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Transparent polymer electrolytes are important components in fabricating transparent ionic electroactive polymers (iEAPs). 

Ionic liquids (ILs) have been widely used as the ionic source for polymeric electrolytes due to their broad electrochemical 

window and non-volatility. ILs with long alkyl chains, such as 1-decyl-3-methylimidazolium chloride (C10MIMCl), may reduce 

the crystallinity and allow higher transparency of polymer electrolytes. However, it has been reported that the strong ionic 

interaction in C10MIMCl hinders the migration of ions and thus affects the electromechanical deformation of 

polymer/C10MIMCl electrolytes. In our work, iEAPs made of PVA/C10MIMCl electrolytes were fabricated with high optical 

transparency. The poor electromechanical deformation of the electrolyte containing the long alkyl chain IL has been 

overcome. The hydrogen bonding formed between the IL cations (C10MIM+) and the polymer chains enabled the Cl--

controlled deformation. In addition, the hygroscopicity of IL allows for a higher degree of ion dissociation while the absorbed 

water widens the migration channels for Cl-, and the combined effect has significantly improved the actuation performance 

of the iEAPs. We also found that the deformation of PVA/C10MIMCl iEAPs increases with higher water content in the 

electrolyte, achieving the highest average bending curvature of 40.53±0.21 m-1 under 2V DC. Compared with the iEAPs 

using the same IL reported in the literature, the actuation response of the iEAP containing C10MIMCl is improved. 

1 Introduction 
Design and fabrication of optically transparent stimuli-responsive 
materials are important for developing advanced smart devices, such 
as zoom lenses, smart wipers, electronic skin, and environment-
adaptive devices. Ionic electroactive polymers (iEAPs) [1-5] are 
promising candidates in fabricating transparent actuators and 
sensors due to the flexibility, safety, and remote-controllability. Once 
a potential (3~5V) is applied, iEAPs manifest bending deformation 
which is related to the directional movement of ions in the polymeric 
electrolytes [4-7]. However, transparent iEAPs are rarely reported 
owing to limited materials selection and difficulties in controlling the 
crystallization of the polymer matrices. 

Transparent polymeric electrolytes are crucial in fabricating high-
performance transparent iEAPs. Such electrolytes consist of 
polymers and ions, and possibly solvents. Commonly used polymers 
include proton exchange membranes, poly(vinylidene fluoride) 

(PVDF) with its copolymers, polydimethylsiloxane (PDMS), and 
polyvinyl alcohol (PVA). The choice of ions is more diverse, such as 
H+, alkali metal ions, and organic cations. Although these materials 
are transparent, reduced crystallinity of crystalline polymers and 
good compatibility between the polymers and ions are necessary to 
realize high transparency in polymeric electrolytes [6].  

In recent years, ionic liquids (ILs), especially imidazole-type ILs, 
have been widely used as the ionic source in fabricating iEAPs due to 
their thermal and chemical stability, as well as non-volatility [8-10]. 
A large number of studies have reported that using ILs can effectively 
reduce the crystallinity and thus increase the amorphous phase and 
enhance the flexibility of polymers, facilitating larger deformation of 
the iEAPs [11-13]. Compared with other ILs, imidazolium chloride ILs 
at the same mass fraction provide polymers with better electrical 
properties and more flexibility [14]. However, small deformation and 
back-relaxation may occur when ILs are introduced into polymeric 
electrolytes [15-17]. To improve the deformation of the IL-based 
iEAPs, adjusting the ILs concentration or type, introducing additional 
mobile ions such as Li+, and generating ions migration channels have 
been reported [9, 15, 18]. Despite the large variety of ILs, only ILs 
with short alkyl chains, i.e. the number of side-chain carbons being 
less than 4, are commonly used. From a theoretical point of view, 
using larger ions is more advantageous for iEAP deformation [19, 20]. 
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In addition, polymers complexed with longer alkyl chains ILs exhibit 
more uniform grain size and lower crystallinity which allows higher 
transparency [14]. However, ILs with longer alkyl chains may inhibit 
the actuation performance of iEAPs due to the low ion-exchange 
capacity [15, 21-23] or cations mobility [18, 24]. Fabrication of 
transparent and high-performance iEAPs based on ILs with long alkyl 
chains is still an uphill struggle [13]. Adopting the single-ion 
controlled bending mechanism is one of the approaches to enhance 
the electromechanical response of iEAPs [25]. In this case, significant 
electrochemical performance can be achieved even with small ions 
such as Li+ [26]. However, it is challenging to realize a similar 
mechanism using ILs with longer alkyl chains due to the weak 
coupling between the ILs anion and polymer [27], as well as the 
increased ionic interaction with the larger cation alkyl chain length 
[28, 29].  

In this work, an IL with long alkyl chains, C10MIMCl, and PVA were 
used to prepare highly transparent electrolytes for iEAPs, and single-
ion controlled deformation was successfully achieved. The high 
transparency originates from the good compatibility between PVA 
and IL, as well as the reduced crystallinity of the polymer. The 
chloride ion-controlled actuation deformations resulted from the 
formation of hydrogen bonding between the IL cations and the PVA 
chains. In addition, owing to the hygroscopicity of IL [30, 31], water 
absorbed by the IL facilitates its dissociation and provides migration 
channels for the ions. The influences of IL and water content in the 
electrolytes on the mechanical and electromechanical properties 
were studied. It was found that the flexibility of the polymeric 
electrolytes is enhanced with higher IL and water content. At the 
same water content, the highest bending curvature of iEAP can be 
optimized at a particular IL content, while at the same IL content, a 
higher water content stimulates larger deformation. This approach 
allows the batch fabrication of transparent electrolytes, laying the 
foundation for the further fabrication of transparent high-
performance iEAPs. In addition, due to the loading of the IL, the 
PVA/IL transparent electrolytes show considerable potential in the 
preparation of separators for capacitors and cells, and smart 
materials related to dehumidification and humidity monitoring. 

 

2 Experimentation 
2.1 Materials 
Polyvinyl alcohol (PVA, polymerization degree 1750±50), ionic liquid 
(1-Decyl-3-methylimidazolium Chloride, C10MIMCl), and the gold foil 
(thickness, 100±10 nm) were purchased from Sinopharm Group Co. 
Ltd (China), Aladdin, and Ouci Metal, respectively. All the materials 
were used as received. 

2.2 Preparation of PVA/IL electrolytes and iEAPs 
PVA/IL electrolytes: IL of the corresponding mass was dissolved in 
distilled water, forming a homogeneous solution, after which PVA 
was added to prevent salting out. The mixed solution in a sealed 
container was then heated to 95°C in an oil bath with vigorous 
stirring to dissolve the PVA. To remove any bubbles, the PVA/IL 
solution was cooled down and kept at room temperature for at least 
24 h. The PVA/IL electrolytes were fabricated by casting the solution 
in a petri dish. To avoid the acetal reactions among the PVA chains 
[32], the evaporation of the water was carefully controlled at room 
temperature under atmospheric pressure. Due to the inherent 
hygroscopicity of IL and good compatibility with PVA, the as-
fabricated electrolytes were hydrated and remained transparent. 
The water content was calculated by the following equation. 

𝐖𝐖𝐖𝐖𝐖𝐖𝐖𝐖𝐖𝐖 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 =
𝒎𝒎𝟐𝟐 −𝒎𝒎𝟏𝟏

𝒎𝒎𝟐𝟐
× 𝟏𝟏𝟏𝟏𝟏𝟏% (1) 

where 𝑚𝑚1 is the total mass of PVA and IL in the casting solution, and 
𝑚𝑚2  is the mass of the PVA/IL electrolyte. The electrolytes with 
different water content were prepared by moisture absorption from 
the environment and vacuum drying at room temperature. The mass 
fractions of the PVA/IL solution and the final water content in the 
electrolytes are listed in Table 1. The hygroscopic property of the IL 
was also investigated by monitoring the mass of pristine IL every 2-3 
days at room temperature. 

PVA/IL iEAPs: gold foil supported by wax paper was first trimmed 
to the size of the target iEAP, and then attached to the top and 
bottom surfaces of the PVA/IL electrolyte. Through electrostatic 
adsorption, the gold foil can become well attached to the electrolyte 
without additional pressing. The positions of the gold foil electrodes 
on both sides were connected to an external voltage source. When a 
voltage is applied, the electrical transport of ions within the PVA/IL 
electrolyte is activated by the electric field, resulting in 
electromechanical deformation. Finally, the PVA/IL iEAP was 
obtained by cutting off the excess electrolyte. The size of the iEAP 
was 30 mm × 2 mm (length × width). 
 
2.3 Characterization of the PVA/IL electrolytes and iEAPs 
2.3.1 PVA/IL electrolytes 

An FT-IR Spectrometer (Bruker Vertex-70) equipped with an ATR 
(attenuated total reflectance) internal reflection system was 
employed to characterize the interaction between the PVA and IL 
(C10MIMCl). The FT-IR spectra were recorded with a resolution of 4 
cm-1 in the transmittance mode over the wavelengths from 4000 to 
475 cm-1. The top surface and the fracture surface morphology of the 

Table 1. Compositions of the PVA/IL solutions and electrolytes 
Samples PVA PL5-1 PL5-2.5 PL5-5 PL5-7.5 PL5-10 

PVA/IL 
casting 

solution 

PVA (wt.%) 5 

IL (wt.%) 0 1 2.5 5 7.5 10 

PVA/IL 
electrolyte 

PVA (wt.%) 100 82.27 60.24 44.97 35.98 30.29 
IL (wt.%) 0 8.62 29.90 44.89 54.47 60.43 

Water (wt.%) 0 9.11 9.86 10.14 9.55 9.28 
Thickness (μm) 75±5 
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PVA/IL electrolytes were investigated by Field emission scanning 
electron microscopy (FE-SEM). 

DSC (Mettler Toledo) was applied to characterize the 
thermodynamic behaviour of the PVA/IL electrolytes and measure 
the crystallinity. DSC testing was conducted in an N2 atmosphere 
from -25°C to 200°C at a heating rate of 25 °C min-1. The crystallinity 
(𝑋𝑋𝑐𝑐) of the PVA in the polymeric electrolyte was calculated as follows: 

𝑋𝑋𝑐𝑐 = (
∆𝐻𝐻𝑚𝑚
∆𝐻𝐻𝑚𝑚0

) × 100% (2) 

where ∆𝐻𝐻𝑚𝑚 is the crystallization melting enthalpy of the PVA/IL 
electrolyte measured in the DSC curve, and ∆𝐻𝐻𝑚𝑚0 = 138.6 𝐽𝐽𝑔𝑔−1 is 
the theoretical melting enthalpy of 100% crystalline PVA [33]. All 
samples were dehydrated under vacuum at room temperature 
before the ATR-FTIR, and DSC characterizations. 

To further investigate the enhancement of C10MIMCl on the 
flexibility of the PVA, a universal testing machine (INSTRON 3344) 
was used to analyse the tensile strength and elongation at the 
breaking point of the PVA and the PVA/IL electrolytes. The stretching 
rate of each sample was 15 mm min-1. The water content in the 
samples was controlled by static water absorption or vacuum drying 
at room temperature. The effects of the IL concentration and water 
content in the electrolytes on flexibility are discussed. 

A UV-Vis spectrophotometer (Ocean Optics) was used to measure 
the transparency of the PVA/IL electrolytes within the wavelengths 
from 200 nm to 800 nm. 

 
2.3.2 PVA/IL iEAPs 
It has been reported that there is a positive correlation between the 
capacitance and the actuation performance of iEAPs [34-36]. 
Therefore, the electrochemical properties of the PVA/IL iEAP were 
examined through the cyclic voltammetry (CV) method using a 
potentiostat (PAARSTAT 2263). A two-electrode configuration was 
adopted. Each iEAP was rested for 60 seconds before the 
measurement. The applied potential was swept at a rate of 50 mV s-

1 within the range -0.5 to +0.5V. A total of 7 cycles were undertaken 
for each sample, and to ensure reproducibility, the scan data in the 
last cycle was selected to calculate the capacitance (𝐶𝐶) of the iEAP by 
the following equation: 

𝐶𝐶 =
1

2∆𝑈𝑈𝑈𝑈
� 𝐼𝐼𝐼𝐼𝐼𝐼
𝑉𝑉0+∆𝑈𝑈

𝑉𝑉0
 (3) 

where ∆𝑈𝑈  is the potential range, 𝜈𝜈  is the scan rate, and V0 is the 
minimum voltage during the CV test. 

The actuation performance of the as-fabricated iEAP was 
evaluated based on the method previously reported by our group, 
which is related to the average curvature and the variation in 
curvature (i.e. curvature profile) of a sample with length L [37]. The 
iEAP was placed in cantilever mode to reduce the influence of gravity 
on the bending performance. To record the electromechanical 
response, we built an experimental setup to measure the bending 
profile of the iEAP. The schematic diagram is shown in Figure 1. 
Copper clips were used in contact with the gold electrodes to fix the 
iEAP at one end. The free-end length of iEAP was 20 mm. The camera 
lens was placed above the iEAP sample. The out-of-plane direction of 
the iEAP and the reference grids were parallel to each other. A DC 
voltage of 2V was applied, and the bending profile of iEAP was 
recorded. We tuned the physical properties and the composition of 

the materials so as to make the iEAP more flexible. The average 
curvature results were calculated by using three set of samples. 

Figure 1. A schematic diagram of image acquisition of iEAP 
actuation  
 
3 Results and discussion 
3.1 Characterizations of the PVA/IL electrolytes 
The FT-IR spectra of the IL, PVA membrane, and PVA/IL electrolytes 
are shown in Figure 2. After adding IL, the spectra of the electrolytes 
and the PVA matrix are not superimposed on each other but are 
related to the interaction between IL and PVA [38]. When compared 
to the spectral characteristic peaks of the PVA membrane, the H-C-N 
bending mode of the imidazole ring at 1178 cm-1 can be found in all 
PVA/IL electrolytes [39]. When the IL content is increased, hydrogen 
bonds between the cis-second amides (3151 cm-1) and =C-H (3092 
cm-1) may be formed [38, 40]. As observed, the vibrational stretching 
mode of the hydroxyl group on the PVA chain at 3245 cm-1 shifts and 
strengthens gradually with increasing IL content. The -OH stretching 
mode shifts to 3351 cm-1 in sample PL5-10. The shift is probably due 
to the hydrogen bonds formed between the cation of IL and PVA, as 
agreed with the ref. [38] and [41]. The formation of hydrogen bonds 
is beneficial in controlling the migration of certain ions and 
presumably actuates the bending performance of the iEAP. 

When compared to IL, the C-Cl stretching mode [42] at 757 cm-1 

disappears in electrolytes PL5-1 and PL5-2.5. As proof, the IL is 
completely dissociated if it is less concentrated than PVA. On the 
other hand, the cations in IL can form a carbene structure in the 
absence of the C-H bending mode of the imidazole ring at 728 cm-1 
along the out-of-plane direction, and the C-H bending mode in the 
methyl group at 1126 cm-1 [38]. The C-Cl stretching mode is observed 
in PL5-7.5 and PL5-10, indicating that the excess ions reassemble into 
neutral molecules in these PVA/IL electrolytes. 

Further, the intensity of the methylene group (2856 cm-1) and 
methine group (2915 cm-1) in the polymer chains, as well as the swing 
mode of the backbone chain (-CH at 843 cm-1) increases with the IL 
content. This is ascribed to a large number of methylene and methine 
groups contained in the IL cations. A more concentrated IL triggers a 
stronger intensity of -CH deformation mode at 1417 cm-1. Moreover, 
the intensity of the -OH bending mode of PVA at 916 cm-1 is inversely 
proportional to the IL content, which indicates the existence of O-N 
interaction [43]. The C=N tensile mode at 1560 cm-1 and the C=C & 
C=N bending modes at 1645 cm-1 of the imidazole ring is more 
pronounced with increased IL content. In addition, a high 
concentration of IL actuates the formation of possible complexation 
of the hydroxyl and carbene at 1640 cm-1, which is further evidenced 
of the interaction between the PVA and IL [38]. When the IL content 
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is higher, the intensity of the crystalline peak of PVA at 1142 cm-1 is 
lowered, and the non-crystalline peak at 1093 cm-1 is more 
noticeable in Figure 2 [44]. In addition, no peaks were observed at 
around 1720-1740 cm-1 and 2650-2880 cm-1 for the formation of 
aldehyde, suggesting no acetal reaction occurred during the 
electrolyte preparation. 

Figure 2. ATR-FTIR of IL, PVA membrane, and the PVA/IL electrolytes 

The process of fabricating PVA/IL electrolyte and hydrogen bond 
formation between PVA and IL cations, as well as the anion-
controlled bending performance of iEAP are shown in Figure 3. The 
bulky imidazolium cation in IL can readily form a stable nitrogen 
heterocyclic carbene [45], which is detached from the partial 
bonding due to the preliminary deprotonation. It can interact with 
the hydroxyl group on the PVA chain to form partial hydrogen bonds. 
Therefore, the cation is connected to the backbone of the PVA, and 
the actuation may originate from the migration of the Cl-, 
manifesting a deformation towards its cathode side. Due to the good 
compatibility between the PVA and C10MIMCl, the interplanar 
spacing of PVA is increased and the hydrogen bonds between 
molecular chains are weakened. Thus, the crystallinity of PVA is 
reduced by adding IL [46]. In addition, the C10MIMCl penetrates the 
crystalline and amorphous regions of the polymer matrix. This result 
is further confirmed by the DSC characterization.  

The good compatibility of the PVA and IL is further confirmed by 
the morphology of the electrolytes. Figure 4 shows the top surface 
and fracture surface images for the PVA/IL electrolytes samples (PVA, 
PL5-5, and PL5-10). Dense, non-porous, and homogeneous 
morphology is observed for all the samples. More importantly, no 
phase separation is observed, providing good evidence for the good 
compatibility of PVA and IL at these compositions. 
 

3.2 Thermal and mechanical properties of the PVA/IL 
electrolytes 
Figure 5(a) depicts the DSC curves (second heating) of the PVA and 
the PVA/IL electrolytes with different IL content. PVA is a 
polyhydroxylated and semi-crystalline polymer with strong 
intramolecular and intermolecular hydrogen bonds in which the 
melting point (Tm) is as high as 164°C. Thus, ions require more space 
or channels to move when PVA is used for iEAP, and the inhibition of 
ILs on PVA crystallization has been reported [47, 48]. On one hand, 
ILs provide mobile ions to deform the PVA-based iEAP more easily. 
On the other hand, the decreased crystallinity would accommodate 

 
Figure 3. Illustration of the fabrication of PVA/IL electrolyte and formation of hydrogen bonding between PVA and IL, and the actuation 
mechanism of the PVA/IL iEAP 
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more mobile ions and enhance the flexibility of the PVA, resulting in 
a superior actuation performance. As observed from the DSC results, 
only one melting peak is observed in each electrolyte at the 
beginning, indicating good compatibility between the IL and the PVA 
matrix at different mass fractions. With a higher IL content, the 
melting peak of the electrolytes becomes less pronounced, and the 
Tm is lowered. The crystallinity of the PVA membrane is 8.91%, while 
the lowest crystallinity is only 1.47% in PL5-10. This is due to a 
phenomenon in which the newly formed hydrogen bonds between 
the PVA and IL weaken the hydrogen bonds between hydroxyl groups 
on the PVA chains. Bending performance controlled by anions is 

always achievable whenever the kinematics of the cation is weak. 
Based on the results of ATR-FTIR and DSC, some probable 
interactions between the PVA and IL improve the flexibility of the 
PVA/IL electrolytes. The iEAP with softer electrolytes has been 
reported to exhibit a better bending performance [13]. 

As shown in Figure 5(b), the tensile behavior of the PVA membrane 
shows a classic stress-strain relationship (black line) of polymers. We 
observe that the membrane first undergoes elastic deformation, 
followed by a yield zone, a strain hardening zone, and finally, a 
fracture zone. The highest tensile modulus (0.779 GPa), breaking 
stress (0.042 GPa), and the lowest elongation at the breaking point 

 

Figure 5. Thermal and tensile properties of the dehydrated PVA/IL electrolytes. (a) DSC and (b) tensile test results of dehydrated 
electrolytes; (c) the melting point, crystallinity, and tensile modulus of the PVA/IL electrolytes with different IL content; (d) UV-Vis 
spectra of PL5-1 and PL5-10 iEAP 

 
Figure 4. FE-SEM images of the top surface (upper one) and fracture surface (lower one) for (a) PVA, (b) PL5-5, and (c) PL5-10 
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(180%) are recorded in the PVA membrane. After loading the IL, the 
tensile results of the PVA/IL electrolytes are more or less similar to 
the elastic deformation characteristics of rubber, and the tensile 
strength and modulus decrease for higher IL content, while the 
elongation at the breaking point increasing significantly. The 
crystallinity of PL5-1 is decreased by less than 2% when compared to 
the PVA membranes, and the tensile modulus is decreased by 54.17% 
to 0.357 GPa. After setting the mass fraction between the PVA and IL 
at 1:2, the tensile modulus of PL5-10 had the smallest value (0.016 
GPa). In addition, the breaking strength and elongation at the 
breaking point of PL5-1 and PL5-2.5 are comparable. When the IL 
content is very high (e.g. PL5-10), the elongation at the breaking 
point is improved by 383% because of the enhanced flexibility of the 
PVA after the self-assembly of IL at a higher content. Due to the good 
compatibility of IL and PVA, adding IL enhances the flexibility of the 
PVA/IL electrolyte membrane, thereby improving the elongation at 
the breaking point. However, the possible hydrogen bond formation 
between IL and PVA enhances the strength of the electrolyte. 
Therefore, the variation in elongation at break shown was not 
obvious at lower IL content (i.e., from PL5-1 to PL5-5). When the IL 
content further increases, the flexibility of the electrolyte 
substantially increases due to the self-assembly of IL at a higher 
content. 

The crystallinity, melting point, and tensile modulus of the PVA/IL 
electrolytes in different samples are summarized in Figure 5(c). The 
crystallinity of the polymer is significantly reduced by loading IL. 
Therefore, the Tm and the tensile modulus of the electrolytes are 
inversely proportional to the IL content, respectively. Figure 5(d) 
shows the optical transmission of PL5-1 and PL5-10 electrolytes 
containing ~10 wt.% water. The IL used in this work is miscible and 
compatible with PVA even at higher concentrations (i.e. PL5-10). The 
resulting electrolytes are highly transparent in the visible spectrum, 
indicating good homogeneity of the materials [49]. Moreover, the 
optical transparency of the PL5-10 electrolyte increases within the 
wavelengths of 250 - 600 nm when compared to the PL5-1 
electrolyte, due to the lower PVA crystallinity, as confirmed by the 
DSC results. The PVA/IL electrolytes with high transparency within 
the visible wavelength range of 400 - 750 nm were obtained for all 
compositions, demonstrating its promising potential as transparent 
actuators such as smart wipers [50]. They were used for the 
preparation of iEAP samples for subsequent bending performance 
assessment. 
 
3.3 Bending performance of the PVA/IL iEAP in different 
IL contents 
The PVA/IL electrolytes fabricated by solution casting naturally 
contain water owing to the hygroscopicity of C10MIMCl. As shown in 
Figure 6, it was found that the IL absorbed water from the air with 
the water content up to 2.84 wt.% during the first week. Then, the 
absorption of water became slower in the following two weeks. The 
highest water content was 4.19 wt.%, and the water content 
remained at ~3.86 wt.% dynamically. This value is lower than the 
water content in the as-fabricated PVA/IL electrolytes (~12.22 wt.% 
of IL in PL5-1) because crystalline water is retained during the 
solution casting process [51]. Water is important to the 
electromechanical behavior of iEAPs, both in this work as well as in 
classical studies. In our work, the performance of the iEAPs can be 

improved by the presence of retained water after the casting process 
of the PVA/IL electrolytes. In addition, the water content in the 
PVA/IL iEAPs is tunable through the absorption of water by IL in the 
environment. 

Here, we firstly investigated how the IL content affects the 
actuation performance of iEAPs by adjusting the water content in all 
electrolytes to similar levels (~10 wt.%, as shown in Table 1), ascribed 
to the hygroscopicity of IL and crystalline water [51]. The 
electrochemical behaviour, tensile property, and bending 
performance of different iEAPs are shown in Figure 7. The three-
layered iEAPs can be regarded as parallel-plate capacitors, where the 
mobile ions only migrate within the electrolyte and no 
electrochemical reactions are involved [52, 53]. The dynamics of the 
cations (C10MIM+) are restricted on the PVA chains with the help of 
the hydrogen bonds, however, the anions (Cl-) are free to migrate 
under an electric field. When a voltage is applied to the PVA/IL iEAP, 
the Cl- ions in the electrolyte redistribute, forming an electric double 
layer at the interfaces between the electrode and electrolyte. 

Figure 7(a) shows the CV loops of the iEAPs with similar water 
levels (~10 wt.%) but different IL content. The CV loops are all 
symmetrically closed. This indicates that the gold electrodes are 
symmetric and have strong interfacial bonding with the electrolytes. 
The iEAPs, except for PL5-5, show neither the rectangular shape of 
an ideal capacitor nor pronounced peaks. This is attributed to the 
solution resistance and interfacial polarizations, evidenced by the 
inclined and narrow loop. A higher current response indicates a 
higher capacitance of the iEAP, which corresponds to a higher 
electromechanical response under the same voltage stimulus. In the 
CV loop of PL5-5, the current increases with voltage up to 0.2V. 
However, the current is reduced if the applied voltage is above 0.2V. 
This is due to the spontaneous adsorption of ions by hydrophilic 
functional groups in the polymer with a new interface [54]. When a 
large number of ions accumulate at the electrode-electrolyte 
interface, a higher capacitance is obtained. However, a high IL 
content does not guarantee a high capacitance. The neutral 
molecules formed by the self-assembled IL are polarized under an 
electric field and presumably affect the charge accumulation in the 
electrodes. In addition, the migration of ions is minimized because of 
the reinforced ionic interaction. Figure 7(b) shows the tensile strain 

 

Figure 6. The water content in C10MIMCl as a function of time 
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of the electrolytes. Compared with the dehydrated electrolytes, the 
tensile modulus of electrolytes after absorbing water is decreased as 
shown in Figure 7(d), but the elongation at the breaking point shows 
an opposite response. This is because water molecules occupy more 
space between the polymeric chains which reduces the 
intermolecular forces. 

The deformation responses of the iEAPs at 2V DC are shown in 
Figure 7(c-e). Although the authors in other reports state that the 
direction of deformation depends on the radius of the ions [18, 55], 
all PVA/IL iEAPs contained ~10 wt.% water bend towards their 
cathode sides, indicating anion-controlled deformations. This is 
consistent with the ATR-FTIR results. The iEAP sample with the 
highest capacitance, PL5-5, shows the most obvious deformation 
along the entire length. The highest curvature appears near the 
contact electrode, up to 19.38 m-1. The curvatures of all iEAPs show 
a downward trend along the length due to the resistance of the 
electrolyte and electrode [37]. For PL5-2.5 and PL5-7.5, their CV 
patterns are similar but the latter shows a stronger current response 
during charging. However, the excess IL in PL5-7.5 hinders the 
migration of the Cl- ions, resulting in a less noticeable curvature 
profile, with the curvature at its tip (4.07 m-1) smaller than that of 
PL5-2.5 (9.26 m-1). In contrast, the deformation response of PL5-10 
at the highest IL content shows the weakest average curvature of 
2.66±0.05 m-1. 

The capacitance, mechanics, and average curvature of these iEAPs 
are summarized in Figure 7(d). The average curvature for each 
composition is also listed in Table 2. The electromechanical response 
of iEAP follows the variation law of capacitance. When the IL content 
is low enough, it dissociates into the water completely which 
increases the concentration of chloride ions and improves the 
flexibility of the samples. Therefore, the bending response is 
controllable via monitoring the IL content. The highest average 
curvature of 17.45±0.41 m-1 is observed in PL5-5. However, the 
interionic force is proportional to the IL content. Although the 
flexibility of the iEAP is enhanced, the mobile ions struggle to migrate 
in the electrolyte. In addition, the polarized IL molecules in the intra-
electrolyte diffusion layer would contribute less significantly to 
bending, resulting in weakening the bending performance of PL5-7.5 
and PL5-10 iEAPs. 
 
3.4 Bending performance of iEAPs made up of PL5-5 
electrolyte at various water content 
The water-soluble and hydrophilic properties of the C10MIMCl are 
advantageous in forming uniform membranes, using the casting 
method in combination with the PVA matrix. However, the strong 
interaction [28] between the cation and anion in C10MIMCl limits the 
rate of dissociation and ion migration, especially for the anhydrous 
PVA/IL-based iEAP. Among the anhydrous iEAPs, only PL5-5 shows a 

 

Figure 7. Comparison of the (a) CV loops, (b) tensile test, (c, d) bending performance, and (e) deflection images of the iEAPs in different 
IL concentrations and same water content 

Table 2. Summary of average curvature for iEAP samples with different IL and water content. 
iEAPs with different IL content 
Sample PL5-1 PL5-2.5 PL5-5 PL5-7.5 PL5-10 
Average curvature (m-1) 6.29±0.24 10.76±0.44 17.45±0.41 5.95±0.20 2.66±0.05 

      
PL5-5 iEAPs with different water content 

Sample PL5-5-0 PL5-5-5.76 PL5-5-10.14 PL5-5-14.96 PL5-5-19.80 
Average curvature (m-1) 5.17±0.13 12.15±0.15 17.45±0.41 29.35±0.27 40.53±0.21 
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noticeable deformation at 2V DC with an average curvature of 5.23 
m-1, and is attributed to the high flexibility of the PL5-5 iEAP 
associated with migratable ions. In the section 3.3, the hydrated 
(10.14 wt.% water) PL5-5 exhibits the highest capacitance and the 
desired actuation performance when compared to other electrolytes 
with the equivalent water content.  

As shown in Figure 8(a), in the presence of water, the current 
response of PL5-5 subjected to the same input triangular voltage is 
stronger because the solution resistance in the electrolyte is 
decreased, as evidenced by the wider CV loop. After vacuum drying, 
the CV loop of the iEAP is almost flattened, with a capacitance of only 
0.018 mF. Under the defined experimental conditions, the maximum 
attainable water content for the sample PL5-5 is limited to 19.80 
wt.%. After the water content is increased to 19.80 wt.%, the 
corresponding capacitance increases significantly to 0.315 mF, which 
is over 17 times higher than that of the anhydrous sample. In addition, 
the rate of dissociation in IL increases when the PL5-5 electrolyte 
absorbs water which provides additional channels for ions migration. 
This forms a thicker double electric layer to improve the bending 
response. The increase in water content may also soften the 
interaction between the PVA chains, which always makes the 
electrolytes more flexible. After absorbing 5.76 wt.% water, the 
tensile modulus of PL5-5 decreases from 0.121 GPa to 0.064 GPa 
rapidly, as shown in Figure 8(b). When the water content reaches 
19.80 wt.%, the tensile modulus of the sample drops to 0.010 GPa 
only. The bending performance of PL5-5 iEAPs with different water 
content at 2V DC is shown in Figure 8(c-e). The average curvature of 

each sample at a particular water content is listed in Table 2. With a 
higher water content in the iEAP, the bending curvature is more 
noticeable. Despite the curvature of PL5-5-0 at 𝑳𝑳 = 𝟎𝟎 being 5.31 m-1, 
PL5-5-19.80 shows the highest curvature of 62.37 m-1 at the same 
position. Similarly, these iEAPs exhibit anion-controlled deformation 
towards the cathode, in which the bending curvature decays along 
the longitudinal axis of the sample. From the above result, the iEAP 
shows enhanced performance when the water content due to 
moisture absorption increases. The actuation performance of iEAP 
depends on the amount of its internal movable ions, and higher 
water content is conducive to the migration of chloride ions and 
improve the flexibility of electrolytes, which leads to a more 
considerable actuation performance. Therefore, it is expected that, 
theoretically, further increases in water content may enhance the 
average curvature of the samples. In a drier environment, the water 
in the actuator will slowly evaporate to a lower level, affecting the 
actuation. Therefore, it has great potential as an environmental-
adaptive device in response to environmental humidity. Figure 8(f) 
shows the fast response time and the actuation reversibility of the 
PL5-5-19.80 iEAP. The PL5-5-19.80 iEAP responds within 1 s under 
the 2V DC stimulation. After removing the electric potential, the iEAP 
returns to its undeformed state within 50 s. 

Table S1 summarizes other work for iEAPs containing imidazolium 
IL, including their compositions and performance. It has been 
reported that the bending displacement of an iEAP using 
PVDF/C10MIMCl electrolyte was less than 0.5 mm, corresponding to 
an average curvature of ~1.00 m-1 [13]. In comparison, the lowest 

 

Figure 8. Comparison of the (a) CV loops, (b) tensile test, (c, d) bending performance, (e) deflection images of different iEAP (PL5-5) 
samples with various water content, and (f) images show the fast response time and actuation reversibility of iEAP (PL5-5-19.80) 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9 

Please do not adjust margins 

Please do not adjust margins 

performing iEAP in our work, i.e. the dehydrated PL5-5 iEAP, showed 
over four times improvement in the average curvature (5.17±0.13 m-

1). Furthermore, an iEAP containing 1-butyl-3-methylimidazolium 
chloride (C4MIMCl), which is an IL with shorter alkyl chains compared 
with C10MIMCl, was reported with an average curvature of 5.06 m-1 
[56]. The average curvature of the PL5-5-19.80 iEAP is improved by 
over seven times, reaching 40.53±0.21 m-1. Bae et al. [57] reported 
an iEAP prepared by exchanging 1-ethyl-3-methylimidazolium 
trifluoromethanesulfonate (IL) had the highest curvature of 3.82 m-1 
at 2.5 V. This is an anhydrous iEAP with the mobile ion C2MIM+, which 
is larger than Cl-. Compared to their work, our PVA/IL iEAPs showed 
improvement for more than 35.3%. 

The water content in the PL5-7.5 and PL5-10 samples can reach as 
high as 30 wt.% because of the hygroscopicity of IL and the formation 
of crystalline water [51] during the casting process. It is interesting 
to note that with higher water content, the direction of the 
deflection for PL5-7.5 and PL5-10 iEAPs is changed and opposite to 
the other samples, i.e. towards the anode side, under the same 
stimulation conditions. We hypothesize that this is due to the re-
dissociation of neutral IL molecules in the samples thereby allowing 
more ions to migrate across the electrolytes at high moisture levels. 
In this case, the anions and cations move toward the anode and 
cathode of the iEAP accordingly, and the deformation arises from the 
volumetric difference between the smaller anions (Cl-) and the much 
larger cations (C10MIM+). Further study is needed in exploring the 
detailed mechanism that results in such a different manner to other 
iEAP samples. 

Despite the great improvement in the electromechanical 
behaviour, failure of PVA/IL iEAPs is inevitable owing to the fatigue 
and cracking of the metal electrodes during bending, or possible 
physical damage of the electrolytes. This problem can be solved by 
using transparent conductive polymer thin film electrodes, such as 
PEDOT, to improve the cycle life of the iEAPs [4]. Moreover, 
introducing self-healing properties to the materials can be another 
promising strategy. For example, the self-healing function can be 
achieved by using liquid metal composites as electrodes [58, 59]. 
Additionally, it has been reported that PVA is also a promising self-
healing material, based on the principle of reversible dynamic 
chemical bonds [60]. Thus, the self-healing function of iEAPs could be 
achievable using the PVA/IL electrolyte developed in this study. 
Moreover, capacitive sensing using the PVA/IL electrolyte is also 
possible because of the uneven distribution of ions when stimulation 
is applied [61]. Utilizing this property, a dual actuating and self-
sensing iEAP could be realized by designing and generating an 
additional sensing circuit [53]. Finally, it is foreseeable that by 
formulating printable PVA/IL ink, 3D layer-by-layer printing 
technologies such as fused deposition modelling [62] and laser 
printing [63] can be employed in producing iEAPs with more complex 
electromechanical responses as well as addressing multiple 
operating environments demands. 

 
4 Conclusions 

Highly transparent electrolytes composed of PVA and C10MIMCl 
were prepared. The electrolytes have overcome the poor 
deformation in iEAP using IL containing long alkyl chains. The 
interaction between the polymer and IL has been analysed and 
meanwhile, the crystallization, mechanical, and electrochemical 

properties related to the hygroscopicity of IL were studied. The 
formation of hydrogen bonding between the PVA and the imidazole 
ring was confirmed by ATR-FTIR spectroscopy, facilitating the 
transfer of anions within the electrolytes. The iEAPs are fabricated by 
sandwiching the PVA/IL electrolytes between two gold electrodes. 
They bend towards the cathode due to the immobilization of the 
cations in IL by hydrogen bonding, leaving Cl- as the mobile ions for 
generating deformation. The bending performance was calculated by 
the curvature profile and the average curvature of the iEAPs. We 
confirm that the bending performance is related to the IL and water 
content in the electrolyte and electric double-layer capacitance. 
Under a DC of 2V, the highest average curvature (40.53±0.21 m-1) 
occurs in the PL5-5 sample with a water content of 19.80 wt.%. Our 
work also shows the potential to design programmable and 
transparent actuators and sensors through external connections to 
microcontrollers or microprocessors. 
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1. Performance comparison of iEAPs containing IL 

We found that water plays a major role in the actuation performance of the PVA/IL-

based iEAPs. For the dehydrated iEAP samples, no obvious deformation was observed 

(except for PL5-5), due to the constraints of the high viscosity, the large molecular size 

of C10MIMCl, and a small actuation voltage (2V). The deformation comparison of IL 

contained iEAPs is summarized in Table S1. The structures of materials in Table S1 are 

shown in Figure S1. 

 

 

 

 

 

 



Table S1. Performance comparison of typical IL-containing iEAPs 

Electrolyte 
composition 

Mobile 
ion 

Bending 
direction 

Actuation 
voltage 

(V) 

Average 
curvature 

(m-1) 
Reference 

PVDF/ 
C10MIMCl 

C10MIM+ 
& Cl- anode 10 ~1.00 [1] 

Nafion/ C4MIMCl C4MIM+ anode 4 ~5.06 [2] 
Nafion/ C2MIMTf C2MIM+ anode 2.5 3.82 [3] 

BC/C2MIMBF4 C2MIM+ 

anode 

1 ~6.60 

[4] BC/ 
C2MIMBF4/MW

CNT 
C2MIM+ 

1 ~12.50 

1.5 16.47 

Cellulose/ 
C4MIMCl Cl- cathode 2 ~4.42 [5] 5 ~24.95 

Nafion/LiCl/ 
C2MIMBF4 

Li+& 
C2MIM+ anode 2 

~15.13 
[6] Nafion/ 

C2MIMBF4 
C2MIM+ ~2.66 

Nafion/ 
C2MIMBF4 

C2MIM+ anode 2 ~2.15 [7] 

Nafion/ C4MIMCl C2MIM+ anode 2 ~2.44 [8] 5 ~9.89 
CBC/ 

C2MIMBF4/MW
CNT 

C2MIM+ 
& BF4- anode 1 12.05 [9] 

MFC/ C2MIMBF4 
C2MIM+ 
& BF4- anode 2 12.40 [10] 

CA/ 
C4MIMBF4/GN 

C4MIM+ 
& BF4- anode 3 14.18 [11] 

PL5-5-0 Cl- cathode 2 5.17 this work PL5-5-19.80 40.53 

 



 

Figure S1. Structures of IL cations, filler, and polymer matrix 
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