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Abstract

Soft actuators are of great technological inteeesd one class of these is made from ionic
polymer-metal composites (IPMCs). It has been dstad that replacement of water with an
ionic liquid (IL) in IPMCs results in larger acti@n response and considerably longer operating
life. However, the rate of displacement of IL-badB#ICs is very low.In the current work,
IPMC actuators were fabricated using Nafion membrand an imidazolium-based IL. The
effects of incorporating the IL with and without'lions were followed using electromechanical
and electrochemical measurements and were compeitdthe corresponding behavior of
water-based [Liexchanged and un-exchanged IPMC actuators. Thigiaaddf Li* ions to the
IL-based system resulted in dramatic increasefiencapacitance, ionic conduction, operating
life and in the displacement rate of the actualdns strategy is of considerable interest for

enabling the use of IPMC-based soft actuators idicn& and robotics.

1. Introduction

Soft actuators are smart materials made from paiyrae gels which change shape in response
to an external, usually electrical, stimulus.[1Vhare of great interest for application in robstic
[2] — for handling fragile objects and for providimpropulsion in autonomous swimming and
crawling robots [3] — and in medicine [4,5] , foxaenple, in replacement valves and artificial
muscles. One class of soft actuators are made ifsoim polymer-metal composites (IPMCs).[6]
A typical IPMC consists of an ion-exchange polymembrane - such as Nafion - with metal
electrodes, chemically plated on opposite faces. @lactrodes consist of a dendritic structure of
small, interconnected metal particles, generallgtiptm or gold, which penetrates into the
polymer membrane. [6] The protons in the Nafion@seally exchanged for cations such &5 Li
and an appropriate solvent — usually water — megaken up by the IPMC before it can be used.
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Then, when an adequate potential is applied actiessthickness of the IPMC, it bends
dramatically and reversibly towards its positivelyarged surface. The magnitude and speed of
the bending deformation may depend on the natargg iconductivity and thickness of the ion
exchange polymer, the structure and capacitanddeotlectrodes, the solvent content of the
polymer, the charge and mobility of the cationsd dhe specific interactions between the
electrode and the cations.[7,8,9] It has been ksitall that IPMC actuators consisting of Nafion
membrane with cations of larger Van der Waals va@waxhibit stronger actuation due to motion
of the larger cation.[10] However, the actuationfgenance of conventional water-based IPMC
actuators decreases over time due to the eledsalyshe water by the applied voltages and by
the evaporation of water when these devices arextggkin air. Replacement of water with other
solvents has been investigated.[10,11,12] Ethylfgeol is polar has a viscosity of about 16
times that of water at room temperature and hagaer molecular mass. The results of a series
of tests with ethylene glycol as the solvent inthdaa greater uptake of solvent, greater
resistance to electrolysis at high applied voltadgss stiffness, better actuation performance in
air and later relaxation than with water in botHibla and Flemion-based IPMCs. However, the
actuation of an IPMC sample with water as solveas faster and the sample possessed higher
overall electrical capacitance than with ethylefye@.[11] Replacement of water with ionic
liquids (ILs) as the solvent has also been invastig.[13,14] ILs are room temperature molten
salts composed, for example, of heterocyclic omarations and various anions.[15] The
physical and electrochemical properties of ILs depstrongly on the nature and size of their
cation and anion constituents. ILs are easy to leagmt possess interesting properties including
high thermal and chemical stability, high ionic dantivity, excellent solubility, negligible

vapor pressure and non-flammability.[16] Thus, thegve been considered as media in



applications where the presence of water as soleads to a gradual deactivation of the system
over time through hydrolysis and evaporation preesg13] Recent studies have shown that ILs
can self-assemble into nanoscale aggregates, Isofitistine ILs and in solution, which can
result in multiple conduction phenomena.[17] Thpeenomena are attributed to the long-range
charge motion or interfacial polarizations arisiiigm the buildup of charge at the domain
boundaries within the material.[17] In Nafion metes, the mechanism of long-range charge
transfer occurs via ion exchange processes betweénclusters and the IL aggregates.[17] It
has been established that ILs can solvate andiqitasthe Nafion side groups, stimulate the
organization of the fluorocarbon domains of Nafioto a microcrystalline structure reduce the
degree of crystallinity of the membrane and inceeds ionic conductivity.[17,18] ILs
comprised of the 1-alkyl-3-methylimidazolium cati@nd anions including halide, nitrate,
hexafluorophosphate (BF and tetrafluoroborate (BF are the most investigated ILs in
applications where their ionic conductivity is exiped.[19] These imidazolium-based ILs are
currently being studied as electrolytes for dyesgeed solar cells,[20] metal plating,[21] Li ion

batteries,[22] and electrochemical capacitors[23)all as soft actuators.[24]

IPMC actuators incorporating ILs showed an extermj@erating time over water-based systems.
However, their response times were much longer thedforces generated were decreased
drastically compared to systems using water.[23,288] This limits the appropriateness of IL-

based IPMC actuators as electromechanical actuatoapplications where fast response and
large displacement at low applied voltages is neqlj29,30,31] To improve the performance of
water-free IPMC actuators without significant lossgenerated force output the preparation of
thick IPMC actuators has been proposed.[32,33] Heweit was found that the actuation

displacement of the thick IPMCs was lower than tifahin IPMCs and their response time was



further increased. To the best of our knowledge,shalies have reported on methods to
simultaneously increase the tip displacement ardedse response time in IL-based IPMC
actuators. Researchers have shown that the elesthi@nical performance of IPMC actuators is
influenced by the concentration of ionic liquid dathat the concentration of ionic liquid can be
tuned to achieve maximum actuation performance.[RR]Cs containing higher concentration
of ionic liquid exhibited more capacitor-like bel@vwhich led to a larger electromechanical
responses.[12] The ionic conductivity and actuaspeed of IL-based IPMCs also increases as
the content of ionic liquid and the size of the mmuions is increased.[12,13,14] Furthermore,
the actuation speed of IL-based IPMCs is lineagated to the ionic conductivity of Nafion

membrane.[14]

The current work reports the enhancement of thee ioonduction, capacitive characteristics, tip
displacement and response time of an IL-based IRbtGator by the addition of a small amount
of Li* ions. IPMC actuators were fabricated using Nafioembrane and an imidazolium-based
IL. The effects of incorporating the IL with and thwut Li* ions were followed using
electromechanical measurements, cyclic voltamme(€y) and electrochemical impedance
spectroscopy (EIS) and were compared with the spaeding behavior of water-based™-Li
exchanged and un-exchanged IPMC actuators. Théiaudif Li* ions to the IL-based system
resulted in dramatic increases in the operatirggdifid in the displacement rate of the actuator
over non-IL systems at ambient temperature and dityni This strategy is therefore of
considerable interest for increasing the applidgbdf IPMC-based soft actuators in medicine

and robotics.



2. Experimental

2.1. Preparation of IPMC actuators

IPMC actuators were prepared from 0.18 mm thiclehef Nafion-117 in its protonated form
(DuPont, equivalent weight 1100) using a techniprgsented by Pak et al.[34] After roughening
the surfaces using abrasive paper to increase #tal-polymer interface area, the membrane
was washed using an established method [35,3&rtmve all impurities remaining from the
manufacturing process. The clean Nafion was soake& 4.5 M aqueous solution of
tetraamineplatinum (1) chloride ([Pt(NH]Cl,, Alfa Aesar) for 24 h and a few drops of
ammonium hydroxide (Aldrich) solution was addedntutralize the solution. The amount of
[Pt(NH3)4]Cl, added was calculated to correspond to the nunfidenexchange sites available
in the Nafion membrane. After rinsing with DI waterremove the excess platinum salt solution,
the membrane was placed in a small amount of Démiata crystallization dish under stirring.
An aqueous solution (100 ml) of 5 wt% NaBWlas added gradually to the membrane. A silvery
layer of Pt was formed on the surfaces of the mam#ar This plating procedure was repeated
twice. The membrane was rinsed with DI water anch@rsed in 1 M HN@solution for 12 h to
neutralize the residual ammonium, rinsed againsaoiced in DI water. Four IPMC sample types
were prepared, each 5x23 mm in size. These wemrlvased samples with and without lan

exchange and IL-based IPMCs with and without adlitf Li* ions.

Li*-exchanged water-based samples were prepared bergimg the IPMCs (in protonated
form) in 0.1 M LiBF, (Sigma Aldrich) solution for 7 d. IL-based samplesre prepared by
soaking the IPMCs (in protonated form) in a 50%/56% mixture (2 ml) of ethanol and 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF from Research Institute of the

Petroleum Industry) at room temperature for 7 d tweeh drying under vacuum at 70 °C for 4 h



to eliminate ethanol. Ethanol was applied as a e solvent to increase the rate of ion
exchange (see Table S1 in supplementary data).dftatit, the IPMC sample types are named

to indicate the type of cations; IP-H), Li* (IP-L) and EMIM (IP-E).

Three methods were applied to prepare water frelgaled IPMC actuators incorporated with
Li* ions. These methods differ in the order and the oathe penetration of the EMIM and'Li
ions within the polymer and are described as fadlow) water free EMINtexchanged IP-E
samples were immersed in 0.1M LiBsolution (2 ml), 2) fully dehydrated ‘Hexchanged IP-H
samples were immersed in a water free 50%/50%nixture (2 ml) of ethanol and EMIBF
containing LiBR salt (0.1 M), and 3) fully dehydrated ‘téxchanged IP-L samples were
immersed in a 50%/50% b.v. mixture (2 ml) of etHaared EMIMBF,. The samples were kept in
above-mentioned solutions at room temperature foe8d then dried under vacuum at 70 °C for
4 h to eliminate the solvents. These samples areedas IP-E/L-M1, IP-E/L-M2 and IP-E/L-

M3 respectively to indicate the number of appliestmod.

Using method (1), IL-based IPMC actuators contajnimcreasing amount of Liions were
prepared. To this end, water free IP-E samples wengersed in four LiBEsolutions (2 ml) in
concentration range of 0.05 to 0.5 M for 2 h andimglried under the above-mentioned
conditions. These samples were named as IP-E/Lt0.05%-E/L-0.5 to indicate the concentration
of applied LiBR solution. The concentration of LiBBolution was changed to alter the amount
of Li* ions absorbed within the IL-based IPMC samples tanind the best concentration in
terms of obtaining IPMCs with the highest capaeittharacteristic.[12] Table 1 summarises the

main differences between the samples and givesribaies as used in the manuscript.



2.2. Physical and Morphological Evaluation of IPMCs

Fully hydrated water-based IP-H and IP-L sampleseweacuum dried in an oven at 80°C
overnight and their dry mas¥/yy, measured and subtracted from their wet miégs;and the
percentage of water uptake calculated using Equdtio

% water uptake = 100x (W-Wive!Wary) Equation 1

Scanning electron microscopy (SEM) was employestidy the differences in the morphology
of the platinum electrode layers of IPMCs as a fimmcof cation and solvent type using a Seron-
AlIS2300 SEM instrument. Cross-sections of IPMCsenadtained for SEM by freeze-fracturing
in liquid Ny. The topology of the sample electrodes was quedtlly measuring the number of

folds per unit surface area.

2.3. Electrochemical Evaluation of IPMCs

To compare the ionic conduction and capacitive attaristics of water- and IL-based IPMCs,
electrochemical impedance spectroscopy (EIS) anlicoyoltammetery (CV) were used. Square
elements of 5x5 mm were cut from the IPMCs and quaborizontally in a sample holder
consisting of a pair of platinum contacts embedd#hin a Plexiglas clamp. These contacts had
the same surface area as the sample. The measisemere performed on a
potentiostat/galvanostat (Autolab) controlled by \WOsoftware at ambient temperature. The
impedance measurements were performed with aneapplc. voltage of 10 mV in amplitude
over a frequency range of 100 kHz to 100 mHz. Zwseftware was used to analyze the results.
CV scans were performed in the potential range Bf At a scan rate of 100 mV:.sThe
capacitance (C) was calculated from the CV resusisg Eq. 1

_ T
~ 2dV/dt

1)



wherel™ andl are currents in A at 0 V in the two scanning dimets anddV/dtis the potential

scan rate (V3). [37]

2.4. Electromechanical Measurements

Maximum tip displacement, rate of displacement ahdability were measured at room
temperature and in ambient air using the arrangest@wn in Figure 1. The IPMC actuator was
held at one end in a sample holder consisting phia of platinum electrical contacts fixed
within an insulating clamp. The electrical contastye connected to the two terminals of either
a d.c. power supply or a function generator. Athpkes were subjected to d.c. voltages from 1 to
8 V. In addition, sinusoidal voltages of 4 and 9n\Vamplitude, at frequencies from 0.01 to 1.00
Hz, were applied to the IL-based samples. A digitahera was used to capture video images of
the bending deformation of the sample as the d.e.@ voltages were applied. The maximum
tip displacement was calculated using image armbaitware. Displacement rate for each IPMC
actuator was determined by dividing the maximundigplacement by the time taken to reach it
when they were subjected to a d.c. voltage. Actudioability was studied by applying 4 V d.c.
every 10 min and measuring the maximum tip dispreen® as a function of time (over 180 min).

During the time intervals, the IPMC samples werngtlgtill in the sample holder.

3. Results and Discussions

3.1. Morphology of IPMCs
In the cross-sectional SEM image of the freezetdiracl IP-H sample shown in Figure 2(a) two
parallel, bright layers along the surfaces of ttadidh membrane are observed. These layers are

assigned as the platinum electrodes. The similaritilickness of the platinum electrodes at both
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surfaces indicates that the plating process gaweifarm coverage. The high concentration of
platinum at the outer surface is seen as a layaeteoke appearance and relatively uniform

thickness along the surface of the membrane.

In Figures 2(b)-(e), top-down SEM images of thetiplan electrode in each sample type are
compared. The electrode appears to be highly faldedater-soaked IP-H (Figure 2(b)) and IP-
L (Figure 2(c)) samples compared to the IL-soakeeEland IP-E/L-0.1 samples (shown in
Figure 2(d) and 2(e), respectively). This might di&ributed to the formation of larger ionic
clusters in the water-soaked samples and a stromgerinteraction between the small cations of
H* and Li" with the fixed sulfonate groups.[14] Nafion is mwbss-linked and the ionic clusters
size and the resulting ionic conductivity may vagcording to the type of applied solvent and
electrolyte. [38,39] The addition of more polar vaits such as water which interact
preferentially with the ionic clusters (hydrophitegions), which are minor domain in the Nafion
structure, cause microscopic swelling. Howevercdin solvate and plasticize the Nafion side
groups [17,18] and reduce the cross-linking dipatéeractions inside the polar domains and
increase the mobility of the main fluorocarbon demke chains (hydrophobic regions), which
are major domain, and cause macroscopic swelliagh&more, it is expected that smaller ionic
clusters to be formed within the IL-based samplaes tb weaker electrostatic interactions
between large organic EMIMcations with the fixed ion exchange sites.[7] Eiere, the
observed smoother platinum electrode surface ibdéed IP-E actuators (shown in Figure 2(d))
can be attributed to the higher degree of the nsaomic swelling of the polymer and the
formation of smaller ionic clusters within thesengdes. It must be mentioned that the level of

absorbed atmospheric moisture for the IL-basedasmts is expected to be negligible as
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compared with water-based actuators because th®gtytic domains are filled with the ILs.

[17]

Comparison of the SEM images of the water-baseddRl&imples also shows that the electrode
surface is more folded in IP-L samples comparekPtbl. Determination of water content of IP-

H and IP-L samples revealed that-exchanged IP-L samples had higher water content —
approximately 2.5 times — than thé-eixchanged IP-H samples. Therefore, larger ionisters
could be formed within the IP-L samples. The folorabf larger ionic clusters within the water-
based actuators, especially in the case of IP-Lpmnwas confirmed by data obtained from
SAXS study of the samples (see Figure S1 in Supgiéany Data). The presence of ions in

the IP-E/L-0.1 sample also led to the formatiorfadis in the electrode (see Figure 2(e)). This
similarly can be attributed to the formation ofdar ionic clusters [40] within this sample

compared to water free IP-E actuators as showiguré S1.

3.2. Electrochemical evaluation of IPMCs

Figure 3 shows the voltamograms of the IP-H, IRR-E samples. All three appear similar in
shape but differ in the magnitude of the currefiite Bymmetric shape of the CV curves can be
assigned to excellent charge distribution in tleetebde region of the IPMCs. This indicates that
the platinum plating process has given rise to égoivalent electrodes with similar thicknesses,
as was observed by SEM. In previous work, it wambthat the platinum particles penetrate the
polymer to a depth of ~10 um and provide a pordestm®de structure at both surfaces of the
IPMC.[41] The CV curves of the IPMCs are close &xtangular, indicating a capacitive
behavior and a low contact resistance. Generdle/shape of the loop in the CV response of an

ideal capacitor should be rectangular; howeveratgreresistance changes the loop, causing an
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oblique angle and narrower loop. [42] Nafion-basB#IC actuators can be considered as
polyelectrolyte-based capacitors [43] since thewysed of a pair of conductive platinum
electrodes sandwiching the cation exchange Nafi@mbmane. Nafion is a perfluorinated
copolymer that can be considered to have a potgftebroethylene) backbone from which are
suspended perfluorinated ether side chains termgah anionic sulfonate groups. In the
samples used in this work, these are paired witmigs cations such as'HLi* and EMIM'.
Since the sulfonate groups are covalently tethdrgdhe side chains to the perfluorinated
molecular backbone they cannot move away whered@isdbunter cations can be detached by an
electric field.[44] When a voltage is applied tavater-based IPMC actuator, redistribution of
ions takes place in the Nafion membrane.[35,36]cBatwould migrate towards the negatively
charged platinum electrode region and form an etedbuble layer at the interface, while the
double layer at the other interface is formed fritv® immobile sulfonate groups located in the
vicinity of the positively charged electrodes. Téfere, regardless to the type of counter cation
within the Nafion membrane it is expected that mkiér double layer is formed near the

negatively charged electrode.

As can be seen in Figure 3, the CV loop of watesedaP-H and IP-L actuators were narrower
than for IL-based IP-E actuators, indicating thapacitance increases in the order: IP-E>IP-
L>IP-H. This indicates that replacing water withdenerally led to a higher current response -
and therefore higher characteristic capacitancenceSi Nafion consists of non-polar
tetrafluoroethylene segments and the polar pedkdfonic vinyl ether segments four
polarization mechanisms can occur within this paym electronic polarization, ionic
polarization, orientational polarization and ingaifl polarization. The more easily the various

polarization mechanisms can act, the larger theeaigc permittivity and the capacitance will
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be. [45] All polarization mechanisms can be desatis a number of resistance and complex
capacitance elements connected in series and gidfal] The ionic conductivity relates to the
exchange of ions between different domains witha ltulk of the Nafion membrane, while the
overall capacitance describes the accumulatioord at the polymer/platinum electrode region.
A local accumulation of ions is produced in thekbolf the Nafion membrane (interfacial
polarization) due to the presence of hydrophobid &wydrophilic domains with different
permittivity. An interfacial conductivity is ass@ted with charge exchange at the interfaces
between domains with different permittivity. [17kAliscussed previously, the incorporation of
large hydrophobic organic cation of EMIMind also use of ethanol as the supporting solvent
cause the polymer to swell macroscopically [3818%4 higher extent compared to water-soaked
samplesi] Therefore, it is expected that the mentioned qudéion mechanisms happen easier
in IL-based IP-E actuators. In Figure 3, it carodde seen that Liexchanged water-based IP-L
actuators showed a higher current compared to thexehanged water based IP-H actuators.
This difference can be explained by the presencearger ionic clusters with higher water
content within the IP-L samples. This leads to ghlr microscopic [38,39] swelling in these

samples and facilitate the polarization mechanism.

It has been established that IPMC actuators witlientapacitor-like behavior show larger
electromechanical responses.[12] Figure 4 compgheesalculated capacitance of IP-E actuators
with that of IP-E/L-M1, IP-E/L-M2 and IP-E/L-M3 agtitors (IL-based actuators incorporating
Li* ions) to evaluate the effect of the sample prejmardechnique on the capacitance of these
samples. As can be seen, IL-based IPMC actuatarsrdarating LI ions show higher
capacitance than that considered for IP-E actuatdts no Li* addition. Moreover, the

capacitance of IP-E/L-M2 and IP-E/L-M3 actuatorssveansiderably lower than that of IP-E/L-
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M1 actuators, while it was still higher compared IRBRE actuators. This indicates that the
microscopic structure of Nafion membrane changdbhasrder and the rate of the penetration of
the ions within the polymer are altered. It seemdeu influence of the applied electric field the
transport and migration of ions towards the oppbgitharged electrodes occurs easier in the
case of IP-E/L-M1 actuators and thicker double lay@re formed. These actuators were first
impregnated with EMIM cations, using a mixture of IL and ethanol, anenthvith Li" ions.
Since they showed to have the highest capacitiaeackeristic all IP-E/L actuators (IL-based
actuators incorporated with “Lions) used in this work were prepared using theparation

method described as method (1) in Section 2.2.

In Figure 5 — part (a) the CV voltamograms of ILsed IP-E samples with no’Lion addition is
compared with that of IP-E/L-0.05, IP-E/L-0.1, IA-ED.25 and IP-E/L-0.5 samples with
increasing amounts of Lions. It can be seen that adding ldns into the IL-based IPMCs led
to a higher current response and therefore higharacteristic capacitance in IP-E/L-0.05, IP-
E/L-0.1 and IP-E/L-0.25 actuators compared to thatP-E actuators, the highest of the three
being for IP-E/L-0.1. However, water- free IP-E/l5@ctuators with the highest'libn content
showed a current response lower than IP-E actuakbesvariation in the capacitance of the IL-
based actuators as a function of idn content can be followed more clearly in Fig&(b). The
calculation of the capacitance from the CV plotgesded that the charge storage capacity of IP-
E/L-0.1 is, about two and four times higher thamttlf IP-E and IP-E/L-0.5 actuators,
respectively. The capacitance of IL-based IP-E/L-#ctuators was also about four and twenty
three times higher than that of the water-based Bhd IP-H actuators, respectively. This
indicated that there exists an optimum concenmatibLi* ions at which the current response

and so the capacitive characteristic is maximize®y the optimum concentration is not the

14



highest LT ion concentration. The observed drop in capacitharacteristic beyond the
optimum concentration of Liions is attributed to accumulation of ions towtrd center of the
IPMC actuator. When a small electric field is apglacross the thickness of IP-E/L actuatofs Li
ions can move easier and faster towards the nedatoharged platinum electrode than large
EMIM™ cations. Thus, they can contribute in the fornmatid a thicker double layer at the
interface of polymer/platinum electrode in thesemgles and improve the capacitance
characteristic of the sample. This was observedhigber current response and higher
characteristic capacitance in CV response of IRE@S and IP-E/L-0.1 actuators compared to
that considered for IL-based IP-E actuators withLiioaddition (see Figure 5). However, the
improving effect of LT ions on the capacitance of the IL-based IPMC aotaareached a
percolation threshold for IP-E/L-0.1 actuators; tagacitance of IL-based actuators containing
higher amount of Liions decreased. As the concentration &fikins within the IL-based IPMC
actuators is increased the number of the free {anbounded ions) within the bulk of the
polymer increases since the excess ions cannatitmatet in the formation of the electric double
layer. This can enhance the ionic conductivity loé tulk of the polymer and reduce the
capacitive characteristic of the actuators. Thesellts were confirmed with the data obtained
from EIS studies on the IPMC actuators which wél discussed later. Figure 6 — parts (a) and
(b) illustrates a schematic depiction of the rarthation of ions under influence of applied
electric field and formation of electric double déayat the interface of polymer/platinum
electrode in an IL-based IP-E actuator containgn© Li* ions, (b) an optima concentration

(0.1 M) and (c) a higher concentration of lons (>0.1 M), respectively.

The response of an electrochemical system to alsapalied a.c. voltage in impedance

spectroscopy is usually displayed as a Nyquist pfahe imaginary component of impedance
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against the real part. Nyquist plot appears agticaeline for ideal capacitors and a point on x-
axis for resistors. Also in these plots a semieiiisl fitted as a resistor and capacitor in parallel
In highly conductive systems, the semicircle in Nigg plot is not observable; however, for less
conductive systems the semicircle is present iristorded form. Moreover, the vertical line
indicating electrode capacitance is tilted becabseelectrode surfaces are not ideally smooth.
Here, the electrochemical system is an IPMC sanggledwiched between two platinum
electrodes, so the alternating current flows throtihge Nafion membrane. The impedance of the
IPMCs is a function of three variables; the mobpildf ions in the Nafion membrane, the
polarization of the Nafion structure and the dotlbleer capacitance at the platinum
electrodes/polymer. The degree of mobility of iatetermines the conductivity of the Nafion
membrane. Small ions migrate faster and providedrigonductivity. Figure 7 —parts (a) and (b)
shows the Nyquist plots obtained by EIS for IP-PL, IP-E and IP-E/L-0.1 actuators. As can
be seen, both plots shown for the IP-E and IP-ElLd4xtuators are nearly linear in the low
frequency region and have a semicircle in the lfiiguency region. This indicates that at low
frequencies these IL-based actuators behave likacttars while at high frequencies they
behave like resistors. For IP-E/L-0.1 the semieirappeared in a higher frequency range
compared to the IP-E actuator. This shift is reldatethe added Liions causing a decrease in the
ionic resistance of the IL-based IPMC actuator. i@y to the IL-based IPMCs, for water-based
IP-H and IP-L actuators only large semicircles webserved which extended over a wide
frequency range. Moreover, amongst the four IPM@mes, the largest semicircle region was
observed for the water-based IP-H actuator, insigathe highest impedance (charge transfer
resistance) in this IPMC. Replacing Mith Li* caused a significant decrease in the impedance

of the water-based IP-L compared to that of théiJRlue to increase in ionic conduction of the
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sample. The high frequency intercepts on the nealvaere used to calculate the ionic resistance
of IPMC actuators. The IP-L and IP-E actuators tredhighest and lowest ionic conduction,
respectively. The description of ionic conductivityf Nafion-based IPMC actuators is
complicated due to the presence of multiple intéalgpolarizations, as discussed earlier. These
polarizations are the result of the presence oérsg\different percolation pathways along the
interfaces between the hydrophobic and hydroptdiimains in the Nafion membrane. [46] The
ionic transport in Nafion membrane is closely retato the size and number of ionic clusters
formed within the swollen Nafion membrane and itdescribed by Grotthuss (hopping) and
vehicle (diffusion) mechanisms.[47] According te tBrotthuss mechanism, an ion can hop from
a sulfonate site to a nearby acceptor solvent mtdetn contrast, in the vehicle mechanism, an
ion transfers by the diffusion of carrier specieghe electrolyte in the form of a solvated ion.
Both of the two mechanisms can occur easier ircése of the water-based IP-L actuators since
they contain larger ionic clusters with higher mand water content. This leads to a higher ionic
conduction for this sample compared to water-fileeelactuators which contain smaller ionic
clusters. (see Figure S1 in Supplementary DatadlingdLi" ions to an IL-based IPMC led to a
decrease in ionic resistance of this actuator irchvithe IP-E/L-0.1 actuator appeared to have
ionic conduction of about the average of the vabfate IP-L and IP-E actuators. This indicates
that the ionic transport mechanism have been fatgll in the IP-E/L-0.1 samples, probably due
to the formation of larger ionic clusters. EIS data commonly analyzed by fitting them to an
equivalent electrical circuit model. The Randlesdeids one of the simplest and most common
models. This model includes a solution resistaRgea double layer capacitorg@nd a charge
transfer resistance,;RFigure 7 — part (c) and (d) illustrates the aledi equivalent circuit for

water-based and IL-based IPMCs, respectively. As loba seen, IL-based IPMCs have an
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additional Warburg element in their equivalent waitc indicating diffusion processes are

important in these actuators.

3.3. Actuation performance of IPMCs

The tip displacements of the IP-H, IP-L, IP-E amdB/L-0.1 actuators in response to d.c.
voltages of 1 to 8 V are shown in Figure 8(a). Towa actuators exhibited qualitatively similar
dependences on the amplitude of the applied voliagbat tip displacement increased as a
function of input voltage in a roughly linear retatship. Tip displacements were much larger for
IP-E than IP-H, indicating a significant increasethe actuation response on replacing water
with the IL as the solvent and much larger for IRkkn IP-H, demonstrating the improvement
due to addition of Li ions. Furthermore, water-lthd®-L actuators showed smaller tip
displacements than IP-E at the low applied voltgde® 4 V). Results show that the IL-based
actuators with the highest capacitive characteristiow larger tip displacement over water-
based actuators. The observed difference in thenitoglg of the actuation response can be
attributed to the difference in the Van der Waatdume of the H, Li* and EMIM as
counterions. [10] The actuation performance of IP&®uators is solely the result of motion of
ions through the Nafion membrane. As mentionedezatipon application of an electric field,
cations and anions are mobilized and migrate towssttrodes of opposite charge. The
accumulation of ions near the electrodes resul@ninmbalance in volume within the samples
and thus a bending deformation. Since EMIins have the highest Van der Waals volume,
their accumulation at the cathode results in thgelst bending deformation for the IP-E actuator.
Adding Li ions to the IL-based IPMCs also gave rige a considerable increase in tip

displacement in IP-E/L-0.1 over IP-E. Amongst tharfactuators, IL-based actuators containing
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Li* ions (IP-E/L-0.1) showed the highest tip displaeatmover the applied voltage range. This
indicates that, in addition to enhancing ionic aaettbn, addition of Li ions induces a larger
volume imbalance in IP-E/L-0.1 than in IP-E, whiohturn causes a larger bending deformation.
Figure 8-parts (b1) to (b4) present the overlagitdi images captured at the starting point and
end point for each IPMC actuator in response tatbevoltage of 7 V in amplitude to show the

influence of the preparation variables on theiuatton performance.

The measured tip displacements of the actuator& Hhd IP-E/L-0.1 in response to the
sinusoidal voltages of 4 and 5 V in amplitude andraa frequency range of 0.01 to 1 Hz are
shown in Figure 9. It can be seen that these awtiaexhibited qualitatively similar
dependencies on the amplitude and frequency ddppéed sinusoidal voltages. Over the whole
frequency range, a small increase in the tip degpteent of both the actuators occurred when the
amplitude of the sinusoidal input voltage was iase=l. For both samples at both voltages, there
is a strong, approximately inverse relationshipMeein tip displacement and frequency. At low
frequencies, the polarity of the electrodes chamstf@sly, and so a greater number of ions have
time to concentrate near the oppositely chargetdreldes leading to stronger actuation.[41] The
largest differences between the tip displacemetit@iP-E and IP-E/L-0.1 actuators occurred at
low frequencies. The tip displacement of the IP-B/L actuator was generally larger (about 5
times larger at 5 V and 0.01 Hz) than for IP-E jéating again the contribution of the'lions to

increasing the degree of bending deformation.

In Figure 10 the calculated displacement rate (s of the IP-H, IP-L, IP-E and IP-E/L-0.1
actuators, in response to a 4 V d.c. input, aregmed. IP-L and IP-E are respectively the fastest
and the slowest responding actuators under thew#itmms. Even though IP-E showed larger tip

displacements (see Figure 8) than IP-H and IRsL;ate of displacement was about 29 and 10
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times lower than for IP-L and IP-H, respectivelyisl reasonable to consider the differences in
size of the mobile H Li* and EMIM' ions present within these actuators for compativaiy
displacement rate. On application of the same geltdi" and H ions would diffuse faster
towards the oppositely charged electrode becauieeofsmaller size and more spherical shape
than EMIM'.[41] It was also found that the displacement ftéP-E/L-0.1 was approximately
twenty six times greater than for the IP-E, althoitgvas still slightly lower than for IP-L. This
means that addition of Lions had the combined positive effect of signifiiya increasing tip
displacement and greatly decreasing the respomgedi the IL-based IPMC actuator. This can
be attributed to the faster motion of libns towards the oppositely charged electrode witide
influence of the applied electric field and its pating effect on the formation of an electric
double layer being greater in IP-E/L-0.1 than irEP

In Figure 11 the performance over time of the IRR-E and IP-E/L-0.1 actuators is presented in
terms of the variation in tip displacement on agdion of 4 V d.c. every 10 min. The tip
displacement of the IP-E actuator, which was theeki amongst the three, underwent no
significant change over time. This suggests that@pmately no evaporation or decomposition
of imbibed IL occurred during the experiment. Fé&x-U the tip displacement increased to a
maximum value after 10 min. but decayed gradualigrdime to close to zero after 180 min.
This can be attributed to evaporation of water ftbm sample and possibly also to loss of water
by electrolysis. Finally, for IP-E/L-0.1, there wassimilar increase in tip displacement after 10
min. However, it later reached a stable minimuneraffpproximately 60 min. which was about
100 and 2 times higher than the minima observedHdr and IP-E, respectively. Consequently,
it is reasonable to consider the IL-based IPMC ainitig a small percentage of'libns (IPEL)

to be an IPMC with improved tip displacement, dirgband displacement rate.
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4. Conclusions

IL- and water-based IPMC actuators were prepar@sgusommercially available Nafion-117
membrane and were compared using SEM, CV, IS aneldatromechanical measurements.
Water-based IPMC actuators were prepared frekthanged and (un-exchanged) protonated
form. IL-based IPMC actuators were prepared witld avithout incorporation of a small

percentage of Liions.

SEM analysis showed that platinum electrode strastuthad good surface coverage and
penetrated into the polymer and that the surfacephubogy of the platinum regions was

dependent on the type of solvent and the idenfithe cation. The IL gave rise to smoother and
denser platinum-impregnated regions in pure IL-Basetuators. The roughest platinum-
impregnated regions were observed in actuators Mitiexchanged Nafion. A slight roughness
was introduced into the platinum electrode of Ilséh actuators by addition of'Lions to their

structure.

In electrochemical tests the electrode capacitancethe frequency response of IPMC actuators
were compared for both set of actuators, using 6% BIS methods. The effect of the solvent
and cation type was examined. A greater contacsteesxe was observed in the water-based
actuators, especially in the actuator with Nafionprotonated form. The IL-based actuator
incorporating Li ions showed the closest behavior to that of aalidapacitor and appeared to

have the highest charge storage capacity of anyatt It was found that IL-based actuators

possessed an additional Warburg element in theivalgnt circuit.

In electromechanical tests the maximum tip disptaset, durability and displacement rate were
recorded for actuators. The effect of amplitude drejuency of the applied voltage on

displacement was examined. The IL-based actuatorporating Li ions generated much larger
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tip displacements. For all actuators, displacenmreased with increasing applied voltage but
decreased with increasing frequency. The smalllatisnent rate of IL-based actuator was
enhanced by twenty six times by adding idns and it also showed the lowest actuation decay
over time. Water-based ‘l-exchanged IPMC actuators had the highest ionidection and
showed the highest rate of displacement. HowevVesir ttip displacement was considerably
lower than IL-based IPMC actuators incorporatedwit ions, which also possessed the highest
electrode capacitance. Results revealed that thexe a direct linear relationship between
response time and the ionic conduction processanRMC actuators while the magnitude of tip

displacement was largely dependent on the elecstvdeture and capacitance.
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Table 1. Naming system of IPMC samples

Elimination

Sample Preparation process of solvent Cation type
IP-H IPMC immersed in 1M HNg (aqueous - H*
IP-L Dehydrated I-H immersed in 0.1M LiB, (aqueous - Li*
IP-E Dehydrated |-H immersed in EMIMBI/Ethanol v EMIM*
IP-E/L-M1 | Dehydrated I-E immersed in 0.1M LiB,(aqueous v EMIM*/Li*
IP-E/L-M2 | Dehydrated I-H immersed in 0.1M LiB, v EMIM /LI "
(EMIMBF,/Ethanol)

IP-E/L-M3 | Dehydrated I-L immersed in EMEB,/Ethanol v EMIM/Li*
IP-E/L-0.0% | Dehydrated I-E immersed in 0.05 M LiB, (aqueous v EMIM/Li*
IP-E/L-0.1C | Dehydrated I-E immersed in 0.1 M LiB, (aqueous v EMIM*/Li*
IP-E/L-0.2% | Dehydrated I-E immersed in 0.25 M LiB, (aqueous v EMIM/Li*
IP-E/L-0.5C | Dehydrated I-E immersed in 0.5 M LiB, (aqueous v EMIM*/Li™

Figure captions:
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Figure 1. Schematic diagram and photographic vieexperimental set-up for measurement of

tip displacement on IPMC actuators

Figure 2. (a) Cross sectional SEM image of IP-Hiaictr and longitudinal SEM images of IPMC
samples showing the platinum electrode surfacetstres in (b) IP-H, (c) IP-L, (d) IP-E and (e)

IP-E/L

Figure 3. Comparison of the CV response of thei¢abed water-based IP-H, IP-L actuators with

IL-based IP-E actuator with noLion addition

Figure 4. Comparison of the calculated capacitafde-based IP-E actuators with IL-based
IPMC actuators incorporated with'lions; IP-E/L-M1, IP-E/L-M2 and IP-E/L-M3 prepared

using method (1) to (3), respectively.

Figure 5. (a) Comparison of the CV voltamogramsllobased IP-E samples with no "Li
addition with that of IL-based samples with inciagsamount of Li ions. (b) Variation in the

capacitance of the IL-based actuators as a funofidii” ion content

Figure 6. Schematic depiction of the double layarcsure in IL-based IP-E actuators containing
(a) no Li ions, (b) an optima concentration (0.1 M) andgd)igher concentration of Lions

(>0.1 M)

Figure 7. Comparing Nyquist plots of all IPMC aatiors (@) in full view and (b) in the selected
region shown in part (a) and obtained equivalerudi for (c) IP-H and IP-L actuators and (d)

IP-E and IP-E/L-0.1 actuators
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Figure 8. (a) Comparison of the dependence ofisiplacement on amplitude of the input d.c.
voltage for fabricated IPMC actuators ang)lob,), (bs) and (k) are the corresponding overlaid
digital images captured at the starting point amdl goint for IP-H, IP-L, IP-E IP-E/L-0.1

actuators, respectively, in response to the dltage of 7 V in amplitude.

Figure 9. Comparison of the tip displacement adgdrmegiuency of applied voltage signal for IL-
based IPMC actuators. Data are presented for actuatibjected to voltages of 4 and 5 V in

amplitude.

Figure 10. Comparison of the calculated displacemae (in mmS) of the IPMC actuators; IP-

H, IP-L, IP-E and IP-E/L-0.1, in response to thmeal.c. voltage of 4 V in amplitude

Figure 11. Comparison of the operating life of tRMC actuators; IP-L, IP-E and IP-E/L-0.1

actuators as they subjected to 4 V d.c. potentidl tve interval of 10 min.
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Highlights

* Preparation of Li incorporated IL-swollen IPMC actuators
» Enhancing effect of Li ions on ionic conduction and capacitance of IL-swollen IPMCs
* Liionsincreased rate of displacement and operating life of IL-swollen IPMCs
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Table S1. Effect of the type of supporting solvent on IL alp

Sample lon lonic Supporting| Initial dry Swollen, | lonic liquid
exchange | liquid solvent mass (g) | drymass| Absorbed
membrane (9) (x10° mol/g)

IPMC1 Nafion-117| EMIBE - 0.037 0.039 1.41

IPMC2 Nafion-117| EMIBE | DI Water 0.037 0.042 2.53

IPMC3 Nafion-117| EMIBE | Methanol 0.038 0.047 4.73

IPMC4 Nafion-117| EMIBE Ethanol 0.038 0.049 5.36

The difference in mass between the dried EMIMxchanged IPMCs and the original dried
IPMC in protonated form was assigned to be the rn&&MIBF, absorbed. The data presented
in Table S1 show that the amount of absorbed ilbapicd increased strongly in the order IPMC1
< IPMC2 < IPMC3 < IPMC4. This trend implies thatanhol is a more effective supporting
solvent than methanol, which in turn is better thater, because it facilitates the penetration of

more of the large organic cations of the ionic iiginto the membrane. Thus, ethanol was

chosen as the supporting solvent for subsequediestof ionic liquid-soaked IPMC.
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Figure S1. Comparison of SAXS patterns obtained for waterked Li-exchanged and ionic
liquid soaked EMIM and EMIM'/Li* - exchanged Nafion membranes.

In Figure S1, it can be seen that the clusteretfle — the main peak - moved to lower scattering
angles on moving from EMIM to EMIM*/Li* - and to Li- exchanged Nafion membranes. The
corresponding intercluster spacings were 37.7, 48d 54.4 A, respectively. These results
clearly indicates that the intercluster spacingeases as the large EMiMation is partly and
then completely replaced by Lions with lower ionic radius, due to the formatiminarger ionic

clusters..



