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Abstract
In the field of soft actuators, Ionomeric Polymer Metal Composites (IPMC)-like devices are a trend, exhibiting large dis-
placement with low applied voltage. Its working mechanism is related to solvated electrolytes migration, thus the number of 
counterions exchanged with the polymeric membrane plays a key role in the device’s performance. Although many kinds of 
inorganic and organic ions were used, there were few efforts to address a specific concentration value of electrolyte solutions. 
Ionic liquids (ILs) are used in IPMC to provide electrochemical stability; however, their mechanical performance is usually 
poor. In this study we aimed to determine a specific value of 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) ionic liquid 
concentration between 0.1, 0.3, and 0.5 mol  L-1 that grants electrochemical stability at different relative humidities with 
best electromechanical efficiency. We synthesized [BMIM]Cl and characterized it through Nuclear Magnetic Resonance 
(NMR), Fourier Transform Infrared Spectroscopy (FTIR), and Cyclic Voltammetry (CV). The electrochemical behavior 
of  Nafion®/Pt-based IPMC exchanged with IL was studied through Electrochemical Impedance Spectroscopy (EIS), CV, 
and Chronoamperometry (CA). Electromechanical properties were measured through blocking force and displacement. 
All the IPMC tests were carried out at three distinct controlled humidities (30%, 60%, and 90%). Herein, we tuned the IL 
concentration in 0.3 mol  L-1, delivering electrochemical stability with the best electromechanical yield regardless of the 
relative humidity. This result will be important when bringing electrolyte mixtures to further enhance the performance and 
efficiency of these devices.
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1 Introduction

Ionic liquids (ILs) are very versatile materials since 
they have a broad range of applications, such as corro-
sion inhibitors [1], electrolytes in rechargeable batteries 
[2–5], additives for fuel cell application [6, 7], and also 
as green solvents when substitutes organic volatile com-
pounds [8–10]. Properties such as low vapor pressure, 
hydrophilicity, and large electrochemical operation win-
dow are remarkable and play a key role in applying these 
substances in different research fields [11]. This useful-
ness arises from the huge number of possible combinations 
(10¹²) between cations and anions to form an ionic liquid 
[12]. Then, complex systems where the properties above-
mentioned are important to maintain stability throughout 
the lifetime or while working may consider ionic liquid’s 
advantages.

Ionomeric polymer-metal composites (IPMCs) are 
electroactive devices with a metal/polymer/metal sand-
wich-based structure, capable of deforming in response 
to electrical stimuli and vice versa [13]. They have low 
density, flexibility, biocompatibility, and low drive volt-
age (< 5.0 V) [14]. Therefore, these piezoelectric devices 
are promising materials that can be applied as actuators 
[15–20], sensors [21–23], and also for energy harvest-
ing applications [24]. This device’s operation mechanism 

consists of hydrated ions migration inside the polymer’s 
ionomeric channels in response to an electric field gener-
ated after applying an electric potential to the metallic 
electrodes [19, 25]. For this reason, its electromechanical 
performance depends on several factors, such as electrical 
stimulus intensity [26, 27], membrane hydration level [28], 
and counterion type [29].

The most common types of counterions used are monova-
lent cations  (H+,  Li+, and  Na+) [29] divalent cations  (Ca++, 
 Mg++, and  Ba++) [30], and Ionic Liquids (IL) [31–33]. 
Okada et al., [34] found that the membranes’ ionic conduc-
tivity depends on the ions’ mobility, as well as the interac-
tion of the ions with water molecules and charged species 
 (SO3

− groups). Motupally et al., [35] showed that alkali met-
als’ ionic migration becomes greater when the cation ionic 
radius decreases. Consequently, IPMCs exchanged with 
monovalent counterions present an outstanding electrome-
chanical response [29–31, 36]. On the other hand, monova-
lent and divalent cations have a high dependence on hydra-
tion processes, allowing the device to lose water by natural 
evaporation and electrolysis (when a voltage greater than 
1.23 V is applied) [37]. Furthermore, the back relaxation 
phenomenon may occur due to water counter-diffusion [38] 
and water electrolysis in the vicinity of the electrodes [39]. 
For this reason, the use of IL in IPMCs to inhibit or attenu-
ate electrolysis and back relaxation (that impairs mechanical 
performance) has grown dramatically [40–46].
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Thus, devices based on IPMC (Ionomeric Polymer Metal 
Composite) are one example where handling ionic liquid 
may bring solutions against drawbacks such as water elec-
trolysis (solvent loss) and back relaxation (that impairs 
mechanical performance), since ILs may grant electrochemi-
cal stability and also independence of environmental condi-
tion. Enhancing the IPMC performance is a way to achieve 
conditions to use it in real applications. Therefore, many 
different modifications ranging from the type of polymer 
membrane [47–49] to the electrode composition and assem-
bly [40, 50–52] are being researched to meet the demands. 
Since the solvated counterions that neutralize the side chains 
of the most used membranes (e.g., Nafion® and SPEEK) are 
responsible for the different behaviors of the IPMC devices, 
one of the pathways to modulate the IPMC properties is 
exchanging different counterions inside the membrane.

One of the concerns about using ILs as electrolytes for 
IPMC is that the displacement and the blocking force were 
considerably lower when compared with other aqueous inor-
ganic salts like lithium and sodium. Based on this assump-
tion, one of the few works that attempted to fill the gap in 
modulating electrochemical and electromechanical behavior 
of these devices through the incorporation of mixtures of 
organic (e.g., ionic liquids) and inorganic counterions was 
the article of Safari et al. [53]. They tried to enhance the 
displacement of an IPMC device with lithium ions using 
different electrolyte concentrations. Regardless of this big 
effort, the authors did not conclude whether there is a mini-
mum ionic liquid concentration that can be used to avoid 
the drawbacks previously discussed and how IL’s presence 
may affect thermal, electrochemical, and electromechanical 
properties. Montazami et al. [54] tried to analyze the influ-
ence of ionic liquid concentration based on the soaking time 
of IPMC composed of Nafion®/poly(allylamine hydrochlo-
ride) and electrodes of Au nanoparticles, measuring also 
electrochemical and electromechanical properties. However, 
they did not consider that the amount of salified -SO3H side 
chains in Nafion® differed between samples as a function of 
soaking times, thus the properties would differ since what 
varied was not the concentration of the electrolyte itself.

Even in the most recently published papers, there is lit-
tle information regarding the ionic liquid concentration or 
a reason to use a fixed value, rather than varying it [18, 55, 
56]. As a consequence, it remains unclear how the molar 
concentration of ionic liquid influences the electrochemi-
cal and electromechanical properties. Furthermore, to use 
synergistic mixtures of organic and inorganic counterions, 
it would be interesting to find criteria or protocols that 
allow using all the advantages of each type of ionic spe-
cies without side effects. For this reason, it is important to 
obtain parameters like an optimized molar concentration 
of one electrolyte type when bringing mixtures, boosting 
IPMC performance, since the concentration is related to 

the quantity of ionic liquid inside the Nafion® ionomeric 
channels and the performance is associated with lower 
blocking force comparing with the usage of inorganic 
counterions. The low vapor pressure of ionic liquids may 
maintain the humidity level inside the membrane, prevent-
ing uncontrolled electrolysis.

Herein, we studied the effects of three different molar 
concentrations (0.1 mol  L−1, 0.3 mol  L−1, and 0.5 mol  L−1) 
of the ionic liquid 1-butyl-3-methyl-imidazolium chloride 
[BMIM]Cl on electrochemical, electromechanical, and 
thermal properties of an IPMC’s composed of Nafion® 
117 with platinum electrodes. As IPMC’s capacitive-
resistive behavior is of great importance, we carried out 
Electrochemical Impedance Spectroscopy (EIS), Chrono-
amperometry (CA), and Cyclic Voltammetry (CV) to ver-
ify the electrochemical properties. For these tests and the 
blocking force and tip displacement (electromechanical), 
we used a humidity control chamber to infer the minimum 
ionic liquid concentration that the IPMC should exchange 
to overcome the drawbacks of dry conditions and uncon-
trolled electrolysis. The humidity values followed the same 
scheme of IL concentration, i.e., 30%, 60%, and 90% (low, 
medium, high). Since we synthesized [BMIM]Cl by da 
Trindade method [57], we characterized the structure 
by NMR and FTIR, and also the electrochemical profile 
through CV before using it on IPMC.

The blocking force, displacement, and electrochemical 
measurements indicated that the IPMC exchanged with 
[BMIM]Cl at the molar concentration of 0.3 mol  L−1 had the 
best balance between thermal, electromechanical, and elec-
trochemical properties, hence we are addressing this value 
in our future works when attempting to use ionic mixtures 
to enhance IPMC performance.

2  Experimental

2.1  Materials

Nafion® 117 membranes were obtained from IonPower and 
were used after the following cleaning process: the mem-
branes were boiled twice in  H2O2 5% (v/v) (Sigma-Aldrich 
Corporation® analytical grade, used as received) solution 
for 30 min, then rinsed and boiled in 2 mol  L−1 HCl for 
30 min. Finally, they were rinsed and boiled in ultra-pure 
water for 30 min, and then the electroless plating was per-
formed. Hydrochloric acid (HCl) (Sigma-Aldrich Corpora-
tion® analytical grade, used as received), tetraammineplati-
num chloride (Pt(NH3)4Cl2) – 98%, and sodium borohydride 
 (NaBH4) – 90% from Sigma-Aldrich Corporation® were 
used as precursors for the cleaning, ion diffusion, and reduc-
tion processes, respectively.
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2.2  Ionic liquid synthesis

In a Schlenk flask, 80 mL of methylimidazolium (1 mol) 
was put to react with 125 mL of chlorobutane (1.2 mol) in 
75 mL acetonitrile under argon reflux at 70 °C for 48 h. The 
resultant colorless liquid was precipitated in ethyl acetate 
under argon flux. The white precipitate, 1-butyl-3-methyl-
imidazolium chloride, was dissolved in demineralized water 
in different concentrations.

2.3  Ionic liquid characterization

The ionic liquid structure was characterized through ¹H 
nuclear resonance spectra with a Bruker Avance 400 spec-
trometer apparatus (400.13 MHz) with  D2O as a solvent, 
where the chemical shifts are (ppm) referenced to tetra-
methylsilane (TMS).

ATR-FTIR spectrum was recorded in transmission mode 
from 4000 to 400  cm−1 with a Perkin-Elmer Spectrum 2 
IR Spectrometer equipped with an ATR selenium crystal 
module. A background was run and the sample spectrum 
was normalized against the background spectra.

The solution voltammetric profiles at three different con-
centrations (0.1 mol  L−1, 0.3 mol  L−1, and 0.5 mol  L−1) 
were analyzed through Cyclic Voltammetry in a Potentiostat/
Galvanostat Autolab PGSTAT 302 N employing a three-
electrode cell using Pt (0.2 cm²) as working electrode, from 
0 to 5 V (same range used in IPMC devices) versus Ag/
AgCl/KCl(sat) (reference electrode) with a platinum wire as 
a counter electrode with a scan rate of 50 mV  s−1. The elec-
trical conductivities were measured directly in IL solution 
using a conductivity meter from MS.

2.4  IPMC preparation

IPMC samples were prepared through electroless plating, 
as described in our previous works [17, 19, 27, 29]. The 
first step is the Nafion® surface cleaning with hydrochloric 
acid, diffusion of platinum cations (absorption), and reduc-
tion with sodium borohydride, forming a platinum thin layer 
of approximately 16 μm [27] that works as both electrodes 

(cathode and anode). Reactions are depicted in the Table 1 
below.

2.5  IPMC exchanging with [BMIM]Cl

Each IPMC sample was soaked in 25 mL of ionic liquid 
aqueous solutions with concentrations of 0.1, 0.3, and 
0.5 mol  L−1 for 24 h, therefore the samples were labeled 
regarding the [BMIM]Cl concentration. Solutions were pre-
pared using ultrapure water (Milli-Q purification method).

2.6  Water uptake measurement

After exchanging with [BMIM]Cl, IPMC samples were 
dried at 120 °C in an air-ventilated oven, weighted (md), 
then rested at room temperature within 30%, 60%, and 90% 
relative humidity for 6 h, and weighed again (mw). The % 
WU is calculated as:

2.7  Electrochemical measurements

All the electrochemical measurements were performed in 
two electrodes mode. Using a Potentiostat/Galvanostat/EIS 
analyzer PalmSens4 cyclic voltammetry measurements were 
carried out at a rate of 100 mV  s−1 in the bias range from 
−5 V to 5 V. Multi-step chronoamperometry was performed 
with bias from 0.5 to 5.0 V with a discharge between each 
0.5 V of bias increment, where all the charge/discharge were 
held for 60 s. The charge densities were calculated by inte-
grating the current versus time curves and normalizing them 
with the IPMC area. The electrical impedance data were 
done with an AC amplitude of 10  mVrms and the frequency 
range from 0,01 MHz down to 10 mHz.

2.8  Electromechanical measurements

All electromechanical tests were carried out in a closed 
acrylic chamber with an atmosphere controlled by an 

WU = 100 ∗

(

mw − md

md

)

Table 1  Reactions in electroless plating of Pt in IPMC devices

Reaction Description

[Pt(NH3)4(Cl)2] +  2NH4
+ +  2OH− + 2  H+

(in Nafion) → [Pt(NH3)6]+2
(in Nafion) +  2H2O +  2Cl− + 2  H+ Hydrolysis

[Pt(NH3)6]+2
(in Nafion) →  Pt2+

(in Nafion) +  6NH3 Complex activation
Pt+ 2

(in Nafion) +  2NaBH4 →  Pt0 +  H2 +  B2H6 +  2Na+
(in Nafion) Redox reaction

B2H6 +  6H2O → 2B(OH)3 + 6  H2 Disproportionation
[Pt(NH3)4(Cl)2] +  2NH4

+ +  2OH− + 2  H+
(in Nafion) +  2NaBH4 +  4H2O →  Pt0 +  7H2 +  2Na+

(in Nafion) + 2B(OH)3 +  2Cl− + 
2  H+ +  6NH3

Global reaction
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Arduino-based humidity and temperature control system. 
The samples were arranged in cantilever mode and actuated 
through an electrical control and monitoring system based 
on National Instruments (NI) modules. The tests were car-
ried out as a function of potential and ambient humidity for 
the 30s. With the aid of a load cell, the blocking force was 
collected while the displaced sample was followed using a 
digital camera. Details of used equipment can be found in 
previous works.

3  Results and discussion

3.1  Ionic liquid characterization

Figure 1 shows the ¹H-NMR spectrum of [BMIM]Cl. The 
peaks from 0.80 to 4.05 ppm are assigned to the alkyl radi-
cals, the peak at 3.80 ppm related to the methyl of methyl-
imidazole used in the synthesis, while the other peaks to 
the butyl of chlorobutane. The other two peaks are related 
to the hydrogens that are shifted, as their positions on 
the molecular structure are near the quaternary nitrogen. 

Regarding the purity of the self-obtained (synthesized) 
ionic liquid, the possible impurities could be the acetoni-
trile (2.06 ppm) and the methylimidazole (7.78 ppm) used 
as solvent and reactant, respectively [58]. As NMR is a 
highly sensitive technique and there is no trace of these 
two substances in the spectrum, the product has proper 
purity. ATR-FTIR spectrum in Fig. 1b was used with the 
same purpose as NMR Spectroscopy, e.g., to confirm the 
product of the synthesis. The high-intensity peak between 
3330 and 3450  cm−1 arises from the presence of adsorbed 
water near the quaternary amine and chloride ionic inter-
action. The fewer intensity peaks at 2973–2870   cm−1 
correspond to the stretchings and bendings of aliphatic 
groups (C–H). Finally, the stretching of double bonds, 
one between carbons and the other one between carbon 
and nitrogen (C=C and C=N), can be associated with the 
peaks at 1635  cm−1 and 1600  cm−1, respectively, as the 
single bond between carbon and nitrogen is assigned with 
the peak at 840  cm−1. These results made it possible to 
conclude that the ionic liquid was successfully synthe-
sized. In the ionic liquid voltammograms (Fig. 1c), it is 
possible to see the electrochemical stability of the three 

Fig. 1  [BMIM]Cl structure characterization: a ¹H-NMR; b ATR-FTIR; c Cyclic Voltammetry
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proposed concentrations, and Table 2 resumes the electri-
cal properties of [BMIM]Cl solutions.

The water electrolysis normally occurs at 1.23 V. Still, as 
the electrical conductivity increases with higher electrolyte 
concentration and the  [BMIM]+ provides stability to the 
solution, the Working Electrode (WE) value and the revers-
ible cathodic reduction peak were shifted. The asymmetry 
seen in the results is due to the electrochemical stability of 
the cation and anion in ILs that decompose in higher volt-
ages than 2.5 V [59], however, as can be seen in the next 
section, the voltammograms of IPMC with IL have revers-
ible behavior, meaning that the ionic liquid remains inside 
the Nafion® structure without further decomposition in the 
applied range. Finally, the areas in the [BMIM]Cl voltam-
mograms showed that the resistive behavior decays as the 
electrolyte concentration increases.

3.2  Electrochemical characterization

Water Uptake (WU) is directly related to hydrolytic stability 
and proton conductivity, being a standard measurement for 
ionomeric membranes. Figure 2 shows the WU of the IPMC 
devices exchanged with [BMIM]Cl in comparison with  H+. 
As already exposed by Saccardo et al. [29], when an IPMC 
device is exchanged with counterions that have a small 

radius (like  H+), the device has a high water uptake. Here we 
confirm this observation and also address that between the 
three studied ionic liquid concentrations the WU is approxi-
mately the same, which means that the device experienced 
the same level of swelling, which is very important to main-
tain the electromechanical stability of the device. The small 
difference between the three proposed concentrations in the 
water uptake value is probably due to the reduction of the 
 [BMIM]+ solvation shell in a smaller concentration (more 
water molecules around the side chain), since the pair  H3O+/
SO3

− is stable and would have also a thin layer of water 
molecules between the pair  [BMIM]+/SO3

− decreasing the 
water uptake.

Since the deformation in an IPMC device is related to the 
charge density that can be stored, evaluating the pseudo-capac-
itance, charge density, and other electrochemical properties 
is fundamental to understanding how to module the IPMC 
behavior. The voltammograms presented in Fig. 3 show that 
the concentration plays a key role in the capacitive-resistive 
behavior as the areas of 0.5 mol  L−1 samples are larger than the 
other ones at all humidity values. The profile seen in the graphs 

Table 2  Electrical characterization of [BMIM]Cl solutions

Concentra-
tion (mol  L−1)

Electrolysis poten-
tial (through CV) (V)

Electrical conductivity 
(conductivity meter) (mS 
 cm−1)

0.1 1.3 5.7
0.3 1.20 1.4
0.5 1.02 18.2

30% 60% 90%
0%

2%

4%

6%

8%

10%

W
at
er

U
pt
ak

e

Relative Humidity

0.1M
0.3M
0.5M
H+

Fig. 2  Water Uptake (WU) of IPMC devices exchanged with 0.1, 0.3, 
and 0.5 mol  L-1 of [BMIM]Cl and  H+ at different concentrations Fig. 3  Voltammograms at RH = a 30%, b 60%, and c 90%
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is typical for IPMC exchanged with ionic liquids [27, 44, 45]. 
At all humidities, the double-layer capacitance increases with 
the [BMIM]Cl concentration indicating that more ionic species 
are adsorbed in the porous electrode surface, which is directly 
related to the vehicular diffusion mechanism [27], as there are 
more water molecules to solvate and diffuse charged species. 
It is also interesting that for a medium humidity (60%), the dif-
ference between the double-layer capacitance of 0.1 mol  L−1 
and 0.3 mol  L−1 is small. Consequently, if an IPMC device is 
placed in this type of environment, the behavior of the device 
can be modulated by adding a small amount of [BMIM]Cl to 
give stability to the system while adding small inorganic cati-
ons (such as  Li+) to increase its electromechanical properties 
[29]. Furthermore, the water electrolysis was indistinguishable 
even in the highest humidity. Regardless of a large number of 
water molecules available in the environment, the ionic liquid 
could prevent water loss inside the device even at the lowest 
concentration.

The specific capacitances  Cp (F  g−1) of the devices were 
calculated through the areas of the voltammograms and are 
presented in Table 3. The  Cp is calculated as:

 Where: A voltammogram area, k  scan rate, m  electrolyte 
mass, ΔV bias window.

The results indicated that the device capacitance increased 
with raising electrolyte concentration and humidity.

The equivalent circuit used to fit the EIS data is shown in 
Fig. 4 [27], while the values of fitted elements are presented in 
Table 3. The EIS data seen in Fig. 5 and Table 4 were obtained 
to infer how the humidity and the concentration influence the 
processes occurring alongside the membrane and at the block-
ing electrode interface. The properties with ‘dev’ are related to 
the whole device, ‘char’ to the charging of the device, which 
depends on the size of the ionomeric channel, and ‘mch’ arises 
from the counterion migration from inner to outer channels. 14

Bode-plots have a good fitting at high frequencies, as the 
χ2 <  104 at low frequencies, the impedance follows a trend, i.e., 
the lowest concentration had higher impedance and the great-
est concentration had lower impedance. This was expected 
since the device had a greater quantity of electrolytes that 
might have diffused, meaning that the charge separation was 
higher. On the other hand, at higher frequencies, 0.3 mol  L−1 
and 0.5 mol  L−1 were quite similar, hence the ionic motion 
velocity of these two concentrations is approximately the 
same.

Cp =
A

2kmΔV
,

Regarding the device resistance  (Rdev), the values are 
always lower for higher humidity conditions and concentra-
tion values, which was expected since this property is directly 
related to the membrane hydration degree and counterion [39]. 
However, for low humidity (30%), the increment in the ionic 
liquid concentration does not mean a decrease in the resistance 
device. In this case, it could be interesting to use the lowest 
concentrations of ionic liquid (0.1 mol  L−1) to provide elec-
trochemical stability as could be seen in the voltammograms. 
On the other hand, for higher humidity (60% and 90%), the 
concentration decreased by one order of magnitude in  Rdev.

The device capacitance  (Qdev) results corroborate the cyclic 
voltammetry profile and specific capacitance  (Cp) calculated 
from the voltammograms, which means that the charge accu-
mulation is faster for greater concentration and also higher 
when the humidity grows, as there are more water molecules 
to drag the counterions. However, the fitting for 90% humidity 
showed that the  Qdev is lower when compared with 30% and 
60%. This is directly related to the swelling of the membrane 
since when RH = 90%, there are many water molecules and 
counterion with a great size available inside the matrix that 
hinder charge separation. Hence, the pseudo-capacitance is 
lower when compared with other humidities, even for higher 
ionic liquid concentrations.

The  Rcharge is quite similar for low and medium humid-
ity (30% and 60%), while for RH = 90%, it becomes smaller. 
This was also expected since Nafion® has its ionic conductiv-
ity directly related to its hydration degree. Nevertheless, it is 
important to note that for RH = 30%, this property was equal 
to RH = 60%, indicating that even the lowest ionic liquid con-
centration was enough to counterbalance the absence of water 
molecules, which may enhance the usefulness of the device 
in dry conditions.

For the same IL concentration at different humidity, the 
 Qchar increased more than one order of magnitude since the 

Table 3  Devices specific 
capacitances

RH RH 30% RH 60% RH 90%

Conc. 0.1 M 0.3 M 0.5 M 0.1 M 0.3 M 0.5 M 0.1 M 0.3 M 0.5 M

Cp 2,26E-05 1,79E-05 1,52E-05 8,63E-05 3,60E-05 3,71E-05 9,40E-05 1,15E-04 1,17E-04

Fig. 4  Equivalent circuit
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formation of the double-layer was influenced by the amount 
of water available to transport the mass of ionic liquid along-
side the channels. Hence for the inner pseudo-capacitance, 
the humidity plays a key role and affects more than the 
counterion concentration. This is an interesting conclusion 
considering that the main reason for using ionic liquids in 
these devices is to maintain the membrane hydration degree. 
Finally, for the micro-channels RC properties, the model 

used to discuss the membrane structure could not explain 
how these properties vary since the values have no congru-
ency. Our next paper will debate the usage of a new model 
for fitting EIS data.

The device charge density calculated from the chrono-
amperometry test is presented in Fig. 6. The graphs are 
very clear about the similarity between 0.3 mol  L−1 and 
0.5 mol  L−1 concentration, independently of the humidity 

Fig. 5  Bode plots of IPMC exchanged with [BMIM]Cl at different humidities

Table 4  Impedance parameters from data fitting

RH RH 30% RH 60% RH 90%

Conc. 0.1 M 0.3 M 0.5 M 0.1 M 0.3 M 0.5 M 0.1 M 0.3 M 0.5 M

Rdev 3,44E + 04 1,83E + 04 1,57E + 04 2,48E + 04 9,62E + 03 4,20E + 03 3,01E + 03 2,90E + 03 7,65E + 02
Rchar 3,84E + 05 5,47E + 05 5,20E + 05 1,52E + 06 1,16E + 05 3,84E + 05 7,07E + 03 3,43E + 03 2,41E + 03
Rmch 2,85E-08 1,00E + 06 6,28E-02 2,27E-11 4,40E + 05 2,35E-09 9,60E + 02 1,37E + 03 2,54E + 02
Aw1 7,93E + 06 5,51E + 06 1,82E + 06 1,60E-11 1,67E + 06 7,98E + 06 1,88E + 05 1,94E + 05 3,53E + 05
Qdev 5,00E-05 1,29E-04 1,83E-04 4,83E-05 2,12E-04 2,85E-04 4,48E-10 1,29E-06 1,29E-05
ndev 0,60 0,82 0,48 0,72 0,69 0,31 0,29 0,29 0,63E-15
Qchar 6,73E-08 2,60E-11 9,00E-07 1,53E-11 3,93E-04 2,05E-05 4,28E-05 1,80E-04 3,14E-04
nchar 0,72 0,925 1,00 1,79E-11 0,98 0,55 0,84 0,91 0,79
Qmch 1,34E-04 1,03E-08 7,21E-05 4,36E-04 5,00E-04 4,42E-04 1,48E-14 1,16E-06 4,99E-04
nmch 0,021 0,011 0,92 0,86 1,00 0,66 1,00 0,52 0,24
χ² 1,89E-03 1,35E-04 8,13E-04 6,10E-04 3,77E-04 7,43E-04 9,57E-05 4,67E-04 2,38E-04
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level, as the values are quite similar. On the contrary, 
for 0.1 mol  L−1 the humidity is crucial to grant a higher 
charge as it is possible to observe by comparing the 
graphs. The above-mentioned discussion of using 0.1 mol 
 L−1 in dry conditions due to the similar value of  Rdev is 
answered by these graphs. Although the resistance is the 
same, the charge density is crucial for electromechanical 
performance, and it is lower when using a low electrolyte 
concentration. However, the electrochemical properties 
studied herein suggest that the usage of 0.3 mol  L−1 of 
IL is advantageous over 0.5 mol  L−1, as less IL is used 
and the inner channels of the membrane may be filled 
with inorganic ions in a mixture of electrolytes, providing 
better electromechanical properties [29] without losing 
electrochemical stability.

3.3  Electromechanical characterization

The IPMC electromechanical mechanism consists of the 
migration of solvated ionic charges throughout the ionomeric 

channels driven by an electric potential. This ionic move-
ment provokes an internal pressure gradient, leading to an 
anisotropic accumulation of mass (internal stresses) that 
causes the device’s deformation [60]. Figure 7 resumes the 
mechanism of the IPMC actuator and also illustrates the 
methodology proposed for the usage of [BMIM]Cl.

Using the equipment already described in previous works 
[19, 27, 29], it was possible to characterize the electrome-
chanical properties of the device with different concentra-
tions of ionic liquids as a function of the relative humid-
ity of the environment. At the same time, the current and 
electrical potential applied to the device were collected. All 
this information will be useful to calculate the electrome-
chanical efficiency of the actuators. Figure 8a shows the 
displacement curves obtained by measuring each sample at 
different humidities operating with continuous 5 V of bias 
potential. Below 60% humidity, as there is an increase in the 
ionic liquid concentration, there is also an increase in the 
displacement value. An increase in the amount of BMIM 
molecules inside the ionomeric channels leads to an increase 
in the pressure gradient within the film, which leads to the 
bending of the device. However, at high humidity, 0.3 mol 
 L−1, and 0.5 mol  L−1, samples showed a very close perfor-
mance. In addition, although the ionic liquid is not expected 
to be affected by the increase in humidity, the performance 
increase from 30 to 90% is noticeable.

On the other hand, in Fig. 8b it is possible to observe the 
blocking force exerted by the devices. Contrary to what is 
observed for displacement, the difference in performance 
between the concentrations is noticeable only at 30% of 
humidity. The response speed at 0.5 mol  L−1 is very different 
from the others; this can be attributed to the low mobility of 
BMIM molecules added to the steric hindrance that one mol-
ecule exerts on the other, leading to a delay in the response. 
This is no longer observed at higher humidity since the 
polymer chains are more lubricated and have greater ionic 
mobility. The blocking force performance is very similar at 
high humidity, especially for 0.3 mol  L−1 and 0.5 mol  L−1. 
Furthermore, the increase in blocking strength between 60% 
and 90% humidity is negligible, as expected for ionic liquids. 
However, comparing the two electromechanical parameters, 
one would expect that the performance of the blocking force 
corresponds to that of the displacement. Thus, the analy-
sis of the shape of the curve, not reaching a plateau, sug-
gests that the absorbed water molecules help to increase the 
mobility of the BMIM molecules, which causes the device 
to bend at a higher rate. However, these molecules do not 
actively participate in the ionic migration, thus, not increas-
ing the force exerted by the device.

Although the devices operate at low potentials (below 
5 V), when they work with smaller ions and a potential 
greater than 2 V is applied, there is a concern with their 
operating time as they are susceptible to electrolysis of water 
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Fig. 7  a IPMC device composition; b schematic representation of [BMIM]Cl exchanged with IPMC device; c Work methodology; and d IPMC 
actuation mechanism

Fig. 8  a Displacement and b force curve as a function on application time of 5 V Bias
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accumulated in the ionomeric channels, causing the device 
to lose efficiency over time. One of the advantages of using 
ionic liquids is to minimize this drawback. Therefore, other 
operating potentials were tested. Figure 9 summarizes the 
maximum values of the electromechanical parameters as 
a function of the applied potential for each humidity and 
device tested. In support of the idea of low lubrication, 
the effect of low operating potential on the devices can be 
observed. A low potential corresponds to low energy sup-
plied to trigger the device and promote ion migration, caus-
ing the device to move very little, almost imperceptibly. The 
concentration of 0.1 mol  L−1 was the one with the smallest 
movements. On the other hand, at high humidity, it is pos-
sible to see a large effect exerted by the increase in the oper-
ating potential while exhibiting the same performance for 
concentrations of 0.3 mol  L−1 and 0.5 mol  L−1.

Figure 9b shows the blocking force. For 30% and 60%, the 
response is linear for both the increase in potential and the 
increase in concentration, although the difference between 
them is very small. Regarding 90%, the response remains 
linear for the increase in potential, but the performance of 
0.3 mol  L−1 and 0.5 mol  L−1 is the same. The presence of 
a linear response with the increase of the applied potential 
is expected because there is an increase in the electric field 

gradient that makes the ions strongly attracted to the elec-
trode by the electrostatic effect.

As previously mentioned, any potential and current vari-
ation during device operation can be recorded. With this 
information, other electrochemical parameters can be cal-
culated for instance the charge used during the operation. It 
is then possible to obtain more “sophisticated” electrome-
chanical parameters such as the operating efficiency involv-
ing the displacement value or blocking force normalized by 
the spent charge. Figure 10 shows these values as a func-
tion of the operating potential for all relative humidities 
and IL concentrations. In Fig. 10a, it is possible to observe 
the displacement efficiency values that indicate how much 
it is possible to obtain IPMC movement per charge unit. 
Interestingly, as there is an increase in humidity, there is 
a decrease in the efficiency of the device; that is, it uses 
more charge to perform the same amount of movement. 
The impact is greater in the sample with 0.1 mol  L−1 that 
showed very low-efficiency values. Above 60%, it is also 
possible to observe for both 0.3 mol  L−1 and 0.5 mol  L−1 a 
drop-in efficiency with increasing potential up to 3 V and 
then a slight increase, inferring that efficiency would tend 
to increase even at higher potentials. With ionic liquids, this 
would be possible, as water electrolysis is no longer a con-
cern, as concluded in previous works [27].

Fig. 9  a Displacement and b blocking force curves as a function of the applied Bias for different relative humidity and IL concentrations
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On the other hand, in Fig. 10b, the blocking force effi-
ciency is shown, demonstrating very different behaviors. 
The decrease in efficiency with the increase in potential is 
much more pronounced. At low humidity, the efficiency of 
the 0.5 mol  L−1 device is higher at low operating voltages; 
however, the concentration of 0.3 mol  L−1 had higher effi-
ciencies at other humidities. Hence, at potentials above 3 V, 
the difference between the devices at any humidity tested is 
negligible. Therefore, in terms of economy, using a lower 
concentration of [BMIM]Cl, in this case, 0.3 mol  L−1, guar-
antees the same yield. At the same time, some drawbacks are 
minimized and in general, it can be said that this concentra-
tion has the best yield under the test conditions.

The rates of displacement and blocking force are also 
important to the device’s efficiency since they are related to 
the time of deformation that it’s also an important feature 
of the device application. Figure 11 presents these values 
with 5 V of Bias application. For the displacement rate, the 
results suggest that the concentrations of 0.3 mol  L−1 and 
0.5 mol  L−1 are similar for medium and high humidities, 
having the same maximum displacement rate and both of 
them being higher than 0.1 mol  L−1 in any condition, while 
at low humidity 0.5 mol  L−1 concentration had a slightly 
better performance than the others, which corroborates with 
the Fig. 10a displacement efficiency graph. Regarding the 

blocking force rate, the concentration of 0.3 mol  L−1 had 
higher peaks in all the conditions and reached to perform 
the maximum rate faster than the other concentrations in 
low and high humidities, being slower than 0.5 mol  L−1 just 
for the medium humidity, but still having a higher peak. The 
blocking force rate results reaffirm the behavior observed for 
the blocking force efficiency (Fig. 10b) and blocking force 
as a function of application time (Fig. 8b).

4  Conclusion

Ionic liquid [BMIM]Cl was successfully synthesized and 
its structure was confirmed through NMR, FTIR, and CV 
experiments. The IL was incorporated in the IPMC device 
based on Nafion and Pt electrodes in three different concen-
trations (0.1, 0.3, and 0.5 mol  L−1), and the electrochemical 
and electromechanical properties of the device were studied 
under controlled relative humidities.

The electrochemical study indicated that IPMC exchang-
ing with 0.3 mol  L−1 allowed the same stability of 0.5 mol 
 L−1, and, beyond the economic advantage, there was also 
the possibility of filling the membrane inner channels with 
a higher number of inorganic counterions, which made it 
possible to modulate properties like electrical conductivity, 

Fig. 10  a Displacement and b blocking force efficiency curves on applied Bias for different relative humidity and IL concentrations
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enhancing IPMC performance. Besides, even the small-
est concentration of the ionic liquid could avoid the elec-
trolysis phenomena, and it was possible to see that with a 
higher electrolyte concentration, the capacitive behavior was 
pronounced.

Mutually, the same concentration gave the best yield 
for electromechanical efficiency, corroborating what 
was observed before. We also highlighted the interesting 
effect that when the humidity increases, device efficiency 
decreases, i.e., IPMC uses more charge to perform the same 
displacement.

This paper attempted to fill the gap of a specific con-
centration value of ionic liquid exchanged with IPMC 
devices, and herein for [BMIM]Cl and Nafion®/Pt IPMC we 
addressed the concentration of 0.3 mol  L−1. We suggested, 
for future works, the usage not solely of this counterion but 
also of inorganic ones (like  Li+ and  Na+) to further enhance 
the performance and efficiency of these devices.
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