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a b s t r a c t 

In this study, ionic liquids (ILs) are used instead of conventional volatile aqueous or organic electrolytes 

to fabricate durable polyaniline (PANI)-based infrared variable emittance devices (IR-VEDs). It is of sig- 

nificance to find that different IL electrolyte systems have a great effect on the electrochemical stability 

and IR tunability of the PANI films. The present PANI films exhibit much better electrochemical stability 

when cycling in ILs having tetrafluoroborate and bis(trifluoromethylsulfonyl)imide anions than cycling in 

ILs with dicyanamide and tricyanomethanide anions. Furthermore, compared with pure IL electrolytes, 

the addition of high-mobility cations (Li + ) into ILs can significantly enhance the IR tunability of PANI 

films. The IR-VED based on a preferable ionogel electrolyte membrane exhibits a high emittance varia- 

tion ( �ԑ) of 0.42 in 2.5–25 μm region, and fast switching times of 14.6 s/17.0 s. More importantly, the 

device still maintains a high �ԑ value of 0.35 after 500 electrochemical cycles, demonstrating promising 

applications in the dynamic IR regulation field. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The development of smart devices having tunable infrared (IR)

mittance ( ԑ) enables a variety of important technologies, includ-

ng spacecraft intelligent thermal control, dynamic infrared cam-

uflage, and energy-saving facilities [1–3] . Electrochromic (EC) ma-

erials are considered as promising candidates for the fabrication of

R variable emittance devices (IR-VEDs) because of their excellent

ptical modulation capability caused by the changes of band-gap

idth during the electrochemical redox reactions [4] . Polyaniline

PANI) is one of the most investigated EC materials for IR-VEDs ow-

ng to its good mid-far IR tunability, favorable processability, and

igh flexibility. By optimizing the PANI films, including rational se-

ection of the doping acids and modification of the chemical struc-

ure of PANI, some IR-VEDs with good IR regulation ability have

een achieved. For example, Topart et al. reported an IR-VED em-

loying a PANI film doped with camphor sulfonic acid as the IR

ctive layer. The device exhibited an emittance variation ( �ԑ) of
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.45 at 12 μm [5] . Li et al. prepared an IR-VED based on a sulfuric

cid-doped PANI film, the �ԑ value of the device in 8–12 μm was

.24 [6] . Our group also reported several IR-VEDs based on PANI

lms doped with different acids, such as perchloric acid [7] , sulfu-

ic acid [8] , and dodecylbenzene sulfonate acid (DBSA) [9 , 10] . High

ԑ values of 0.30–0.45 in 2.5–25 μm were obtained. In addition,

handrasekhar et al. fabricated an IR-VED based on a copolymer

lm of diphenyl amine and aniline doped with polymeric materi-

ls. It exhibited high �ԑ values of 0.3–0.4 in a wide wavelength

ange of 2.5–45 μm [11] . Jia et al. prepared a copolymer film of

niline and o-anisidine, which showed a �ԑ value of 0.408 in 8–

4 μm region [12] . While these achievements, the realization of

ractical IR-VEDs remains an elusive goal because of performance

imitations that include poor environmental stability, slow switch-

ng speed, and short electrochemical cycle lifetime. 

These problems stem partly from the electrolytes used, which

erve as an essential ion-conducting medium in EC devices. The

onventional all-solid-state electrolytes have good stability, but

hey show poor ionic conductivity, usually below the basic require-

ents of 10 −4 S cm 

−1 , resulting in slow response speed of the

evices (a few minutes or longer). Although liquid and gel elec-

https://doi.org/10.1016/j.electacta.2020.136935
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2020.136935&domain=pdf
mailto:yaoli@hit.edu.cn
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Fig. 1. Chemical structures of the ILs used (a); the calculated ionic sizes of ILs and the DBS anion (b). 
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trolytes exhibit satisfactory conductivity, they suffer seriously from

the non-durable issue resulted from the high volatility and nar-

row electrochemical windows of aqueous or organic solvents [4] .

Therefore, improved electrolyte systems are urgently demanded for

the fabrication of high-performance, long-lived EC-based IR-VEDs.

Ionic liquids (ILs), the organic salts with wide liquidus range, have

currently attracted great attention as a promising electrolyte al-

ternative in electrochemical devices, e.g., batteries and capacitors

[13 , 14] . This is due to their unique physical and chemical prop-

erties, such as negligible vapor pressure, high ionic conductivity

(10 −4 –10 −2 S cm 

−1 ), wide electrochemical window (3–6 V), good

thermal and chemical stability, and non-flammability [15] . In re-

cent years, some excellent visible EC devices have been fabricated

based on IL electrolytes [16 , 17] . Nevertheless, only a few researches

have focused on introducing IL electrolytes into IR-VEDs. In 2014,

Chandrasekhar et al. first reported the IR-VEDs based on PANI films

and IL electrolytes, which exhibited unprecedented durability in

high/low temperature and high vacuum conditions [18] . However,

the effects of different ILs used on the electrochemical and optical

properties of PANI films are almost entirely unclear. 

In our previous work, we obtained some decent PANI-based IR-

EDs using lithium perchlorate (LiClO 4 )/propylene carbonate (PC)

or acidic electrolytes, which showed superior IR emittance tun-

ability ( �ԑ ˃ 0.4 in 2.5–25 μm) [7 , 19] . Herein, to develop IR-VEDs

integrating high �ԑ and high durability, ILs (eight ILs based on

four kinds of anions have been used for investigation, as shown

in Fig. 1 a) are employed as the electrolytes. It is of great inter-

est to find that different ILs not only have a significant effect on

the redox behaviors and electrochemical stability of PANI films,

but also have a great influence on its IR modulation ability. More-

over, the addition of small-sized, high-mobility Li + into ILs results

in a great improvement of the IR tunability of PANI films. To the

best of our knowledge, this is the first study which focusing on

the effect of IL electrolytes on the IR regulation properties of PANI

films. The ionic movement mechanism which plays a vital role

in the electrochemical and optical properties of PANI films dur-

ing the redox process has been studied. Afterwards, porous iono-

gel electrolyte membranes with good conductivity and mechanical

integrity are prepared based on a preferred BMIBF4-LiBF 4 mixed

electrolyte system for device fabrication. The resultant IR-VED ex-

hibit good overall performance that include excellent mid-far IR

tunability, fast response speed, and good cycling stability, demon-

strating promising applications in the dynamic IR adjustment

field. 
F
. Experimental section 

.1. Materials 

Aniline (99.5%) was obtained from Acros and distilled under

educed pressure before use. 4-Dodecylbenzene sulfonic acid

DBSA), N,N -dimethylformamide (DMF), and the ILs of 1–butyl–

-methylimidazolium bis(trifluoromethylsulfonyl)imide (BMITFSI),

-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

EMITFSI), 1–butyl–3-methylimidazolium tetrafluoroborate

BMIBF4), and 1-ethyl-3-methylimidazolium tetrafluorobo-

ate (EMIBF4) were purchased from Aladdin Reagent. The

Ls of 1-ethyl-3-methylimidazolium dicyanamide (EMIDCI),

-ethyl-3-methylimidazolium tricyanomethanide (EMITCM),

–butyl–1-methylpyrrolidinium dicyanamide (BMPDCI), and 1–

utyl–1-methylpyrrolidinium tricyanomethanide (IL-BMPTCM)

ere obtained from IOLITEC Ionic Liquids Technologies Gmbh.

oly(vinylidene fluoride-hexa-fluoropropylene) (PVDF-HFP, M w 

:

455,0 0 0) was purchased from Aldrich Chemistry. 

.2. Preparation of PANI films, ionogel electrolytes, and assembly of 

R-VEDs 

In this study, the DBSA-doped PANI films with a uniform and

ense surface microstructure and good IR tunability reported in

ur previous work were used as the IR modulation layer [9 , 19] . The

ANI films were fabricated by electrochemically depositing aniline

n porous Au electrodes by a galvanostatic method at a current

ensity of 0.1 mA cm 

–2 . The electrodes were Au films deposited on

orous nylon 66 substrates [9] . The polymerization was conducted

n an aqueous solution containing 0.1 M DBSA and 0.01 M aniline

onomer and the polymerization charge was 1.5 C. 

The ionogel electrolyte membranes are composed of a porous

VDF-HFP matrix and BMIBF4-LiBF 4 conductive plasticizer. The

orous matrix was fabricated by casting a homogenous PVDF-

FP/DMF solution with a concentration of 14 wt% on a glass plate

nd subsequently immersed in water for 2–3 h. The thickness of

he PVDF-HFP membranes was controlled at 60–70 μm. The iono-

el electrolytes were obtained by dipping the dried porous PVDF-

FP membranes in BMIBF4 solution containing 0.3 M LiBF 4 at

0 °C for 48 h. The IR-VEDs were assembled according to our pre-

iously reported method [9] . The fabrication process is shown in

ig.S1 . 
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.3. Measurements 

The electrochemical performances of PANI films and IR-VEDs

ere measured on an electrochemical workstation (CHI760D,

hanghai Chenhua Instruments, China). X-ray photoelectron spec-

roscopic (XPS) analyses of PANI films in oxidized and reduced

tates were performed on a PHI 5700 ESCA System using Al K α as

he source of radiation (1486.6 eV). The pass energy of a wide scan

as 187.85 eV. Spectral reflectance (2.5–25 μm) of PANI films and

R-VEDs was measured on a VERTEX 70 (Bruker) FT-IR spectrome-

er with an A562 integrating sphere. The ε value can be calculated

y the following Eqs. (1) and (2) [20 , 21] : 

 ( λ) = 

c 1 λ
−5 

exp [ c 2 / ( λT ) ] − 1 

(1) 

 = 

∫ λmax 
λmin ( 1 − R ( λ) ) B ( λ) d ( λ) 

∫ λmax 
λmin B ( λ) d ( λ) 

(2) 

here T is the temperature, λ is the wavelength, c 1 
3.7418 × 10 8 W μm 

4 m 

–2 ) and c 2 (1.4388 × 10 4 μm K) are

he first and the second radiation constants, respectively. 

The morphology of the porous PVDF-HFP membrane was ob-

erved on a field-emission scanning electron microscope (FEI He-

ios Nanolab600i). The porosity ( P %) of the prepared PVDF-HFP

embrane was measured as a previously reported method and cal-

ulated from the Eq. (3) [19] : 

 % = 

V P 

V PVDF −HFP + V P 

× 100% (3) 

here V p is the pore volume and V PVDF-HFP is the volume of corre-

ponding compacted PVDF-HFP membrane. V p was determined by

ipping porous PVDF-HFP membrane in BIMBF4 for saturated ad-

orption and calculated from the adsorption mass of BIMBF4 and

ts density. V PVDF-HFP was measured by an Electronic Densimeter

H-300 A. The calculated porosity P % was about 47%. 

The ionic conductivity of the ionogel membrane was measured

n a Princeton Applied Research Model PMC-200 Potentiostat via

 four-electrode ac impedance method from 0.1 Hz to 10 5 Hz

22] . The measurement was conducted at RT. The conductivity σ
S •cm 

–1 ) was calculated according to Eq. (4) : 

= 

L 

RA 

(4) 

here L (cm) is the distance between the two electrodes, R ( �)

nd A (cm 

2 ) are the resistance and the cross-sectional area of the

embranes, respectively. 

. Results and discussions 

.1. The electrochemical stability of PANI films in different ILs 

In this work, eight ILs (four types classified according to anions)

aving low melting points and good ionic conductivities were se-

ected for investigation [15] . As previously reported, PANI films ex-

ibited significantly different electrochemical properties when the

edox reactions were carried out in different electrolyte systems

23 , 24] . Here, to obtain reliable and durable IR-VEDs, the cycling

tability of PANI films in these ILs was first evaluated. The current

hanges of PANI films during long-term redox cycles (500 cycles)

n different ILs were monitored by applying continuous step oxida-

ion and reduction voltages with the step time of 50 s ( Fig. 2 ). The

pplied voltage values were the redox peak voltages shown in the

th-cycle CV curves of PANI films ( Fig. 3 ). 

As observed from Fig. 2 a, b, d, and e, after 500 cycles, the PANI

lms cycling in BMIBF4, EMBF4, BMITFSI, and EMITFSI maintained

ood current stability. In addition, the PANI film exhibited a simi-

ar CV curve of the 500th cycle to that of the 5th cycle in EMITFSI
 Fig. 3 e), and enlarged CV areas of PANI films of the 500th cycle

n BMIBF4, EMBF4, and BMITFSI were observed ( Fig. 3 a, b, d) com-

ared with that of the initial 5th CV curves. However, the PANI

lms cycling in EMITCM, EMIDCI, BMPTCM, and BMPDCI showed

bviously decreased electrochemical responses or even no electro-

hemical signal ( Fig. 2 f–i and Fig. 3 f–i) after 500 cycles, and irre-

ersible color change was observed, i.e., the colored films could not

e bleached. This poor electrochemical stability should be related

o IL anions because EMITCM and EMIDCI have the same cation as

MBF4 and EMITFSI. 

.2. The redox behaviors of PANI films in ILs with and without 

ithium salts 

In order to further study the effect of ILs on the electrochemi-

al behaviors of PANI films, the CV curves of PANI films cycling in

ifferent ILs were compared. BMIBF4, EMIBF4, BMIFSI, and EMITFSI

ere selected for testing because PANI films exhibited good elec-

rochemical stability in them as discussed above. Although ILs have

ood intrinsic ionic conductivity, because of their large-sized ions

ompared with the commonly used Li + (the ionic radius is 0.76 Å),

t is difficult to enable rapid and sufficient insertion of ions into EC

ayers during the redox reactions, thus affecting the optical tun-

bility. Chandrasekhar et al. proposed that the addition of lithium

alts into IL electrolytes facilitated the performance improvement

f PANI-based IR-VEDs [18] . Therefore, two ILs containing 0.3 M

ithium salts, i.e., BMIBF4-LiBF 4 and BMITFSI-LiTFSI systems, were

lso prepared here as the electrolytes for the redox behavior study

f PANI films. The selected lithium salts have the same counter

ons to the corresponding ILs. 

As observed from Fig. 4 a and b, the CV curves exhibit a

air of redox peaks attributed to the transformation of PANI be-

ween an emeraldine salt (ES) and a leucoemeraldine base (LB)

7] . To maintain the overall electro-neutrality of the film, the ox-

dation/reduction of PANI is accompanied by a charge compensa-

ion process, which involves either cation or anion exchange or a

ixture of both, between PANI film and electrolyte [23] . This de-

ends on the mobility of the dopant anions of PANI film and the

nions/cations of electrolytes. If the dopant anions (small/mobile)

ould be easily removed from the PANI film during the reduction

rocess (ES to LB), the subsequent redox reactions will involve the

nsertion/extraction of electrolyte anions ( Fig. 4 c). On the contrary,

f the bulky/non-mobile dopant anions are not expelled during re-

uction, electrolyte cations will be inserted into the PANI films,

nd then released during oxidation (LB to ES, Fig. 4 d) [4 , 23 , 25] . To

nderstand the ionic movement mechanism, which would directly

ffect the electrochemical behaviors of PANI, XPS analyses of the

ANI films after being oxidized and reduced in different electrolyte

ystems were conducted. The survey scan spectra are shown in

ig. 5 . For the pristine PANI film, the peaks at the binding ener-

ies (BE) of 284.6 and 401.4 eV are due to the presence of C and

 elements from PANI, and the peaks at 531.0 and 167.1 eV are

ttributed to the O and S from the dopant acid of DBSA ( Fig. 5 a).

s observed from Fig. 5 d–f, the reduced PANI films still show the

haracteristic O and S peaks with similar intensity (%) to that of

he pristine PANI film ( Table S1 ). This indicates that the dopant

nions were not released from the film during reduction, in other

ords, electrolyte cations were inserted for charge compensation.

eanwhile, to keep the electrical-neutrality of the electrolyte solu-

ion, the related electrolyte anions were electrostatically attached

o the surface of PANI film. Therefore, obvious F peaks from BF4

nd TFSI anions at 686.2 eV are observed. During oxidation, the

nserted cations were extracted, thereby showing a decrease in

 peak intensity (%) of the oxidized films ( Fig. 5 b and c, and

able S1). 
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Fig. 2. The current stability test of PANI films in different IL electrolytes during 500 redox cycles. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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This cation movement mechanism is attributed to the bulky,

low-mobility anion (DBS) of the dopant DBSA. Fig. 1 b shows the

ionic radius values of the ILs and DBS calculated by the time-

dependent density functional theory (TD-DFT) [26] . Moreover, DBS

has strong electrostatic interaction with the charge on PANI chains

[27] . Therefore, it is difficult for DBS to be removed from the film

[28 , 29] . It can be observed from Fig. 4 a and b that, for the ILs hav-

ing the same anions, PANI show lower reduction voltages in the

ILs with smaller cations because of the ease of insertion. For ex-

ample, PANI films exhibited the reduction voltages of −0.19 V and

−0.13 V when cycling in BMIBF4 and EMIBF4, and −0.38 V and

−0.28 V in BMITFSI and EMITFSI, respectively ( Fig. 4 a and b). The

addition of lithium salts also caused a decrease in reduction volt-

ages owing to the high mobility of Li + . For instance, PANI displayed

low reduction voltages of −0.03 V and −0.14 V in BMIBF4-LiBF 4 
and BMITFSI-LiTFSI ( Fig. 4 a and b), indicating improved electro-

chemical activity. Furthermore, enhanced cycling stability of PANI

in BMIBF4-LiBF 4 electrolyte system ( Figs. 2 c and 3 c) was observed.

Compared with the PANI cycling in BMIBF4, which showed in-

creased redox voltages after 500 cycles ( Fig. 3 a), no significant re-

dox voltage changes were observed after cycling in BMIBF-LiBF 4 for

500 cycles ( Fig. 3 c). Mattes et al. reported that, in some IL elec-

trolytes, the cation movement predominated in the redox process

of trifluoromethanesulfonic acid-doped PANI [4] . However, here,
 a  
hether anion insertion existed in addition to the cation expulsion

uring the oxidation of PANI could not be determined. In fact, dif-

erent natures of anions in electrolytes and the PANI films would

ffect the ionic insertion and extraction mechanism. For instance,

lthough some ILs (e.g., EMIBF4, EMITFSI, EMITCM, and EMIDCI)

ave the same cation, the cycling stability of PANI in them is ex-

remely different ( Fig. 3 b, e, f, and g). This is probably related to

heir different ionic transport mechanisms. Vidal et al. reported

hat in various IL electrolytes, the cation movement predominated

n the redox process of poly(3,4-ethylenedioxythiophene) (PEDOT),

xcept EMIBF4 in which the anions were also inserted into PEDOT

uring oxidation [25] . 

.3. The IR tunability of PANI films in different IL electrolyte systems 

The transition of PANI between an LB and an ES states results

n the changes in its band-gap width, causing the variation of opti-

al properties. Different charge compensation ions and the amount

f their insertion and extraction would lead to alterations in chain

onformation and π-conjugation length of PANI, resulting in dif-

erent band gaps and thus optical properties. Therefore, the evalu-

tion of IR characteristic changes of PANI films cycling in different

Ls is important for the preparation of IR-VED with high IR tun-

bility. The IR reflectance curves of PANI films were measured af-
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Fig. 3. CV curves of PANI films between −1.0 V and 1.0 V in different ILs for the 5th and 500th cycles at a scan rate of 50 mV/s. 
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er applying oxidation and reduction voltages in different IL elec-

rolyte systems for 80 s. The oxidized PANI film shows low IR re-

ectance because of the high IR-absorption feature of bipolarons,

hile, the reduced PANI displays high IR transmittance, and thus a

igh reflectance is received attributed to high IR reflectance of the

u electrode [11] . Fig. 6 displays the IR reflectance curves of PANI

lms in oxidized (blue line) and reduced (red line) states in dif-

erent electrolyte systems, and the insets show the corresponding

alculated ɛ values. To ensure the comparability of the results, all

he PANI films used for testing have similar initial ɛ values of ~0.77,

nd their pristine reflectance curves (black line) are also shown in

ig. 6 . 

The PANI films exhibited �ԑ values of 0.22, 0.24, 0.23, and 0.19

hen cycling in BMIBF4, EMIBF4, BMITFSI, and EMITFSI, respec-

ively ( Fig. 6 a, b, d, and e). As observed, the PANI film cycling in

MIBF4 shows obviously lower IR reflectance ( Fig. 6 a), i.e., higher

mittance, compared with those cycling in the other three ILs

 Fig. 6 b, d, and e). This may be due to the different ionic movement

echanisms. BMIBF4 has a much smaller anion than its cation,

ompared with the other three ILs ( Fig. 1 b), therefore, during the

xidation of PANI, some or more anions are probably inserted into

he film, which facilitates the further oxidation of PANI. In addi-

ion, the presence of BF4 dopant ions on PANI chain (ES state)

ould lead to great changes in band gaps compared with the pure
 P  
BSA-doped PANI. The highest occupied molecular orbital (HOMO)

nd lowest unoccupied molecular orbital (LUMO) of PANI (ES) with

F4 and DBS dopant anions calculated by DFT are showed in Fig.

2 . The addition of lithium salts into BMIBF4 and BMITFSI signif-

cantly enhanced the IR adjustment ability of PANI films ( Fig. 6 c

nd f). The �ԑ values are raised to 0.32 and 0.33 when cycling in

MIBF4-LiBF 4 and BMITFSI-LiTFSI, respectively. This is because the

ntroduction of small-sized Li + facilitates a more sufficient trans-

ormation of PANI between ES and LB states. 

.4. The preparation of ionogel electrolyte membranes 

To fabricate durable IR-VEDs with fast switching speed, an iono-

el electrolyte with good ionic conductivity and mechanical in-

egrity was prepared. PVDF-HFP having good IL compatibility was

elected as the polymer matrix. Porous PVDF-HFP membranes were

repared to enhance the electrolyte loading and construct fast

onic transfer channels in the ionogel, thus enhancing the response

peed of the IR-VEDs [19] . Fig. S3 illustrates the surface image of

he PVDF-HFP membrane determined by SEM. It exhibits a con-

ected spherical pore structure with a diameter range of 0.2–

 μm. Fig. S4a shows the photograph of the porous PVDF-HFP

embrane. BMIBF4-LiBF 4 was selected as the electrolyte because

ANI films exhibited good IR emittance tunability, low actuating
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Fig. 4. CV curves of PANI films between −1.0 V and 1.0 V in different IL electrolytes scanned at 10 mV/s (a and b); anion movement mechanism during PANI redox process 

(c); cation movement mechanism during PANI redox process (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
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voltage, and superior cycling stability in BMIBF4-LiBF 4 . After im-

mersing the porous membrane in BMIBF4-LiBF 4 solution at 60 °C
for 48 h, the white opaque membrane (Fig. S4a) became a colorless

transparent gel membrane (Figure S4b) with a electrolyte loading

of ~320 wt%. The resulted ionogel membrane showed a high ionic

conductivity of 1.7 × 10 –3 S cm 

–1 at RT with good mechanical in-

tegrity. The tensile modulus and tensile stress of the membrane

were 10.09 and 0.63 MPa, respectively. 

3.5. IR tunability, response time, and cycling stability of the IR-VEDs 

The IR-VEDs based on PANI films and the prepared ionogel elec-

trolyte were assembled. Here, it should be mentioned that be-

fore the device assembly, it is necessary to cyclically activate the

PANI films to obtain high emittance modulation capability. Three

IR-VEDs termed as IR-VED-10C, IR-VED-20C, and IR-VED-30C were

fabricated based on the PANI films with 10-, 20-, and 30-cycle

redox pre-activation. The activation of PANI films was conducted

in BMIBF4-LiBF4 solution by applying step voltages of 0.4 V and

−0.2 V with the step time of 60 s. The selected actuating voltages

of the obtained IR-VEDs were 0.5 V and −1.2 V, because the de-

vices exhibited the maximum IR reflectance contrast, i.e., �ԑ, when

cycling at these voltages, as shown in Fig. S5 . It can be observed

from Fig. 7 a–d that with the number of pre-activation cycles in-

creases, the IR reflectance contrast of the device is enlarged. When
he activation cycles were increased from 10 to 30, the �ԑ values

ere improved from 0.30 to as high as 0.42. The IR tunability ex-

ibited by IR-VED-30C is comparable to or even better than many

oted PANI-based IR-VEDs as discussed in the Introduction. The in-

ets of Fig. 7 f display the corresponding color change of the IR-

ED-30C between 0.5 V (green) and −1.2 V (yellow). 

In practical applications, fast switching speed is desired for the

R-VEDs. Here, the switching times of the devices were evaluated

y the I-t curves. As observed from Fig. 7 e, the IR-VED-30C ex-

ibits fast response times, that are 14.6 s switching from low-

mission to high-emission state and 17.0 s switching from high-

mission to low-emission state. This is attributed to the high con-

uctivity of the ionogel electrolytes. Furthermore, the IR-VED-30C

ould maintain excelent current stability during 500 redox cycles

nder the continuous step voltages of 0.5 V and −1.2 V ( Fig. 7 f).

ore importantly, the IR-VED-30C still showed high IR tunability

fter 500 cycles, the �ԑ was 0.35 (IR-VED-30C 

500th , Fig. 7 c and d).

or comparison, IR-VED based on EMITCM ionogel electrolyte (IR-

ED-EMITCM) was also fabricated. Although IR-VED-EMITCM ex-

ibited good initial IR adjustment ability ( �ԑ= 0.37, Fig. S6 a) as

ell, after 500 electrochemical cycles, an obvious current degrade

as observed ( Fig. S6 b), indicating poor cycling stability. The ex-

ellent overall performance of IR-VED-30C, including high IR tun-

bility, fast response speed, and good cycling stability indicates its

otential in practical applications. 
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Fig. 5. XPS survey scan of the pristine PANI film (a), the oxidized PANI films using BMIBF4 (b) and BMITFSI (c) as electrolytes, and the reduced PANI films using BMIBF4-LiBF 4 
(d), BMIBF4 (e) and BMITFSI (f) as electrolytes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. The IR reflectance curves in 2.5–25 μm of the pristine PANI films (black line), the oxidized PANI films (blue line), and the reduced PANI films (red line) in different IL 

electrolyte systems. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. The reflectance curves of IR-VED-10C (a), IR-VED-20C (b), and IR-VED-30C (c) in oxidized and reduced states in 2.5–25 μm; the calculated ԑ values of the IR-VED-10C, 

IR-VED-20C, and IR-VED-30C in oxidized and reduced states (d); I-t curves of the IR-VED-30C under step voltages of 0.5 V and −1.2 V (e); the current stability measurement 

of the IR-VED-30C during 500 cycles (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Conclusions 

To better understand the effect of IL electrolytes on the prop-

erties of PANI-based IR-VEDs, the electrochemical behaviors and IR

tunability of PANI films in a series of IL electrolytes were studied. It

was found that IL anions had a great influence on the cycling sta-

bility of PANI films. Compared with cycling in ILs with dicyanamide

and tricyanomethanide anions, PANI films exhibited better elec-

trochemical stability when cycling in ILs having tetrafluoroborate

and bis(trifluoromethylsulfonyl)imide anions. A cation movement

mechanism has been demonstrated for the DBSA-doped PANI films

during the redox process. The addition of lithium salts into ILs re-

sulted in a significant improvement of the IR adjustment ability

of PANI films. A porous ionogel electrolyte membrane based on a

preferable BMIBF4-LiBF 4 mixed electrolyte system and PVDF-HFP

matrix was prepared. An assembled IR-VED based on this iono-

gel electrolyte exhibited a good combination of high IR regulation

ability ( �ԑ was 0.42 in 2.5–25 μm region), fast response times

(14.6 s/17.0 s), and excellent cycling stability, indicating possibili-

ties for practical applications. 
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