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Abstract: According to the recent global warming, it is necessary to use energy efficiently together with eco-friendly energy. 

The development of alternative technologies is requisite for managing the current energy and climate crises. In this regard, “smart 

windows,” which can control solar radiation, can be used to mitigate energy demands. Electrochromic devices (ECDs) effectively 

control the amount of solar energy reaching commercial and other living areas and maintain climate conditions via color 

modulation in response to small external stimuli, such as temperature and light irradiation. However, the performance and the 

stability of ECDs depend on the state of the electrolyte and sealing of the device. To resolve the aforementioned issues, an ECD 

was manufactured by using a poly (methyl methacrylate) (PMMA)-based gel polymer electrolyte (GPE), and a laminating 

method was used to adequately seal the ECD. The concentrations of PMMA, acetonitrile (ACN), and ferrocene (Fc) were 

controlled to optimize the composition of the GPE to achieve an enhanced electrochromic performance. The fabricated GPE-

based ECD afforded high optical contrast (~81.92%), with high electrochromic stability up to 10,000 cycles. Moreover, the 

lamination method employing the GPE could be used to fabricate large-area ECDs. 
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1. INTRODUCTION 

Owing to the global energy crisis, the requirement for 

“smart windows”, which can save energy through the 

chromism phenomenon exhibited by materials, is rapidly 

increasing [1,2]. Chromism, in which the optical properties of 

a material can be controlled in response to a stimulus, is 

divided into passive and active types based on the specific 

stimulus applied. Such stimuli include electricity (electrochromism), 

heat (thermochromism), stress (mechanochromism), and light 

irradiation (photochromism) [3-5]. ECDs are a promising 

research field in the smart window industry because of their 

ability to control the amount of incident solar radiation 

reaching an area through changes in their transmittance [6]. 

Furthermore, ECDs can be used not only glass, energy storage 

device, automobile, and organic light emitting diode fields, but 

also in more fields through flexible substrates such as e-skin 

and curved architecture [7-11].  

In general, the ECDs comprises the EC material, an 

electrolyte, and an ion conductor between two TCEs in the 

solid state. Tungsten trioxide (WO3) is the most attractive EC 

material with the advantages of a high coloration efficiency 

and long cyclic stability compared with other transition metal 

oxides [12]. The electrolyte facilitates ion transfer and can be 

classified into liquid, solid, or gel types. Liquid-type electrolytes 
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have been widely used owing to their excellent ion conductivity; 

however, they possess a few disadvantages, such as low 

stability due to leakage and vulnerability to heat. Therefore, 

gel polymer electrolytes (GPEs) have been used to replace 

liquid electrolytes. In GPEs, a Li salt is added to a polymer 

matrix, or a GPE, wherein a plasticizer and a solvent are mixed 

in a polymer matrix. GPEs are known to exhibit good ionic 

conductivity, thermal stability, electrochemical stability, 

flexibility, and good contact with the electrodes, and they can 

be applied to large-area devices [13-16]. Owing to these 

advantages and recent trends, PEO, PVB, and PVdF-HFP-

based GPEs have been used in ECD applications [17-19]. 

Because these GPEs are extremely useful for application in 

flexible substrates, they are being actively studied in the field 

of flexible electronics [20,21]. PMMA is one of the most 

promising materials as a polymer matrix for GPEs owing to its 

good mechanical properties, high transmittance, good 

compatibility with liquid electrolytes, and excellent 

environmental stability [13]. However, when only the GPE is 

used, it is difficult to achieve structural simplification as an ion 

storage layer is required for the ECD. To overcome this 

problem, herein, Fc was dissolved in a PMMA-based GPE as 

a redox mediator. Because Fc can be used as an oxidizing 

material, the electrochromic performance could be improved 

at a relatively low voltage, which simplified the manufacturing 

process [22].  

In this study, an ECD was fabricated via simple bonding by 

applying pressure, which is a laminating method that can be 

easily applied to large-area devices. Thus, it was expected that 

the ECD fabricated with the PMMA-based GPE could be 

easily accessed as a roll-to-roll system and could be widely 

used commercially. Herein, GPEs were synthesized by 

varying the concentration of PMMA and Fc, and an optimized 

ECD was fabricated by controlling the hardening time before 

lamination. The optimized ECD was found to exhibit a high 

transmittance change (∆T) of 81.92% at a relatively low 

voltage (−1.25 V). The ECD also demonstrated an excellent 

stability while maintaining the transmittance for 10,000 cycles, 

with only a 4.6% degradation relative to the initial value. 

Moreover, a large-area device was fabricated using the 

lamination method.  

 

 

 

2. EXPERIMENTAL 

2.1 Materials 

PMMA (average Mw ~350,000, Sigma-Aldrich), PC 

(anhydrous, 99.7%, Sigma-Aldrich), ACN (Duksan, South 

Korea), lithium perchlorate (LiClO4, 99%, Acros Organics), and 

Fc (Sigma-Aldrich) were used to synthesize the PMMA-based 

GPEs. ITO-coated PET substrates (Rsh = 30 Ω/square, Hansung 

Industry Corporation, South Korea) were used as conducting 

substrates. Tungsten powder (APS 1–5 µm, 99.9%, metals basis, 

Alfa Aesar) and hydrogen peroxide (Duksan, South Korea) 

were used to synthesize the tungsten trioxide (WO3) powder. 

 

2.2 Preparation of the PMMA gel polymer 

electrolyte 

To prepare the PMMA-based GPEs, LiClO4 (3 wt%) was 

dissolved in a mixture of ACN (63.4, 66.4, and 69.4 wt%) and 

PC (20 wt%). Thereafter, PMMA powder (7, 10, and 13 wt%) 

was added slowly to the prepared solution, and the solution 

was stirred overnight at room temperature. Finally, Fc powder 

(0.6 wt%) was added as an anodic species and oxidizing agent 

to synthesize the PMMA-based GPEs. 

 

2.3 Synthesis of WO3 

WO3 was synthesized as described in our previous report 

[23]. First, tungsten powder (6.8 g) and H2O2 (93.2 g, 31 wt% 

in H2O) were blended and stirred for 2 h. The blended solution 

was heated to 100℃ to evaporate the solvent, after which the 

pale yellow WO3 powder was obtained. 

 

2.4 Fabrication of ECD 

First, WO3 powder (30 wt%) was dispersed in a DI 

water/isopropanol (1/1 wt%) mixture by ultrasonication for 

6 h. A thin film of WO3 was coated on the ITO/PET substrate 

using thespin-coating method (speed = 5000 rpm, time = 25 s). 

The fabricated WO3 thin film on ITO was annealed at 60℃ for 

8 h in a vacuum oven [24]. Thereafter, the PMMA-based GPE 

(0.45 g) was dropped cast on the WO3 thin film kept in an oven 

at 80℃ to remove the solvent (hardening process). The 
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hardening process was performed for different time intervals 

(3, 4, and 5 min). Subsequently, another ITO/PET substrate 

was placed on top of the assembly, which was laminated at 

room temperature to obtain flexible ECDs with a PMMA-

based GPE. 

 

2.5 Characterization 

To study the ionic conductivity of the PMMA-based GPE, 

GPEs were prepared by varying the PMMA concentration, 

without Fc, and were assembled between two ITO/PET 

electrodes using the lamination method after hardening the 

GPEs (4 min) [25]. The electrochromic performance was 

measured using an electrochemical workstation (ZIVE SP10, 

WonaATech, South Korea) and an ultraviolet−visible 

spectrometer (Thermo Scientific, South Korea). The 

morphology of the fabricated ECDs was observed by SEM. 

Prior to the data analysis, the electrochromic response of all 

samples was measured after 500 repetitions of testing to 

ensure that the electrolyte penetrated both the electrodes well. 

The electrochromic performance was analyzed as a function 

of time, and the coloration and bleaching processes were 

performed in the range of –1.25 to 0 V, with excitation at 700 

nm; the coloring and bleaching processes were performed for 

2 min each. For rectangular device structures, coloring and 

bleaching were respectively performed for 4 min to observe 

the electrochromic saturation. 

 

 

3. RESULTS AND DISCUSSION 

The ionic conductivity and viscosity are essential parameters 

that influence the electrochemical reaction and fabrication of 

the GPE system. The ionic conductivity was calculated using 

Eq. (1): 

 

σ = d / (R x A) (1) 
 

where R is the resistance of the GPE, which was measured via 

the EIS analysis. Here, A is the active area of the ECD, and d 

is the distance of the two electrodes after bonding, which 

varies with the PMMA concentration; d (µm) was measured 

using a thickness meter. A exhibited a constant value (6.25 

cm2), whereas d increased with an increase in the polymer 

concentration, which influenced the features of the assembled 

device; thus, the d values were ~75.2, ~121, and ~154 µm 

when the PMMA concentration was 7, 10, and 13 wt%, 

respectively. The ionic conductivity (S·cm−1) was calculated 

to be 3.98 × 10−5, 6.81 × 10−5, and 8.13 × 10−5 at PMMA 

concentrations of 7, 10, and 13 wt%, respectively. The ionic 

conductivity increased as the polymer concentration increased 

because a larger polymer matrix could create additional Li ion 

pathways to access the electrode. On the other hand, other 

research groups have reported that such an increase in the ionic 

conductivity of the GPE occurs because a high PMMA 

concentration results in a decrease in the crystallinity and an 

increase in the amorphous nature of the GPE, facilitating the 

creation of free ions. [26-28]. The viscosity which defines 

resistance of a fluid to a change in shape or movement was 

found to be 30, 310, and 2,450 cP when the PMMA 

concentration was 7, 10, and 13 wt%, respectively. The 

viscosity increased significantly as the PMMA concentration 

increased.  

To study the effect of the hardening time on the 

electrochromic performance of ECDs, a GPE with 10 wt% 

      

Fig. 1. Electrochromic performance according to hardening time. (a) 5 cycles, (b) 1cycle, and (c) self-bleaching mechanism of Fc. 
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PMMA and 0.6 wt% Fc was employed in the ECD. Figure 1 

((a) and (b)) illustrates the electrochromic performance 

achieved with the PMMA-based GPE under different 

hardening conditions. Here, ∆T is the calculated average 

difference between the transmittance of the saturated regime 

for the bleached and colored states of the device. The value of 

∆T is 77.94, 81.92, and 83.96%, and the GPE thickness is 

~64.8, ~97.8, and ~114.8 µm for hardening times of 3, 4, and 

5 min, respectively. Thus, the thickness and ∆T were found to 

increase with longer hardening periods. Because a longer 

hardening time can result in more facile bonding of the 

polymer chains to the electrodes, the thickness increased with 

a longer hardening time. A high thickness indicates that 

additional Li ions exist in the device; thus, ∆T also increased 

with increasing hardening time. 

The switching time was calculated from the moment the 

voltage was changed until ∆T reached 90%. The switching 

time increased with the hardening time because of the high 

polymer content. In particular, the bleaching time dramatically 

increased from 17s to 47s. To explain this phenomenon, a 

possible mechanism underlying the device operation was 

proposed (Fig. 1(c)). In the colored state, Fc is oxidized near 

the anode and diffuses to the cathode owing to its easy 

oxidation. However, the reduction potential of Fc+/Fc is higher 

than that of the WO3 film; hence, it only acts as an oxidizing 

agent [22]. However, as the thickness of the GPE increases, 

the diffusion of Fc+ is hindered by the PMMA matrix; thus, 

the ratio of Fc+ that diffuses to WO3 will decrease, and the 

bleaching time will be relatively slow. For the sample prepared 

with a hardening time of 3 min, the optical contrast and 

bleaching time were lower than those for the sample with a 

hardening time of 4 min owing to the short hardening time 

required for bonding with both electrodes in the former case. 

Therefore, the optical contrast was relatively good for the 

latter, and a fast switching time was required for the same; 

therefore, a hardening time of 4 min was selected for further 

experiments. 

To study the effect of the Fc concentration on the 

electrochromic performance of the ECD, the GPE prepared 

with 10 wt% PMMA, and a hardening time of 4 min was 

selected. Fig. 2((a) and (b)) depicts the electrochromic 

response of the ECDs with different Fc concentrations (0.2, 

0.6, 1.0 wt%). Here, the value of ∆T is 35.66, 81.92, and 

74.99%, and the bleaching time is 35, 17, and 17 s with 

respective Fc concentrations of 0.2, 0.6, and 1.0 wt%. The 

GPE thickness and coloring time were similar irrespective of 

the Fc concentration (Fig. 2(a) and (b)). Thus, it was confirmed 

that the optical contrast and bleaching time increased at Fc 

concentrations of 0.6 and 1.0 wt%. This can be ascribed to the 

reduction of WO3, which indicates that the bleaching process 

was inefficient owing to the lack of Fc+ as an anodic species, 

although WO3 was sufficiently reduced (colored) during the 

cycle before the performance analysis. However, with 1.0 wt% 

Fc, the optical performance of the device degraded because, as 

depicted in the SEM image (Fig. 3), agglomeration of Fc 

hinders the movement of the ions. This agglomeration also 

reduces the preferred orientation in the bleached state. 

Therefore, the ECD performance was optimized at a 

concentration of 0.6 wt% Fc. 

The effect of the PMMA concentration on the electrochromic 

performance of the device is illustrated in Fig. 4. The sample 

was prepared with a hardening time of 4 min and a concentration 

of 0.6 wt% Fc, which were the optimal conditions, as determined 

above. The value of ∆T was 64.73, 81.92, and 81.78%, and the 

                         

Fig. 2. Electrochromic performance according to Fc concentration. (a) 5 cycles and (b) 1 cycle. 
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bleaching time was 9, 17, and 21 s at respective PMMA 

concentrations of 7, 10, and 13 wt%. The coloring time was 

similar irrespective of the PMMA concentration; the GPE 

thickness was ~66.8, ~97.8, and ~127.8 µm at PMMA 

concentrations of 7, 10, and 13 wt%, respectively (Fig. 4(a) 

and (b)). It was confirmed that adding 7 wt% PMMA led to a 

lower ∆T than that obtained with 10 wt% and 13 wt% PMMA 

owing to the low polymer concentration and ionic 

conductivity of PMMA. For the ECD employing 13 wt% 

PMMA, ∆T was approximately similar to that of the ECD 

employing 10 wt% PMMA; however, the former exhibited a 

relatively slow bleaching time, which probably resulted in a 

greater thickness of the GPE with an increasing PMMA 

concentration. As the PMMA concentration increased, the 

thickness of the GPE increased, which may be attributed to the 

diffusion mechanism of Fc+ described above. Figure 4(c) 

displays the coloration efficiency (CE) with respect to the 

PMMA concentration. The CE is an important performance 

indicator for ECDs. The CE represents the optical density per 

injected charge density and is the transmittance change that 

can be induced by a specific current. Equation (2) expresses 

the CE, as follows:  

 

CE(η) = ∆OD/∆Q= log(Tb/Tc)/∆Q (2) 

 

where ∆OD is the change in the optical density, ∆Q is the 

amount of injected charge corresponding to ∆OD, and Tb and 

Tc are the transmittance values under the bleached and colored 

conditions, respectively. Using this equation, the CE at −1.25 

V was extracted from the slope in the linear regime. The CE 

     

Fig. 4. Electrochromic performance according to PMMA concentration (a) 5 cycles, (b) 1 cycle, and (c) coloration efficiency. 

     

     

Fig. 3. Photo image of (a) Fc 0.2 wt%, (b) Fc 0.6 wt%, (c) Fc 1.0wt%, SEM image of (d) Fc 0.2 wt%, (e) Fc 0.6 wt%, and (f) Fc 1.0 wt%. 
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values of the optimized ECD were 36.57, 95.44, and 95.27 

cm2/C with 7, 10, and 13 wt% PMMA, respectively. The 

devices with 10 and 13 wt% PMMA exhibited a higher CE 

than the device with 7 wt% PMMA owing to the better 

adhesion of the GPE to the electrode and high ionic 

conductivity in the former case. The highest CE value (95.44 

cm2/C) of the device with 10 wt% PMMA is better than or 

comparable to that reported in a previous study based on the 

electrochromic performance of an ECD with a GPE [20,38]. 

The high CE value reveals that a relatively low current can 

result in a high optical contrast, and the ECD can save energy 

more efficiently. 

Therefore, the ECD fabricated with the PMMA-based GPE 

was found to be optimized when 0.6 wt% Fc, 10 wt% or 13 

wt% PMMA, and a hardening time of 4 min were used for the 

GPE. However, the GPE with 13 wt% PMMA was difficult to 

handle owing to its very high viscosity and slow bleaching 

time. Hence, the optimal concentration of 10 wt% PMMA was 

used to achieve a relatively low viscosity, high CE, fast 

bleaching time, and uniform bonding to large-area substrates. 

The performance of this optimized ECD is plotted versus 

the wavelength and voltage (Fig. 5(a) and (b)). At 757 nm, ∆T 

reaches a maximum of 85% (Fig. 5(a)), and even at 550 nm, 

where the human eye is sensitive, the optical contrast is 

relatively good (72%). Figure 5(b) illustrates the gradation 

characteristics according to the voltage. Based on these 

observations, we can conclude that the optimized device 

demonstrates potential for use in various fields such as 

sensors, displays, and smart windows. Figure 5(c) presents a 

stability test in which the laminated ECD, with the PMMA-

based GPE, was subjected to 10,000 electrochromic cycles. 

The stability test was conducted by applying 0 V to −1.25 V 

during each coloring and bleaching cycle for 10 s and then 

measuring ∆T by applying a switching time of 2 min at −1.25 

V, every 1,000 cycles. Equation (3) was used to determine the 

degradation value.  

 

Degradation (%) = {(∆Tinitial - ∆Tfinal) / ∆Tinitial} × 100 (3) 

 

The percentage degradation of the laminated ECD, 

employing the PMMA-based GPE, was 4.6%. A stable 

performance was obtained without electrolyte leakage by 

densely bonding the gel polymer electrolyte via the lamination 

method. 

The electrochromic performance of an ECD with a spacious 

rectangular structure was studied for more detailed 

applications. The first type of device had a vertically long 

structure (2.5 cm × 7.5 cm), and the other had a horizontally 

long structure (7.5 cm × 2.5 cm). Figure 6(a) depicts the 

electrochromic performance of the rectangular ECDs. It was 

confirmed that the optical contrast (~82.74%) and coloring 

time (~9 s) achieved with the vertically long device were 

similar to those of the small device (2.5 cm × 2.5 cm). 

However, the horizontally long device exhibited a low 

transmittance (~63.64%) and low coloring time (~35 s) as the 

electrons might not have been sufficiently transferred to 

reduce the WO3 film. Thus, it was revealed that a specific 

structure facilitating electron transfer could influence the 

electrochromic performance. Therefore, we believe that if the 

electron transfer can be controlled through a flexible 

configuration, various creative applications will be possible. 

Furthermore, bending tests were conducted to study the 

electrochromic response over several bending cycles at a 

bending radius (r) of 0.5 cm and 1 cm, respectively. Figure 

      

Fig. 5. Optimized ECD performance with (a) wavelength, (b) voltage, and (c) stability for 10,000 cycles. 
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6((b) and (c)) illustrates the observed rate of the transmittance 

change according to the number of bending cycles. At a high 

value of r, the initial optical contrast of the ECDs is well 

maintained (~90% after 2,000 bending cycles). Although the 

degradation is more severe at a lower r, it can be confirmed 

that the electrochromic response is maintained, and the optical 

contrast remains at ~82% compared with the initial value. It is 

postulated that this deterioration originates from the decreased 

conductivity of the ITO electrodes, which are brittle. Thus, a 

bending test was conducted, and it was confirmed that the 

resistance of the ITO electrodes increased slightly with the 

number of bending cycles. Despite the degradation of ITO, the 

stability over repeated bending cycles was high and 

comparable to that in previous reports (Table 1). The ability of 

the device to retain its coloring characteristics, even in the 

bending state, indicates an extremely high potential for future 

flexible electro-opto applications.  

The obtained results were compared with those of previous 

studies [20,29-31] based on the ionic conductivity and 

electrochromic performance of GPE-based ECDs (Table 2). It 

was confirmed that the ionic conductivity of the ECD 

employing the PMMA-based GPE with Fc was comparable to 

that of prior devices, and the transmittance change was 

comparatively excellent, with a fast switching time. 

Furthermore, the electrochromic performance and stability 

were compared with those of previously reported flexible 

ECDs [32-37] (Table 1). The optimized ECD developed 

herein not only demonstrated a good electrochromic response 

but also exhibited a highly stable performance owing to the 

dense bonding achieved via the lamination method. A large-

      

Fig. 6. (a) Rectangular ECD performance and bending cycles with different bending radius (b) 1 cm, and (c) 0.5 cm. 

Table 1. Electrochromic performance on the flexible substrates. 

ECD system ∆T (%) ∆tc/∆tb (sec) Stability Bending test Ref.

PET/ITO/WO3-Au/PEDOT/Pt/ 

PMMA based gel polymer /ITO/PET 
26 (750 nm) 19.25/13.83 No test No test 32 

PET/AgNW/PEDOT:PSS/ Viologen based ion 

gel electrolyte/ PEDOT:PSS/AgNW/ PET 
71.9 (604 nm) 13/18 

5% loss after  

50 cycles

~90% after  

20 cycles 
33 

PET/W/Ag NFs/W/ PVA based gel polymer 

electrolyte /NiO/Ag NFs/PET 
~90 (633 nm) 9/19 

13% loss after  

300 cycles

~30% after  

200 cycles 
34 

PET/ITO/PEDOT:PSS/ PCL/SiO2/ITO/PET 30.6 (650 nm) 25.2/17.1 100 cycles 100 cycles 35

ISHCPa/ Poly(acrylamide) based  

hydrogel electrolyte /ISHCP 
47.7 (590 nm) 3.3/20.1 

10% loss after  

1,000 cycles
1,000 cycles 36 

PET/ITO/WO3-PEDOT/ PMMA based gel 

polymer electrolyte/V2O5/ITO/PET 
61.5 (750 nm) 13.58/8.07 No test No test 37 

PET/ITO/WO3/ PMMA based gel  

polymer electrolyte /ITO/PET 
81.92 (700 nm) 9/17 

4.6% loss after 

10,000 cycles

~90% and ~82% 

after 2,000 cycles 
This work

a. ISHCP: Intrinsically stretchable and highly conductive polymers 
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area (121 cm2) ECD was successfully fabricated using bar-

coated WO3 and the PMMA-based GPE by employing the 

lamination process. Because the bar-coating process of WO3 

can be applied as a roll-to-roll process, it is expected to be very 

suitable for the mass production of devices when used in 

conjunction with the lamination process.  

 

 

4. CONCLUSION 

Flexible ECDs were optimized and successfully fabricated 

using a PMMA-based GPE with varying concentrations of Fc 

and hardening times. The electrochromic response of the 

fabricated ECD was found to vary according to the 

concentrations of PMMA and Fc and hardening times that 

were applied before the lamination process. These optimized 

ECDs were uniformly bonded to each electrode using the 

PMMA-based GPE with Fc via the lamination process. 

Therefore, the ECDs were found to exhibit extremely high 

transmittance changes (∆T = ~81.92%), high CE (η = 95.44 

cm2/C), and stable performance for repeated bending and 

electrochromic cycles (4.6% degradation for 10,000 cycles) 

compared with the values reported in previous studies on 

ITO/PET substrates. Additionally, a large-area, flexible ECD 

(121 cm2) was successfully fabricated using bar-coated WO3. 

Hence, the successful fabrication of ECDs employing PMMA-

based GPEs with Fc via the lamination process was found to 

demonstrate that mass production of flexible ECDs is 

potentially possible when used in conjunction with the roll-to-

roll process. 
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