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A B S T R A C T

This study reports a solid-state electrochromic device (ECD) based on dimethylterephthalate (DMT), demon
strating high stability and low operating voltage on both rigid and flexible substrates. DMT molecules were 
incorporated into a poly(vinylidene fluoride-co-hexafluoropropylene) ionogel (IG) using ionic liquids as envi
ronmentally friendly electrolytes. Cyclic voltammetry and in-situ spectroelectrochemistry were employed to 
investigate the electrochromic mechanism in the DMT@IG system. An ECD with two electrodes was fabricated on 
ITO-coated glass, operating at a low potential difference of 2 V, with bleaching times of 2.06 s, coloration times 
of 5.92 s, an optical contrast of 21%, and a color efficiency of 147.7 cm² C⁻¹. The device maintained stability for 
up to 30 cycles. Furthermore, a flexible three-electrode configuration with a DMT@IG membrane was designed, 
confirming DMT's potential as an advantageous material for low-voltage electrochromic and flexible display 
applications.

1. Introduction

With the growing development of smart materials and technologies, 
electrochromism has attracted increasing attention for applications 
ranging from multi-color displays and sensors to energy storage devices 
and smart windows [1–6]. Electrochromic devices (ECDs) rely on the 
same fundamental phenomenon: a reversible color change induced by 
an applied voltage which is accompanied by modulation of optical 
properties such as transmittance, reflectance, and absorbance [7–10]. 
Among organic electrochromic compounds (OECs), viologens and 
π-conjugated polymers such as polyaniline and polythiophene have been 
widely studied due to their high coloration efficiency, chemical stability, 
and reliable device performance [11–13]. To achieve full-color elec
trochromic displays, it is essential to develop materials capable of pro
ducing one of the three primary colors (cyan, magenta, or yellow) [14].

Compared to these well-established OECs, phthalate esters remain 
relatively underexplored despite their promising electrochromic po
tential and reported reversible color switching [15–17]. Within this 
family, dimethyl terephthalate (DMT) is of particular interest. DMT is a 
small ester-containing electrochromic (EC) molecule that undergoes a 
reversible transition from colorless to magenta—one of the three pri
mary colors—upon electrochemical stimulation. This distinctive prop
erty makes DMT a promising candidate for the development of low-cost 

ECDs with high optical contrast and coloration efficiency [18]. How
ever, prior studies on DMT have been limited to solution-phase systems, 
which suffer from poor stability, safety concerns, and electrolyte leakage 
issues [19].

To mitigate these challenges, gel-based polymer electrolytes have 
been explored, with poly(vinyl butyral) (PVB)-based systems among the 
most widely studied [20–24]. While this strategy effectively minimizes 
leakage, the use of aprotic solvents and supporting electrolytes remains 
a significant limitation. Conventional solvents such as dimethyl sulf
oxide (DMSO) pose risks of volatility, chemical instability, and envi
ronmental hazards. In contrast, ionic liquids (ILs) have emerged as 
promising alternatives, offering negligible vapor pressure, low flam
mability, tunability, and a wide electrochemical window of up to 5 V 
[25–27].

In recent years, ILs have also been incorporated into polymer net
works to form ionogel (IG) membranes, a new class of hybrid materials 
in which the polymer acts as the dispersed phase and the IL serves as the 
continuous phase. IGs integrate the advantageous properties of both 
components, providing intrinsic ionic conductivity while eliminating 
the need for additional supporting electrolytes [28–31]. Recent reports 
have demonstrated IG-based ECDs using OECs such as viologens and 
thiazine derivatives, achieving high coloration efficiencies and excellent 
cycling stability [32–34].
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In this study, we investigate for the first time the electrochromic 
mechanism of DMT in solid-state electrolytes based on ILs. Electro
chemical analysis of DMT were carried out in various ILs to evaluate the 
influence of different cation and anion combinations on DMT’s redox 
and optical behavior: 1-ethyl-3-methylimidazolium ([EMIM]), 
1‑butyl‑3-methylimidazolium ([BMIM]), 1‑butyl‑1-methyl
pyrrolidonium ([BMPyr]), N-trimethyl-N-butylammonium ([N1114]) 
and 1-methyl-1-propylpiperidinium ([PP13]) as cations, and bis(tri
fluoromethanesulfonyl)imide ([TFSI]) and tetrafluoroborate ([BF4]) as 
anions (Fig. 1, top). For the preparation of DMT-based solid-state elec
trolytes, ionogels composed of poly(vinylidene fluoride-co-hexa
fluoropropylene) (PVDF-co-HFP), a fluorinated copolymer, and [EMIM] 
TFSI were fabricated (Fig. 1, bottom). The primary objective of this work 
was to evaluate the electrochromic performance of DMT within IG 
membranes and to fabricate ECDs capable of stable and reversible color 
switching at low operating voltages. Key device parameters, including 
optical contrast, switching times, and coloration efficiency, were sys
tematically evaluated

2. Experimental section

2.1. Materials and reagents

Dimethyl terephthalate (≥99 %) and polyvinylidene fluoride-co- 
hexafluoropropylene were purchased from Aldrich (≥99 %) and used as 
received. Dimethyl sulfoxide (>99 %) and Ferrocene (Fc, >98 %) were 
received from Fluka and used without further purification. High-purity 
acetonitrile (ACN) was purchased from Acros Organics (>99.5 %). 
Ionic liquids [BMIM][TFSI], [EMIM][TFSI], [BMPyr][TFSI], [N1114] 
[TFSI], [PP13][TFSI], and [EMIM][BF4] were purchased from Solvionic 
and used without further purification.

2.2. Synthesis of electrochromic IGs

For the DMT@IG membranes formulation, a 1:5 wt ratio of PVDF-co- 

HFP and [EMIM][TFSI] was mixed, and 5 mL of acetone was added to 
the mixture. The mixture was then left to stir until all the polymer was 
completely dissolved (IG solution). Then, 5 mM of DMT was added to the 
IG solution and sonicated for 5 min to achieve homogeneity. Finally, a 
volume of 90 μL IG solution was poured into a polydimethylsiloxane 
(PDMS) template for each membrane and left to air dry for 15– 20 min . 
As a result, free-standing and elastic solid membranes were obtained of 
1-cm of diameter and 250 µm of thickness was obtained by profilometry 
(see Figure SI1).

For the DMT@IG membranes that incorporate ferrocene, a 1:2 wt 
ratio of DMT and ferrocene was dissolved in 2 mL of IG solution and 
sonicated for 5 min . Then, a volume of 90 μL of IG solution was poured 
into the PDMS template for each membrane and left to air dry for 15– 20 
min .

2.3. Fabrication of 2-electrode system and flexible displays

For ECD fabrication, commercially available indium tin oxide (ITO)- 
coated glasses were used as electrodes. To build up the device, a double- 
sided adhesive layer of 1.1 mm in thickness was used to create a 1.7 cm x 
1.5 cm well on the top of an ITO-glass substrate. Then, 360 μL (4 times 
90 μL, letting it dry for 20– 30 min each time) of the IG solution was 
dropcasted into the well. After that, 15 μL of DMSO was poured onto the 
membrane formed, and the device was assembled into a sandwich 
structure using a second ITO-glass layer. The device was gently pressed 
to ensure good contact with the electrodes.

Fabrication of the flexible, three-electrode electromic display 
required assembling five layers (1– 5): 250 µm-thick layers of poly 
(methyl methacrylate) (PMMA) were used as the top and bottom covers 
of the device (1 and 5); a 175 μm thick pressure-sensitive adhesive (PSA, 
2) layer as a white background was placed on top of PMMA layer 1, 
which contained an engraved electrochemical cell; a 1 mm-thick PMMA 
layer (3) was used to connect the DropSense ITO electrode with the 
electrochemical cell; a 100 µm-thick, transparent PSA layer (4) was 
finally used to bind layers 3 and 5.

Fig. 1. (top) Chemical structures of the cations and anions of the ionic liquids used in this study. (bottom) Composition of the electrochromic ionogel membranes 
developed based on PVDF-co-HFP, [EMIM][TFSI] and DMT.
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2.4. Characterization techniques

Cyclic voltammetry was used to measure the electrochemical po
tential windows of all ILs analyzed and to determine the electrochemical 
properties of DMT. For ILs, cyclic voltammetry experiments were per
formed in a three-electrode system with glassy carbon as a working 
electrode (WE, diameter (d) = 1 mm). A Pt disk (d < 1 mm) was used as a 
counter electrode (CE), along with a saturated calomel electrode (SCE) 
as the reference electrode (RE). These measurements were recorded on a 
660E CHInstrument potentiostat. For DMT@IG membranes, cyclic vol
tammetry was performed with a commercially available three-electrode 
screen-printed system, which was purchased from Methrom Drop
Sensens, using glassy carbon as WE and CE, and silver as the pseudor
eference electrode.

For spectroelectrochemistry measurements, a VSP model potentio
stat was used along with the EC-Lab V11.43 software. The potentiostat 
was synchronized with a Hamamatsu spectrophotometer to record UV– 
vis spectra. Bio-kine 32 V4.82 software was used to record and process 
absorbance data. The electrodes used in the spectroelectrochemical 
studies included a Pt mesh as WE, a Pt wire CE, and a SCE RE, when DMT 
was studied in solution. An optically transparent screen-printed elec
trode (DRP-ITO10) was selected for characterizing DMT in IG mem
branes. DRP-ITO10 contains an ITO WE, glassy carbon as CE, and silver 
as the pseudoreference electrode. For the two-electrodes systems, 
spectroelectrochemical characterization was performed with two ITO- 
coated glass as working and counter electrodes in a sandwich 
configuration.

The IG thickness was characterized by confocal imaging, which is 
described as a non-contact optical 3D profiling technique. The charac
terization was carried out by using DCM 3D optical profilometer (Leica), 
which was provided by UAB Microscopy Service. The IG morphology 
was evaluated by using a Zeiss Merlin Scanning Electron Microscope 
(SEM), a high-resolution field emission microscope (See Figure S12).

3. Results and discussion

To select the most suitable IL to fabricate a low-voltage electro
chromic device, different ILs were first tested as liquid electrolytes, 
focusing on the analysis of the IL cation and anion effects on the elec
trochemical performance of DMT.

3.1. Electrochemical characterization of DMT in ionic liquids

3.1.1. Cation effect
The effect of IL cation on the electrochemical behavior of DMT was 

analyzed using five ionic liquids containing a common anion ([TFSI]) 
but different cations: imidazolium, piperidinium, pyrrolidinium, and 
ammonium. Fig. 2 shows the cyclic voltammograms of DMT in these ILs, 
which were recorded on a glassy carbon working electrode at various 

scan rates within a potential window of 0 to –2.2 V (vs SCE). In all ILs, 
DMT exhibited two well-defined and reversible redox processes in the 
cathodic region, featuring the characteristic electrochemical parameters 
summarized in Table 1.

The redox potentials of DMT reduction waves were found to be in
dependent of scan rate, suggesting that the associated redox processes 
are thermodynamically controlled. Across all ILs, DMT exhibited anal
ogous electrochemical behavior with only minor changes in peak po
tentials. In each case, two sequential monoelectronic and reversible 
electron transfer processes were observed. Based on these results, a two- 
step reduction mechanism was proposed: formation of the DMT radical 
anion upon the first electron transfer, followed by the formation of a 
dianion upon the second reduction (Fig. 3).

The differences observed in the CV peak currents and potentials 
across the various ionic liquids— [EMIM]TFSI, [BMIM]TFSI, [BMPyr] 
TFSI, [PP13]TFSI, and [N1114]TFSI—arise from their distinct physico
chemical properties. These ILs span a wide range of viscosities, cation 
sizes, and microstructural organization, all of which strongly influence 
mass transport and electron-transfer kinetics. Lower-viscosity imidazo
lium ILs ([EMIM]TFSI, [BMIM]TFSI) provide faster diffusion and higher 
peak currents, whereas bulkier pyrrolidinium, phosphonium, or 
ammonium cations ([BMPyr]TFSI, [PP13]TFSI, [N1114]TFSI) slow ion 
mobility, leading to reduced corrents, To reliably compare the electro
chemical responses across these ILs, the parameter Ip/

(
c v1/2)was used to 

normalize the peak currents, allowing the intrinsic IL-dependent trans
port behavior to be evaluated [34,35].

Focusing on the potential values, the first reduction process of DMT 
was found to be highly reversible across all ILs, showing negligible 
differences in the formal potential (E⁰) for all liquid electrolytes 
considered. In contrast, the second reduction potential exhibited a 
pronounced dependence on the nature of the cationic species of the IL. 
Specifically, in imidazolium-based ILs ([EMIM][TFSI] and [BMIM] 
[TFSI]), both the cathodic peak potential (Epc) and E⁰ were shifted to
ward more positive values compared to the other ILs (ca. 100 mV). This 
shift suggests stronger solvation of DMT in imidazolium ILs, likely due to 
specific ion-pairing effects [34,35]. The aromatic structure of imidazo
lium cations enables π–π interactions with DMT, while hydrogen 
bonding between the carbonyl oxygen atoms of DMT and the acidic 
proton at C2 position of imidazolium ions may further stabilize the 
reduced species. In contrast, aliphatic cations such as [N1114], [BMPyr], 
and [PP13] lack aromaticity and acidic hydrogens, resulting in weaker 
cation-solute interactions and consequently poorer solvation of DMT 
[35]. Notably, the electrochemical response of DMT in [EMIM][TFSI] 
and [BMIM][TFSI] was nearly identical, indicating that the bulkier alkyl 
substituent in [BMIM] has minimal influence on solvation environment 
and overall redox characteristics. After analyzing all these results, we 
concluded that the ILs containing imidazolium cations are better for 
fabricating DMT@IG membranes.

Fig. 2. Cyclic voltammograms of 50 mM DMT in (a) [EMIM][TFSI] and [BMIM][TFSI], and (b) [BMPyr][TFSI], [N1114][TFSI], and [PP13][TFSI] (WE: glassy carbon, 
CE: Pt, and RE: SCE; scan rate: 0.1 V s-1).
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3.1.2. Anion effect
To investigate the role of the IL anion on DMT electrochemistry, 

[EMIM][TFSI] and [EMIM][BF₄], which share the same imidazolium 
cation, were analyzed as liquid electrolytes. CV measurements showed 
that two reversible redox processes are observed for DMT in both ILs, 
irrespective of the anion (Fig. 4 and Table 2). However, a clear differ
ence in potential values was found, with both redox waves in [EMIM] 
[BF₄] shifted positively by nearly 100 mV compared to [EMIM][TFSI] 
(Table 2). This potential shift indicates that the anion strongly influences 
the solvation environment and contributes to the stabilization of the 
reduced DMT species.

The differences observed between [EMIM][TFSI] and [EMIM][BF₄] 
arise from their distinct viscosities, ion sizes, and specific interactions 
with DMT, which directly affect diffusion and electron-transfer kinetics. 
The smaller and less viscous [EMIM][BF₄] enables faster mass transport 
and more reversible CV behavior, whereas the larger, more viscous TFSI⁻ 
medium slows diffusion, resulting in lower currents and broader, shifted 
peaks. Peak currents were normalized using Ip/

(
c v1/2), as previously 

mentioned, to allow a fair comparison between ionic liquids with 
intrinsically different transport properties.

In this sense, the smaller [BF₄] anion can approach the electrode 
surface more closely, thereby facilitating electron transfer, whereas the 
steric bulk and charge delocalization of [TFSI] keep it farther from the 
interface [36]. An additional effect to consider is the so-called umbrella 
effect. In the presence of [TFSI], the [EMIM] cation becomes more ste
rically shielded, limiting its ability to directly interact with DMT. This 
steric hindrance weakens potential π–π stacking and hydrogen bonding 
between [EMIM] and DMT•-, thus requiring more negative potentials for 
electron transfer. By contrast, with [EMIM][BF₄], the smaller anion does 
not impose such steric shielding, leaving [EMIM] more accessible for 
interaction with DMT, which favors reduction at less negative potentials 
[37] .

Despite the favorable potential shifts observed with [EMIM][BF₄], 
this IL suffers from drawbacks such as hydrolytic instability and possible 
HF generation under ambient conditions, which compromise its prac
tical application in device fabrication [38]. In contrast, [EMIM][TFSI], 
though leading to slightly more negative potentials, provides superior 
chemical robustness, a wider electrochemical stability window, and 
lower environmental risks. For these reasons, [EMIM][TFSI] was chosen 
as the most optimal medium for the preparation of ionogel membranes 
and subsequent electrochromic device fabrication.

3.2. Spectroelectrochemical characterization of DMT in [EMIM][TFSI]

In-situ spectroelectrochemistry experiments were carried out to gain 
deeper insight into the electrochromic response of DMT and to verify the 
reduction mechanism established by cyclic voltammetry. Based on the 
CV data measured for DMT in [EMIM][TFSI], two potentials were cho
sen to probe the color changes occurring upon successive reduction 
steps. It must be noted that parent DMT is colorless, as it does not 
significantly absorb in the visible region. When a potential of –1.8 V (vs 
SCE) was applied, an absorption band appeared at around 530 nm, 
which is attributed to the formation of the radical anion DMT•⁻, leading 
to characteristic magenta coloration. Increasing the applied potential up 
to –2.0 V (vs SCE) to promote the second reduction process of DMT, 
resulted in a further enhancement in the intensity of the absorption in 
the visible region, consistent with the generation of the dianion DMT2- 

(Fig. 5). Since both reduced species give rise to similar absorption bands, 
the chromophore responsible for the magenta color must already be 
established after the first electron transfer, while the second electron 
transfer essentially enhances the overall optical density. When the po
tential was returned to 0 V (vs SCE), the sample fully bleached and the 
absorption spectrum recovered to its original state, confirming the 
reversibility of DMT’s electrochromic switching. A gradual fading of the 
reduced species was also observed, which can likely be attributed to the 
relatively high viscosity of [EMIM][TFSI] slowing down diffusion away 
from the electrode surface.

3.3. Electrochromism of DMT in ionogel membranes

After establishing the electrochromic behavior of DMT in [EMIM] 
[TFSI] solution, IG membranes were prepared by mixing [EMIM][TFSI], 
PVDF-co-HFP and DMT to analyze the electrochromic response in a 

Table 1 
Electrochemical features of DMT reduction waves in TFSI-based ILs bearing different cations.a.

IL Epc,1 (V) Epa,1 (V) ΔEp1
a (mV) E0

1(V) Epc,2 (V) Epa,2 (V) ΔEp2
a (mV) E0

2 (V)

[EMIM] TFSI − 1.76 − 1.69 70 − 1.73 − 1.91 − 1.85 60 − 1.88
[BMIM] TFSI − 1.75 − 1.68 70 − 1.71 − 1.90 − 1.85 50 − 1.88
[BMPyr] TFSI − 1.73 − 1.67 60 − 1.69 − 1.99 − 1.92 70 − 1.84
[PP13] TFSI − 1.73 − 1.67 60 − 1.69 − 2.03 − 1.96 70 − 1.99
[N1114] TFSI − 1.75 − 1.69 60 − 1.72 − 2.01 − 1.93 80 − 1.97

a Cathodic (Epc) and anodic (Epa) peak potentials, standard potential (E0), and peak-to-peak separation (ΔEp = Epc – Epa) for the two reduction waves of DMT.

Fig. 3. Electrochemical reduction mechanism proposed for DMT in the ILs 
under study.

Fig. 4. Cyclic voltammograms of 50 mM DMT in [EMIM][TFSI] and [EMIM] 
[BF4] (WE: glassy carbon, CE: Pt, and RE: SCE; scan rate: 0.1 V s-1).
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quasi-solid medium. The fluorinated copolymer PVDF-co-HFP was 
chosen as matrix for IG preparation because of the good results previ
ously obtained by us for the fabrication of other electrochromic devices 
[39–41]. Two different experimental configurations were employed to 
test the electrochromic performance of the resulting DMT-loaded IGs: (i) 
a three-electrode flexible device, and (ii) a two-electrode sandwich 
configuration.

3.3.1. Flexible electrochromic system based on DMT-containing ionogel 
membranes

To demonstrate the potential of DMT-based flexible electrochromic 
displays for smart device applications, a flexible device incorporating 
DMT@IG membranes was fabricated. A three-electrode electrochemical 
system was constructed using an ITO screen-printed electrode as WE. A 1 
cm-in-diameter DMT@IG membrane was placed on top of this electrode 
and then inserted into the 5-layered electrochemical setup. Thanks to 
the flexibility of all components - the ionogel membrane, the screen- 
printed electrode, and the electrochemical cell - the electrochromic 
response of the resulting system could be investigated both in flat and 
bent configurations.

Fig. 6a compares the cyclic voltammetry responses recorded in the 
straight and bending states of the device to induce the electrochromic 
behaviour of DMT. Consistent with results previously obtained in ionic 
liquid solutions, the cyclic voltammogram of DMT displays two revers
ible reduction waves. A comparable electrochemical response is 
observed under bending conditions, indicating that mechanical defor
mation does not affect its redox behaviour. However, as expected for 
solid media, these waves are less defined than they are in solution. This 
can be attributed to the solid nature of the matrix, in which ion diffusion 
is slower. Nevertheless, the peaks were sufficiently separated for anal
ysis of the cyclic voltammogram. Optical characterization was addi
tionally carried out in both device states, showing comparable optical 
contrast values for the straight and bent configurations (Fig.SI3).

Notably, a redox-induced color change from colorless to magenta 
was observed at an applied voltage of − 2,0 V (vs SCE), representing the 
reversible transformation of DMT into DMT•⁻ and DMT2-. The demon
strated flexible display (Fig. 6b) represents the possibilities for using 
DMT in smart electronics such as smart windows, wearable displays, and 
reflective devices [19].

Table 2 
Electrochemical features of DMT reduction waves in EMIM-based ILs bearing different anions.a.

IL Epc,1 (V) Epa,1 (V) ΔEp1 (mV)a E0
1 (V) Epc,2 (V) Epa,2 (V) ΔEp2 (mV)a E0

2 (V)

[EMIM] TFSI − 1.76 − 1.69 70 − 1.73 − 1.91 − 1.85 60 − 1.88
[EMIM] BF4 − 1.69 − 1.61 80 − 1.65 − 1.89 − 1.81 80 − 1.85

a Cathodic (Epc) and anodic (Epa) peak potentials, standard potential (E0), and peak-to-peak separation (ΔEp = Epc – Epa for the two reduction waves of DMT.

Fig. 5. (a) UV– vis absorption spectrum of 5 mM DMT in [EMIM][TFSI] at an applied potential of − 2.0 V. (b) Photographs of the spectroelectrochemical 3-electrode 
cell (WE: Pt mesh, CE: Pt wire, and RE: SCE), showing reversible electrochromic behavior of DMT from colorless to magenta upon application of reduction voltages in 
[EMIM][TFSI].

Fig. 6. (a) cyclic voltammogram of DMT@IG membranes deposited onto a screen-printed ITO electrode (CE: glassy carbon; RE: Ag; scan rate = 0.1 mV s-1) in bent 
configurations. (inset) CV of DMT@IG membranes in flat configuration. (b) Flexible, three-electrode display exhibiting the reversible electrochromism of DMT in 
IG membranes.
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3.3.2. Electrochromic device based on DMT-containing ionogel membranes
Once demonstrated that it is possible to obtain the redox response of 

the DMT into IG membranes, a larger, two-electrode electrochromic 
device was fabricated using ITO-coated glass electrodes in a sandwich 
configuration (Fig. 7).

Initially, an applied potential of approximately 6 V was required to 
induce a color change in the resulting DMT@IG-based ECD. However, 
the membrane was damaged after just one cycle due to the high voltage 
used (Fig. 8). This high operating voltage was attributed to the absence 
of a counter electrode reaction in the two-electrode configuration [42]. 
To counterbalance the reductive behavior of DMT and lower the oper
ating voltage of the EC device, several redox mediators were introduced 
to provide a complementary counter electrode reaction.

Four mediators, including tetrathiafulvalene (TTF), 2,2,6,6-tetra
methylpiperidine-1-oxyl (TEMPO), hexaammineruthenium(II) chloride 
([Ru(NH₃)₆]Cl₂), and ferrocene (Fc), were evaluated individually. Such 
mediator were chosen to ensure optical transparency (in the case of 
ferrocene especially at low concentrations) in both redox states, good 
compatibility with the ionogel matrix, and low operating voltages. This 
design strategy enables a balanced optimization of electrochemical 
stability, optical performance, and overall device durability. For each 
mediator, and after some preliminary experiments, the IG membranes 
were fabricated with an optimal 1:2 DMT: mediator weight ratio. It was 
crucial to determine the optimal membrane composition for achieving 
the best performance of the EC device, while maintaining a low oper
ating voltage and achieving as much color neutrality as possible in the 
initial state, along with device stability.

Incorporation of TTF decreased the operating voltage to 1.9 V from 
the initial 6 V. However, the device exhibited poor cycling stability, 
losing reversibility after two cycles. This lack of robustness was attrib
uted to weak electronic coupling between TTF and DMT and to the 
intrinsic yellow coloration of TTF, which led to nonuniform optical 
transitions. Similarly, although the use of TEMPO reduced the operating 
voltage to 3.7 V, the electrochromic response was limited to a single 
cycle. Subsequent irreversible browning of the membrane was associ
ated with TEMPO overoxidation, consistent with its limited stability at 
high potentials [43,44]. These results highlight the need for precise 
redox compatibility when selecting organic mediators.

By adding the inorganic redox mediator [Ru(NH₃)₆]Cl₂, the operating 
voltage of the ECD decreased down to 3.4 V (DMT-Ru@IG-based ECD). 
The mediator provided color neutrality, enabling a clear and reversible 
transition between bleached and colored states. Nevertheless, the 
operating voltage remained relatively high, limiting its suitability for 
low-voltage applications. Finally, we tested Fc as a mediator (DMT- 
Fc@IG-based ECD), whose incorporation into the device further 
decreased the operating voltage down to 2.0 V, consistent with the 
standard potentials of DMT (− 1.73 V vs SCE) and Fc (0.4 V vs SCE). 
Under these conditions, reversible electrochromism was achieved with a 

robust optical response. Mechanistically, DMT was reduced at the 
cathode to its DMT dianion form after two electron transfer processes, 
producing a yellow–pink coloration. This color originated from the 
combination of Fc’s inherent yellow hue and the magenta color of 
DMT2-, reflected in the appearance of a new band at 530 nm in the 
UV–vis absorption spectrum. Concurrently, Fc was oxidized at the anode 
to Fc⁺. Upon returning the applied potential to 0 V, DMT dianion was 
efficiently reconverted to neutral DMT, restoring the bleached state 
(Fig. 9a).

Overall, Fc proved to be the most effective mediator, significantly 
lowering the driving voltage while enhancing reversibility and optical 
contrast. In contrast, TTF and TEMPO were limited by poor stability and 
undesirable coloration, while [Ru(NH₃)₆]Cl₂ improved reversibility but 
operated at relatively high potentials. These findings highlight the 
crucial role of mediator selection in enabling low-voltage, stable elec
trochromic devices based on DMT@IG.

3.3.3. Performance of electrochromic devices based on DMT-containing 
ionogel membranes

Combined UV– vis absorption spectroscopy and chronoamperometry 
measurements were conducted to investigate the electrochromic per
formance of the optimal DMT-Fc@IG ECDs. For comparison purposes, 
the same experiments were performed on DMT-Ru@IG based ECDs.

The optical contrast achieved during redox operation of these de
vices was obtained from the difference in transmittance at 530 nm for 
their bleached and colored states (ΔT%). In case of DMT-Ru@IG-based 
ECDs, transmittance at 530 nm decreased from 78 % to 62 % upon 
coloration under 3.4 V, yielding an optical contrast of 16 % (Fig. 10). For 
DMT-Fc@IG-based ECDs, a larger ΔT% value of 21 % was obtained by 
applying a lower coloration voltage of 2.0 V (Fig. 11). Aside from the 
overall optical contrast achieved, fast response times are also crucial for 
ECDs when considering their use in practical applications. In this study, 
we calculated the response time as the time that ECD needs to reach 90 
% of the maximum transmittance change at 530 nm. For both Ru@IG 
and DMT-Fc@IG-based devices, fast response times were measured for 
the bleaching (tb) and coloration processes (tc), which fall well below 10 
s: tb = 4.3 s and 2.1 s, and tc =6.5 s and 5.9 s for the ECDs doped with [Ru 
(NH₃)₆]Cl₂ and Fc mediators, respectively (Fig. 10b, Fig. 11b and 
Table 3).

Two other parameters were investigated to assess the electrochromic 
behavior of the ECDs prepared. Color efficiency (CE) is a significant 
factor when considering ECD performance. It is measured as the ratio of 
the change in optical density to the charge inserted [45]. CEs at 530 nm 
for the DMT-Ru@IG- and DMT-Fc@IG-based devices were estimated to 
be 264 cm2/C and 147 cm2/C (Table 3), which can be considered 
good-to-excellent coloration performances. Finally, cyclic stability pro
vides excellent proof of the durability and execution of an ECD, espe
cially when considered for long-term applications. The variation in 

Fig. 7. Schematic representation of the composition of the two-electrode electrochromic device.
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transmittance of ECDs upon sequential color switching cycles were 
monitored to determine their stability. In case of DMT-Ru@IG-based 
devices, the potential was switched between reduction and oxidation 
sweeps for 30 s from 3.4 V to 0 V. The reversible electrochromism of the 
device was observed up to 12 cycles, after which we started to observe 
some degradation of the response that we attribute to the high operating 
voltage likely inducing over-reduction processes and electrolyte insta
bility, together with the limited solubility of the Ru-based complex in IG 
solution (Fig. 10a and Table 3). For the cycling test of DMT-Fc@IG-based 

ECDs, the potential was switched between reduction and oxidation 
sweeps for up to 25 cycles from 2 V to 0 V., observing good optical 
contrast (Fig. 11a and Table 3). To study the memory effect of the de
vice, the device was kept in static bias condition after applying the 
reduction potential of 2 V. The color was observed for more than one 
minute, which represents the fast ionic mobility and electron transfer in 
the IG network even in open-circuit conditions. After that, a slight 
degradation was observed in the color of the membrane from light 
yellow to light brown, which could be ascribed to the overoxidation of 

Fig. 8. (a) UV– vis absorption spectra measured at 0 V and 6 V for the two-electrode ECD in the absence of redox mediators. (b) Images of the colors achieved in this 
DMT-based device at the two potentials applied.

Fig. 9. (a) Schematic representation of DMT/Fc-based electrochemical cell representing the reaction mechanism originating the electrochromic response in the 2- 
electrode ECD. (b) Flexible display of DMT/Fc based EC device. (c) Rigid display of DMT/ Fc based EC device.

Fig. 10. (a) Transmittance switching cycles at 530 nm achieved for a DMT-Ru@IG-based ECD operated at coloration and bleaching potentials of 3.4 V and 0 V, 
respectively. (b) Coloration and bleaching response times for a DMT-Ru@IG-based ECD. (c) Photographs of a DMT-Ru@IG-based ECD in the bleached and 
colored states.
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ferrocene due to its lower standard potential relative to DMT. To check 
the stability of this device, it was stored for weeks under no specific 
conditions without losing its electrochromic behavior (Figure S14). This 
result demonstrated that the device is robust under ambient conditions 
and does not require any specific environment for storage (Figure S15).

When compared to DMT-based devices reported in the literature 
using liquid electrolytes, our optimal solid-state DMT-Fc@IG-based ECD 
presented comparable and satisfactory electrochromic performance. 
Thus, Watanabe et al. reported that DMT gel-based electrochemical cells 
made from DMSO and NMP liquid electrolytes had to be operated at 2.3 
V, exhibiting CEs of 169 and 135 cm2/C, respectively [46]. Relative to 
these precedents, our IG-based devices show several advantages because 
of their solid-state nature, such as reducing the need to use conventional 
solvents and electrolytes, making them more suitable for practical 
electrochromic display applications.

4. Conclusions

In summary, we demonstrated the electrochromic behavior of DMT 
in a stable and low-operating-voltage solid-state device incorporating IG 
membranes, utilizing ILs as the electrolyte. We first focused on different 
ILs to evaluate the influence of their cation and anion on the electro
chemical behavior of DMT. In particular, we studied their effect on the 
redox potential values of the electrochromic probe to select the IL that 
offered the lowest Epc value and has the least toxic environmental effect. 
[EMIM][TFSI] was selected as the most optimal IL to synthesize IG 
membranes. After that, a solid-state ECD was fabricated and character
ized to investigate its electrochromic performance. After adding ferro
cene as a redox mediator, DMT exhibited a reversible color change from 
yellowish to magenta on application of coloration and bleaching volt
ages of 2.0 V and 0 V. Under these conditions, a 21 % change in trans
mittance in the visible region was achieved, which fast response times 
for both coloring (6.9 s) and bleaching processes (2.1 s), high coloration 
efficiency (147.7 cm2/C), and switching stability over 25 cycles. These 
results suggest that phthalate-based electrochromic solid-state devices 
show high promise for the design of new sustainable smart technologies 
and applications.
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