Cyclic voltammetry (black) and corresponding transmittance (red, λ = 532 nm) of (a) Th-OR (210 
nm)//SPAn//PANI(11 nm), (b) Th-OR (210nm)//SPAn//PANI(25 nm) (c) Th-OR (210 nm)//SPAn//PANI (47 nm) 
and corresponding potential at each electrode, and charging-discharging graph of devices (black) and potential at 
each electrode (red line : WE (Th-OR), blue line : CE (PANI))



Figure S7. (a) Cycle stability of the BECC with dPANI = 11 nm with SPAn containing 5 wt% PMMA as an 
electrolyte SEM image of PANI layer of (b) pristine state, and (c) after 120 cycles of operation, PR-Br layer of 
(d) pristine state, and (e) after 120 cycles of operation, Th-OR layer of (f) pristine state, and (g) after 120 cycles 
of operation. (scale bar = 1 μm)

Figure S8. (a) The cyclic voltammetry of the BECCP5 and (b) the optical response time at an applied potential 
between 1 V~ -1 V: after 1st cycle (black), 200th cycle (red), 1000th cycle (blue), 5000th cycle (magenta), 10000th 
cycle (green). (c) The change in color contrast (ΔT) at 580 nm (black), normalized capacitance (blue), response 
time to reach 90 % of the maximum transmittance at bleaching step (τ90%. bl, green), and at coloring step (τ90%. col, 
red) over time.



Figure S9. (a) equivalent circuit model consist of bulk electrolyte resistance (Re), charge transport reistance (Rct), 
capacitance (C), and constant phase element (Q) (b)Nyquist EIS spectrum of the device consisted of ITO// 
electrolyte //ITO, electrolyte was SPAn containing 0 wt% (black), 3 wt% (red), 5 wt% (green), 7 wt% (blue), 9 
wt% (cyan), 11 wt% (magenta) of PMMA. (c) resulting ionic conductivity (black), capacitance (red), and viscosity 
(blue) of the SPAn containing different PMMA concentration. 

Figure S10. Cyclic voltammetry (black) and corresponding transmittance (blue, λ = 580nm) of PR-Br (170 
nm)//PANI(25 nm) with SPAn electrolyte containing (a) 0 wt%, (b) 5 wt% (c) 7 wt% (d) 9 wt% of PMMA and 
corresponding potential at each electrode (e–h). Charging-discharging graph (i–l) of the devices (black) and 
potential at each electrode (red line : WE (PR-Br), blue line : CE (PANI)) (charging/discharging current was 0.7 
mA)



Figure S11. Cyclic voltammetry (black) and corresponding transmittance (blue, λ = 532nm) of Th-OR (210 
nm)//PANI (25 nm) with SPAn electrolyte containing (a) 0 wt%, (b) 5 wt% (c) 7 wt% (d) 9 wt% of PMMA and 
corresponding potential at each electrode (d–f). Charging-discharging graph (i–l) of the devices (black) and 
potential at each electrode (red line : WE (Th-OR), blue line : CE (PANI)) (charging/discharging current was 0.7 
mA)



Table S1 Electrochromic electrode fabrication condition 

aλmax of blue, red polymeric layer was 580 nm, 532 nm, respectively. bdetermined from alpha-step.

Table S2. The FT-IR band assignments for PANIS1, 2, Th-ORS3, and PR-BrS4



Table S3. The gravitational capacitance of the PANI in different condition. All the measurement was done by 
sweep rate of 100 mV/s 

aacetonitrile solution containing 0.3 M NaClO4 for ionic conduction baqueous solution containing 3 M NaClO4 
for ionic conduction celectro-polymerization scan rate for aniline in 1 M H2SO4, 0.05 M aniline. 



Table S4. The resistances, capacitances, and viscosity of SPAn electrolyte containing different PMMA 
concentration. 

Table S5. Electrochromic capacitive window properties in this study.

athe concentration of the PMMA (wt%) in the SPAn electrolyte, bdetermined from CV graph in Fig. S5a–c, S6a–c, S10a–d, 
S11a–d, cdetermined from CD graph in Fig S5g–i, S6g–i, S10i–l, S11i–l, dTransmittance change at 580 nm for BECC, at 532 
nm for RECC, epotential at each electrode upon Vap of 1 V, determined from CV graph (up), and CD graph (down), fIonic 
conductivity was determined from the electrochemical impedance spectroscopy (EIS).



Supplementary Video S1. The movie of energy transfer from BECCs to a RECC. 

Supplementary Video S2. The movie of energy transfer from BECCs to a red LED.
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