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ABSTRACT

Ionic polymer-metal composites (IPMCs), one of the electroactive polymers, have
revealed remarkable properties with its large bending behavior and force response under
applied low voltages. Nafion” has been used for the manufacturing IPMCs due to its
high ionic conductivity and mechanical strength. However, high cost and limited
thickness availability of Nafion® diminishes its demand. As a promising alternative to
the Nafion® based IPMCs, radiation grafted poly(ethylene-alt-tetrafluoroethylene)-
graft-polystyrenesulfonic acid (ETFE-g-PSSA) membrane based IPMCs have been
fabricated successfully in this study.

Poly(ethylene-alt-tetrafluoroethylene) (ETFE) is a hydrophobic polymer. In this
study, hydrophilic properties were induced by radiation grafting followed by
sulfonation. Radiation grafting, firstly creates active sites on the ETFE film by -
irradiation with y-rays. Secondly, polystyrenesulfonic acid side chains were grafted into
ETFE film by grafting and with a subsequent sulfonation procedure. The introduction of
sulfonic acid end groups supply hydrophilic properties to the hydrophobic base film.
ETFE-g-PSSA membranes’ properties were studied in terms of graft level, water uptake
and ionic conductivity.

Ionic polymer metal composites (IPMCs) were produced by electroless plating of
platinum (Pt) onto both surfaces of ETFE-g-PSSA membranes. ETFE-g-PSSA based



IPMCs strips showed an actuation performance under applied electric potentials. The
superior actuation performance with higher displacement capabilities was achieved with
respect to conventional Nafion® based IPMCs. The effect of grafting on actuation
performance was investigated. In addition to these, different characteristics of ETFE-g-
PSSA based IPMCs compared to the Nafion®” based IPMCs were revealed. For ETFE-g-
PSSA based IPMCs, an adaptation period to the applied electric field —prior to the first
actuation of the tested sample- was observed such as the conditioning time in PEM
(proton exchange membrane) fuel cells. Furthermore, the displacement capability was
increased by the repeated actuation performances. Lastly, 5V and above applied
potentials are affecting the displacement character of ETFE-g-PSSA based IPMCs
widely. After application of 5V, in the next electromechanical tests, a reverse actuation
character (actuation towards cathode and back-relaxation towards anode) was observed.



RADYASYONLA ASILAMA YONTEMI iLE URETILMIS POLI(ETILEN-ALT-
TETRAFLUROETILEN)-POLISTIRENSULFONIK ASIT ESASLI iYONIK
POLIMER METAL KOMPOZITLER

Bahar Burcu Karahan
Malzeme Bilimi ve Miihendisligi, Yiiksek Lisans Tezi, 2012

Tez Danismani: Dog. Dr. Selmiye Alkan Giirsel

Anahtar Kelimeler: Iyonik polimer metal kompozit, radyasyon ile asilama, poli(etilen-

alt-tetrafluroetilen), polistirensiilfonik asit, Nafion®, eyleyici.

OZET

Elektroaktif polimerlerden olan iyonik polimer-metal kompozitler, yiiksek
bilikiilme ve kuvvet uygulama davraniglariyla goze c¢arpan oOzellikler sunmuslardir.
Nafion®, yiiksek iyon iletkenligi ve mekanik dayamiklihgi gibi 6zelliklerinden dolay:
iyonik polimer-metal kompozit iiretiminde siklikla kullanilmaktadir. Fakat, pahali olusu
ve kallik segeneklerinin smirh olusu Nafion™a olan talebi azaltmaktadir. Bu
calismada Nafion® bazli iyonik polimer- metal kompozitlere alternatif olabilecek bir
malzeme olarak poli(etilen-alt-tetrafluroetilen)-asi-polistirensiilfonik asit membrani
bazli iyonik polimer metal kompozitler, basarili bir sekilde sentezlendi.

Poli(etilen-alt-tetrafluroetilen), su sevmeyen bir polimerdir. Bu g¢alismada, bu
filme, radyasyon ile asilama yontemi ve onu takiben siilfonlama yapilarak su sevme
ozellikleri eklenmistir. Radyasyon ile agilamada oncelikle film {izerinde y- 1s1nlart ile ile
aktif kisimlar yaratilmistir. Ardindan ise polistiren yan zincirleri bu filme asilanmis ve
bunu takiben siilfonik asit gruplar1 eklenmistir. Siilfonik asit gruplarinin eklenmesi,
baslangicta su sevmeyen filme, su sevme Ozellikleri katarak bir membran haline
getirmistir. Bu membranlarin 6zellikleri agilama derecesi, su alim kapasitesi ve iyon
iletkenlik acilarindan incelenmistir.

Poli(etilen-alt-tetrafluroetilen)-agsi-polistirensiilfonik asit membranlari, elektronsuz
platin (Pt) kaplama yontemiyle iyonik polimer metal kompozitler haline getirilmislerdir.

Bu kompozitler de Nafion” esasli kompozitler gibi elektrik alami altinda biikiilme
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ozelligi gdstermislerdir. Bu yeni iyonik polimer metal kompozitler, Nafion® esaslt
kompozitlerden daha {istiin biikiilme kapasitesi gostermislerdir. Bunlarin yani sira,
asillamanin, biikiilme performansina etkisi incelenmistir. Ayrica, poli(etilen-a/t-
tetrafluroetilen)-agsi-polistirensiilfonik  asit bazli yeni iyonik polimer metal
kompozitlerin, Nafion® bazli kompozitlerden farkli olan karakteristik davranislari
saptanmistir. Yeni kompozitler, uygulanan elektrik alaninda ilk defa biikiilmeden 6nce
PEM (proton degisim membran) yakit hiicrelerinde olan ‘kosullandirma siireci’ne
benzer bir adaptasyon periyoduna ihtiyag duymuslardir. ilk biikiilme davranismni
gosterdikten sonra ise, biikiilme kapasiteleri tekrarlanan elektro-mekanik testlerle
artmistir. Bunlarin yani sira, 5V ve istiinde potansiyel alan olusturulmasi, bu yeni
kompozitlerin biikiilme karakteristiklerini etkilemistir. 5V uygulanan 6rnekler, sonraki
testlerde, zit-biikiilme 6zellikleri (katoda dogru biikiilme ve anoda dogru ters-gevseme)
gostermislerdir.
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1 INTRODUCTION

1.1 Smart Materials

Smart materials are synthetic materials which have natural properties in an
applied specific field. External stimuli such as stress, temperature, electricity or
magnetism, which create fields, can initiate the specific function of the smart
material; or the specific functions, when activated, can lead back to the initial
stimuli, as a consequence- in other words, materials’ function can be controlled by
these external stimuli and vice versa. Some of these functions are the voltage
generation under an applied mechanical stress, and vice versa, in piezoelectrics;
the large strains which are produced in dielectric elastomers when an external
electric field is applied; the deformation recovery in shape memory materials by
remembering the original state when the material is heated; the color change in
response to change in temperature in thermochromic materials and the color
change in response to light in photochromics [96]. The intrinsic structure of these
materials endows them with peculiar functions; hence consequences of the applied
eternal stimuli indicate these functions as natural properties.

‘Smart materials behave like transformers of an energy form’. Piezoelectrics
and ferroelectrics convert the electric charge, field and current — electric form of
the energy- to and from the mechanical energy. Magnetostrictives convert the
magnetic form of the energy to mechanical forms. In electrorheological and
magnetorheological fluids, the electric and magnetic forms of energy are
transformed into physical state (potential) energies; the materials use electric and
magnetic forms of energy to convert the liquid to the solid state; and vice versa.
Electroactive materials change its shape (a mechanical form of energy) under an
applied field (i.e. the electrical energy) [38] such as ionic polymer metal
composites.

Smart materials mostly simplify the device structure, reduce the weight and
can increase the life time of the application. On the other hand, smart systems can
also be developed in order to respond to an external change. The importance of the
smart materials, in this manner, is the fact that the response is given only by a
single material [96]. This unique character opens up a route to specific designs for

materials; where a response can be the initiator of another motion that creates a



cycle in which the material satisfies its own needs to act. In this case, only one

material acts as a whole system. From this point of view, we can derive a specific
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design of an ionic polymer composite, as illustrated in Figure 1. In this design,
electricity is generated when the material mechanically bends and bending occurs
as a response to the external stimuli of the electric field. More specifically, the
movements of the waves can lead to bending of material which results in electric
generation. The generated electric potential can be used to bend the composite
material (Figure 2) (The mastery of the mechanical engineering might be also
working in the manner of communication of the continuously created responses
that are the initiator of the next movement.). Therefore, the ionic polymer metal
composite can move in the water (Figure 3). Flatau and Chong [38] resemble the
occurrence to a living body system: “smart structures/materials basically possess
their own sensors (nervous system), processor (brain system), and actuators
(muscular systems); thus mimicking biological systems”, like an independent

living organism.

1.1.1 Electroactive Polymers

Electroactive polymers (EAP) are a subgroup of smart materials. Electroactive
polymers convert the energy form by using a polymeric medium. In general, it is
assumed that the intermolecular interactions are energy form transformers: the repulsive
forces expand the polymer and attractive forces shrink the polymer, which are initiated
by an electric field. The changes in these counteracting forces are controllable by the
solvent, gel composition, temperature, pH and light (etc.) parameters [13].

The history of EAP dates back to 1880s, where Roentgen experimented with the
charge and discharge of a rubber band. In 1899, Sacerdote, following up this subject
observed the rubber’s strain response with respect to the applied electric field. In 1925,
finally a breakthrough was achieved when the electret was found, which is a
piezoelectric polymer material (During the solidification of carnauba wax, rosin and
beeswax by cooling, the mixture was subjected to a DC potential field and piezo activity
has been observed) [13].

The electroactive polymers are divided into two groups: electronic electroactive
polymers and ionic electroactive polymers. The electronic EAPs are dielectric
electroactive polymers, electrostrictive graft elastomers, electrostrictive paper,
electrovisco-elastic elastomers, ferroelectric polymers and liquid crystal elastomers. The

required activation field is larger than 100 V/um. Electronic type of EAPs is described



as they are squeezed by attraction force between the charged electrodes [9]. On the
other hand, ionic EAPs consist of a polymer electrolyte and two electrodes where the
electroactivation takes places through the thickness of polymer. It is said that
electroactivation occurs due to the diffusion of ions. Ionic EAPs are the carbon
nanotubes, conductive polymers, electrorheological fluids, ionic polymer gels and ionic
polymer metal composites. For the ionic EAPs, 1-2 V is sufficient to activate the
material. Another attractive property of ionic EAPs are their operation capability in wet
environments with a significant displacement output. However, the low force or torque
has been pointed out as a limiting disadvantage [9] for actuation performance; but this
disadvantage can be turned into a profit in another application area. For instance, an
IPMC-brush or an IPMC-spatula can be produce for use in archeological discoveries in
order to decently clean finding.

The electroactive materials have light weight, noiseless actuation, simple
mechanics and large displacement capabilities [98]. EAPs are fracture tolerant and
pliable; they can be configured into desired shapes; hence the properties can be tailored
for a broad range of applications. Furthermore, the resemblance of EAPs with artificial
muscles is striking; where both of them are resilient, damage tolerant and have large
actuation strains (stretching, contraction, bending). Visco-elastic EAPs are able to
expose more life-like aesthetics (like the android head [9], vibration and shock
dampening, and more flexible actuator configurations. In a different approach, it can be
seen that gears, bearings, and other parts that complicate the construction of expensive,
heavy and sensitive robots might be eliminated by using EAPs [9]. To my mind, the
most important property of EAPs is that the ease in shape giving that allows creating

various designs which can satisfy the standing necessity.

1.2 Ionic Polymer Metal Composites

Ionic polymer metal composites (IPMC) are one of the electro-active polymers.
The smart behavior of IPMC was explored by Sadeghipor [107] and Oguro [86] during
1990s. The discovery of smart behavior of IPMC is directly related to Nafion™’s nature,
one of the most used base membranes for IPMCs. Nafion® is a perflourinated sulfonic
acid membrane, essentially a cation-exchange resin. Its smartness was revealed when
Nafion” was used in a hydrogen pressure cell. This cell is an electrochemical cell, a

protonic conducting medium bordered on two sides by electrocatalytic electrodes. The



cell produces voltage when there is a difference in hydrogen gas pressure across the
protonic conducting medium. Originating from this resemblance, Sadeghipor et al.
[107] noticed that electroded Nafion® senses the pressure difference across its thickness
and as a consequence it responses with a voltage generation. The primitive hydrogen
pressure cell system was the inspiration for the smart behavior of platinized Nafion®, as
the up-to-date name of IPMC (ionic polymer metal composite) [107].

The improvements in IPMCs brought a conceptual description for these
electroactive materials: Ionic polymer metal composites are a sandwich of an ion
conducting membrane in between of two metal electrode layers (Figure 4). The
literature states that the ion mobility is the principle of the working mechanism. The
ions move in the ion exchange membrane across the thickness with an electrical field
that is applied through the metal electrodes. As a result, IPMC strip bends.
Consequently a certain amount of displacement and force is generated. Moreover, when
IPMC is bent a certain amount of voltage is generated due to the imbalance in the
internal ion pressure across the membrane.

The ionic polymer metal composites became renowned with an arm wrestling
contest between robotic arms and a human arm in 2005. The contest, proposed by
Yoseph Bar-Cohen, was seen as an incentive for engineers and scientists worldwide to
advance the improvements inelectroactive polymers. Three parties joined to the contest
against a 17 years old, female opponent. Although the winner was the human opponent,
the ERI arm, comprising of 8 IPMC strip and dielectric elastomeric resilient EAP,
showed asuccess of withstanding/enduring/ 26 seconds againstits competitors (The
competitors were EMPA, an dielectric elastomer EAP; and VT, PAN gel fibers) [12].

After this glorious fame, IPMC attracted significant attention due to its large
bending strains and ability to respond to low applied voltages (< 3 V) [113; 11; 63;
120]. Owing to the large strain response, IPMCs have earned the sobriquet: “the
artificial muscles”. Additionally, exhibiting an electric field as a result of a mechanical
bending acquired the smart reputation to the IPMCs and the sensing property. It has
been reported that as sensors, IPMCs are one magnitude order more sensitive than
traditional piezoelectric materials [40]. Furthermore, its fast response to the change in
applied electric field, the flexibility, compactness, quiet operation, durability and the
ease in shaping created a covetable research area [55]. Beside of these, IPMC are

reliable for over 1 million cycles [119] (estimated) and 250,000 cycles experimentally



reported [89]. By all these properties IPMCs have taken its place in actuation and

sensing applications.

Figure 4. An illustration of the bending behavior of an IPMC. The spaghetti-like
structure imitates the polymeric membrane, where the red dots are the mobile cations.
The two solid lines at the bottom and top of the membrane illustrate the metal electrode
layers. The top drawing shows IPMC’s initial state when there is not applied any
electric field. The middle drawing shows the behavior when an electric field is applied.
The bottom drawing represents the relaxation behavior when the electric field is
removed [113].

Ionic polymer metal composites’ researches have been focusing on two different
areas: one of them is that the fundamental understanding of the working principle of the
IPMC and the one other is that the development of the novel IPMCs and enhancing their
actuation and sensing performance [89]. The former has been oriented around a few
base-ideas that are the charge dominating [115; 90; 15; 95] and solvent dominating
transport [78; 76; 91; 1]; and additionally many models have been presented to explain
the coupled behavior of mechanical and electrical response in the IPMC constitution [6;
64; 110; 83; 37; 8; 88]. The latter have been oriented along investigation and

development of metal electrode layers [22; 99; 4; 100], ion conducting medium [73; 81;



80; 87; 79] and the —mobile- ions [73] in order to improve the actuation and sensing

properties.

1.2.1 Understanding the State of Ionic Polymer Metal Composites

The working mechanism of ionic polymer metal composites is, yet to be exactly,
not understood. However, various modeling researches have been published in order to
understand the state of IPMC’s actuation and sensing principles. Even though, a
common and complete result has not been achieved to date, the intention to approach to
the most realistic explanation revealed some important details of IPMC properties.
Furthermore, the effort that has been spent over the understanding the state has brought
out some smartly characterization methods [90; 62; 85] as well as developments in the
performance [79; 115; 89].

The modeling investigations mostly centered over the charge dynamics (on the
electrodes, in the electrode-membrane interface and in the membrane) [119; 97; 90] and

over the solvent effect [78; 76; 91; 1].

Some of the most recognized models are introduced below:

Wallmersperger et al. [119] proposed a chemo-electrical model which focuses on
the charge accumulation at the polymer-metal interface in order to determine the strain
(which occurs due to the bending behavior) and strain rate that are generated during the
actuation of IPMC. The model is based on the one-dimensional Nernst-Planck equations
for charge conduction; where the effects of charge gradients and electric potential
gradients in space and time were considered. The model computes the charge density as
a function of applied electric field and the electrochemical boundary conditions in
IPMC. The IPMC was based on the Nafion™ 117 membrane and various electrodes were
used: copper, silver and gold.

Kim et al. [97] have focused on the electrode-membrane interface as
Wallmersperger et al. [119]. Kim et al. have used the Poisson-Nernst-Planck system of
equations in order to simulate the charge dynamics and the resulting displacement of
IPMC. The model couples the current in the polymer membrane to the electric current
in the continuous electrode layer. It is mentioned that the calculated data based on this
model can be used to optimize the values of the membrane thickness, stiffness,

thickness of the electrodes and the applied voltage in order to achieve the desired



actuation. Furthermore, the authors mentioned that this model can be a base for more
sophisticated works such as for 3D calculations: as the twisting actuation of IPMC,
where multiple electrodes are used in design in order to give or enhance the twisting.
Additionally, the study showed some details in IPMC bending properties as the bending
causes an increase in the —local- electrical resistance on the convex side of the electrode
(Figure 5) and also it is showed that an amount of charge remained in the IPMC —
structure- after the removal of the electric field and relaxation; hence it was discharged
prior to the experimental measurements in the study. In this study Nafion® 117 is also

the base membrane and metal electrodes deposited with electroless plating method.
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Figure 5. The bending results in higher local surface resistance on the IPMC strip.
Therefore, the voltage and current dynamics are changed on these regions [97]

On the other hand, another experimental study based on charge dynamics —more
explicitly based on the ion transport- has been experimented with fluorescent
spectroscopy [90]. Fluorescent spectroscopy was used to understand the ion transport in
a Nafion® based IPMC under an applied DC voltage. The intensity of the light, created
due to the cation migration, on the photograph was correlated with the IPMC’s
displacement, where ethidium bromide (EtBr) was used as the fluorescent molecular
probe (Figure 6). An initial increase in cation concentration in cathode side was
observed when the electric field was applied. Subsequently, an eventual decrease in
cation concentration in the cathode side in the still-presence of the applied electric field
was reported (Figure 6). The removal of the electric field resulted in recovery of the
initial charge distribution. The study concluded that the cations and the hydrated cations
migrate toward the cathode as depicted in Figure 7; therefore the volume expansion

results in the bending of the IPMC [90].



A similar approach has been proposed by Shahinpoor and Kim [115]. The working
principle has been described as an ion-induced, electrophoresis-like, hydrated cations
create a pressure gradient which results in bending of IPMC, likewise in Figure 7. In
this study, the appearance and disappearance of water was observed during the
expansion and contraction of the surface -during the bending and relaxation-; hence the

study conducted the working mechanism of IPMC to the ion induced water transport.
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Figure 6. (Color) Average light intensity and the corresponding tip displacement.
Average fluorophore intensity was calculated from the selected cathode and anode area,
respectively [90].
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Figure 7. Shematic diagrams of the IPMC actuation. (a) In initial state, hydrated
cations and water molecules are distributed evenly in the membrane of IPMC. (b) State
of the hydrated cation migration to cathode area and the resulting volume expansion of

the region under the applied voltage and the concurrent exhausting of anode region’s
volume which leads to bending motion. (c¢) Relaxation of the IPMC [115].



In addition to these, Costa Branco and Dente [25] presented a continuum model of
IPMC actuation that assumes the driving mechanism is electrostatic forces and IPMC
actuation is arising from the local charge imbalances across the polymer membrane.

Nemat-Nasser and Zamani [78] have approached to the bending phenomena in a
different manner than the widely used cation transport phenomenon, as aforementioned.
Nemat-Nasser and Zamani have completed a modeling investigation which is based on
the solvent transport. Their study assumes the existence of clusters in the membrane
structure and asserts that application of an electric field produces two thin boundary
layers close to the electrodes (Figure 8). When an electric field is applied, the cations in
anode boundary are depleted, while the cathode boundary layer intakes the excess of the
cations. Hence an imbalance within the clusters (but not in the IPMC) occurs (Figure 8).
This creates a change in osmotic, electrostatic and elastic forces. These forces tend to
expand or contact the corresponding clusters and forces the solvent out of or into the

clusters. As a result, IPMC bends.

(b)

Figure 8. Illustration of a possible microstructure for hydrated Nafion®/IPMC: (a)
electrically neutral state with interconnected clusters, permeable to water and cation,
and (b) in an electric field which redistributes the cations, leaving a net negative charge
density near the anode and a net positive charge density near cathode [76].

Therein, the model takes the volume fraction of solvent within each boundary layer
as a base and assumes that the layers are controlled by the effective pressure, where the
effective pressure is created by the osmotic, electrostatic and elastic forces in the

corresponding clusters. Hence, stiffness and solvation were modeled by measuring the
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solvent uptake of the dry bare polymer or the IPMC. It is assumed that the membrane or
IPMC absorbs the solvent until the pressure within the clusters is balanced with the
elastic stresses that are consequently developed in the backbone of the polymer.
Therewith, the stiffness of the membrane was calculated as a function of volume
fraction of the solvent uptake. Afterwards, the results of this calculation were used to
calculate the stiffness of IPMC by addition of the effect of the metal electrodes. The
experimental data, the measured stiffness versus solvent uptake, presented showed a

successful correlation with the created model (Figure 9).
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Figure 9. Uniaxial stiffness (Young’s modulus) of bare Nafion® 117 and IPMC),
where Li" is the migrated cation; vs. salvation; ethylene glycol (at the top left), glycerol
(at the top right) and 12-Crown-2 (at the bottom) as the solvent. The same combination

were also experimented for Na” and K in the study [79].

On the other hand, the redistribution of the cations under the applied voltage was
modeled via the coupled electrochemical equations. The coupled electrochemical
equations include the net flux of the species which exist due to the electrochemical
potentials (the chemical concentration and the electric field gradient). It is assumed that
the cation migration occurs at first, subsequently the diffusion-controlled solvent

transport takes place. Therefore, the resulting total flux consist of the cation migration
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and solvent transport. The system has been resolved both numerically and analytically
with the approximations, the details can be found elsewhere [78]. The results of the

calculations are shown in Figure 10, which is consistent with the desinged model.
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Figure 10. Comparision of the various approaches for the solution of the cation
transport over time. Li* was used in the Nafion® based IPMC where the solvent was
water. 1,25 V DC electric potential was applied [78].

As a last step of the proposed mechanism, the boundary layers were studied. In the
analysis of anode layer, the depletion of the cations from anode side results in a pressure
difference and also since the cations were depleted electrostatic interaction forces
develop among the remaining fixed anions, where the dipole-dipole interaction
diminishes. On the other hand, on the cathode boundary layer the osmotic pressure and
the electrostatic interaction forces were taken into account. In the electrostatic
interaction forces, two forms were identified: the attraction due to the cation-anion
psedodipoles — that were already present in the cluster- and the repulsion due to the
extra cations that were migrated into the cluster —which interacts with the existing
psedodipoles-. It is said that, the latter produces additional stress and this leads to
expansion or contraction of the clusters. Therein, the expansion and contraction
behavior depends on the cations distributed over the fixed anions.

Finally, this model [78] explains the behavior when the applied electric field is
removed. The experimental observations have led to the statement: some of the cations
were rapidly removed to the anode boundary layer and some of the cations were
transported back into the interior of the membrane. The relaxation model of the IPMC

due to the discharging was proposed similar to the charging phenomena.
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Likewise the Nemat-Nasser and Zamani’s wide work [78], mechanical actuation of
IPMC is explained by a mixture framework theory. One of the solid species was used to
model the polymeric ion exchange matrix; another species was used to model the ionic
medium and the uncharged solvent; lastly one more species was used for modeling the
gaseous charged ions [31]. This model uses the osmotic pressure, electrostatic forces,
polymer swelling and analytically derived boundary layer formation. The same mixture
based model is published as a two-dimensional plate like model (similar to general
models for piezoelectric bimorph plates) in order to show that the electric capacitance of
IPMC which is proposed as depending only on IPMC’s dielectric constant and the depth
of the oppositely charged ion boundary layers for sensing and actuation property [94].

Asaka and Oguro [85] have reported a work based on an electro-kinetical study.
This study presented IPMC’s electro-mechanical response kinetics while indicating
some important properties of the working principle. It is indicated that IPMC actuates
towards the anode side; however after a characteristic time, the pH of the polymer
membrane affects the further bending (or relaxation) direction. This phenomena was
shown experimentally: The Nafion®-IPMCs (Nafion®-112, 115 and 117) bent towards
the anode side firstly and then bend back to the cathode side (back-relaxation) after
characteristic time in the acid solution (Figure 11.B); however in the salt solution after
the characteristic time, even though the bending time has changed the direction of
bending did not change (continued towards anode), where initially IPMC bent toward

anode side (Figure 11. A).
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Figure 11. Nafion® based IPMC’s bending curvature responce in 0,1 M Na,SO4

(A) and 0,1 M Na,SO4 + 30 mM H,SO4 (B), driven by a step current [85].

All above mentioned models are based on the actuation performance of the IPMC.

In terms of sensing, Gao and Weiland [40] built a model which is based on the
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morphology of Nafion®. The sensing mechanism was explained in terms of the
streaming potential. Streaming potential is the ion transport from the high chemical
energy metal phase to the lower chemical energy electrolyte (the ion conductive
polymer membrane) phase when an electric double layer has been formed due to the
submerging the electrode in an electrolyte. In addition to this, an application of a
pressure gradient along the surface electrode and concurrently shearing the base
polymer membrane against the electrode resulted in disruption of electric current in the
electrode. Conclusively, a potential and a current in the electrode is generated which are

known as the streaming potentials and streaming current (Figure 12) [40].
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Figure 12. Streaming current in a channel [40].

1.2.2 Electrode Layers

The electrode layers have been produced generally by two different methods: the
initial compositing process and the surface electroding process. The initial compositing
process forms a rough surface while surface electroding process forms more uniform,
less-rough well-deposited Pt-layers, generally. The latter is denser and deeper than the
former.

Type of the electrode metal, surface morphology and metal particles’ diffusion
range into the membrane are important factors for IPMC actuation performance [89].

Type of the electrode material affects the displacement behavior of IPMC because
of the fact that electrode material influences the thermal and mechanical behavior of
IPMC strongly. Various metals such as Pt, Pd, Au, Ag and some transition metals like
Fe and Ni and also the carbon nanotubes have been used for electrode layers in [IPMC
[89; 23]. Additionally, metal composites such as Pt/Ag'* or Pt/Au'> were used for IPMC

electrodes. Beside of precious metal composites, (Pt)/nonprecious (like (Pt)/Cu) metal
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composites have been preferred in order to reduce the manufacturing cost while
improving the electrical conductivity [89].

In the enhancement of electrical conductivity of the electrode layers, Au has been
widely investigated among the above-mentioned electrodes. It was reported that the Au
showed the highest tensile strength and modules in both dry and fully hydrated
operating conditions; with a favorable thermal behavior, glass-transition temperature
and melting point [89]. In addition to these, in comparison with Pt since it is one of the
most used electrode materials for IPMC, Au electrodes are softer, more stable in acid,
more conductive and less electro-chemically active [117]. Furthermore, Au showed
smaller particle morphology, good particle penetration and more clearly formed surface
compared to the other electrode layers [89].

Likewise the electrode material, surface morphology also affects the bending
properties of IPMC. For instance, it was reported that anisotropic surface roughness
enhances the bending response [117]. On the other hand, several methods were
developed in order to control and increase the displacement output. Dry film
photoresists were used to pattern the electrode layers. The resulting IPMC was able to
dispose complex motions like peristaltic movements [54]. In another investigation, it
was observed that the chemically plated metal electrodes, which creates porosity on the
surface, exhibit appearance and disappearance of water on the surface during the
contraction and expansion of the IPMC. This decreases the effective output force. In
order to dissipate loss of outcome, another study used dispersing agents to create more
uniform electrode plates, where the Pt particles were distributed in smaller diameters
[115]. The poly(vinyl pyrrolidone) was also used as a dispersing agent which increased
the penetration depth of metal particles. This study noted that the use of dispersing
agent produces uniform electrode layers that increases the electrical conductivity and
the actuation performance of the IPMC [89]. Beside of all these improvements, coatings

have been used for longer-life performance of IPMC [62].

1.2.3 Solvent

Water (deionized) is the one of the most used solvents in IPMC. In the water
swollen IPMCs, the initial actuation occurs in a fraction of second [79]. This is known
as one of the characteristic of the IPMCs. However, this fast response disables to

observe the IPMCs actuation behavior and also the applied voltage is hold below the
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1,3V at room temperature in order to avoid water electrolysis. Furthermore, in air
operation conditions water evaporates in a short period of time [40]. Therewith,
ethylene glycol, glycerol and also crown ethers have been brought out to use in IPMC to
swell the IPMC membrane [79; 78]. 2V-3V potentials are suitable to be applied with
these solvents. These solvents were used to retard the actuation for inspection of the
IPMC behaviors since it has been proposed that solvent affects speed of the actuation
[79]. The above mentioned polar solvents have a higher viscosity than water. Therefore,
the actuation speed can be directly correlated with solvent viscosity. Additionally, ionic
liquids have been used in polymer electrolyte membranes in order to enhance the
actuation performance and also ionic liquids enable the superior orientation in the [IPMC
membrane structure [119].

It was also reported that the harmony of the cation and solvent used in membrane
affects the actuation performance. For example, in Nafion®-based IPMCs, Li" exposes a
small back-relaxation towards cathode in water-swollen state; however when ethylene
glycol, glycerol or 12-Crown-4 is used as solvent, an extensive back relaxation towards
cathode was observed with an initial small actuation towards anode side. Furthermore,
K" shows extensive back relaxation in water, ethylene glycol, glycerol; however any
back-relaxation towards cathode was not seen in 18-Crown-6; but a relaxation or a
further actuation towards anode side was observed in Nafion®-based IPMCs when 18-
Crown-6 as a solvent. Likewise, back-relaxation phenomena was observed with Na' as
the base cation in water, ethylene glycol, glycerol and 18-Crown-6 solvents; but not in

15-Crown-5 solvent in the Nafion® membrane based IPMCs [78].

1.2.4 Mobile Ions

Li", Na', K" [79] and H in the water hydrated form are the mostly used forms of
the cations (the counter ions) in the IPMCs. In addition to these, Rb", Cs" and also
alkyl-ammonium cations, tetramethylammonium (TMA") and tetrabutylammonium
(TBA") have been experimented in actuation performance [77].

Nafion®-based IPMCs actuate towards anode, a volume expansion is observed on
cathode side, in the case of swelling the membrane with cation as mobile ions. This
phenomenon has been accepted as the [IPMCs’ bending property; however the use of

various cations (with different backbones) revealed that the actuation direction and
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speed can vary with respect to the cation type, and also the solvent and the backbone as
stated before.

Nemat-Nasser and Wu [77] were published a general trend of actuation behavior of
Nafion®-based IPMCs with different cation forms. It was observed that, in a water
saturated Nafion®-based IPMC in an alkali-metal cation form bends towards anode
fastly; subsequently followed by a slow relaxation towards cathode in an applied (1 V)
DC electrical field.

In TMA™ form, Nafion®-based IPMC’s actuation was about twice larger than that in
the alkali-metal cation forms; however with a lower speed. Nafion®-based IPMC’s in
TMA" form, reached its maximum displacement in 1,3 seconds, where in alkali-metal
cation forms the maximum displacement was reached in a fraction of 1 second). On the
other hand, the behavior in TBA" form was reported that a very slow actuation and a
low displacement have seen towards anode without any back-relaxation [77].
Furthermore, it is reported that actuation displacement of TMA " and Li" were recovered
partially under an applied DC voltage, where as the back-relaxation in Na', K, Rb" and
Cs" was greater than the displacement achieved during the actuation (IPMCs bent back
beyond their initial positions) [77]. The higher back-relaxation maybe attributed to the
visco-elastic behavior of the polymeric membrane. The displaced cations may be
stretching the polymer chains which may add extra energy to the polymer chains;
therefore during the back-relaxation, when the polymer chain removes the tension a

spring effect may led to higher back-relaxation in Nafion®-based IPMCs.

1.2.5 Characterization of IPMC- Actuation and Sensing Behavior

The standard characterization of IPMC actuation has been characterized by a laser
system which detects the motion of the tip displacement or a camera that records the
displacement movement [55]. Owing to the fact that the bending shape of IPMC differs
a lot, the tip displacement has been intended to be measured, while models have been
proposed to anticipate the shape of the initiated bending [64; 7]. Fluorescent
spectroscopy was used to taking photographs of a displacing Nafion®- based IPMC and
for observations of the cation migration in the membrane. The intensity of the light that
is created due to the cation migration depicted on the photograph (Figure 6). The
intensity has been correlated with the IPMC’s displacement that was observed with a

laser optical displacement sensor [90]. Electromyogaphy (EMG) was also used to detect
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the IPMC actuation, where the initiating field was created by a contracted muscle of a
human. The displacement of IPMC was measured by the EMG signals [62]. Moreover,
in displacement measurements, changes in surface electrode resistance were observed
with respect to the compression or in the extension of an IPMC. This relation was used
in relating capacitance, the surface resistance and the applied voltage as well as with the
potential created across the IPMC strip [36]. On the other hand, micro-balance load

cells have been used to measure the output force [16].

1.2.6 Novel IPMCs

Novel IPMCs have been produced with many different production methods as well
as with many different constituents. An Ionic Polymer-Metal- ZnO Composite was
synthesized. Photoluminescense (PL)-quenching was observed both on mechanical
bending and under applied electric field [58]. Electrospinning was used to built Nafion®
nanofibrous mats as an IPMC ion conductive membrane [20]. The ionic conductivity
have not showed any difference with the conventional Nafion®- based IPMCs in water-
hydrated conditions. However, in ionic liquid saturated condition the ionic conductivity
was increased about to three folds and higher strain speed was observed.
Perfluoroalkylacrylate-acryl acid copolymers with different types of counter cations
were synthesized via radical copolymerization of fluoroalkylacrylate and acrylic acid in
order to produce IPMC [49]. Fullerene-reinforced Nafion® were used for IPMC
applications as well, where a significant increase in tensile strength and Young’s
modulus were observed; the harmonic and low frequency responses at low voltages
were improved and also the straightening-back of IPMC considerably decreased by the
cooperation of the fullerenes [51]. Likewise, partially cross-linked and sulfonated
poly(vinyl-alcohol) (PVA) membranes were prepared for IPMC [61]. In addition to this,
poly 2-acrylamido-2-methyl-1-propanesulfonic acid (PAMPS), were used to synthesize
IPMC’s polymeric ion exchange membranes [48; 28; 101]; for example, a blend PVA,
which is water soluble, and (PAMPS), which is highly ionic conductive, were
synthesized and very high bending (> 100" IPMC synthesized while reducing the back-
straightening [28]. On the other hand, Nafion®’s surface was treated with O, plasma in
order to change the surface morphology. In this study, the surface resistance was
decreased and electrical capacitance was increased while these improvements were

resulted in enhancement in actuation, force and operational life time [108].
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1.2.7 Applications

Artificial muscle analogy for IPMCs was one of the starting points for the wide-
open vision for applications. IPMC has been a good opportunity in the biorobotics,
biomedical devices and medical usage due to its soft but fast actuation property [85;
97]. And also the actuation performance of IPMC that is initiated by the
electromyogaphy (EMGQ) signals was an intention to show the potential applications of
IPMCs in biomimetics [62] and artificial muscles, or in prosthesis [9]. Furthermore,
IPMCs have been adapted as robotic actuators such as underwater fish like microrobot
[44] and electrical sensors like micro pumps, diaphragms for micropump devices and
active vibration control systems [89; 111; 109; 7]. On the other hand, underwater
propulsion device have been designed due to the ability of IPMC to operate in wet
conditions as a unique characteristic [97; 57; 111].

The large capacitance behavior of IPMC was used in energy storage areas [58] like
energy harvesters for battery charging systems. By benefiting from the electrical power
generation due to the mechanical flexing (bending), smart paper-like thin sheet batteries
were made [111]. Herein, smart behavior reveals in thin-sheets property of being
rechargeable with moisture. The advantageous part is that, this thin sheets can be
bonded, glued or attached to any flexible (or rigid) substrate and also be laminated in
order to sense the mechanical motion.

Shahinpoor and Kim [112] were designed a device consists of IPMC actuators
in order to compress and assist heart and control the arrhythmia of heart (Figure
13). It is proposed that this device can be externally implanted to the heart and
partly sutured without a contact by internal blood circulation. Therefore, this
implementation prevents the blood clots, thrombosis and similar complications
which are currently a problem of the present artificial hearts and heart assist
devices. However, the implement is not contacted with blood, it is in contact with
the cells, tissues and human body fluids (Figure 13). Hence, it is noted that the
study must be extended to plasma proteins adsorption, macrophage adhesion,
tissue damage fibroblast deposition and capsulation [112]. On the other hand,
toxicity investigations on IPMC are a topic which is needed to be studied in terms
of bio-medical applications.

Moreover, a low cost fabrication method has been proposed in the scope of creating

an active cardiac catheter. The bending motion of IPMC was offered to be controlled by
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a conventional PID controller by Bo-Kai Fang et al. [35]. Therewith, the utilization
design expanded to use of IPMC as a head of active guide-wire system without a bulky
sensor or a conventional controller from cardiac operations [36]. Furthermore, a
biomimetic micro-collector was proposed in order to treat chronic total occlusion [21].
The micro-collector was designed as a jellyfish to environ and collect the clots by an
inverse jelly movement. The innovation in this study is a photosensitive and
biocompatible polymer surface coating that prevents the bubble occurrence on the
platinum surface which might be either due to the electrolysis of water or the solvent
leakage. The photosensitive coating resulted in decrease in displacement capacity with
respect to a non-coated IPMC strip. Besides of these, a gripper [47; 32] and a robotic

arm lifter has been produced [9].

Figure 13. The compression device placement (left) and theArrhythmia control of
heat beats by IPMC strips (right) [112].

On the other hand, IPMC is one of the favorite topics in space applications as
robotic arms, end effectors, actuators and controllers. In the explorations of neighbor
planets, in order to improve the research capacity and human safety, it is stated precise
vibration and pointing control is crucial (estimations made by NASA in 1990s on
‘human mission to Mars’ (around mid 2030s)); where IPMC materials can play
significant role. IPMC based artificial muscles can be embedded to spacesuits that
assist exercising of the astronauts’ muscles by nature of IPMC actuation. The launch
and on-orbit vibrations can also be measured through the incorporation of IPMC into
spacecraft due to the IPMC’s sensing nature. In addition to these, one of the most
intriguing designs of IPMC is the robotic insects/worm-like designs in exploring the

planetary surfaces. It was proposed that the planet can be navigated by a Mars turtle,

20



worm or a Mars fly over, on and below the surface. Hence astrobiological, chemical,
spectral and geologic data can be collected by the IPMC micro-sensors placed on the
robots or directly by IPMC robot. The high maneuverability and flexibility of IPMC
enriches the space investigation devices/robots [60].

Loss of bone mass, reduction in muscle volume and strength in human were
observed during the astronauts’ mission (For instance, ‘Human mission to Mars’
foresees that the mission cover 850-900 days (550-560 days on Mars)). In order to keep
the astronauts healthy, fabrication of a tight suit is suggested that is designed with IPMC
actuators/muscles in touch with human muscles. A combination of selective electric
pulse sequences on IPMC artificial muscles provides external exercising of the
astronauts’ body. The same approach can be used in physiotherapy. And also
astronaouts’ physical performance and response time can be enhanced with a similar
IPMC incorporated suit in space environments, especially during extravehicular
activities [60].

IPMCs can be employed for satellites, too. Vibrations on satellites are inconvenient
for the microgravity researches and experiments that require vibration-free
environments; as well as for the crew. In this case, the vibrations can be recorded by
placing IPMC to the structural vibration points on the satellites. These records lead to
new satellite models and designs. On the other hand, IPMC can be placed to the
strategic points to create a reverse vibration owing to reduce the satellite vibrations. The
power consumption, minimal volume and weight, and fast response properties of [IPMC
redounds its preference [60].

It is expected that in the future, IPMCs is going to be able to broadly spread in
many areas from small-sized biomedical devices to large-scale aerospace actuators as

well as in many other industrial applications [89].

1.3 Nafion® and Poly(ethylene-alt-tetrafluoroethylene)
1.3.1 Nafion®

Nafion® is synthesized via the copolymerization of a perfluorinated vinyl ether
comonomer with tetrafluoroethylene (TFE) (Figure 14). The Nafion® films, which are
used in this study, can be achieved from the thermoplastic -SO,F form of ionomer by

extruding into sheets in desired thickness. Since strong interactions between ionic
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groups difficulty in melting process, the -SO,F form is the preferred structure. This
precursor does not induce the clustered morphology, but it does induce Teflon®-like
crystallinity. Teflon®-like crystallinity is tenacious in conversion of sulfonyl fluoride
form, for example, into K form with reaction of KOH in water and DMSO (dimethyl
sulfoxide, an important polar aprotic solvent). Hence, the —SOs;H form is derived with
soaking the film into a sufficiently concentrated aqueous acid solution. This step is

called as activation of Nafion® films [72] for exhibiting its ion conductive character.

~[(CF,~CF,) (CF> CF)] —
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Figure 14. Nafion®

Ton conductive character and ionic aggregation in Nafion® have been attracted
attentions towards modeling ionomeric structure in the polymer. The structural
investigations of hydrated Nafion™, hence investigations on the working mechanism of
ionic conduction, have been started during 1970s. By the late 1970s, an experimental
evidence for consistency of ionic aggregates in Nafion™’s structure emerged from the
small-angle X-ray scatterings (SAXS). Hence, the ionic domain morphology had an
importance in Nafion® structure. Gierke and co-workes [72], analyzed, a range of
equivalent weights, in the unhydrolized sulfonic acid form and the neutralized metal
sulfonate form (“For the unhydrolyzed precursor, a low angle SAXS maximum near 0.5
20 and a diffraction peak at 18 260 (superimposed on a broad amorphous halo from 10" to
205 20) were observed for samples having equivalent weights (equivalent weight, EW,
the grams of polymer per equivalent of sulfonate groups) ranging from 1100 to 1800
g/equiv.”). The increasing intensity of the scattering and diffraction peaks with the
equivalent weight (with an increase in between the statistical length of crystallizable
PTFE chain segments and the side chains) were observed and it was examined that

these peaks disappear at the temperatures close to the melting point of the PTFE.
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Therefore, these results were attributed to the crystalline organization with in the
fluorocarbon matrix of Nafion".

On the other hand, the hydrolyzed Nafion® showed another scattering peak at 1.6
20, which corresponds to a Bragg spacing of 3-5 nm. These features were attributed to
characteristics of a system that consist of ionic clusters in a semicrystalline matrix. The
ionic clusters, generally, in perfluorosulfonate ionomer literature, are defined as the
ionic aggregates separated with a nano-phase (It is important to note that, this
terminology differs from the currently used definition for the other dry ionomoers, such
as sulfonated polystyrene) [72].

Unlikely, the crystalline features’ SAXS and WADX results, the ionomer peak
showed an increase in intensity and shift to lower angles with the decrease in equivalent
weight. And also, the ionomer peak shifted to lower angles and showed an increase in
intensity with increasing water content of the polymer matrix. Originating from these
findings, and based on the most prevalent three models —at that time-: a spherical cluster
model on a paracrystalline lattice, a core-shell model, and a lamellar model; Gierke and
co-workers [72] proposed that water-swollen structure of Nafion® consists of
approximately spherical shaped ionic crystals form an inverted miceller structure,
shown in Figure 15. In addition to these, the ion transport pathway was presented with
interconnecting narrow channels between the clusters —by with the considerations of the
ion permselectivity of Nafion® and a percolation way for the ions in the structure-.
Hence the model was named as the cluster-network model, also referred as cluster-
channel model. The cluster-network model has been received the most significant

acceptance in the Nafion™s literature until today [72].

Figure 15. Cluster-network model for the hydrated morphology Nafion® [72].
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Many developments has been proposed over the cluster-network channel; as the
interconnections were bridged by single ionic sites rather than the organized ionic
channels; or a connected networks of rods opposing to the locally ordered spherical
clusters; while the cluster-network was proposing a nonrecoverable plastic flow, a
reversible swelling-deswelling behavior is observed. The later studies showed that the d
spacings are propotional to the volume of absorbed water by using the SAXS data of the
Gierke’s work. Arising from this observation, the ionic domains were defined as
hydrophilic “micelle” layers separated by the PTFE like crystal thin lamellars. When
water is absorbed from in between the lamellas; the lamellas are separated and the d
spacing is increased. That is to say, the d spacing between the ionic domains are
propotional to the volume fraction of water in the polymer matrix and it is proposed that
the swelling behavior should be completely reversible in order to eliminate the
morphological reorganization of the structure. A synchrotron SAXS study led to
development in more lamellar models. The most fundamental result was the 4 nm Bragg
spacing, d, which had been already coherent with the all other SAXS measurements. In
this study, the morphological structure was resembled to a sandwich, where the outer
portion —the shell- composed of the side chains, sulfonic acid groups, and the inner
liquid portion —the core- consisted of water/methanol molecules and the channels as the
proton conduction pathways, the former structural elements were described as being
juxtaposed linearly so that the liquid-core regions are contiquous -resembles a
sandwich-. In addition to these, many other models have been proposed, in which some
of them appeared in the scale of developments while some of them lost its effectiveness
[72].

The earliest motivation of Nafion” research, in terms of applications, was
concentrated on permselective membrane separator in electrochemical cells, in
industrial scale production of NaOH, KOH and Cl,. In the frame of this focus, the
Nafion® membrane has been used to keep Cl, and H, gases separated and preclude the
unfavorable back migration of hydrated OH™ ions from concentrated NaOHq or
KOH,q) catholyte chamber while allowing transport of the hydrated Na" ions from the
NaCl,q) anolyte chamber [72]. The latest interest in Nafion™s research towards fuel
cells due to its proton conducting property [5; 50; 124; 67; 126; 72]. In this sense,
another addressable topic is the degradation of Nafion® -in fuel cell environment-. It is
mentioned that peroxide radicals attack the H-ending terminal groups of the polymer.

The H,0; is formed -during the fuel cell operation- due to the reactions between oxygen
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and hydrogen and then decomposes to ‘OH and -‘OOH radicals. Hence, these radicals
start the chemical decomposition of the polymer [72]. In addition to these, Nafion” has
been a starting point for ionic polymer metal composites [107; 86]

Sadeghipour et al. [107] discovered Nafion® -based hydrogen pressure cells were
potential micro-systems for efficient vibration damping. The viscoelastic property, an
intermediate behavior of the elasticity of a crystalline solid and the viscosity of a liquid,
of Nafion®” was the main motivation to rely on an inherent internal damping in Nafion®-
based hydrogen pressure cells. The research presented that the Nafion® was deficient in
terms of satisfying the expectations in vibration damping; however this investigation
brought the contribution of a new, Nafion® -based, smart material.

Initially, Nafion® was used as a proton conducting medium inside hydrogen
pressure cells, as the cell built up by sandwiching the Nafion® membrane with
conductive adhesives to two metal electrodes on both sites, but afterwards it was
platinized on both sides as metal electrodes and today’s IPMC has emerged. (Figure
16). Concurrently, Oguru et al. [86] have presented an investigation of bending behavior
of an ion conducting polymer film-electrode composite under applied low voltage.
Hereafter, ionic polymer composites developed in manner of actuation and sensing at

applied low voltages.
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Figure 16. The platinized Nafion® proposed by Sadeghipour et al. [107].
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1.3.2 Poly(ethylene-alt-tetrafluoroethylene)

Poly(ethylene-alt-tetrafluoroethylene) (ETFE) is one of the fluoropolymers.
Fluoropolymers are chemically inert materials with good high temperature resistance.
These properties arise from the strong carbon-fluorine bond. Indeed it is the strongest
bond among the carbon bonds with all known elements, yet. Fluoropolymers are mostly
preferred for the harsh chemical environments. Hence, chemical modifications of
fluoropolymers are arduous. Although its high chemical stability, fluoropolymers are
one of the most sensitive polymers to radiation. Therefore, high energy radiation (X-
rays, y-rays, vacuum ultraviolet, excimer or Ar' lasers, electron and ion beams) bestows
an opportunity to create active sites on the fluoropolymer structure that opens a route to
modify the fluoropolymers chemically. Furthermore, radiation induced processes supply

an advantage to modify both surface and bulk properties of the fluoropolymers [29].

PR
|

— [(6-0— (c~c)),
F F HH

Figure 17. Poly(ethylene-alt-tetrafluoroethylene) (ETFE).

Poly(ethylene-alt-tetrafluoroethylene) (ETFE) is a 1:1 alternating copolymer of
ethylene and tetrafluoroethylene (Figure 17). Ethylene-tetrafluoroethylene, as an
alternation of polyethylene and poly(tetrafluoroethylene), combines the properties of
both fluorocarbon and hydrocarbon polymers [75]. ETFE is a semi-crystalline, melt
processable perfluorinated polymer. It is non-reactive with acids or alkalis and has a
low surface energy by being highly pure as a fluoropolymer [121; 123; 93]. ETFE has
better radiation stability and has relatively higher electrical and thermal resistance than
its perfluorinated cooperators. ETFE is less dense, tougher, stiffer and has a high tensile
strength, flexural modulus and creep resistance than the fully fluorinated
poly(tetrafluoroethylene) (PTFE) and poly(tetrafluoroethylene-co-perfluorovinyl ether).
It also presents very high resistance to be solved in common solvents, like PTFE, and a
high resistance to radiation as well as fatigue [75]. Hence, perfluorinated polymers are
convenient base materials for ion exchange membranes. On the other hand, these
properties, which reflect its substantial chemical and physical stability, are a difficulty

for the chemical modifications by conventional oxidizing agents. Therefore, ionizing
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radiation is a convenient route for creation of reactive species on the surface as well as
in the bulk of the fluorinated polymers [123; 29].

Although, ETFE, is an enduring material to exposure of radiation, the radiation
causes degradation of its molecular structure [29]. Cross-linking has been observed
during the irradiation process [106]. Tetrafluoroethylene, contained in ETFE, has an
initial bond breaking in the side chains (C-F) rather than in the main chains (C-C);
hence the chain scission occurs. The scission of C-F bond yields highly reactive fluorine
atom which immediately attacks a C-C bond in the main chain. As a result, two chain
fragments are produced [123]. On the other hand, with a similar approach as the
ethylene a part of ETFE, it has been observed that degradation resulted from radiation in
polyethylene can be a concern for crosslinking (The lower the molecular weight, the
more the radiation degradation) [71]. (The covalent bond energies of ETFE are: H-F
bond is 5.82 ¢V; C-F bond is 4.42 ¢V; C-H bond is 4.28 ¢V; C-C bond is 3.44 eV [123].

As, it is induces crosslinking and also chain scission in the base fluoropolymer film
[106], irradiation creates pores and roughness on the film (surface), too. 300 to 500 nm
hollows and bulges have been observed on the film surface. On the upper side of the
film, where the films were irradiated through the thickness during the manufacturing
process and only the upper side of the film underwent direct contact with the radiation,
300-400 nm roughness was observed; while the roughness has been in 400-500 nm size
on the opposite side. This difference has been attributed to back-scattering phenomena
from the metal surface of the irradiation apparatus [106].

Beside of all its properties that are important scientifically, in economical terms
ETFE-sulfonic acid membranes are much cheaper (30-100 $/m”) than the other

poly(perfluoro sulfonic acid) based membranes (500-2000 $/m?) [106].

1.4 Radiation Grafting

Radiation initiated polymer modification has been of interest since the 1950s [17;
74]. Radiation grafting refers a grafting method where the active sites on the polymer
backbone are created by radiation randomly and grafting of side chains to the backbone
on these active sites by covalent interactions, more specifically by free radical
polymerization [29; 3; 74].

In this thesis, radiation grafting is in interest in the manner of grafting of polymer

films and producing utilizable membranes in ionic polymer metal composites.
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Figure 18. A schematic and scriptural representation of radiation grafting. The red
line on the schematic figure (left) represents a part of the polymer-backbone; the blue
lines represent the grafted side chains. The former is represented with “A”s and the
latter is represented with B, and B, on the scriptural figure (right).

Synthetic membranes are the heterogeneous solid-phases. They are usually used as
barriers between two —other- phases where the transport of molecular or ionic species of
liquids; or gases in contact with their surfaces are allowed under a driving force. The
membranes supplies selective transport of distinct species over the others and regulate
the transport of species at different controlled rates. The former is called as selectivity
and the latter is called as permeability or flux. The selective transport of species occurs
owing to the differences in size, shape, chemical properties or electrical charge of the
component in the mixture [74]; the permeability is also affected by the same properties.

In polymeric membrane preparation, many techniques have been developed like
dip-coating, interfacial polymerization, in-situ  polymerization and graft
copolymerization as well as radiation-induced graft polymerization. Radiation-induced
graft polymerization is known as a technique where different forms of the polymers like
films, resins and fibers can be used [74]. Therefore, radiation-induced grafting is a
particular interest in our research since our preliminary materials is poly(ethylene-

tetrafluoroethylene) films.
1.4.1 Irradiation

The preeminence of radiation activation is arising from the sovereignty of non-
initiator and catalyst used performance; hence the ability to polymerize in a wide range
of temperatures, including the low temperatures, in various states of monomers like in
bulk, in solution, in emulsion and also at solid state [74], where conventional methods
fail. The initiation step is a ready variation of active sites -for example a primarily
carbon-based radical creation or hydroperoxy based-. Radiation-induced grafting is able

to create active sites either only on the surface or also in the bulk of the film. The total
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irradiation dose and the irradiation rate can be varied. The readily fabricated form of the
material can be modified directly in irradiation [17] and also the polymerization is able
to start and end on the polymer film —without the necessity of additional processing like
recasting-. Furthermore, two highly incompatible polymers can be combined in order to
create a —grafted- polymer with new properties uniquely [74].

Radiation exposure onto polymers can create active sites, as radicals, on the
polymer (Figure 19) as well as results in structural changes like chain scissions and
crosslinks in the base film [29]. The radiation exposure can be applied either with
electromagnetic waves, i.e. X-rays and gamma rays, or with charged particles, such as
beta particles and electrons [3]. Electrons (and other charged particles) lose energy
during the travel across the film mainly because of inelastic scatterings. Hence
penetration depth decreases and the direction of travel changes. Thereby
electromagnetic radiation, such as gamma rays, is the preferred radiation type. A portion
of photons can transmit by losing intensity but keeping their original state of energies
and directions (exponential attenuation law). The conserved energy and the unchanged
direction of photons supply control over rate of irradiation dose with an attenuator

without influencing the photon energy [3].
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Figure 19. Reactive active sites, the radicals, were illustrated with dots.

The ®Co is one of the versatile gamma radiation source, currently. The half-life of
the ®°Co is 5.3 years and the emitted radiation is 1.17 MeV and 1.33 MeV (mean value
of 1.25 MeV). The cavity-type unit and the cave-type unit of %Co are available for

irradiation. The latter type is used in industrial scale productions [3; 116].
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Absorbed dose is the expression of the polymer under exposure to the radiation.
The amount of energy transferred to the matter is the absorbed radiation dose by the

material; which is described by the unit in Gray (Gy), up-to-date [3].
16y =1 L =1m=s
y kg "

The irradiation dose has a great importance in terms of change in physical structure
of the polymer. In this study, poly(ethylene-al/t-tetrafluoroethylene), a fluoropolymer, is
used as the base polymer. Fluoropolymers have outstanding structural properties by
having a high chemical resistance, mechanical strength, high temperature stability and
good weathering behavior, especially in oxidizing environments. However, high energy
radiation interactions may alter these physical and chemical properties. The irradiation
causes ionization of the polymer matrix which results in formation of ions, radicals and
excited species. Hence, the chain scission and crosslinking are the consequences, and
also volatile species are formed, which lead to significant change in the molecular
weight. The magnitude of these changes is also dependent on nature of radiation,
irradiation temperature, and the irradiation dose besides of the chemical and physical

nature of the polymer matrix [3; 29].

1.4.2 Graft Polymerization

A graft polymer indicates, generally, a main polymer chain is branched with one or
more type of molecules, in which these side chains are constitutionally or
configurationally distinct from the main chain. This structural difference of the grafted
side chains opens up a route to modificate the polymeric material with desirable
physical and chemical properties.

In radiation-induced graft polymerization, active sites, i.e. radicals, are created by
the radiation overall the polymeric base material thereof the polymer chains have been
resembled to a macro-radical [3]. The polymerization of monomer instantaneously starts
on the chain (Figure 20). The extent of the polymerization of the monomer (illustrated
with B in Figure 18) on the base polymer film (represented with A in Figure 18) is the

yielded grafting amount and expressed as degree of grafting or graft level [29].
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Figure 20. Irradiation and the grafting of the base polymer film.

Advantageous side of the active-polymer macromolecule might be the fact that
conventionally difficult polymerizations, can be proceeded without initiator residues
and/or catalysts. Furthermore, the polymerization can operate even at low temperatures;
unlikely with initiators and catalysts containing polymerizations [3].

Radiation grafting can be carried out in three different ways as simultaneously,
under vacuum and in air. The different methods of irradiation of polymers play an
important role in designation of the physical characteristics of the radiation grafted
membranes, i.e. level of grafting [3].

In simultaneous radiation grafting, both the base polymer and the monomer are
exposed to the radiation (Figure 21). The monomers are polymerized on the base
polymer via the in situ free radical sites [3] and the polymer is pre-swollen with the
monomer [17]. Owing to the fact that monomer is also under the radiation exposure
continuously, the plausible extensive homopolymerization; thereof the monomer
wastage and a low efficiency of the grafting is a possible consequence [3].

In hydroperoxide method, the operation environment is air. The radicals occur on
the polymer backbone and subsequently, interaction of these radicals with oxygen
creates peroxides (Figure 21). The radiation grafting is initiated by the decomposition of
peroxides decomposes at elevated temperatures. The disadvantages of this method is
that significant high doses of irradiation is needed to create sufficient amount of
hydroperoxides in order to achieve reasonable graft levels; and the oxidative
degradation, which might present even before the initiation of grafting [3].

In the trapped radical method, the radiation exposure applied under vacuum or in
inert atmosphere. Hence, the formed radicals remain being trapped within the polymer
matrix (Figure 21) [3]. The irradiated films are kept at low temperatures to guard the
trapped radicals.
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Figure 21. Irradiation of polymer base under vacuum, simultaneously and in air.

The monomer transport, in bulk polymerization, into the radiated films is said to be
often a rate-limiting ste [19]. It is shown in simultaneous radiation grafting of styrene
monomer into polyethylene film (PE). Furthermore, the PE base film, even pre-swollen
with the monomer, indicated the polymerization is often the diffusion limited [84].
When the base polymer film cannot be pre-swollen in the monomer solution, the pre-
irradiation method can be used and the grafting has been proposed to proceeds with
grafting front mechanism (Figure 22) [17; 19; 29].

Grafting front mechanism proposes that the grafting initially start only at the
surface since the surface is the immediate contact with the monomer solution (Figure
22-a). When the regions of the grafted surface swells in monomer solution; monomer
can diffuse deeper into the interiors of the film and polymerizes (Figure 22-b). Swelling
of polymer film by solvent helps monomer diffusion [3; 104]. This process repeats step
by step until the two grafting-front meet (Figure 22-d). It is found from the cross
sectional analysis that non-uniform grafting occurs due to the grafting by a front
mechanism. The grafting on the surface is inevitably higher than the grafting in the
interior of the polymer film, which is a handicap in ion transport applications [66].

On the other hand, grafting-front mechanism is a challenging statement due to the

very short lifetimes of the radicals. However, it has been reported that radical decay can
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be controlled by choice of the grafting solvent [103]. A solvent that is incompatible with
the polymer increases radical life time by guarantying slow radical recombination [103;
104]. Owing to the incompability of the non-solvents with the grafted polymers, the
non-solvents adjust the monomer concentration within the base polymer film without
penetrating into the polymer phase (Figure 23) [103]. This effect has been explained by
Trommsdorf-Norrish effect [104; 29; 118], which is caused by insolubilization of
grafted polymer chains in the base polymer film. Trommsdorf-Norrish effect
(autoacceleration effect) is that when polymerization proceeds, there is an increase in
the viscosity in the entourage. The increase in viscosity reduces the mobility of reacting
species. This affects the mobility of growing polymer’s molecules more than the
mobility of monomers or the fragments, arising from the decomposition of the initiator.
Therefore, termination by combination with other growing polymer chains is hindered;
but monomer diffusion is still allowed (initiation and propagation reactions still
continue). Hence, such a decrease in the termination step leads to an increase in the

overall rate of polymerization [82; 29].
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Figure 22. Grafting front mechanism [17].
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Figure 23. Influence of poor solvent on the partitioning of monomer and solvent
between solution and swollen polymer film [104].
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1.4.3 Conduction in Radiation Grafted Membranes

Protons are known as the main source of conduction in fluorinated acidic polymers,
such as polystyrenesulfonic acid grafted ETFE, in the water swollen state [3] as well as
in the polymer electrolyte membrane (PEM) fuel cells [41; 3; 29; 59; 92]. The proton
conduction mainly attributed to two mechanisms: the Grotthuss Mechanism and the
Vehicle Mechanism [45; 26; 27; 34; 69; 102].

Grotthuss Mechanism, also called as “flip-flop” or “hop-and-turn” mechanism, is
the transfer (hop) of hydrogen nuclei between the hydrogen-bonded water molecules
which are arranged in a single line and subsequent rearrangement of the hydrogen-
bonded network (Figure 24). The former occurs by the transfer of a proton from an
oxonium ion to a water molecule by tunneling in a hydrogen bond and the latter is the
reorientation (rotation) of the water molecule in order to be able to receive the next

proton [2;102]. This flow transports the hydrogen nuclei to the end of the water line.

Figure 24. The transport of hydrogen ions (H") through water is accomplished by
Grotthuss Mechanism, in which hydrogen bonds (dashed lines) and covalent bonds
(solid lines) between water molecules are broken and re-formed.

Vehicle Mechanism states that the protons migrate as OH;  or NH; by being
bonded to a vehicle such as H,O or NHj, while the “unladen” vehicles move in the
opposite direction (In Grotthuss Mechanism H' migrates) (Figure 25) . The vehicle
shows a diffusion coefficient which corresponds to the proton conduction and shows the
behavior of a Bronsted base (proton acceptor) towards its crystallographic environment

(Figure 25) [102].
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Figure 25. Model of proton conduction. Grotthuss Mechanism (top); the protons
are passed along the hydrogen bonds. Vehicle Mechanism (bottom): the movement
takes place with aid of a moving “vehicle”, e.g. H,O or NH3 as complex ion (H;O or
NH4") [102].

1.5 ETFE BASED IONIC POLYMER METAL COMPOSITES

Nafion® has been used for the manufacturing IPMCs due to its high ionic
conductivity and mechanical strength. However, high cost and limited thickness
availability diminish Nafion®s demand. Poly(ethylene-a/t-tetrafluoroethylene) (ETFE)
is a fluoropolymer as Nafion™s polymer backbone. The similar backbone structures of
these polymers were an inspiration to produce an alternative base film for IPMCs.

On the other hand, many radiation-grafted fluoropolymers as proton conducting
medium have been already produced for fuel cells applications in order to replace
Nafion® with a promising new material [3; 42; 41; 29]. Therefore, modification of
ETFE films with polystyrenesulfonic acid by radiation induced grafting was aimed in
order to mimic the Nafion™s structure and in order to produce an alternative IPMC

material.

1.6 OBJECTIVE

The objective of this study is to produce a novel ionic polymer composite (IPMC)
based on radiation grafted poly(ethylene-alt-tetrafluoroethylene)-g-polystyrenesulfonic

acid (ETFE-g-PSSA) membranes and reveal its actuation performance.
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2  EXPERIMENTAL

The ETFE films (100pm, 150um, 200um and 250um) were purchased from
Nowofol GmbH (Siegsdorf,Germany), Nowoflon ET 6235 Z.

Chemicals:

Nafion®- 0,05 mm thick (Alfa Aesar) Isopropanol (Sigma-Aldrich, 99%); styrene
(Sigma-Aldrich, 99%); hydrogen peroxide (Riedel-de Haen, 35 %); chlorosulfonic acid
(Fluka); dichloromethane (Merck); tetraammineplatinum(Il) chloride monohydrate (
Pt(NH;) 4Cl, . H,O (Alfa Aesar)); sodium borohydride (NaBH4) (Merck); hydrazine
hydrate (Merck); hydroxylamine hydrochloride (NH,OH-HCI) ( Alfa Aesar, 99%);
ammonium hydroxide solution (Riedel-de Haen); hydrochloric acid (Sigma-Aldrich,

99%).

2.1 Radiation Grafting
2.1.1 Pre-irradiation

100pm, 150pm, 200 pm and 250 pm thick ETFE films, in 8x8 [cm?] and 8x1 [cm’]
dimensions, were irradiated in air with y-rays (**Co y-source) at 50 kGy doses in
Gamma Pak, Tekirdag, Turkey.

The irradiated films kept at -40 °C in order to prevent radical decay and used for

approximately 4-6 months long.

2.1.2 Graft Polymerization

Gafting solution is prepared as a mixture of 120 mL styrene in 330 mL isopropanol
and 150 mL deionized water. The irradiated ETFE films were placed into reactors

purged with nitrogen for 30 min in order to prevent the degradation of radicals. The

H,C =CH
i

{ H

) ﬁ:" RS

Figure 26. Styrene (left) and isopropanol (right).
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reaction was carried out at 60 °C in a termostated water bath for different time intervals.
After grafting, the grafted films were washed with toluene to remove unreacted

monomer and other impurities and dried at 80 °C.

The extent of polymerization in the side chains is called as the degree of grafting
(DOG) or graft level (GL). The GL determined gravimetrically by calculating the
percentage of mass increase [74; 29]. Graft levels are analyzed gravimetrically; since it
has been reported that grafting is a bulk property and it is averaged over film thickness
and area [18].

Graft Level [w%] = % 100[%]

; where m(g) is the weight of the grafted film and m(o) is the weight of the base film.

2.2 Activation of Nafion®

The Nafion®115 (Fuel Cell Earth, LLC) has pretreated by boiling in 3 % v/v H,O,
for 1 hour to remove impurities; subsequently boiled in 1M H,SOy for 1 hour to activate
the membrane. Finally, the Nafion®115 membrane has boiled in deionized water twice
in order to remove the H,SO4 residues completely. After, the purification and activation
procedure has completed, Nafion®115 has been stored in deionized water at room

temperature as ready-to-use [24].

2.3 Sulfonation

Sulfonation was performed with chlorosulfonic acid in dichloromethane (2% (v/v)
for 5 hours at room temperature. The radiation grafted membranes were hydrolyzed and
ion-exchanged with using sodium hydroxide. Hydrochloric acid used to regenerate the
acid form of the membrane. Finally, the membranes immersed into deionized water for

5 hours at 80 °C for water swelling [41].
2.3.1 Water Uptake

Nafion®115 and all the ETFE-g-PSSA membranes were cut into 2x2 [cm?]
dimensions. The cut pieces were dried at 65 °C in vacuum oven for 9 hours. The dried

membranes were weighted and then these membranes kept in deionized water for 24
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hours. After 24 hours, the wet state was weighted and gravimetric water uptake analysis

has been done according to:
m(w) — m(d)

Water Uptake [w%] = (d)

100[%]

; where m(w) is the weight of the wet membrane and m(o) is the weight of the dry

membrane.

2.4 Ionic Conductivity

The ionic conductivity of the all samples was measured by BekkTech Conductivity
Cell (BekkTech LLC Fuel Cell Testing & Diagnostic Services). In plane, four electrode
conductivity testing was made on the PTFE (Teflon) body of the cell with the Pt wires
(Figure 28). Samples were cut in the 2 x 2 [cm?’] dimensions. All ionic conductivity

measurements were made in deionized water.

L L
O = =
R*A R*W*T

; where L is the lenght between the inner-electrodes, W is te widht of the sample and T

is the thickness of sample (Figure 27) and R is the resistivity of the sample.

Figure 27. In-plane ionic conductivity configuration [39].
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Figure 28. Ion conductivity cell [39].

2.5 Platinum (Pt) Plating

Pt was deposited onto ETFE-g-PSSA membranes with electroless plating as it is

described in the literature [56]. The Pt deposition takes place in four steps:

2.5.1

Surface Roughening of the Membranes

Mild Sandblast: The surface area of the membranes was increased for Pt
deposition by sandblasting. Abrasive papers (400C, Egeli Abrasives, Silicon
Carbide Water Proof Abrasive Paper-Electro coated) were used for roughening.
The Nafion® and ETFE membranes were placed in between two emery papesr
and a metal cylinder were rolled on them.

Ultrasonic Washing: The residues were removed by ultrasonic washing in water
approximately for 15 minutes.

HCI Treatment: The impurities and ions were removed by boiling the
membranes in dilute hydrochloric acid (HCI aq, 2 N solution) for 30 minutes.
Subsequently, membranes were rinsed with deionized water.

Water Treatment: Membranes were boiled in deionized water for 30 minutes to
remove acid and to swell the membrane.

The roughened membranes were stored in deionized water.
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2.5.2 Ion-exchange (Adsorption)

a.

A solution of 2 mg Pt/ml platinum complex (Tetraammineplatinum (II) chloride
monohydrate (Pt(NHj3) 4Cl, . H,O) were prepared. The Nafion® and ETFE
membranes were immersed into the solution, containing more than 3 mg of Pt
per cm® surface area.

After immersing the membrane, 1 ml of ammonium hydroxide solution (5 %)
was added for neutralization (It is assumed as 1 ml of ammonium hydroxide is
proportioned according to the 30 cm” membrane area.)

The membrane were kept in the solution at room temperature for more than 3

hours (one night usually).

2.5.3 Primary Plating

a.

5 wt% aqueous solution of sodium borohydride was prepared. After rinsing the
membrane with water, the membranes (total surface area of the membranes is
30 cm?) were placed into 180 ml water bath and stirred at 40°C.

2 ml of the sodium borohydride solution was added (5 wt% NaBH4 aq) every
30 min for 7 times (total surface area of the membranes is 30 cm?).

In the sequence of addition (4 hours long), temperature was raised up to 60°C
gradually.

20 ml of the reducing agent (sodium borohydride solution) was added and the
solution was stirred for 1.5 hr at 60°C. Black layer of fine Pt particles were
deposited onto the surface of the membrane.

The membranes were rinsed with water and immersed itto the dilute

hydrochloric acid (0.1 N) for an hour.

2.5.4 Secondary Plating

The amount of platinum deposited with the primary plating (reduction process) is

only less than 0.9 mg/cm?, which depends on the ion exchange capacity, thickness of

the membrane and the structure of the Pt complex. Additional amount of platinum is

plated by developing process on the deposited Pt layer.

a.

240 ml aqueous solution of the complex (Pt(NHj3) 4Cl, . H,O) was prepared,
containing 120 mg of Pt and 5 ml of the 5% ammonium hydroxide solution was

added.
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b. 5% aqueous solution of hydroxylamine hydrochloride (NH,OH-HCI) and 20%
solution of hydrazine (NH,NH;) were prepared.

c. The membranes were placed into the Pt solution at 40°C and stirred.

d. In every 30 minutes, 6 ml of the hydroxylamine hydrochloride solution and 3
ml of the hydrazine solution were added to the Pt solution.

e. In the sequence of addition, temperature was raised up to 60°C gradually for 4
hours, and gray metallic layers of the growth process were observed.

f. At the end of this process, a small amount of the solution was boiled with the
strong reducing agent (NaBHj) in order to check the end point. (It is dangerous
to add NaBH, powder in a hot solution, because of the gas explosion. So add
NaBHy solution to a cold solution, then, warm the solution in a water bath)

g. If any Pt ion remains in the plating solution, the color of the solution turns to
black. In such cases, Pt development should be continued with addition of the
NH,OH-HCI and NH,NH, solutions.

h. When there is not any Pt remained in the sampled solution, the membranes were
rinsed with water, and boiled in dilute hydrochloric acid (0.1 N) to remove the
ammonium cation in the membrane. After washing with water, H in the
composite can be exchanged for any cation by immersing in a solution of the

chloride salt of the cation.

2.6 Displacement Measurements

The Pt deposited IPMC were cut into 5 mm x 35 mm in rectangle form. One side of
the rectangular sample was sharpened by cutting the edge like a triangle in order to
observe the tip displacement accurately (the free end). The other side of the sample kept
same (the fixed end). Displacement measurements were made by an IDS camera (Ul-
1480LE-C) with Pentax lens (1/2”, 16.0mm, F1,4). Agilent 33120A 15MHz
Function/Arbitrary Waveform Generator was used to supply electric potential. The
movement of the IPMC strip was recorded on a milimetric grid and the tip displacement

was calculated vectorially according to Pythagorean Theorem.

2.7 Universal Testing Machine (UTM)

Mechanical properties of radiation grafted wet membranes were investigated by

using Zwick/Roell Z100 Universal Testing Machine (UTM) 200N Pneumatic tensile
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grips. Samples were cut into 8 cm x 2 cm with a snap-off blade utility knife; and were

tested at constant displacement rate of 100mm/min.

2.8 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX)

For morphological and structural analysis SEM (Leo Gemini) and EDX (Rontec)
was used. SEM images were taken by secondary electron beam. The samples coated

with carbon prior to characterization.

42



3 RESULTS AND DISCUSSION

3.1 Radiation Grafting

The ETFE films were grafted as two replicates in order to crosscheck the accuracy
of the resulted graft levels. For two separate grafting processes, same conditions were
supplied (two different films with same thicknesses were grafted separately under same
conditions in the same experimental run). Among the pairs, the ones resulted in similar
graft levels (the difference in graft levels of the pairs that are lower than 8%) with
homogenous film appearance were chosen to be depicted in Figure 29. The overall
grafting results are presented in Appendix A/I.

The graft levels were increased by increasing grafting time (Figure 29). The more
the ETFE-base film is hold in the grafting solution (at 60°C), either the more the growth
of polystyrene chains is allowed —mostly around the surface- or the more styrene
monomer diffuses into the membrane and polymerization proceeds more in the interior
of the film in the extent of the grafting-front mechanism [17]. The former may lead to
less but longer polystyrene chains and the latter may lead to more but shorter

polystyrene chains for a grafting procedure in a given period of time.
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Figure 29. Pairs of grafted films are represented in ‘Graft Level versus Grafting
Time’ graph.
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Grafting of thicker films required more time to reach to the similar graft levels with
thinner films (The onset of the similar graft levels shifts to right by increasing
thickness) and the slope of the trends decreased by increasing thickness (Figure 29).

The former indicates that grafting does not occur only on surface; but diffusion —of
either monomers or polymer chains or both- also exists [43]. The solely surface grafting
would give the same onset for all different thicknesses. Because the parameters which
can affect the surface graft level such as the type of the base film, size of the base film,
pre-irradiation conditions, grafting solution, N, purging, grafting temperature are kept
the same; where thickness is the only varying parameter. Additionally, all the films with
different thickness were purchased from the same company (Nowoflon ET- 6235 Z).
Therefore, shifts in the graft level onsets on the grafting time axis indicate that the
grafting is diffusion induced and interior regions of the ETFE film is also grafted with
polystyrene. On the other hand, these onset shifts may also support the “grafting-front-
mechanism” [17] due to diffusion and step by step increase in the graft levels by
increasing time. The same trend has been reported for grafting of
styrene/divinylbenzene into  poly(tetrafluoroethylene-co-hexafluoropropylene) in
isopropanol solution and the behavior was attributed to the progress of the grafting front
[103].

The latter also supports the grafting front mechanism. The monomer diffusion even
may get harder due to the Trommsdorf-Norrish etfect [104; 118]. The more the polymer
growth, the more increase in viscosity. Therefore, the monomer diffusion takes more
time to reach to the reactive sites both on the growing chain and in the interior of the
film. Hence, the slope of the ‘Grafting Level vs. Grafting Time’ decreases. It has been
also reported that the monomer diffusion to the next reactive sites through the base film
is the determining factor for the time delay [103]. This time delay (zy) is caused by the
slow propagation of the grafting front towards the center of the polymer film (in the
initial polymerization rate). This leads to grafting mostly on the surface; since the
monomer diffusion is restricted while the polymerization conditions still proceeds.
Therefore, in thicker films, the surface grafts are seen dominantly. This claim is

supported by the work of Guilmeau et al. [43] (Figure 30).
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Figure 30. Comparision of surface grafting yield and volume grafting yield

determined by FTIR-ATR for 30um (left) and FTIR in transmission for 100pm ETFE
film (right) (irradiated with 100 kGy; grafted at 50 C; ethanol used as a solvent with
crosslinker and inhibitor addition) [43].

On the other hand, deviations are apparent when the data is expanded with the

inconsistent grafting pairs in the graphical representations as well (Figure 31-34). The

deviations increase when the grafting time increases. Please note that for the consistent

grafting pairs, the markers on the graphs seems like a single marker or very close to

each other; for the inconsistent pairs (orange markers) a space appears.
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Figure 31. ‘Graft Level versus Grafting Time’ representations for 100um films

with overall grafting results.
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Figure 32. ‘Graft Level versus Grafting Time’ representations for 150um films
with overall grafting results.
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Figure 33. ‘Graft Level versus Grafting Time’ representations for 200um films
with overall grafting results.

The deviations in the grafting might be arising from radical-radical recombination.
Since 50 kGy is moderately high radiation dose, a large amount of radical presence is
expected. Due to the high radical concentration, radical-radical recombination is an
expected consequence [3]. Furthermore, radical termination due to impurities might be
also a reason. The experimental errors may have taken part into the deviated results. For
instance, the non-precise degassing system may cause to decay of radicals. Therefore

the active radical sites might be terminated before the polymerization. Moreover, it
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might be arising from the washing and drying steps due to the fact that the grafting

residues may not be precipitated totally and a part of the solvent may not be evaporated

completely.
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Figure 34. ‘Graft Level versus Grafting Time’ representations for 250um films
with overall grafting results.
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Figure 35. Deviations in graft levels at higher grafting time periods.

The inconsistency in the grafting pairs, thus the graft levels, might also be arising
from the experimental processing system. Narrow cylindrical glass reactors were used
in grafting of ETFE films (Figure 36). 8x8 [cm’] ETFE films were rolled and placed

into the glass reactor. The rolled form of the films may cause to difficulty in intake of
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monomer to the films. Therefore, the diffusion of the monomer into the film may
become harder; which may capsize the front growth of the polymer chains: monomers
may not be able to reach to the active sites or to the growing front of the polymer
chains. In this case, monomer can prefer to form a homopolymer rather than grafting
into the film. Moreover, if the homopolymer concentration increases in the entourage,
these homopolymers may behave as impurity and even complicates the further grafting
[41]. Moreover, the narrow reactors obstruct the film expansion (Figure 37). Hence,
limited expansion of the films in the rolled form in the narrow cylindrical reactors might
reduce the monomer intake and/or homogeneous polymer growth.

Likewise, access to the available polymerization space —in the interior of the
membrane- might be blocked by the long grafted side chains around the surface region,
especially at higher grafting time periods (Figure 35). Therefore further polymerization
is disabled in the extent of grafting front mechanism. Oppositely, the growing chains
can widen the interior of the ETFE film; hence the more space might be created for new
polymer growths and very high graft levels may be achieved.

Additionally, a saturation degree in graft levels has been reported elsewhere [3];
after a certain graft level, further grafting cannot occur while grafting time increases. A
saturation level has not been observed in this study; however, Figure 29 shows a
moderately linear increase in relatively shorter grafting time periods. After this linear
regime saturation level may be achieved. But, the saturation level may be hidden under
the deviations. For instance, since the films are saturated for further grafting;
homopolymerization on the surface is triggered. Homopolymerizations on the surface
may also cause the deviation of the results at longer time period grafting [29] by
increasing the grafting level abruptly. In addition to these, it has been reported that
homopolymer occurs much more in the grafting that are made for longer time periods
[104]. Therefore the much larger deviations in Figure 35 can be explained by the high
amount of homopolymer formation.

Figure 29 depicts that graft level can be controlled by the grafting time. The
increasing grafting time periods results in increasing graft levels until a certain level,
where deviations start. Figure 29 and 35 show that thinner films have a narrower time
range of controllable grafting. This can be an indication of that grafting fronts meet in
shorter time periods in thinner films or saturates earlier than thicker films, as expected.

It is necessary to mention that determining and following the trend in ‘Grafting

Level vs. Grafting Time’ was not an aim of this study. A kinetics based approach has
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not been applied for the experiments. Nevertheless, the resultant data were interpreted
accordingly to the present literature. The aim has been that manipulation of graft levels
with grafting time in order to reach to the desired graft levels. The desired graft levels

were intended to use in the observations of the affect of graft level in IPMC actuation.

3.1.1 Improvements for Radiation Grafted Film Quality

The influence of the shape of grafting reactors on grafting yield was mentioned in
the first part of the section. In addition to this, physically formless films were produced

in some cases due to the reactor shape (Figure 36, Figure 39).

Figure 36. Grafting reactor (left) and sulfonation reactor (right)

First of all, the explicit film expansion caused by the grafting was observed
qualitatively. In order to observe the expansion of the films in the narrow glass reactors,
8x1 [cm?] films were used instead of 8x8 [cm?] since 8x1 [cm?] dimensions can fit into
the glass reactor completely. A very distinct expansion, approximately 25% and more
enlargement in film size at high graft levels, was qualitatively observed in 8x1 [cm’]
films (Figure 37). The higher the graft level, the larger the expansion was obtained
(Figure 37). The large expansion in high graft levels indicates that the grafting expands
the pristine ETFE films due to the penetrated polystyrene chains. That is to say, these
narrow cylindrical reactors reduce the expansion capability of the films in 8x8 [cm’]

dimensions during grafting.
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Figure 37. Expansion of grafted films. 150 pm ETFE film in pristine (left), GL:
14% (middle) and GL: 95% (right) states

Figure 38. Homogenously grafted ETFE films: 100pum (top-left), 150um (top-
right), 200um (bottom-left), 250pum (bottom-right)
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Figure 39. Non-homogenously grafted and formless 250pm ETFE films.

Figure 40. New steel grafting reactor for 14 x 16 [cm?] films (left). New
sulfonation reactor (right).

These narrow reactors have been properly used in the grafting of 25um ETFE and
FEP films in our group at Sabanci University; however in the 100um to 250um thick
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films, monomer diffusion, polymer growth and the physical film quality were affected
by the limited film expansion, and vice versa. Hence alterations were observed in the
graft levels and film quality. In order to overcome this situation, new grafting and
sulfonation reactors were designed and manufactured (Figure 40). The new reactors
allow the usage of larger film dimensions (up to 14x16 [cm?]). The larger films allow to
use the same membrane for different characterization methods widely and improvement

in both grafting yield and film quality is expected.

3.2 Water Uptake

The proton conduction in the films mainly originates from the water content as
literature states [2; 102]. However, both ETFE films and graft copolymers cannot swell
with water due to its hydrophobic nature. Therefore, hydrophilic properties are needed
to be introduced into ETFE films.

Hydrophilic properties were introduced by addition of the sulfonic acid groups into
the graft copolymer film. ETFE films were grafted with polystyrene in order to create
suitable sites, aromatic rings, for the addition of sulfonic acids, firstly. Secondly,
sulfonic acids were bind to these aromatic rings of polystyrene by electrophilic
substitution (Figure 41) [3]. Hence, the polystyrene grafted ETFE films became able to

uptake water by conversion of the film into a membrane by addition of sulfonic acid

groups.
FF FF CF

NNATNNN NN /\/’i AN

N .!\f’ \r’

{CHy=CHJawns [CHz-cH);wu- (CHQ'CHlI?M#
{\ CIsO,H \ /" . NaOH . \‘
CH,Cl, H,S0,
S0,Cl SO3H

Figure 41. Sulfonation reaction of polystyrene grafted ETFE films.

The increasing graft level induces the increasing water uptake values, (Figure 42).
Because of the fact that increasing amount of grafted polystyrene chains increases the

graft level, which means that number of aromatic rings increase. The more the aromatic
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rings is the more available site for sulfonic acid groups [3]. It has been reported that
sulfonation also proceeds with a front mechanism as well as grafting [3]. The regions
close to surface are sulfonated firstly and then sulfonation proceeds through the interior
of the grafted film.

A strict linear increase was not observed in any thicknesses; neither has been
observed in the literature [41]. This may be attributed to the microstructure of the
grafted films [41]. The grafted polystyrene chains may have not been formed
homogeneously all over the film. The random dispersion of grafting may cause
differences in morphology, connectivity and geometry of the hydrophilic/hydrophobic
domains [41]. Therefore, different graft levels may yield random water uptake values.
Nevertheless, an increasing regime in water uptake values has been observed with the

increasing graft level.
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Figure 42. Water Uptake versus Graft Level values

The 100um thick ETFE films showed the most linear increase in water uptake (vs.
graft level) values among all thicknesses. This may indicate that the 100um_ETFE films
were grafted in the most homogenous form across the thickness. The thicker films
might be suffered more by the homopolymerization effects as described previously.

Homopolymerizations on surface may lead to water uptakes that are more than 100%
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water content (Figure 42). Moreover, difficulty in monomer diffusion and polymer
chain growth and also radical recombination may lead to lower water uptake values at
relatively high graft levels. Because, it is stated that the sulfonation of phenyl groups in
fluoropolymer matrix is 100% efficient [43].

On the other hand, the variations in the water uptake data may be arising from
experimental errors. The membranes are tended to float over the water, partially;
therefore membranes could not uptake the water sufficiently. Likewise, there may be

some errors during weighing of especially the wet membranes.

3.3 Ionic Conductivity

The conductivity of Nafion® was measured as 80 mS/cm. The graft levels lower
than approximately 75% yield ionic conductivities below 50 mS/cm, generally. Ionic
conductivity of 250um membranes did not exceed 50 mS/cm even at 150% graft levels.
This might be attributed to inhomogeneous grafting structure, either and also all grafting
fronts may have not met completely.

The increasing graft levels resulted in increase in ionic conductivity, slightly
(Figure 43). The number of sulfonic acid groups is expected to increase as graft level
increases. It is known that the sulfonic acid groups are the responsible for ion
conduction in ETFE-g-PSSA membranes [3]. Sulfonic acid groups act as hydrophilic
end groups and hold water; thus hold the protons in the hydrophobic ETFE film.

This approach may evoke an expectation of a linear behavior between the ionic
conductivity and graft levels. However, a certain linear relation between ionic
conductivity and graft level was not observed; and also the relation does not necessarily
impose linearity but increasing graft level gives higher conductivity [41]. Nevertheless,
one of the reasons for non-linear results is arising from the inhomogeneous grafting
structure.

The inhomogeneous structural distribution of the grafted polystyrene chains is
basically observable from the physical appearance of the grafted films. (The color
gradients depict the inhomogenity in the structure. The gradient difference was seen
even on the very high quality films (Figure 38)). In addition to these, all the
aforementioned factors that affect the achieved graft level with respect to time, can be

effective in 1onic conduction or proton transport.
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Figure 44. ‘Ionic Conductivity versus Water Uptake’ results.

Secondly, water uptake is another important factor in ionic conduction [46]. Figure
44 shows the behavior of conductivity change with respect to the change in water
uptake. An increase in ionic conductivity was observed with the increase in water
uptake. This supports the fact that water is an effective parameter in ionic conduction in
the ETFE-g-PSSA membranes. But, the ionic conductivity cannot be directly related to
the amount of uptaken water, as it is also seen in Figure 45 [46]. The types of water
have an importance, too (The “bound water” that is bound to the ionic species in the

membrane and the “free” water which is not bound by the ion solvation) [46] since the
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difference between the water uptake values and conductivity values widens by
increasing graft levels, mostly. However, it has been studied that the water content and
the water types are not good indicators of membrane conductivity within the series and
between the series. That is to say, water is effective in ionic conduction; but it is not a
distinctive indicator of the conduction.

The other reason must be revealing in the nature of the conduction mechanism,
itself, which strongly depends on the structural morphology of the membrane as
mentioned in the 1.3.1 Nafion® Section. Essentially, in order to understand the ionic
conductivity of ETFE-g-PSSA membranes, one should investigate the structural
morphology of the membrane [46; 70] as also mentioned in 1.3.1 Nafion® Section.
There is not available literature on ETFE-g-PSSA’s structural morphology, yet [3].
Furthermore, in the sulfonic acid containing ETFE membranes very fast morphological
changes were observed by Atomic Force Microscopy when water droplets introduced
[106]. Therefore, application of an electric field may also induce further changes in the
membrane structure in order to adapt the membrane to these new conditions. In addition
to these, the distinction between the ion transport, i.e. the hydronium transport, and the
ionic conduction should be made [46]; in this way the effect of water content (the water

uptake) can be realized.
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Figure 45. Changes in Water Uptake and Ionic Conductivity with respect to Graft
Level in 100 pm wet membranes.
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3.4 Mechanical Testing

ETFE-g-PSSA membranes were tested in wet state in UTM (Universal Testing
Machine). The membranes showed sweating during the tension test. Since the
membranes were in wet state, rending and slipping from the UTM grips have been
observed. Rending and slipping might be caused of the fact that the specimen size could
not fit into ASTM International Standards. ASTM International (Standards require a
specimen that has at least 10 [cm] grip to grip separation for 100um to 250pm thick thin

films; however size of the films that are used in this study were already in 8 [cm] x 8

[em]).
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Figure 46. UTM results of different thicknesses of raw ETFE films and wet ETFE
membranes. Nafion® 115 is in pristine state (non-activated).

Nafion® 115 showed a similar modulus of elasticity with the pristine ETFE (Figure
46, 48 and Table 1). A decrease in elastic modulus as well as in tensile strength was
observed in all thicknesses with introduction of grafted polystyrene chains (Figure 46).
The decrease in these mechanical properties is attributed to the penetration of the

polystyrene chains into the ETFE matrix.
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Figure 47. UTM results for 100 um raw ETFE and grafted 100 pm ETFE films,
under tension.

A decrease in yield strength by increase in graft levels was observed in 100pm wet
ETFE-g-PSSA membranes (Figure 47) except the GL: 75.4 %.
The modulus of elasticity was decreased by increasing graft levels, either (Figure

47, 48 and Table 1). That is the increasing graft level decreases the stiffness.

Graft Level [%] Modulus of Elasticity [MPa]
Nafion®” 115 12
Raw-ETFE 9
17 4
34.4 2
345 2
50.1 0.45
50.9 0.35
75 0.7

Table 1. Modulus of Elasticity of 100 um wet ETFE-g-PSSA membranes.
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Figure 48. The linear elastic part of Nafion® 115 and the 100um wet ETFE-g-

PSSA membranes.

Ultimate strength, elongation at break and rupture analysis was not done since most

of the membranes rent and slipped from the grips during characterization,

3.5 Platinum (Pt) Deposition

The deposition of platinum on ETFE-g-PSSA membranes was successfully
achieved as depicted in Figure 49-51. Figure 49 shows the difference in surface
morphology of Pt deposited and non-deposited ETFE films by SEM images. Figure 50
depicts cross-section of non-displaced 100um_GL: 80% ETFE based IPMC. The
deposited Pt layer can be seen at the edges. Additionally, Figure 51 shows Pt deposition
with elemental analysis characterized by EDX.

The Figure 52 depicts that the deposited electrode layer is in between 10um to
20um. Since the Pt plating has two steps: reduction and growth, the outermost 10um to
20um layer (the brightest) may be attributed to the growth and the subsequent 10um to
20um layer (less bright) may be attributed to the reduction step (See Section 2.5).

Cracks and very small holes (the diameter is less than 500 nm) (Figure 53) were

observed on the Pt deposited membranes that were subjected to electromechanical tests
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which resulted in large bending type displacements. The existence of these cracks is
attributed to the bending type loading.
Application of 5V and above electrical potential breaks off the Pt plates from the

surface (Figure 54). This might be arising from the extremely fast and high
displacement of the IPMC, mostly.

EHT = 200 kV Signal A=SE2  Date :11 Jul 2012
WD= 4mm PhotoNo. =640 Time :17:46:55

10pm EHT = 2,00 kV Signal A Date :11 Jul 2012
Mag= 500KX |——— WD= 4mm Ph =628 Time 116:50:55

e/ EHT = 2.00 kV Signal A= SE2
Mag= 500KX | —— WD= 7mm Photo No. = 535

Figure 49. Non- displaced 100um_GL: 80% ETFE-g-PSSA/IPMC surface
(bottom). Surface of pristine, non-Pt deposited ETFE film, 250um; scale bar: 10um
(top, left). Surface of 17% grafted, non-Pt deposited 100um_ETFE film; scale bar is

20um (top, right). For larger non-Pt deposited images, please see Appendix C.
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10pm EHT = 2.00 kV Signal A = SE2
Mag= 143KX |—] WD= 6mm Photo No. = 638

Figure 50. Cross-section of non-displaced 100um_GL: 80% ETFE based IPMC.
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Figure 51. The EDX surface spectrum of the non-displaced 100pm_GL: 80%
ETFE-g-PSSA based IPMC surface.
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EHT = 15.00 kV Signal A = SE2 Date :30 May 2011
WD= 8mm Photo No.= 1158  Time :12:04:19

3pm EHT = 2.00 kv Signal A = SE2 Date :30 May 2011
Mag = 10.00 K X |—| WD= 12 mm Photo No.=1153  Time :11:16:21

Figure 53. Surface of displaced 200pm_GL: 55% ETFE based IPMC. Applied
maximum voltage is 3V; both in DC and in AC form.
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EHT = 2.00 kv  Signal A = SE2
Mag= 500KX |[——] WD= 7mm Photo No. = 550

Figure 54. Surface of displaced 100pm_GL: 80% ETFE based IPMC both under
AC and DC. The applied maximum voltage is 5V to 10 V in DC.

In addition to these, the details of cracked surface may give an idea about the Pt
formation, its state and properties; however these have not been an elaborative subject
of this thesis. The details of the cracked surface can be seen in Appendix C.

The cross-section at the tip of the specimen -100um_GL: 80% ETFE-g-PSSA
based IPMC, which was subjected to repeated displacement experiments- is shown in
Figure 55, 56Figure 56. The tip of the IPMC, at the free end, is the part moving the
most. The changes in morphology is noticeable when it is compared with the same
specimen before ever tested for electroactivity (Figure 50). The spherical convex
structures appeared after repeated displacement experiments. This change in the surface
morphology might be attributed to the change in the membrane morphology. On the
other hand, the change might be arising from the Pt and Cu diffusion to inner sides of
the tip part (Figure 57). If the metal diffusion or accumulation was the reason, the IPMC
could not bend due to the lack of electric field through-the-thickness; in other words due
to the electricity conduction. However, IPMC bends; therefore change in the cross

section morphology is attributed to the changes in the membrane morphology.
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Figure 55. Tip of repetitively displaced 100pm_GL: 80% ETFE based IPMC
(cross-section).
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Figure 56. Tip of the repetltlvely displaced 100pm_GL: 80% ETFE based IPMC
(Cross-section).
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Figure 57. EDX spectrum of the repetitively displaced tip, 100um_GL: 80% ETFE
based IPMC (cross-section). Point analysis (red cross) was made at the center.

Cu-tape has been used to contact the Pt electrodes with the power source on the
holder. A striking observation is that, the Cu-tape was in contact with the fixed end; but
existence of Cu was detected at the free end (at the tip) (Figure 57). O and S elemental
peaks are arising from the sulfonate groups. Ca might be contaminated from the water,
even though de-ionized water has been used in the experiments; however the existence
of Al and Si could not be explained (Figure 57) with the available data.

In addition to these, Pt element was found in the interior of the membrane that is
distant from the tip (Figure 58); where the intensity of S from the sulfonate groups
dominates the other elemental peaks. The O peak also belongs to the sulfonate groups
and F peak belongs to the ETFE backbone. Ca might be a contamination from water and
existence of Al is unknown (Figure 58). While tracing towards the edge of the cross-
section, the intensity of Pt dominates; whereas the F and Ca decreases (Figure 60). The
S peak shows slight increase in intensity at a step forward (Figure 59) and then
diminishes (Figure 60), finally finishes completely (Figure 61). This may indicate that
the regions closer to the surface are more sulfonated than the most inner side. The Ca
peak follows the same route with S. The O peak diminishes towards the edge; however
still exist at the edge (Figure 61). Therefore Pt layer might have been oxidized. At the
edge, Pt dominates as expected; the C peak becomes visible (either belongs to the

membrane or coming from the C-coating prior to the SEM/EDX characterization).
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Intensity of Al increases; therefore, even though a point analysis has been done in EDX,
the data might be collected from the sample holder or Al definitely exists on the surface
while it is hidden under the dominating intensity of Pt in the regional EDX analysis in
Figure 51. Nevertheless, the existence of Pt in the interior of the membrane has been

reported also elsewhere [48; 30; 68; 33; 97].
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Figure 58. EDX spectrum of the non-displaced 100pm_GL: 80% ETFE based
IPMC (cross-section). Point analysis (red cross) was made at the center.

The cross-sectional EDX spectrum of the 100um_GL: 80% ETFE-g-PSSA based
IPMC which has been used many times in electroactivity tests showed in Figure 62-66.
Cu peak is seen in these EDX spectrums, also (Figure 62, 63) in addition to all other
elemental peaks that are observed in the same, but non-displaced part of 100pm_GL.:
80% ETFE-g-PSSA. All elemental peaks diminish while tracing towards edge except
from Pt peak, like in the non-displaced sample. However, at the edge (Figure 64), Cu
peaks disappear; which tells that Cu diffuses through the membrane. The point analysis
on the surface also correlates that Cu appears in the membrane; but not on the Pt
electrode (Figure 65, 66). This is an indication of Cu diffusion through the membrane,
either. On the other hand, C, O, F and S peaks are still observable at the edge of the
cross-section in Figure 64; whereas in the non-displaced IPMC, F and S peaks does not
appear at the edge and intensity of O is very low (Figure 61). This may be an indication

of the morphology change in the membrane, as well.
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Figure 59. The non-displaced 100um_GL: 80% ETFE based IPMC (cross-section).
Red cross indicates that point analysis was made between the center and the edge
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Figure 60. The non-displaced 100pm_GL: 80% ETFE based IPMC (cross-section).
Red cross indicates that point analysis was made close to the edge.
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Figure 61. The non-displaced 100um_GL: 80% ETFE based IPMC (cross-section).
Red cross indicates that point analysis was made at the edge.
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Figure 62. The repetitively-displaced 100um_GL: 80% ETFE based IPMC (cross-
section). Red cross indicates that point analysis was made at the center.
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Figure 63 The repetitively-displaced 100pm_GL: 80% ETFE based IPMC (cross-
section). Red cross indicates that point analysis was made between the center and edge.
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Figure 64. The repetitively-displaced 100um_GL: 80% ETFE based IPMC (cross-
section). Red cross indicates that point analysis was made at the edge.
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Figure 65. The EDX surface spectrum of the displaced 100um_GL: 80% ETFE-g-
PSSA based IPMC. Point anaylsis made on the membrane, where a part of Pt plate was
broke off.
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Figure 66. The EDX surface spectrum of the displaced 100um_GL: 80% ETFE-g-
PSSA based IPMC. Point anaylsis made on the Pt surface.
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3.6 Actuation and Displacement

ETFE-g-PSSA membranes were turned into IPMC successfully (Figure 67). The
ETFE-g-PSSA based IPMCs with high graft levels resulted in larger tip displacement
capability than Nafion® based IPMCs (Figure 69, See Appendix C).

Initial position

Maximum displacement Relaxation

Figure 67. Bending of 150 pm_GL: 77% under 3V DC (left). Relaxation appeared
when electric field was removed (right). Back-relaxation was not observed.

3.6.1 Effect of Graft Level
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Figure 68. Tip Displacement versus Graft Level in different thicknesses under 1V
and 0,5 Hz.
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The bending behavior of IPMC has been mostly attributed to the ionic movements
(Section 1.2.1), as such the higher the graft levels and associated increasing ionic
conductivity (Figure 43) facilitated the larger the tip displacements (Figure 68).

The ETFE-g-PSSA based IPMCs with lower graft levels (~GL: 30 %) have not
showed distinct tip displacement differences with respect to the applied voltage and
frequency; and also their tiny tip movements created difficulty to record the tip
displacement with the available set-up. Therefore, the higher graft levels, such as ~GL:

80%, were mainly presented in this study.

3.6.2 Effect of Thickness

Figure 69 shows varying displacement character with respect to thickness.
However, a comparison between different thicknesses may not reveal the truth.
Because, it was noticed that ETFE-g-PSSA membranes requires an adaptation period
for actuation response. Some of the membranes which had not showed any bending at
the beginning, such as 200 um_ GL: 80%, showed very high displacement responses
after a period of potential load and unload. Since, this behavior was discovered by
coincidence; repetitive experiments could not be done. Nevertheless, the same behavior

is observed in PEM fuel cells, called as “the conditioning time” [122].
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Figure 69. ‘Tip displacement versus DC Voltage’ with ETFE-g-PSSA in different
thicknesses and similar graft levels
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Therefore, Nafion® based IPMCs or 250pum thick ETFE-g-PSSA based IPMCs may
have been requiring more conditioning time since the former showed a weak actuation
compared to the 100pum, 150pum and 200um ETFE-g-PSSA based IPMCs; and the latter
in low grafting levels (250um_GL: 30% and 250um_GL: 60%) has not shown any
displacement in the first five trial cycles.

On the other hand, 250pm_GL: 110% showed a standard displacement; while the
lower graft levels of 250um_ETFE-g-PSSA based IPMCs have not shown any bending
behavior. Therefore, the 250um thick [IPMCs may also require higher grafting levels in
order to be able to create a pressure difference across the membrane with its mobile

species in addition to the its adaptation period.

3.6.3 Effect of Voltage
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Figure 70. ‘Tip Displacement versus Voltage under AC Potential’ for 100 um_GL:
70% and GL: 80% ETFE-g-PSSA based IPMC at various frequencies.

The increasing voltage led to larger displacement as expected in ETFE-g-PSSA
based IPMCs both under DC (direct current) (Figure 69) and AC (alternating current)
(Figure 70) potential fields. Since the applied voltage is the stimulant of the bending
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behavior, the higher voltages must be leading to the activation of the more species that
creates bending. As described in Section 1.2.1, these species have been addressed as
cations, hydrated cations or the solvent (water) (However, it must be noted that the

actual working mechanism has not been discovered yet).

3.6.4 Effect of Frequency
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Figure 71. ‘Tip Displacement versus Frequency’ for 100 um_GL: 70% ETFE-g-

PSSA based IPMC
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Figure 72. ‘Tip Displacement versus Frequency’ for 100 um_GL: 80% ETFE-g-
PSSA based IPMC
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The lower the frequency was the higher the displacement (Figure 71, 72) [52].
The decrease in frequency resulted in larger differences in tip displacement. The tip
displacement of 100 pm_GL: 80% ETFE-g-PSSA IPMC went up to 11,5 [mm] (Figure
72). That is to say, at the higher frequency range, the mobile species cannot keep up
with the field. However, at the lower frequencies (such as 0,1 Hz) IPMC can behave as

under DC potential and shows higher tip displacement.

3.6.5 Effect of Ionic Conductivity and Water Uptake

The bending behavior of IPMC has been mostly attributed to the ionic movements
(Section 1.2.1), as such the higher the graft levels and associated increasing ionic
conductivity (Figure 43) facilitated the larger the tip displacements (Figure 73, 74). On
the other hand, a study based on NMR (Nuclear Magnetic Resonance) has been stated
that deformation property of IPMC depends strongly on the water content and the
different types of waters (The “bound water” that is bound to the ionic species in the
membrane and the “free” water which is not bound by the ion salvation [46; 125]. In
addition to these, different types of water were also observed in wet ETFE-g-PSSA
membranes (See Appendix E).
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Figure 73. Tip Displacement versus Graft Level under 1 V and 0,5 Hz.

Tip displacement versus water uptake in Figure 75 shows that water uptake

disposes an effect on bending behavior. The increasing water uptake increases the
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displacement very roughly. However, the trends in tip displacement versus (Figure 73)
graft level and tip displacement versus ionic conductivity (Figure 75) approaches to
each other more than the water uptake trend. Therefore, ionic conductivity is more
indicative than the water uptake in term of determining the bending behavior. That is to
say, the cation migration based approaches —if the ionic conductivity in perflourinated
membranes are supplied by the cation diffusion- are more descriptive than the solvent

transport centered approaches.
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Figure 74. Tip Displacement versus ionic conductivity under 1 V and 0,5 Hz.
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Figure 75. Tip Displacement versus Water Uptake under 1 V and 0,5 Hz.
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3.6.6 Notes on Characteristics of ETFE-g-PSSA

Some of the observed characteristics of the ETFE-g-PSSA based IPMCs revealed
different behavior than the Nafion® based IPMCs which have not been reported in the
current literature:

As stated before, most of the ETFE-g-PSSA based IPMCs, did not show an
immediate actuation response immediately after the synthesis; however the same ETFE-
2-PSSA based IPMC samples showed an actuation performance after being subjected to
some periods of potential load. Moreover, the actuation performance of the ETFE-g-
PSSA based IPMCs has been increased by being subjected to more periods of the load
(The more and more displacements have been observed in the samples which have been
repetitively used for the displacement experiments). Although an analogy has been built
with the conditioning of proton exchange membranes (PEM); the reason which causes
to this delay-behavior has not been explained for PEMs as well. On the other hand,
ETFE-g-PSSA based IPMC samples have been kept their conditions for 3 years without
any change with their actuation capabilities (The samples which had been displacing,
they displaces 3 years later as well; and the samples which had not been displacing,
requires either a prior load-potential period to displace or they have not displaced 3
years later, either.)

In the literature, the highest applied voltage is 3V, in general. In ETFE-g-PSSA
based IPMC:s, it has been observed that the IPMC have been continued to bend towards
anode up to applied 3V (both in DC and AC form). When 5V DC potential was applied,
an extremely fast actuation was observed towards anode and also generation of a smoke
was observed. When the same sample was undergone 5V (DC) again, a leakage of 2V
of the potential was observed while the 3V were used to bent the IPMC (with a lower
tip-displacement). Furthermore, the IPMC showed an actuation displacement towards
cathode and then sometimes a large back-relaxation towards anode side. This behavior
is opposite of the usual behavior. This abnormal behavior might be resulted from the Pt
and Cu diffusion into the IPMC membrane (Figure 62); or some additional chemical
reactions might be appearing during the application of 5V.

Nevertheless, in order to be able to interpret the displacement results, the actual
mechanism of actuation must be known. However, the discovery of Pt and Cu diffusion
into the membrane and the observations of different behaviors would add value into the

exploration of the complete mechanism.
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4 CONCLUSION

In this study, ionic polymer metal composites were synthesized successfully from
poly(ethylene-alt-tetrafluoroethylene)-g-polystyrenesulfonic ~ acid  (ETFE-g-PSSA)
membranes. Moreover, grafting properties and the effect of grafting on the ion
conductive membranes and on the IPMC performance were investigated. The different
characteristics of ETFE-g-PSSA than Nafion®” based IPMCs have revealed. In addition
to these, the importance of the morphological studies on the ETFE-g-PSSA membrane
structure was emphasized.

Radiation grafting is a diffusion induced process. Graft levels increase by the
increase in grafting time. Furthermore, it is found that the thicker films require more
time to reach to the same graft levels as thinner films have.

On the other hand, some deviations in graft levels were observed. These deviations
may arise from the radical decomposition in the film, homopolymer formation during
grafting, insufficient and improper nitrogen purging and difficulties because of the
reactor geometries. We tried to reduce these deviations. For instance, in order to reduce
the effect of reactor geometry, new reactors were produced.

Water uptake of ETFE-g-PSSA membranes increases with the increase of graft
levels. However, it was determined that the increase is not linear. The reasons of non-
linear increase were attributed to the non-homogeneous grafting in the membranes,
structural morphology and also to the experimental errors during the measurement of
water uptake. The smoothest increase was observed on 100um ETFE-g-PSSA
membranes.

Ionic conductivity increases while graft level increases. A linear relation was not
observed as in the water uptake results. The reason was attributed to the inhomogeneous
grafting as well.

An increase in ionic conductivity was observed with increase in water uptake.
However, it is noted that water uptake is not a distinctive indicator of the ionic
conduction. Essentially, in order to understand ionic conductivity behavior micro- or
nano- structural analysis of ETFE-g-PSSA, and also of the other ionic conducting
polymeric mediums, must be taken into consideration.

In mechanical properties of wet ETFE-g-PSSA membranes, elastic modulus and

tensile strength decrease with introduction of grafted polystyrene chains for all
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thickness values. Yield strength also decreases by increase in graft levels in 100pum wet
ETFE-g-PSSA membranes. Increase in graft levels decreases the stiffness, as well.

SEM and EDX images showed that Pt was deposited onto Nafion® and onto ETFE-
2-PSSA membranes. Surface and cross-sectional analysis made by SEM and EDX
showed that bending results in cracks. Furthermore, Pt and Cu can diffuse from
electrodes into the membrane. In addition to these, applied electric field might be
inducing morphological changes in membrane structure.

Higher graft levels led to the larger the tip displacements in ETFE-g-PSSA based
IPMCs. An increase in tip displacement was observed with increasing voltage both
under AC and DC potential fields. On the other hand, the lower the frequency was the
higher the displacement.

In the manner of description of the bending mechanism, it was observed that ionic
conduction has a dominative effect than the water uptake capability.

In addition to these, several different characteristics of the ETFE-g-PSSA based
IPMCs than the conventional Nafion® based IPMCs, which have not been reported in
the current literature, were determined. An adaptation period to the applied electric field
was observed such as the conditioning time in PEM (proton exchange membrane) fuel
cells. 5V and above applied potentials are effecting the displacement character widely.
After application of 5V, in the next electromechanical tests, a reverse actuation
character (actuation towards cathode and back-relaxation towards anode) was observed.
The application of higher voltages, 5V and above, might be even deteriorating the
actuation mechanism. The applied higher voltages damage the ETFE-g-PSSA based
IPMCs’ surface.

Lastly, it was observed that ETFE-g-PSSA based IPMC can keep their state at least

3 years long.

5 FUTURE WORKS

In this thesis, aim was to reach to some specific graft levels. However, approaching
to the kinetical conditions in grafting with very precise purging system would be very
descriptive in terms of interpreting the ionic conductivity and water uptake properties of

the grafted membranes in the future works. Additionally, grafting of ETFE films with
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polystyrene at high thicknesses as above 100um has not been studied in the literature
widely. Therefore, this approach would add value to the radiation grafting literature.

Grafting of the ETFE films should be carried in the new grafting reactor in order to
increase the grafted film quality and also in order to being able to use the same film in
various characterization systems (See Section 3.1.1). In this way, the water uptake
measurements can be done in the size of IPMC strips; rather than using small pieces of
the grafted membranes. Hence, the effect of the water uptake in displacement can be
seen more obviously. In addition to these, NMR analysis should be cooperated into the
study in order to observe the effect of the water content and water types to the bending
behavior [125]. AFM characterizations should be conducted into the investigation,
either, owing to see the effect of water uptake in ETFE-g-PSSA membranes’
morphology change during the water diffusion [106]. Because, morphology change is a
possible adaptation behavior to the new wet environment. This response, if exists in the
ETFE-g-PSSA membranes, may help to understand the bending mechanism of the
ETFE-g-PSSA based IPMCs as well as the Pt and Cu diffusibility through the
membrane. Furthermore, morphology change by introduction of water may induce ionic
aggregates in the membrane (See Section 1.3.1). SAXS analysis should be expositive in
the case of ionic aggregates’ existence (See Section 1.3.1). Therefore, ion conducting
character can be investigated by being parallel with the water uptake behavior; hence
the relation presented in Section 3.6.5 in a primitive form can be understood clearly.

In terms of ionic conduction, an approach which aims distinguishing difference
between ion transport, i.e. the hydronium transport, and the electronically stimulated
conduction (such as relation between the electrode layers and the polymeric membrane
interface) would be taken into account [46]. In this way nature of the conduction
through the IPMC might be understood. Furthermore, in order to understand the
stimulating character of applied electrical potential in the ion conducting fluoropolymer
membranes in general, an approach that Maier [70] offers should be taken into account:
The size of the tiny water channels in Nafion® (as stated in the 1.3.1. Nafion” Section)
are very small; thus the electronic properties in the interface between the water channels
and the polymer membrane can be studied like in a crystal matrix. When the similarity
of ETFE-g-PSSA membranes to Nafion® is taken into consideration, this approach also
holds for the ETFE-g-PSSA. Owing to materialize these approaches, electron or ion
beam lithography can be used to irradiate the pristine ETFE films (Section 1.4.1). The

lithography creates patterned active sites on the film. Therefore, grafting may also be
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achieved in patterned forms. Creating an ordered arrangement in the ion conductive
membrane can help the observations of electronic properties that Maier suggested [70].

The Pt and Cu diffusions through the ETFE-g-PSSA membranes are an interesting
fact of this thesis. In order to understand the diffusion mechanism, oxidation states of
the diffused Pt and Cu can be analyzed by EELS (Electron Energy Loss Spectroscopy)
and also their crystal structure can be exposed by the diffraction patterns via TEM
(Transmission Electron Microscopy) if the diffused metals aggregated.

Mechanical tests of grafted ETFE films and dry sulfonated ETFE membranes
should be made in order to observe the effect of mechanical properties on the
displacement character.

The adaptation periods of ETFE-g-PSSA based IPMCs towards actuation should be
observed by precise voltage loads with respect to time in an automated photonic sensor
displacement system. Lastly, the effect of graft level, water uptake, ionic conductivity
and the mechanical properties on the actuation and displacement character should be

interpreted by aforementioned future work investigations.
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APPENDIX A/1 RADIATION GRAFTING RESULTS

8 x 8 [cm?] films:

Film Name GL Graft Time
(100 pm grafted films) [%] [Hours]
12.06.06_100pm_1.1 14.41 01:00
12.06.06_100pm_1.2 18.54 01:00
12.04.12_100pm_1.1 17.45 01:00
12.04.12_100pm_1.2 9.54 01:00
12.04.30_100pm_1.1 34.28 01:30
12.04.30 100pm_1.2 34.50 01:30
12.04.16_100pm_1.1 34.42 01:30
12.04.16_100pm_1.2 24.10 01:30
12.05.07_100pm_1.3 50.10 02:00
12.05.07_100pum_ 1.4 50.90 02:00
12.04.16_100pum 1.3 51.18 02:00
12.04.16_100pm_1.4 45.01 02:00
12.06.04 100pum 1.3 49.15 02:15
12.06.04 100pum 1.4 40.85 02:15
12.04.06_100pm_1.1 75.40 02:40
12.04.06_100pm_1.2 36.53 02:40
12.04.06_100pm 1.3 81.72 02:40
12.05.31 _100pm_1.1 54.23 02:40
12.05.31_100pm_1.2 78.51 02:40
12.05.03 100pm_1.1 56.72 03:00
12.05.03_100pm_1.2 68.27 03:00
12.06.04_100pm_1.1 73.31 03:30
12.06.04 100pm_1.2 86.60 03:30
12.05.31_100pm_1.3 110.7 04:00
12.05.31_100pum 1.4 109.4 04:00
12.06.06_100pm 1.3 113.1 05:00
12.06.06_100um 1.4 108 05:00
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Film Name GL Graft Time
(150 pm grafted films) [%] [Hours]
12.06.04 150pum 1.1 28.19 02:30
12.06.04 150pm 1.2 19.63 02:30
12.04.12 150pm 1.1 24.50 02:30
12.04.12 150pm 1.2 20.98 02:30
12.06.04 150pm 1.3 38.89 03:00
12.06.04 150pum 1.4 27.74 03:00
12.05.03 150pm 1.1 40.15 03:15
12.05.03 150pum 1.2 35.08 03:15
12.04.20 150pm 1.1 56.63 04:00
12.04.20 150pm 1.2 58.70 04:00
12.06.06 150pum 1.5 61.33 06:00
12.06.06 150pum 1.6 68.75 06:00
12.06.06 150pum 1.7 141.57 07:00
12.06.06 150pm 1.8 91.53 07:00
12.05.07 150pum 1.3 107.5868 08:00
12.05.07 150pum 1.4 120.9653 08:00
12.04.30 150pm 1.1 136.3064 09:00
12.04.30 150pum 1.2 120,8548 09:00

Film Name GL Graft Time
(200 pm grafted films) [Y] [Hours]
12.04.12 200pm_1.1 29.08 04:30
12.04.12 200pm_1.2 31.14 04:30
12.04.20 200pm_1.1 38.69 04:30
12.04.20 200pm_1.2 34.95 04:30
12.04.11 200pm_1.1 49.70 06:30
12.04.11_200pm_1.2 49.02 06:30
12.05.03 200pm_1.1 82.85 08:30
12.05.03 200pum_1.2 106.8 08:30
12.06.06_200pm_1.1 74.14 08:30
12.06.06 200pum 1.2 52.21 08:30
12.05.31 200pm_1.1 84.25 10:30
12.05.31 200pum_1.2 115.6 10:30
12.05.04 200pm_1.1 87.63 12:30
12.05.04 200pm_ 1.2 130.1 12:30
12.04.30 200pum_1.1 73.20 14:30
12.04.30 200pm_1.2 107.6 14:30
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Film Name GL Graft Time
(250 pm grafted films) [%] [Hours]
12.05.31 250pum 1.1 19.74 04:00
12.05.31 250pm 1.2 19.12 04:00
12.04.12 250pum 1.1 37.87 06:00
12.04.12 250pum 1.2 27.65 06:00
12.04.11 250pm-2.3 38.37 09:00
12.04.11 250pum-2.4 32.41 09:00
12.05.31 250pum 1.3 49.55 10:00
12.05.31 250um 1.4 54.10 10:00
12.05.04 250pum 1.3 65.27 12:00
12.05.04 250pum 1.4 73.36 12:00
12.04.30 250pum 1.3 65.85 15:15
12.04.30 250pum 1.4 63.048 15:15
12.05.31 250pum 1.5 88.74 17:00
12.05.31 250pum 1.6 74.43 17:00
12.05.04 250pum 1.1 90.93 18:00
12.05.04 250pum 1.2 94.27 18:00
12.04.16 250pm 1.1 78.54 18:00
12.04.16 250pum 1.2 17.46 18:00
12.04.30 250pm 1.1 20.52 21:45
12.04.30 250pum 1.2 98.32931 21:45

All the ETFE films were in 8 x 8 [cm?] dimensions and irradiated under 50 kGy,
grafted at 60C. All the grafted films were washed with toluene and dried at 70C. The
graft levels were calculated gravimetrically. The grafting scheme was not intended

towards a kinetic study.
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APPENDIX A/2 RADIATION GRAFTING RESULTS

8 x 1 [cm?] films:

Film Name Graft Level Grafting Time
(100 pm grafted films) [Yo] [hours]

12.04.12_100pm 2.1 4 1

12.04.20 100pm_1.1 30 01:30
12.04.20 100um 2.2 31 01:30
12.04.20 100um 2.3 35 02:00
12.04.20 100pum_2.4 5 02:00
12.04.06_100um 2.1 63 02:00
12.04.06_100um 2.2 34 02:20
12.05.03_100pm_2.1 24 03:00
12.05.03_100um 2.2 55 03:00

Film Name Graft Level Grafting Time
(150 pm grafted films) [Yo] [hours]

12.04.12_150um 2.1 28 02:30
12.04.12_150pm 2.2 8 02:30
12.04.20 150um 2.1 13 02:30
12.04.20 150pum 2.1 11 02:30
12.05.03 150pum 2.1 83 03:15
12.05.03_150um 2.2 26 03:15
12.04.20 150um 2.1 94 04:00
12.04.20 150pm 2.2 32 04:00
12.05.07_150um 2.3 84 08:00
12.05.07_150um 2.4 96 08:00
12.04.30_150pm 2.1 82 09:00
12.04.30_150pm 2.2 171 23:15
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Film Name Graft Level Grafting Time
(200 pm grafted films) [Yo] [hours]
12.04.12 200pm 2.1 16 03:00
12.04.12_200um_2.2 43 03:00
12.04.11_200pm 2.1 99 06:30
12.04.11_200um_2.2 130 06:30
12.05.03 200pm 2.1 112 08:00
12.05.03 200pm_2.2 104 08:00
12.05.04 200pm 2.1 150 12:30
12.05.04 200pm 2.1 165 12:30
Film Name Graft Level Grafting Time
(250 pm grafted films) [Yo] [hours]
12.04.12 250pm 2.3 13 05:10
12.04.12_250um_2.4 14 05:20
12.04.12_250pm 2.1 21 06:00
12.04.12_250um 2.2 37 06:00
12.04.11_250um-2.1 20 09:00
12.04.11_250um-2.2 110 09:00
12.05.04 250pm 2.3 122 12:00
12.05.04 250um 2.4 62 12:00
12.04.30 250um 2.3 6 15:10
12.04.30_250um 2.4 185 14:30
12.05.04 250pm 2.1 54 18:00
12.05.04 250um 2.2 172 18:00
12.04.16_250pm 2.1 139 18:00
12.04.16_250um 2.2 6 18:00
12.04.30 250pm 2.1 185 21:45
12.04.30 250um 2.2 161 21:55

All the ETFE films were in 8 x 1 [cm?] dimensions and irradiated under 50 kGy,
grafted at 60C. All the grafted films were washed with toluene and dried at 70C. The
graft levels were calculated gravimetrically. The grafting scheme was not intended

towards a kinetic study.
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APPENDIX B UTM RESULTS

Stress (N/mm)

35

—— ETFE-100um

—=— ETFE-150um

+ ETFE-200um
—=— ETFE-250pm

—»— Nafion 115

500 1000 1500 2000

Strain [%]

Pristine ETFE films and Nafion® 115

Elastic Modulus [MPa]
ETFE 100 pm 9
ETFE 150 pm 14
ETFE 200 pm 15
ETFE 250 um 12
Nafion® 115 12
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APPENDIX C SEM RESULTS

100pm EHT = 2.00 kV Signal A = SE2 Date :11 Jul 2012

Mag= 571X |—| WD= 4mm Photo No.= 644  Time :17:55:55

The cross-section of 17% grafted 100um_ETFE film

1um EHT = 2.00 kv
Mag = 25.00 K X |_| WD= 12mm

ey J&,ua = = E

- L& = ol 1

L5 L et

Details of the cracked surface of 200um_GL:55% ETFE-g-PSSA based membrane.
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10um EHT = 2.00 kV Signal A= SE2 Date :30 May 2011
Mag= 5.00KX |—| WD= 12 mm Photo No. = 1152 Time :11:15:32

Cracked surface of 200pm_GL:55% ETFE-g-PSSA based membrane.

X 4
EHT = 2.00 kv Signal A= SE2
WD= 7mm Photo No. = 542

Cross-section of displaced 100um_GL:80% ETFE-g-PSSA based membrane, cut in
the horizontal direction.
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APPENDIX D DISPLACEMENT RESULTS

Displacement angle and back-relaxatons of ETFE-g-PSSA based IPMCs with
different thickness and similar graft levels under applied 2V, 3V

Applied O (degrees) I;ti(lcllealirgleii)d Frgrlsgieefl)
Potential (DC) . .
potential potential
Nafion © 2V 0 * * *
Nafion * 3V 0 * ¥ *
100pm 80% 2V 11 0 6
100um 80% 3V 21 24 ** -
150um 77% 2V 13 3 5
150um 77% 3V 40 0 26
200pm 80% 2V 7 0 2
200um 80% 3V 38 12 23

* Small oscillations has been observed
** The IPMC strip oscillated harmonically

Tip displacement and back-relaxations of ETFE-g-PSSA based IPMCs with
different thickness and similar graft levels, and corresponding durations

DC 5(max)- Responce S(ma?c)- r F*'
. to field at | duration duration
potential | [mm] sec] [sec] [mm] [sec]
100pum_80% 1V- 0.5 0. 1-2 oscillations -
100pm 80% 2V 4 1. 12 -0.25 13
100um_80% 3V 8.0 1. 15 -9.89 44
150pum 77% 1V 0 - - - -
150um_ 77% 2V 6 0 10 -1 45
150pum 77% 3V | 155 3. 36 - -
200um_ 80% 1V 0 - - - -
200um_ 80% 2V 2.5 1. 11 0 -
200um_80% 3V | 132 1. 32 +6.95 03:50
Nafion © 1V 1 9. - oscillations -
Nafion ® 2V ~1 6. - oscillations -
Nafion © 3V - 12 . - oscillations -
Nafion ® -2 1V ~1 - - oscillations -
Nafion © -2 2V ~1 - - oscillations -
Nafion ® -2 3V ~1 - - oscillations -

0 (max)- Maximum displacement. The maximum displacement was calculated by
the adgition of 8(x) and 9 (y) vectors.
I - back relaxation under still applied potential
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APPENDIX E DIFFERENTIAL SCANNING CALORIMETRY (DSC)
RESULT

DSC /(mW/mg)
1 exo
. Raw ETFE Fim 100 pm
121 — 100 pm_ GL: 18%
—_— 100 pm_GL-108%
1.0 100 pm_ 17% wet membrane
100 pm_109% wet membrane
0.8+
06

0.4

0.2

[33]
[23]
[13]
)|
1&:8]

-40 .30 .20

10 0 10 20
Temperature /°C

The samples were analyzed in N, environment and heated with 5° C/min.
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