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lonic polymer-metal compositdtPMCs) consist of a polyelectrolyte membraesually, Nafion or
Flemion plated on both faces by a noble metal, and is neutralized with certain counter ions that
balance the electrical charge of the anions covalently fixed to the backbone membrane. In the
hydrated statéor in the presence of other suitable solvgntee composite is a soft actuator and
sensor. Its coupled electrical-chemical-mechanical response depends$l)onhe chemical
composition and structure of the backbone ionic polym@); the morphology of the metal
electrodes;(3) the nature of the cations; and) the level of hydration(solvent saturation A
systematic experimental evaluation of the mechanical response of both metal-plated and bare Nafion
and Flemion in various cation forms and various water saturation levels has been performed in the
author’s laboratories at the University of California, San Diego. By examining the measured
stiffness of the Nafion-based composites and the corresponding bare Nafion, under a variety of
conditions, | have sought to develop relations between internal forces and the resulting stiffness and
deformation of this class of IPMCs. Based on these and through a comparative study of the effects
of various cations on the material’s stiffness and response, | have attempted to identify potential
micromechanisms responsible for the observed electromechanical behavior of these materials,
model them, and compare the model results with experimental data. A summary of these
developments is given in the present work. First, a micromechanical model for the calculation of the
Young modulus of the bare Nafion or Flemion in various ion forms and water saturation levels is
given. Second, the bare-polymer model is modified to include the effect of the metal plating, and the
results are applied to calculate the stiffness of the corresponding IPMCs, as a function of the solvent
uptake. Finally, guided by the stiffness modeling and data, the actuation of the Nafion-based IPMCs
is micromechanically modeled. Examples of the model results are presented and compared with the
measured data. @002 American Institute of Physic§DOI: 10.1063/1.1495888

I. INTRODUCTION ions, e.g., C§ and particularly Tf, the backrelaxation is
several times greater than the initial fast displacement. If the
lonic polymer-metal compositetPMCs) are soft actua-  two faces of this strip are then suddenly shorted, the strip
tors and sensors. They generally consist of a thin polyelecrqquickly bends further towards the cathode and then slowly
lyte membrane of Nafion, Flemion, or Aciplex, plated onrelaxes back towards the anode, seldom attaining its original
both faces by a noble metal, generally platinum or gold Orstate. The magnitude and speed of these deflections depend
platinum with a layer of finishing gold to improve surface on the nature of the counter ions, the structure of the elec-
conductivity, and is neutralized with the necessary amount ofrodes, the level of hydratiofsolvent saturation and other
counter ions, balancing the charge of anions covalently fixe@onditions. When the same membrane is suddenly bent, a
to the backbone membrane. The anions in Aciplex andgmall voltage of the order of millivolts is produced across its
Nafion are sulfonates, whereas those in Flemion are carboxyaces. Hence, these IPMCs are soft actuators and sensors;
lates. Figure 1 shows the chemical composition of Nafiorsee, e.g., Refs. 1 and 2.
and Flemion. When a thin strip of an IPMC membrane inthe  For some large organic cations, e.g., tetrabutylammo-
hydrated state is stimulated by the application of a smalhium (TBA), a slow deflection towards the anode is observed
(1-3 V) alternating potential, it undergoes a bending vibra-under an applied step voltage, for both the Nafion- and
tion at the frequency of the applied voltage, generally noFlemion-based composites. For small organic cations, e.g.,
more than a few tens of hertz. Under a suddenly applied stefetramethylammoniuriTMA ), both a fast motion and a slow
voltage(dc), the composite quickly bends towards the anodebackrelaxation are observed for the Nafion-based IPMC, but
For the Nafion-based IPMCs that are neutralized with metalnot for the Flemion-based composite. Indeed, preliminary
lic cations, the strip then slowly relaxes in the opposite di-
rection, i.e., towards the cathode, while still under the ap-

plied voltage. The extent of this backrelaxation depends or™(CF2GFNCFLCFa)a—  ~(CFCR)CFCF)a— )

the level of hydration and the cation form. For certain cat- O-CF,CF,CF,CO0 O-CF,CF-0-CF;CF;580;
CF;

3E|ectronic mail: sia@ucsd.edu FIG. 1. Chemical structure of Flemidieft), and Nafion(right).
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observation of the step-voltage actuation of a Flemion-based
IPMC with purely gold electrodes shows that the initial fast A
displacement of the cantilevered strip towards the anode is
always followed by a slow relaxation in the sarfie., to-
wards the anodelirection for both metallic and organic cat-
ions. Hence, unlike for the Nafion-based composites, no
backrelaxation has been detected in these preliminary experi-
ments for the Flemion-based IPMCs that are actuated by the
application of a step voltage.

Nemat-Nasser and Thonfasave examined various as-
pects of the Nafion-based composites and their actuation and
sensing properties, providing some detailed discussion of the
potential micromechanisms and models to simulate them. In
my laboratories at the University of California, San Diego
we have been carrying out a systematic experimental evalu-
ation of the response of both metal-plated and bare Nafion
and Flemion in various cation forms and at different hydra- (a)
tion levels. Based on the results of the measured stiffness and
actuation of the material under a variety of conditions, | have
developed certain relations between internal forces and the
resulting stiffness and deformation of this class of IPMCs. |
have sought to decipher potential micromechanisms respon-
sible for the complex electromechanical behavior of these
materials. Some of these results are summarized in the
present article. For an overview of recent developments and
applications of IPMCs, and for references, see Ref. 4.

Wetal Overlayer

Platinum Diffusion Zone (0-25 um)

II. MICROSTRUCTURE AND PROPERTIES

A. Composition and properties

IPMCs considered in the present work are made from
Nafion 117(i.e., 1,100 g per mole sulfonate dry membrane of
178 um thickness The metal-plated composites are about
200-um-thick membranes, consisting of the following con-
stituents:

(1) backbone perfluorinated copolymer of polytetrafluoroet-
hylene with perfluorinated vinyl ether sulfonate pen-
dants, forming interconnected nanoscale clusters that
contain the sulfonates and their neutralizing cations;

(2) electrodes consisting of 3—10 nm in diameter metal
(generally platinum particles, distributed mainly within
10-20 um depth of both faces of the membrane, and
usually covered with 1-m gold plating;

(3) neutralizing cations; and

(4) a solvent, usually water.

The response of the IPMC depends on the nature of th&lG. 2. (a) Cross section of a typical Pt/Au-plated Nafion 117, showing the

orphology of the electrode zorimsert A) and polyelectrolyte membrane
backbone polymer, the structure of the electrodes, th insert B; (b) Electrode structure of Pt/Au-plated Nafion 117; distance be-

counter ions, and the level of hydration' Figu'(@)QShOWS tween crosses is 670 nm; afe] high-resolution TEM of the central portion
various constituents in a typical cross section of an IPMCof a Pt-plated Nafion 117, showing some Pt partidiésrk) and a cluster
with Nafion as its backbone polymer, indicating the micro-morphology of the polymef.

structure of the electrode regigmsert A in Figs. 2a) and

2(b)] and the cluster morphology of the polyrig@msert B in

Figs. 2a) and Zc)]. The density of the metal particles de- IPMC, showing sparsely distributed platinum particles and
creases with depth and generally is very small at the centeghe clustering of the polymeisee Refs. 5 and 6 for further
of the strip. Figure &) is a high-resolution transmission information on bare Nafion

electron microscopy(TEM) of the central portion of an The metal plating process can be adjusted to control the
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FIG. 4. Actuation of a K -form Nafion-based IPMC under 1 V dc; from A

FIG. 3. Distribution of platinum particles over the thickness of two Nafion- ©© B fast initial motion, from B to C slow relaxation, from C to D fast
based IPMC<5 motion upon shorting, and from D to E slow final relaxation.

size and distribution of the metal particf&s; which in tun ~ deformation process under an applied dc voltage. Indeed,
affect the response of the composite in a major way. Platisolvent droplets appear on the cathode face after the bending
num distribution for two examples is shown in Fig. 3, usingrelaxation towards the cathode has advanced, while the an-
energy dispersive x-ray spectroscopy. The metal plating fopde face continues to remain dr)_/. Once the_ twq faces of_ the
these samples has been preformed by Shahinpoor adBMC are shorted, the droplets disappear, diffusing back into
Kim.*?13The sample corresponding to the dashed curve corthe composite. In addition, measurement of the current flow
tains finer and more extensively distributed platinum par-during the initial fast motion towards the anode and subse-
ticles, has greater capacitance, and shows better actuatiéifyent relaxation towards the cathode shows continued migra-
than the other samplesolid curve. The Flemion-based IP- tion of cations into the cathode region even when this region

MCs that have been tested have pure gold electrodes withig undergoing contraction. With water as the solvent, the
dendritic structuré? slow backrelaxation is smallest for the'l-form and greatest

For the neutralizing cations, we have used,H.i™, for the TI"-form cation, among the cations we have tested.
Na", K*, Rb", Cs", Ti*, Ba" ", and several organic cat- For large hydrophobic organic cations such as TBA slow

ions such as TBA and TMA'. Remarkably, the stiffness of motion towards the anode is observed with no backrelax-
the bare polymer as well as that of the corresponding IPM@tion. Remarkably, and in contrast to the response of the
changes with the cation type for the same membrane and Aafion-based composites, the fast and the following slow
the same level of solvent uptake_g_, hydratiom as well as relaxation motions of the Flemion-based IPMCs that we
with the degree of solvent uptake_ The amount of So|venhave tested in the metallic cation forms are in the same di-
uptake at full saturation depends on the cation used, being&ction. That is, when the dc voltage is imposed, both the
maximum for H". It also depends on the temperature andinitia| fast motion and the fO”OWing slow relaxation are to-

duration of the solvent-uptake process. In what follows atwards the anode, and then, upon shorting, they are both to-
tention is focused on water as the solvent. wards the cathode. This difference in the response may in

part be attributed to the difference in the acidipK() of the
sulfonates (e.g., about—5.1 for trifluoromethanesulfonic
acid, CRSO;H, triflate) in the Nafion-based IPMCs, as com-

A Nafion-based IPMC sample in the hydrated state perpared with that of carboxylate®.g., about 0.23 for trifluo-
forms an oscillatory bending motion when an alternatingroacetic acid, CFCOOH) in the Flemion-based IPMCs.
voltage is imposed across its faces, and it produces a voltaggso, the electrode structure and composition of the two IP-
when suddenly bent. When the same strip is subjected to RICs are quite different, affecting the corresponding re-
suddenly imposed and sustained constant voltegeacross  sponse.
its faces, an initial fast displacemeftbwards the anodes The objective is to identify the underpinning micro-
generally followed by a slow relaxation in the reverse direc-mechanisms responsible for each response, quantify these
tion (towards the cathodgparticularly in an aqueous envi- mechanisms mathematically, and, in this manner, develop
ronment. If the two faces of the strip are then shorted duringhysics-based predictive models that describe the observed
this slow relaxation towards the cathode, a sudden fast mghenomena for various ion-form IPMCs.
tion in the same directioftowards the cathodeccurs, fol-
lowed by a slow relaxation in the opposite directidowards
the anodg Figure 4 illustrates these processes for‘afidrm
Nafion-based IPMC. The magnitudes of the two fast motions In an IPMC, the backbone fluorocarbon polymer is hy-
and the backrelaxation that follows the fast motions changérophobic and the anionsulfonates for the Nafion-based,
with the cation used. and carboxylates for the Flemion-based IPM@ee hydro-

More recent experiments using ethylene glycol or glyc-philic, resulting in the formation of clusters, within which the
erol as solvents have shown drying of the anode face andnions and their neutralizing cations are concentrated. The
wetting of the cathode face of the strip, during the entireanions (sulfonates or carboxylatesvithin the clusters are

B. Actuation and sensing

C. Micromechanisms of actuation
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covalently attached to the fluorocarbon matrix, while in a  duces (increaseps the electrostatic interaction forces
hydrated state the associated unbound cations can move among the charges within each cluster of the anode
within the water that permeates the interconnected (cathodée boundary layer.

clusters>*®~#4In the absence of an applied voltage, the cat-(4) Removal from the anode and addition to the cathode
ions and anions form conjugate pairs, with the cations opti- boundary layer clusters, water molecules by cation mi-
mally distributed within each cluster to minimize the overall ~ gration, which tend to quickly change the clusters’ aver-
energy. Each cation-anion pair may be visualized as a @age volume[For the H™ cations, however, there is no
pseudo-dipole whose effective moment depends on the na- Water removal from or addition to the clusters by this
ture of the cation and the number of available water mol- ~ Mechanism, §|nc5e_l'-|7m|grates via the Grotthuss or hop-
ecules. For the sake of referencing, in the present work, we PN9 mechamsrﬁ._ Indeed, the removaladdition of
choose to identify each cation-anion conjugate pair as a di- 1 ions actually increaselecreasesthe volume of the
pole, even though they do not form a true dipole. Indeed, water. wlthln the corresponding clusters,.due to the elec-
even for the same cation, the distance between the two trostriction effects on th? proton. hydrgnon shells. Fur-
charges corresponding to such a pseudo-dipole depends on thermore, the hydrophobic organic cations do not neces-

the level of hydration and, hence, is a function of water up- sarily transport water as they red|str|b]Jt¢
. . . . . (5) A change(decrease for the anode and increase for the
take. This fact will be incorporated into the model, as is

. . h ndary layein th motic pr re in th
explained later on in the present work. cathode boundary layein the osmotic pressure in the

. o . e clusters, due to the change in the ion concentration.
An applied electric field affects the cation distribution g

within the membrane, forcing the cations to migrate towards  gffect (1) relates to the fact that anion-cation coupling
the cathode. This Change in the cation distribution prOduceﬁlithin the clusters provides a pseudo Cross-“nking and a
two thin layers, one near the anode and another near thgructured arrangement with concomitant increase in the in-
cathode boundaries. We refer to these as anode and cathog@enal energy and decrease in the entropy of the system.
boundary layers, respectively. The clusters within the anodgvhile the phenomenon may be modeled based on certain
boundary layer are depleted of their cations, while clusterassumptiond? its experimental verification presents major
within the cathode boundary layer are cation rich. Nematdifficulties. On the other hand, effect®)—(5) can be mod-
Nasser and Thomasdiscuss potential effects that such eled directly and indeed do explain the observed behavior of
changes in the cation concentration may produce withirthe IPMCs, as is shown in what follows.
these boundary layers. A summary of their comments is
given first. Then, the most significant effects are examined,
modeled mathematically, and their influence on the actuatiop), some basic characteristic parameters
of the composite is discussed and illustrated. _ _

At the anode and cathode boundary layers, the respective One of the most important parameters that characterizes

reduction and increase in the concentration of the ions mazn ionomer, is its ion content, which is operationally defined
produce any of the following effects. y+ its equivalent weight, EW,. For Nafion 117 in the
H™-form, EWy,=1100 g dry sample per mole $CGon. It

(1) Adecrease in the effective stiffness of the polymer in thejs convenient to extend this definition to IPMCs in various
anode, and an increase in this stiffness in the cathodeation forms, as follows:
boundary layer, respectively.

(2) Arepulsive electrostatic force among the fixed anions of gy, — EWh, —1.008+ FW‘O“, (1
each cation-depleted cluster in the anode boundary layer, SF

which tends to increase the average cluster volume anghere FW,, is the formula weight of the cation used, and SF
also relax the prestretched polymer chains between adjds a scaling factor that measures the mass fraction of the
cent clusters, increasing their entropy and decreasingdded metal electrodes, SFnass of dry backbone ionomer
their elastic energy. In the clusters within the cathodeper unit mass of dry IPMC. For bare samplas metal elec-
boundary layer, the additional cations initially repel thetrodes, SF=1. When the areal densities of the backbone
existing cation-anion pseudo-dipoles, contributing to thepolymer and the added metal electrodes are both constant,
rapid expansion of these clusters and hence the fashen SF, is also constant.
bending motion of the IPMC towards the anode. In time  Another important parameter is the hydration, defined by
the cations in the cathode boundary layer may slowly béhe water uptakey, which is the volume of water absorbed,
redistributed under the influence of the strongly acidicVi.o, divided by the dry volumeYy,y, of the IPMC:
sulfonates, producing the slow back-relaxation motion of Vv
the Nafion-based IPMCs(but not necessarily the W= H,0 )
Flemion-based IPMCs that contain the weakly acidic Vary -
carboxylates

(3) Reorientation of the water molecules in the clusters
which tends to increase the effective electric permittivity
of the clusters in the anode, and decrease it in the clus- m=10° P
ters within the cathode boundary layer. This in turn re- EWigw

From the earlier two parameters, we calculate the anion
'molality, m, within the sample

)
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This measures moles of anion within the IPMC per liter of its(i.e., dry statgradiusa, (representing a clusterembedded
water content. In Eq(3), p is the dry density of the IPMC at the center of a spherical matrix of initial radiRg, and
membrane, measured in g/&riThe number of moles of an- placed in a homogenized hydrated membrane, referred to as
ion per cubic meter of the hydrated sample and the aniothe matrix. We assume that the stiffness of both the spherical
charge density in Coulomb per cubic centimei@fcnt) of  shell and the homogenized matrix is the same as that of the
the dry sample then, respectively, are (yet unknown overall effective stiffness of the hydrated
membrane. For an isotropic expansion of a typical cluster,
the two hoop stretches are equal,=\ ,. From incompress-
ibility A\, \%=1, and Eq.#6) yields

o (ro)=—Po+ KN, (ro),

_ w _ pF

C = 103m m, ery—m, (4)
where F is Faraday’s constan®©6 487 C/mol. Hence, the
total ion concentratiorg, measured as mole anion and cation
per mole water, and the associated total molality, are o4(ro)=—Po+KA5(ro), (7)

wherer, measures the initial radial length from the center of

the cluster. We assume that the effective elastic resistance of

the (homogenized hydrat¢dnembrane balances the cluster’s

e 10‘3(C++C‘)1+—W, (5) pressurep., WhiCh is pro_du_ced by the combined osmotic
w and electrostatic forces within the cluster.

1+w
c=18x10"8C"+C") —

where C is the concentration of cations measured in mole lDerImte tEe |n|t|_e|1_lhpor0ﬁ|t3(_vpl_u|rne _gf vq|ds %'V'dfd by
per cubic meter of hydrated sample. total volume by ny. Then, the initial void ratigvoid volume

divided by volume of dry polymeris wy=ng/(1—ng).

Both ng andwg are very small, i.e.,r{p,wg)<<1. Consider
lll. STIFFNESS VERSUS HYDRATION cases where the water uptake is suitably large, i.e., cases
A. Stress field in polymer matrix wherew>w,. Then, witha denoting the cluster radius and

) R is the outer radius of the representative spherical shell,
A dry sample of a bare polymer or an IPMC in an aque-poih after water uptake, obtain

ous environment absorbs water until the resulting pressure

within its clusters is balanced by the elastic stresses that are no=(a0/Ro)?, Wo= No

consequently developed within its backbone polymer mem- "0 1907707 v 0Ty gy

brane. From this observation the stiffness of the membrane 3

can be calculated as a function of the water uptake for vari- | _ Mo .3 )= Ao RO)_l ®
ous cations. We first consider the balance of the cluster pres- 1-ny 2% 1-ny 7

sure and the elastic stresses for the bare polyimemetal where \,(ag)=al/a, and \,(Ro)=RI/R, are the hoop

plating and then use the results to calculate the stiffness Ofiretches at the cluster surface and @t R,, respectively.
the corresponding IPMC by including the effect of the addedupon deformation, material points initially a§ move tor:
metal electrodes. The procedure also provides a way of esti-

mating many of the microstructural parameters that are r°=rg+aj(w/wo—1), 9
needed for the modeling of the actuation of the IPMCS.hare Eq.(8) is used. The radial and hoop stresses at an
Since, for the Nafion-based IPMCs, the overa}ll stiffness ot iiial distance ofr, from the cluster center are

both the bare membrane and the corresponding IPMCs has

been measured directly as a function of the hydrattahe o (ro)=—po+K[(ro/ag) 3(w/wo—1)+1]"*3,
2)&(1;2:“sqs(as:tr;p\fg)rr:fiscztrilgn.the results can thus be subjected to oo(te)=—PotK[(ro/ag) 3(wiwe—1)+1]2% (10

The stresses within the backbone polymer may be estiThe radial stressg,, must equal the pressurp,, in the
mated by modeling the polymer matrix as an incompressibl€luster, atro=a,. In addition, the volume average of the
elastic materiaf®2° Here, it will prove adequate to consider Stress tensor, taken over the entire membrane, must vanish in
a neo-Hookean model for the matrix material. In this modelthe absence of any externally applied loads. This is a consis-
the principal stressesg,, are related to the principal tency condition that to a degree accounts for the interaction
stretches),, by among clusters. These conditions are sufficient to yield the
undetermined pressurpg, and the stiffnessK, in terms of
w andwg, for each ion-form bare membrane, as is discussed
wherep, is an undetermined paramet@ressurgto be cal-  in what follows.
culated from the boundary data; in spherical coordindtes,
=r, 0, ¢, for the radial and the two hoop components; &hd B. Pressure in clusters
is an effective stiffness which depends on the cation type and
its concentration, and on the water uptake,

The aim is to calculat& and p, as functions ofw for
various ion-form membranes. To this end, we examine th
deformation of a unit cell of the hydrated polyelectrolyte
(bare membraneby considering a spherical cavity of initial pP=II(M*)+ ppp, (11

o1=—po+ KA, (6)

For the hydrated bare membrane or an IPMC in the
M ™ -ion form, and in the absence of an applied electric field,
the pressure within each clustgr,, consists of osmotic,
?](M*), and electrostatiqppp, components
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where the electrostatic component is produced by the ionic 4w ., LAm
interaction that we represent by dipole—dipole interaction ~d=Qp 3~ (Ro~ap) ;—>=Qg 5~ (R°~a")
forces(hence, the subscript DDapproximating cation-anion
conjugate pairs as dipoles. Qs ag Qs Ry _ peF

T 3woa3(ay) 3 wP BT EW,

47a?

(15

1. Osmotic pressure
ep . u . o _whereQyg is the anion charge densitjn Clen?) of the dry

The osmotic pressure is calculated by examining the difpare membrangys is the dry density of the bare membrane,

ference between the chemical potential of the ftesh wa-  and EW,, is its equivalent weight. The last expression is

ter and that of the water within a typical cluster of known ion gbtained using the incompressibility of the polymer and the

concentration within the membrane. The chemical potentiafact that f19,wy)<1. Now, in view of Egs.(8) and (15),
of water within the membrangmeasured per molds ex-  expression(14) reduces to

pressed as
Pop=—— Q5 o (16)
=+ 18x 10 8p+RTgln m) PP 3k “B w2
w e . Here, the plus sign is for repulsive, and the minus sign is for
=po +18(10 °p— 10 °RTvm), (120  attractive dipole—dipole interaction forces. From E(k3)
whereg is the “rotional” and ¢ is the “practical” osmotic ~ @nd(16), the cluster pressure finally becomes
coefficient, being related by=(1+0.00%m) ¢; v=2; and Qs Ko 1 2
. . . .. B MO 2=
p is the water pressure in pascal. The osmotic coefficient pc:T+ JQB W (17)
e

¢(m) depends on the molalityn.2° The osmotic pressure in
mega pascal, associated with the catioh,N& now obtained ) _ _
from the difference in the chemical potential of the clusterC- Stiffness of bare ionomer versus hydration

water and the free bath water. This gives We now estimate the overall effective stiffness,
vpRT  vQqKod RT =K(w), and pressurepo= po(w), as f_unctions of the water
(M= EWw , Ko=?, (13 uptake,w, for the bare ionomer. To this end, observe that the
ionW w radial stressp,(rg), atro=ay, must balance the common
whereQyg,, is defined in Eq(4). pressurep., in the (interconnectedclusters
o (ag)=—Pc- (18)
2. Dipole —dipole interaction pressure To account for the interaction among the clusters, and to

Consider now the electrostatic interaction forces within a8€NSure consistency, the volume average of the stress tensor
typical cluster. In the dry state, and in the absence of afnust vanish in the absence of an external load. This require-
applied electric field, the cations, Vs, and the sulfonates, ment yields two equations. The first shows that the volume
SO;’s, form pseudo-dipoles that are distributed over the2verage of the deviatoric part of the stress tensor taken over
cluster surface. In a hydrated state, the hydration water mofh® dry polymer matrix onlyi.e., excluding the clusters
ecules intervene and modify the strength of these dipoles arf@ust vanish. The second relates the volume average of the
their interaction forces. Depending on the water content, théPherical part of the stress tendéaken again over the dry
electrostatic interaction may produce hydrostatic tension oPClymer matrij to the cluster pressurg,, as follows:

compression within the clusters. Their effective moments 1
depend on the water content and change with the water f %(ar+209)dvdry—wpc=0. (19
uptake,w. Vary Jvgy

To estimate the pressump, produced by the electro- The integral can be evaluated in closed form for a typical
static forces in a typical cluster, consider a sphere of raglius unit cell with spherical shell of thicknes®,—a,, and using
containing radial dipoles of density=«q, uniformly dis-  Eq. (10), we obtain
tributed over the sphere’s surface area. Hgris, the charge
density andv= a(w) is an effective dipole length, a function ~Pot Kwol y;=wp,
of the water uptakew. The radial pressure on the sphere is
then calculated by integrating the Coulomb forces acting on | = 1+2An 7 1+2A;/3,
the dipoles of an elementary surface area, due to all other No(1+Ang) (1+A)
dipoles that are distributed over the sphere. This gives

31p?  3¢°%a?

pDD:T:)a2 = q—z, (14

Ked

w

A=—-—1. (20)
Wo

Combining Eqs(17), (18), and (20), we now arrive at

where k.= k(W) is the effective electric permittivity in the

cluster, which changes with the water uptake,Since an-

ions reside solely within the clusters, the surface charge den-

sity, g, can be calculated as follows:

(1+w)

K= pc—l'wo 4731
WOIn_ )

w
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2400 hydration shell of an ion, water has a dielectric constant of
only 6, whereas as free molecules, its dielectric constant is

el about 78 at room temperature. The static hydration shell of
& 1600 - Li* is about 6, which equals its corresponding coordination
f; number, CN; see Nemat-Nasser and Thdhiascomments.
§ 1200 + Let m,, be the number of mole water per mole i¢ration
% 800 1 and anion within a cluster, and note that

400 - my= =Pt (23

W 18vpg
0 —— |

Hence, when the water uptake is less than CN moles per
mole of ion within a cluster, we set.,=6x,, where g
=8.85<10 2 F/m is the electric permittivity of the free
FIG. 5. Uniaxial stiffnes§Young's modulugof bare Nafion 117lower data ~ SPace. Qn the other hand, when more water is available in a
points and the solid curve, modeind an IPMC(upper data points and the ~cluster, i.e., whem,,>CN, we calculatec,= k(W), as fol-

0 10 20 30 40 50 60 70 80 90 100 110
Hydration, %

solid curve, modelin the Li* form vs hydration waten. lows:
_7+6f6 ~ m,—CN of
, we=7—6f 00 1=, 24
-
pO=K<W— +pe- (21) Expression (24) is obtained from Eq(B5) of Appendix B
0

Ref. 24 by settingc; =6k and k,= 78k in

D. Comparison with experimental data . Kot Ky +f(Kko— K1) .
¢ kot f(kp— k)

In a series of experiments, the extensional Young's
modulus,Y, of strips of bare Nafion 117 in various ion forms, Note that Eq.(44) of Ref. 24 and Eq(34) of Ref. 4 contain
is measured as a function of the water uptakeé?® These typographical errors, while E4B5) Ref. 24 is correct. These
results are now used to check the model and, more impomuthors use a micromechanical model to obtain their result;
tantly, to fix the model parameters. Since both the polymesee Ref. 32.
matrix and water can be regarded as incompressible at the We now calculate the parametera?, as follows. As a
level of the involved stresses, the hydrated composite can Hast approximation, we let? vary linearly withw for m,,
regarded as incompressible when the water uptake is fixedg CN, i.e., we set
i.e., in the absence of water exchange with the surrounding
environment, the hydrated membrane is assumed to be in-
compressible. For small axial straifse., less than 1%  and estimate the coefficiends anda, from the experimen-
therefore, the Young modulu¥g of the hydrated strip of tal data. Form,>CN, furthermore, we assume that the dis-
bare polymer relates to the stiffneks by tance between the two charges forming a pseudo-dipole is
controlled by the effective electric permittivity of the their

+a’=a,w+a,, for m,<CN, (25)

Yp=3K, (22 environmentii.e., water moleculésand hence, is given by
which follows directly from Eq(6) for small strains. Figure
. . 7+ 6f
5 shows the experimentally measurégd for Li™-ion form a=1010 (a;w+a,)Y? (26)
Nafion 117. The measurement technique and the associated 7—6f
instruments are discussed elsewh@relere we use the data note that form,>CN, we havea,w+a,>0. The lower
to check our model results, as follows. solid curve in Fig. 5 corresponds to the valegs-1.728 and

In Fig. 5, the lower solid curve is obtained from Eq. a,=—0.0778 which are obtained by settinty=1250 for
(21)y, in the following manner. For the purposes of calcu-w=0.02 andYz=60 for w=1.00. Parameters, anda, are
lation, we use an initial porosity af,=0.01, which is rather  thus empirically fixed in this model.
large but suitable in the present context. Then we calculate
EW,;+ from Eq.(1) with FW,;+ equal to 6.94 for Li. Since
the bare Nafion is used SF is equal to 1. For the value of th
osmotic factor,¢, we use 1, althoughp=1.6 may be in-
ferred from the data reported in the literature for metal salts  In Fig. 5 the upper data points represent the measured
of Li* with trifluoromethanesulfonic acid(CF;SO;H, stiffness of a Nafion-based IPMC in the'Lform, as a func-
triflate).3! In view of the uncertainty in the values of several tion of its hydrationt®> The upper solid curve is the model
other involved parameterg,=1 is justified. The dry density result obtained using the modébwer solid curve in the
pg, is measured to be about 2.01 gfenwith »=2, R figure) for the bare Nafion in the L'i form, as follows.
=8.3 J/mol/K, andl' =300 K for room temperature, the only The gold plating is about &m layer on both faces of an
unknown quantity in Eq(17) and, hence, in Eq21), is the  IPMC strip, while platinum particles are distributed through
ratio a?/ k.. To estimatex, as a function of the water up- the first 10—2Qum surface regions, with diminishing density
take,w, note that water molecules are polar. As part of the[see Figs. @) and Zb)]. To include the effect of these metal

E. Stiffness of IPMC versus hydration
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electrodes on the overall stiffness of the composite, we as-
sume a uniaxial stress state and average over the strip’s vol-

ume to obtain the average strain and stress, as follows:
eipmc= fmnem+ (1= funes,

fum
1+w’

(27)

agpvc=funomt (1—fuyog, fup=

where the barred quantities are the average values of the

strain and stress in the IPMC, baeydrated membrane,
and metal electrodes, respectively; afif is the volume
fraction of the metal plating in a dry sample, given by
I S SPps
M (1-SPpg+ Sk’
wherepy, =20 g/cn? is the mass density of the metal plating

(28)

Sia Nemat-Nasser
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FIG. 6. Uniaxial stiffnesg§Young’s modulugof bare Nafion 117lower data
points and the solid curve, modeind an IPMQupper two open circles and
the dotted curve, modein the Rb" form vs hydration water; F\A#85.5,

and SF is the scaling factor, representing the weight fractiopy=2.10,a,=2.10,a,= —0.075, CN=3.0, ¢=1.0, Az =0.60.
of dry polymer in IPMC. We assume that the average stress

in the bare polymer and in the metal are given by

(29
whereAg and A,, are the concentration factors, giving the
average stress in the bare polymer and metal in terms of t
average stress of the IPMGrpyc. Setting og=Ygeg,

oy=Yyen, andopyc=Ypucepmc. it follows from Egs.
(27), (28), and(29) that

YmYe
+ (1_ BAB)YB ’

~(+w)(1-fy)
14+ wW(l—fy)

HereYy is evaluated at hydration @f when the hydration of
the IPMC isw. The latter is measured directly at various
hydration levels, as shown in Fig. 5 for an IPMC in thé Li
form. Since most IPMCs that we have studied contain bot
platinum (with 21.45 g/cm mass densityand gold (with
19.3 g/cnt mass density py in Eq. (28) represents their

og=Ag0ipyMc: TM=AMTipMC

leMC: BABYM

w=w(1—fy). (30

combined overall density. The quantity SF can be measurexl‘.i

directly* or indirectly from the measured density of the
IPMC in various ion forms? For the data shown in Fig. 5,
pm=20 glcn?, pg=2.0 g/cni, and SF=0.60, resulting in
fym=0.0625. ForYy, we have used 75 GPa and for the con-
centration factor we have usell;=0.50. Then, for each
value of w the corresponding value for the bare polymer
given by the lower solid curve in Fig. 5, is entered into Eq
(30), to obtain the associated value for the upper solid curv
Similar results are obtained for other IPMCs in other ion
forms, as illustrated for the Rlform IPMC in Fig. 6. Other
data are presented elsewhé&te.

IV. IPMC ACTUATION
When a cantilevered strip of a fully hydrated IPMC in a

[S)

(i.e., towards the cathogdirection and then reverses its mo-
tion and slowly relaxes back towards the anode. In what
ollows, | seek to model these phenomena micromechani-
cally and obtain quantitative results that are in accord with
these observations.

As pointed out before, the application of electric poten-
tial causes redistribution of the cations within the membrane.
As a result, two thin boundary layers form, one near the
anode and the other near the cathode electrodes. In this pro-
cess, the clusters in the anode boundary layer are depleted of
their cations, whereas those in the cathode boundary layer
are supplied with additional cations. Recent measurements of
the current flow during the IPMC actuation shows continued
accumulation of cations within the cathode boundary layer
long after the initiation of bending relaxation away from an-

de and towards the cathode. Thus, during the backrelax-
ation, the cathode boundary layer of the IPMC strip is con-
tracting while cations are still being added to its clusters.
his experimental observation points out the dominance of
electrostatic forces over the osmotic and hydraulic pressures
(at least during the backrelaxation responsegating the
so-called hydraulic model of the IPMC actuation; see Ref. 4.

The anode and cathode boundary layers, together with
their corresponding charged electrodes essentially shield the
central part of the IPMC from the effects of the applied elec-
tric potential. Basically, all critical processes that cause ac-
tuation occur within these two boundary layers. Each bound-
ary layer has its own distinct characteristics, which must be
understood and modeled.

The cation migration is generally accompanied by some
water transportexcept for H and for hydrophobic cations,
e.g., TMA" and TBA"). In addition, the changes in the ion
concentration and in the electrostatic forces that are produced

metallic cation form is subjected across its faces to, say, 1 Wy the cation migration and the resulting charge imbalance
step electric potential, it quickly bends towards the anodewithin the clusters drive water into or out of the boundary
Then, while the voltage is still on, a slow rever§e., to-  layer clusters. These comments suggest that a complete so-
wards the cathodeelaxation motion follows the initial fast Iution of the actuation problem requires a coupled electroch-
bending. Upon shorting during the slow bending motion to-emomechanical formulation for calculating the charge and
wards the cathode, the IPMC strip quickly bends in the same&vater density distributions as functions of time, and thence
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the resulting deformation of the IPMC. Suggested by a mi- X
cromechanical model that did not include the capacitive Y.

properties of the electrodes, Nemat-Nasser arfd &sti- M o
mated the time scale for the initial cation redistribution to be h t
very small compared with, say, the mechanidanding re- l YB 2h | I2
sponse time of a hydrated IPMC strip. As mentioned earlier, l : | :
recent direct measuremehtsave, however, revealed contin- } Nafion | |
ued cation depletion from the anode and accumulation into |

the cathode boundary layers long past the initial fast motion T
and way into the period of backrelaxation of the cantilever.

On the other hand, since the widths of the anode and cathode Ptor Au

boundary layerg1-20 um) are small compared with the Plating

thickness(about 220um) of the hydrated IPMC membrare, _ _ _
the final equilibrium distribution of the catiorisinder a dc FIG. 7. Schematics of the cross section of an IPMC of thicknéss &@n-

It b timated i | df d th difi isting of metallated layers of thicknest-h sandwiching hydrated bare
voltage can be estimated in ¢ osed form and then mo '_'eﬂmemer of thickness B; the effective Young’s modulus of the metallated
tO account fOI’ the tempOI’a| eVO|Ut|0n that |eadS tO the flna ayers isYM and that of the hydrated polymer‘%; and x measures dis-
equilibrium state. Therefore, for modeling purposes, one mayance from midpoint of cross section.
first calculate the final equilibrium cation distribution that is
caused by an applie@c) electric potential, modify this to
include the temporal variation, and then consider the result-

. - . -
ing effects on the osmotic, electrostatic, and elastic respons%XIaI (along the length of the stripeigenstrain rate by,

of the membrane. The validity of the assumption of the smalf”lnd set
length of the boundary layers and the separation of spatial . 1 1 w(x,t)
and temporal solutions can then be checlegosteriori & (x,t)=§sy(x,t)=§m, (32)

This approach is followed in the sequel.
where the dependence on the distance along the thickness

and time,x andt, is shown explicitly.e* (x,t) is called the
eigenstrain rate.
| assume that the actuation of the IPMC is caused by the

changes in the volume of the clusters within the cathode and

anode boqndary .Iay_ers,_ in response to the ele.ctrlcally m-F' Eigenstress rate

duced cation redistribution. In an aqueous environment,

assume full hydration of all the clusters all the time. Thus, The eigenstrain raté* (x,t) produces an eigenstress

when, say, the cation-rich clusters in the cathode boundarr;latte,32 given by

layer tend to expand under the action of the repulsive elec- ., V. bk (33

trostatic forces and osmotic pressusection due to greater BLE

cation concentration, | assume that water will diffuse fromwhereYy, is the effective Young's modulus of the boundary

the surrounding bath into these clusters, keeping the clustetayer, i.e., of the hydrated polymer.

fully saturated. This process continues until the elastic resis- The total axial stress rate acting normal to the cross sec-

tance of the matrix polymer in the boundary layers balancesion of the strip, is given by the sum of the stress rate carried

the internal cluster pressure. The resulting strains are callelsy the backbone polymeir=(x,t), and the eigenstress

eigenstrains. These eigenstrains would result if the boundamate

layers (clusters embedded in the elastic polymer matrix . . .

wgre free from the constraint of the remail;in)é part of the TGO =a 0+ (xb). (34

IPMC. In the presence of such constraints, elastic stresses ayghen no external load is applied, equilibrium requires

produced in the backbone polymer, leading to the observed

bending actuation. fH oT(x,t)dx=0, f
-H

A. Volumetric straining, eigenstrain rate,
and actuation

H
xo(x,t)dx=0. (35)
H

1. Eigenstrain rate . - .
g From these expressions, the tip displacement of a cantile-

With fully water-saturated clusters, the volumetric strainvered strip of an IPMC can be computed incrementally, once
rate,e,, is related to the rate of change of the water uptakehe eigenstrain rate* (x,t) is known.
P Note that the eigenstrains that tend to develop within the
In(1+w), (31 boundary layers may be finite. However, the resulting actual
bending strains within the IPMC are generally quite small.
where, as before, the polymer matrix and water are regardetherefore, while it may be necessary to use a finite elasticity
as incompressible, and hence any overall volume change imodel to calculate the constraint-free deformation of the
due to a change in the cluster volurtveater uptakg clusters in the boundary layefsimilar to the stiffness cal-
With x measuring length along the cross section of theculation of Sec. Il], only small deformation analysis is re-
strip (Fig. 7) from its mid-point, denote the corresponding quired for the overall bending calculations.

T Trw o at
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3. Tip displacement fluxes are usually expressed as linear functions of the gradi-

For a cantilevered strip of length and unit width, un- ~ €nts du"/ox and du"/dx (i.e., forces, through empirical
dergoing small bending motion, the tip displacement rate, coefficients. In a complete theory, these expressions must be

is related to the maximum cross-sectional bending strain ra@@PPropriately augmented to include the potential of the elas-
&max DY>> tically deforming polymer.

:2_H u (36) 1. Volumetric strain due to cation water transport
€max )
L L .

As noted before, some water molecules are carried by
where H is the thickness of the hydrated IPMC, and it is hydrophilic cations(except for H). This kind of water
assumed that .4 is constant along the length of the strip. transport must be included directly with the flux of the cation
The bending moment required to produce this strain rate iscarriers. Indeed, if SN is the dynamic solvation number, i.e.,

mole water molecules actually transported per mole migrat-

) : H 2 _
M R:'S:laxf HY(X)XZde §;gmax|-| 2(3Y\pyc—2Y5), ing cations, the resulting volumetric eigenstrain would be
(37) g*=18x10 (C"—C")SN. (43

whereY pyc and Yg=3K(w) are the Young moduli of the As pointed out in Ref. 4, the interconnected clusters provide
hydrated IPMC and bare Nafion, defined in Eqgs. ¢3@)d  an inhomogeneous structure and a tortuous route for the mi-

(21),, respectively. From Eq$37) and(36) it now follows  grating cations. This may result in a solvation number much
that: smaller than what may be measured in the bulk, where water

molecules that remain in association with the ion for times
u 3LMg longer than the diffusive lifetime are considered solvation
[ - AH3(3Y e 2Ys) : (38 waters. Thus, SN in Eq43) is expected to be only a fraction
IPMC B of the coordination number, CN, used in the stiffness calcu-
Now, using Egs.34) in (35),, the bending moment rate, lation of Sec. lll. This volumetric strain given by E®3)

Ms(x,t), Supp"ed by the Changes in the boundary |ayerS, |éna.y thus be estimated directly once the cation distribution is

expressed in terms of the rate of water uptake by f:alcu_lated and th_e actual dynamic solvation number for cat-
] ions in the IPMC is measurgor assumeqd | hasten to men-
N _} fh X W(x,1) X (39) tion again recent current-flow measuremanist show con-
S BL . . . L. .
3J-n 1+w(x,t) tinued cation addition to the cathode clusters while these

clusters are actually contacting, suggesting that the cations
rather than their solvation water molecules are of primary
importance in the IPMC actuation.

If we assume that the boundary layer modulgs is
constant, then by settingl z=Ms, Eq.(38) yields

U LYg, fh WO
3 _ —h +

L AH(3YiPuc—2Ys) LW Consider now the problem of cation redistribution and
Note that the integration in E¢40) is from —h to h, while  the associated induced water diffusion. The diffusion-
the total thickness of the strip is2 see Fig. 7. controlled water migration is generally a slow process. Thus,

What remains now is to calculat(x,t) in terms of the  only the second continuity equation in H¢2) is expected to
osmotic, electrostatic, and elastic forces acting on clusters, as of importance in describing the initial cation redistribu-
discussed in the sequel. tion. The corresponding flux can be expressed as

B D++c+ (9/~L+ . D+Wc+ (9/~’LW
RT  ox RT ox’

(40) 2. cation transport

B. Voltage-induced cation redistribution I+

(44)

In general the redistribution of the cations and the asso- N N
ciated water molecules under the action of an applied electrighere D" and D" are empirical coefficients. From Egs.
potential, is governed by coupled equations involving the(41) and(44), it follows that:
gradient of the chemi_cal potenti_al of water giyen by E®), JC* C'F ap| DC gu?
and the electrochemical potential of the cations Jr=-D""| — RT ax

ox | RT ax
pw'=pg +RTIN(y"C")+Feo, (41)

(45

On the other hand, the well-known Nernst equation yields, in
as well as the elastic potential of the polymer matrix; in Eq.the present casé

(42), g includes the reference Ip{ C,) necessary for nor- PR tw
> 0 . . L dC" C'Fde C'V™Wop

malization, andp= ¢(x,t) is the electric potential field. The jt=_p* + — 4+ |l+cty 46

i i T d RT o RT ¢ ' (46)

ion and water fluxes must satisfy continuity X X X
P v 9Ct oIt with D™ being the ionic diffusivity coefficient. Since only
—In(1+w)+ —=0, +—=0, (42)  the first two terms in the parentheses contribute to the final
at IX at IX

linearized equation governing the cation redistribufidf,
wherev=p(x,t) is water velocity(flux) and J =J"(x,t) is  the two approaches lead to the same results under the stated
the cation flux, both in the thicknesse., x) direction. These assumptions in the present case.
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The variation of the electric potential fieldh= ¢ (x,t), L 1 X C F¢2 RT

in the membrane is governed by the basic electrostatics equa- EW(x)= F( - K07+ Eo) , Ko= — =

tions
D de W(x)=K X)* EX+A 51
—=(C'—C)F, D=«E, E=-—-, 47) ¢ 00=Ko| 7| ~Eop T Ao, (51)

whereE, andA,, as well a¥’ are constants to be computed

where D, E, and k are the electric displacement, electric P o . !
. . e . from the boundary and continuity conditions, discussed in
field, and the electric permittivity, respectively. These are all

. 2 the sequel. Solutioi5l) is considered to hold in the region
funcnons of bothx andt.4 Comblm_ng Egs{46) to (47) and —h=x=<-h+¢’'. In the remaining region along the thick-
neglecting small term&* we obtain

ness, i.e., in-h+ ¢’ <x=<h, we integrate the basic equation
J [a(KE) [#*(xE) CTF?

2z - PE 1
x| at x>  kRT ]0' “8 —5— 53E=0, (52)

x> €2

to arrive at

(xE)

This equation provides a natural length scéleand a natural

time scale,r, which characterize the length of the boundary

layers and the relative speed of cation redistribution. These @ 1

are E (x)=Z[Boexp(x/€)+Blexp(—x/€)],
®RT\Y2 02 2)(y) =

:(C—FZ =i 49 o @(x)= —Byexpx/€) + B exp(—x/€) +B,, (53

—. . . Ct(x)—C~
where « is the overall electric permittivity of the hydrated —_—
IPMC strip, which can be estimated from its measured c
capacitancé® Therefore,¢ can be estimated directly from whereB,, B;, andB, are the integration constants. These
Eq. (49),, whereas the estimate efwill require an estimate and the other constants are calculated from the following
for D*. It turns out that the capacitance of the Nafion-basedontinuity, boundary, and the overall charge-balance condi-
IPMCs (about 200—22%um thick) that have been examined tions
in my laboratories, ranges from 1 to 60 mF/grdepending CH(—h')=0, h'=h—¢"
on the sample and the cation form. This suggests#haay ' '

F
= ﬁ[BO expx/€)—Bexp —x/€)],

be 0.5—6um, for the Nafion-based IPMCs. Thu& is of the EX(—h")=E@(-h"),

order of 10 ¥ m?, and for the relaxation time to be of the

order of seconds, D must be of the order of 102 m?/s. e (—h")=e?(=h"),

Our most recent experimental restlssiggest this to be the o D(—h)= o2 (54)

case. Indeed, direct measurement of current flow through
Nafion-based IPMC strips under a constant voltage shows ¢@(h)=— ¢,/2,
7=0(1)s in an aqueous environment.
X . . . — . . h
Since ¢ is linear in \k and « is proportional to the f (C*—C7)dx=0.
capacitance, it follows thaf is proportional to the square —h

root of the capacitance. Since( is only 0.5—3um, the resulting system of equa-

tions can be solved explicitly by noting thaa£h/¢, a’

3. Equilibrium ion distribution =h'/€)>1, and hence, exp(a)~0 and expf-a’)~0. The
To calculate the ion redistribution caused by the applicafinal results are

tion of a step voltage across the faces of a hydrated strip of bo '

IPMC, we first examine the time-independent equilibrium  Eg=Kp(1—a’), A0:7— Kol 1+ 7 2a],

case with 3=0. Here we seek to include the asymmetry in

the cation distribution that has been neglected in the calcu- ya 2poF

lation of Ref. 24, arriving at more realistic estimatésio B;=Kpexp—a'), 7" RT 2

this end, we note that in the cation-depletedode bound- (55)

ary layer the charge density is constant, given-b€ F, ¢ 1 ! 2

whereas in the remaining part of the membrane the charge 82:7_ EKO 7+1 +1

density is given by (C—C™)F. Let the thickness of the

cation-depleted zone with constant charge density 6f F Bo=exp(—a)[ ¢o/2+ B, exp(—a)+B,].

be denoted by’. The electric field in the zone-h<X<  constants\,, Ey, andB, are finite, being of the order of 10,

—h+¢", is then given by 1, and 0.1, respectively. On the other hand, constptand
K(X)E<1>(x)=—C‘Fx+EO, (50) B, are very small, being of the order of 18 or even

_ smaller, depending on the value of the capacitance. There-
whereE, is an integration constant. To simplify the analysis, fore, the approximation used to arrive at Ef5) does not
we replacex= k(x) by its constant effective valug, and compromise the accuracy of the results. Numerical evalua-
from Egs.(50) and (47} obtain tion supports this conclusion.
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8 where only in the expression fd* have we approximated
71 the variable electric permittivityx by its average effective
c 51 value, k. In view of Eqg.(47) and if C” is assumed to remain
'§ 51 constant’ then Eq.(56) becomes
4 p
° 2 + -
8 3 aQ 7Q Q c'-C
2 — D" —5——%|=0, Q=————=-1.
g 21 at ( w270 T ¢ ®)
S 1
= ‘ ‘ & , . , . Now setQq(x)=limQ(x,t) and note that
-:.a_ao 30 20 0 49 10 20 30 40 50 t=e
2 -1 ...for xs—h+¢’
Normalized Distance F
FIG. 8. Variation of the normalized charge density;(€C™)/C™, through ~ Qo(X)= R_T[ Boexp(x/€)—Bexp(—x/{)]. (58)

the thickness of an IPMC wita=50 and¢y=1V.
..for—=h+{€'<x<h

4. Length of boundary layers Then, the solution of Eq(57) can be expressed b
_ T . i
Remarkably, the estimated length of the anode boundar Yx. Dexp(-U) + Qo(x), wherey(x,t) is now defined by

layer with constant negative charge density-o€~F, i.e., the following diffusion equation and initial condition:

€' =(y2¢oFIRT—2)¢, depends only on the applied poten- ap PP _

tial and the characteristic length For ¢o=1V, for ex- E_D ox2 $¥(x,00= = Qo(x), (59
ample, €' ~6.8¢. Sincef is proportional to the square root

of k, and « is proportional to the IPMC’s capacitance, it

follows that¢’ varies as the square root of the capacitance. |
will be shown below that the tip displacement of a cantile-

subject to zero cation flux in and out of the membrane at its
poundary surfaces, i.e. X +h,t)=0. The solution can be
expressed in Fourier series by

vered strip of an IPMC is a monotonically increasing func- * .
tion of ¢ and, hence, varieéncreases linearlymonotoni- =2, [a,codzyx/h)+b,sin(zx/h)]
. . . n=1
cally with the square root of the capacitance. This fact
underpins the significance of developing optimal electrode Xexp{—zﬁt/(azr)},
morphology to maximize the resulting capacitance in order (60)

to achieve greater actuation. . . _

We usef as our length scale. Then, for a fixed value of ;::1 [an cogzpx/h) +bn sin(zqx/h) 1= Qo(X),
the magnitude of an applied step potentig},, we observe ) )
from Egs.(51), (53), and (55) that the equilibrium distribu- Wherez,, n=1,2,3,..., is of the order af, and the Fourier

tion of the resulting internal potential and the cations, de-coefficients are obtained from Eq. (60 the usual manner.

pends ora=h/¢ only. Figure 8 illustrates the final equilib- Since_these coefficients quickly diminish with increasimg
rium variation of the normalized charge density, f(C 2and sincea=h/¢~50, we conclude that
—C)/C™, through the thickness of an IPMC with=50 Q(x,1)~g(t)Qu(X), g(t)=1—exp —t/7). (61)

and ¢o=1V. As is seen, over the most central part of the

membrane, there is charge neutrality within all clusters, anJ hus, the spatial variation of the c_h.arge Q|str|but|on can be
the charge imbalance in clusters occurs only over narrov§9p"’lr"’lte'y analyzed and then modified to include the tempo-

boundary layers, with the anode boundary layer being thickerr‘s‘I effects.

than the cathode boundary layer. It should be emphasized

that equil?brium requ_irgs glectric neutrality_everywhere inthec kst actuation, slow reverse relaxation

IPMC strip, even within its electrode regions, and that the

charge imbalance in the clusters is actually balanced by the With the cation distribution given by Eqe58) and(61),
corresponding electrode charges. Therefore, the charge inf)€ pressure within the clusters of each boundary layer is
balance calculated earlier applies to the clusters within eacROW computed, and from this the resulting volumetric
boundary layer and not to the boundary layer itself, i.e., nofhanges within the boundary layers are obtained, as follows.
to the combined clusters and the charged metal particles

within the boundary layers. 1. Anode boundary layer

Consider first the anode boundary layer, and note from
5. Temporal variation of charge distribution

0
We now examine the time variation of the charge distri- f ,Qo(x)dx=€ (62
bution that results upon the application of a step voltage and -h
leads to the equilibrium solution given above. To this endthat the effective total length of the anode boundary layer,

consider Eq(48), and rewrite it as LA, can be taken as
Jd [d(kE) N JP(kE) 1 - \/m
&( ot - IX2 F(KE) =0, (56) La={¢'+4€¢= RT —-1]¢. (63
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To simplify calculation, consider a constant equilibrium wherem,,(t) is the total mole water per mole ion, afg(t)
charge density ofQq(x)=—1, in —hs=x<—h+L,, and is the fraction of free water molecules within a cluster in the
zero for the remaining zone; h+ L ,<x<0. Hence, identify anode boundary layer. Im,,—CN<O0, then we setkp
the anode boundary layer by the zona<x<—h+Lyand =6kg.
obtain C"=C~ exp(—t/7) in this layer. The total ior{cation Pressure pa(t) is resisted by the elastic stress,
and aniof concentration within this layer now is given by o,(ag,t)=—po(t) +K(t)[wa(t)/wo] #3, in the matrix
C +C"=C7[2—g(t)]. Thus, the osmotic pressure in the polymer, and balance is attained once equilibrium is
clusters within the anode boundary layer is given by #8)  achieved. This resistive stress is given by Et0),, where

with v=1+exp(—t/7)=2—0(t), for the stiffnesxK(t) and pressurey(t), we use expressions
- (21) associated with the bare polymer at the corresponding
#QgKo hydration,w, . The resulting effective pressure acting on the
A1) = Wi (t) [2=9(V], 64) water within the anode boundary layer is thus given by
A
whereQg andK are defined in Eqg15) and(17), respec- ta(t)=—o(ag,t) +pa(t). (69
tively. This stress is not zero during the cation redistribution. The

As the cations of the anode boundary layer are depletedesult is water diffusion into or out of the anode boundary
electrostatic interaction forces develop among the fixed anlayer depending on whethg(t) is less than or greater than
ions, introducing additional pressure, s@wa, Within the  the effective pressurpg of the surrounding bath water. The
cluster, while at the same time, the dipole—dipole interactiorwater exchange can be computed using the diffusion equa-
forces, papp, are being diminished. The two effects are tion and the initial and boundary conditions. However, since
coupled, since the cation distribution within a cluster wouldthe boundary layer is rather thin, we may simplify the nec-
depend on its concentration. We simplify the required analyessary calculations by assuming unifomm andt, in the
sis and assume the two effects are uncoupled. boundary layer. Then the differential E¢42), can be re-

To calculatepaa as a function of time, consider an el- placed by the following difference equation:
ementary surface of a spherical cluster with uniformly dis-

tributed surface chargg given by Eq.(15), calculate the Wa 4 AT VR:Q (70)
Coulomb interaction forces, and then multiply the result by ~ 1+Wa  (La/2)
g(t), to obtain, where the velocityvyr=0 when the IPMC strip is actuated

) 2 while submerged in a large bath of pure water, and the ve-
Dan(l) = 979 9 0:° aa locity v, can be assumed to be linearly related to the differ-
AR 2ka(t)  18ka(t) B [Wa(t)]? ential pressure

gty > R _ tA—Pr
~ T8ia(t) %8 [Wa) ™ 9 va=Pro( 2

wherekp= ka(t) is the effective electric permittivity of the WhereDHzo}s the hydraulic permeab|l|ty coefficient. With
cluster,a, is the radius of the cluster at water uptakg  thiS approximation, and setting the reference presgye
—w,(1), Ry is the initial (dry) cluster size, and the subscript €qual to zero, we obtain

(7D

A refers to the anode boundary layer; all other parameters are A ta

as defined before. The correspondimg,p (the subscriptA Tow. DHZOWZ Data. (72
denotes the anode boundary layisrestimated from Eq16) A A

using the cation concentration in each cluster Note that coefficienD 5 here includes the effect of the thick-

ness of the boundary layer. We assume iatis constant.
oot = 90 2 Elaa®
PP Bialt) B [Wa(D]?

(66)

- . . 2. Cath I
The total pressure within a typical cluster in the anode Cathode boundary layer

boundary layer, hence, is Consider now the clusters within the cathode boundary
. layer. Unlike the anode boundary layer, the ion concentration
Pa=IIA(M™,t) +paa(t) + Papp(t). (67)  in the cathode boundary layer is sharply variable and, in

. . . L view of Eqg.(53);, it may be expressed by the parameter
Based on the ion concentration in clusters within the a-(53)s y P y P

anode boundary layer, the effective electric permittiv Bo
becomes, fomw),:— ():/Nzo: g o ve(X,1)=2+Q(Xx,t)=2+ K—OeXFiX/g)g(t)- (73
7+6f, Mya— CN The osmotic pressure in the clusters within the cathode
Ka=5—F7 6k, fp=—"T1—, boundary layer is now obtained by setting=vc(x,t) in
7—6f4 My, A : .
68) expressior(13), arriving at
EWionWa(t) ~ ve(x1)$QgKo

Mwal) = 182 —g(t)]ps" Me(x)=—" o (74)
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wherewc(x,t) is the volume fraction of water in the cathode dte
boundary layer, depending on bottandt. ve=~Duo7 - (79

In the cathode boundary layer there are two forms of
electrostatic interaction forces. One is repulsion due to th&lence, in view of the continuity conditiof#2), , the rate of
cation-anion pseudo-dipoles already present in the cluster§hange of water uptake in the cathode boundary layer is gov-
and the other is due to the extra cations that migrate into thérned by the diffusion equation
clusters and interact with the existing pseudo-dipoles. The We Pte
additional stresses produced by this latter effect may tend to =Dn,05.7 . (80

. R X

expand or contract the clusters, depending on the distribution
of cations relative to the fixed anions. We again model eaclsubject to the boundary and initial conditions
effect separatgly, alth(_)ugh in actua_lity they are cqupleq. The te(h,t)=pr=0, We(04)=wy, t>0,
dipole—dipole interaction pressure in the clusters is estimated

1+wc

using Eq.(16), as follows: we(x,00=wy 0<x<h, (81
ng +Tac(x,t)]? wherewy is the uniform water uptake just prior to the cation
Pcop(X,t)= i [1—g(t)], (75  redistribution.

3ret) - [WelxD) Even with the linear flux-force relation, this is a highly

where the subscripf denotes the corresponding quantity in nonlinear initial-boundary value problem, since the depen-
the cathode boundary layet(x,t) is the dipole arm that dence of the driving forcec(x,t), onw¢ is nonlinear and
can evolve in time, as the cations reconfigure under the acomplex. Thus, a complete solution would require a numeri-
tion of the strong sulfonategut not necessarily under the cal approach. Since our basic aim is to reveal the essential
action of the weak carboxylatesNe represent the interac- micromechanisms of the actuation, we take advantage of the
tion between the pre-existing dipoles and the additional catthinness of the cathode boundary layer to simplify this prob-
ions that move into a cluster under the action of an appliedem. Therefore, we again replace the spatial gradients by the
voltage, by dipole-cation interaction stresses defined by  corresponding difference expression, and solve for an aver-
2 age value of the water uptake in the boundary layer.
2Qg  ac(x,t)ac(x,t) Because of the overall charge neutrality, the total added

Poctt)= Ixc(x,t)  [we(x,)]? 9t cations in the cathode boundary layer satisfies
205" Rpac(xt h i
~ ch(i,t) [W(;C(y)i’(t)]s)/sg(t). (76) fo Q(x,t)dx=LAg(t). 82)

This equation is obtained by placing the extra cations at th&et Lc denote the effective length of an equivalent cathode
center of a sphere d@Eurreni radiusac(x,t), which contains bc_;undary layer W|t_h uniform Ca'FIOI"I dlstr|bu_t|0n, _cal_culgte
uniformly distributed radial dipoles of moment ar(x,t) this length py locating the centroid of the cation distribution
on its surface, and then multiplying the result gt)=1  from the origin, and then set
—exp(=t/7).

For sulfonates in a Nafion-based IPMC, we expect ex- Lc=2
tensive restructuring and redistribution of the extra cations. It
appears that this process underpins the observed reverse fiae average ion densitynol/m® of hydrated membranen
laxation of the Nafion-based IPMC strip. Indeed, this redis-this layer is given by
tribution of the cations within the clusters in the cathode

. (83

1 h
h— L_A Jo XQp(x)dx

boundary layer may quickly diminish the valug phc to _ VcC =2+ ?g(t)}c. (84)
zero or even render it negative. To represent this, we modify c
Eq. (76) by a relaxation factor, and write To calculate the osmotic pressure term in Eff), we use
_2 the average value
poc(x )= o2 B0l ot 1
pclX, 1)~ 573 1t _
9rc(X,t) [we(x, )] ve(t)=2+ L_zg(t)_ (85)
gu(t)=[ro+(1—ro)exp(—t/my)], ro<1i, (77

For this equivalent cathode boundary layer with uniform ion
where 7, is the relaxation time, and, is the equilibrium  and water distribution, we now follow the same argument
fraction of the dipole-cation interaction forces. that led to Eq(72), use the averagepatially constantval-

The total stress in clusters within the cathode boundaryies of ion concentrationc(t), given by Eq.(85), and water
layer is now approximated by wc(t), in Egs.(74)—(78), and obtain

tc=—o(ag,t) +Ic(X,t) + pcpp(X,t) + Ppc(X,t). (78 We

Expression(58) and Fig. 8 reveal an exponential varia- 1+we
tion of cation distribution in a very thin cathode layer. We \yhere
use a linear diffusion model to relate the water fldkfusion o o
water velocity, v, to the driving pressure gradiefitc / ox: te(t)=—o,(ag,t) +1Ic(t) +pcpp(t) + Poc(t), (87

=Dctc, (86)
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where the barred quantities denote the average values. Since EWorWa(t)

i i mya(t)= ) 95
the thickness of the anode and that of the equivalent cathode wa(t) 82— g0+ (1-Ng(—Tolprg (95
boundary layer is not the same, we expect

’ These equations are obtained by simply assuming that the
De= (ﬂ) D (89) discharge is the reverse of the charging process, although in
Lc reality the various involved processes are coupled.
In the cathode boundary layer, we have, f&rT:
3. Tip displacement

— $QgKo La
The tip displacement of the cantilever may now be cal-  Hc(t)= WAl + o= A-ngt=Ty],
culated incrementally, using E10). For the equivalent uni- A ¢ (96)
form boundary layers, the integral in the right-hand side of 5
this equation can be computed in closed form, yielding +[aa(t)]’Qp

Pcop(t)= W[l_ a(t)

B YaL hL [ wa Lp W Le
L (3Yppye—2Yg) 4H2\ 14w H  1+wc H +(1=ng(t=Tyl, 97
(89 -2 —
— 2Qg  Rpac(t)
where we have neglected terms of the orde¢f ,/H)?. Ppc(t)~ ra(D) [v—vc(t)]5/3[1_g(t_Ts)]gl(t)- (98)
Combining this with Eqs(72), (85), and(88), we now have
In addition, we use

u Y hLL — L _

= ; A<tA—tc—A), (90) ()= EWioriWg (1)

- (3Ypwc—2Ye) 4 e Wl = 182+ (La/Lola(t) — (1-Ng(t—T9lbpg
wheret, and tc are given by Egs(69) and (87), respec- (99
tively. This equation may now be integrated incrementally. to estimate mole water per mole ion in the cathode boundary

layer.
D. Response upon shorting E. lllustrative example

When an applied constant potential is maintained on the ~ To illustrate how the model may capture the essential
cantilevered strip, the strip relaxes into a final equilibriumfeatures of actuation of IPMCs, we now consider a cantile-
state. If during this relaxation phase, the two faces of thevered strip of the Nafion-based IPMC in the'Lform, for
Strip are Suddemy shorted, some cations move into thavhich we have examined the Young's modulus as a function
cation-depleted clusters of the anode boundary layer, whilef the hydration in Fig. 5. We apply 1 V potential across its
some (but not necessarily allof the extra cations in the faces, maintain this for 31 s, and then short the two faces. We
clusters of the cathode boundary layer move into the interiopeek to predict the resulting actuation, based on the proposed
of the polymer. Over time, a uniform cation distribution may model.
eventually be attained, but in the short run the discharge i§ Initial data
seldom complete. With the initial condition known at the =

instant of shorting, say, a&=Ts, and using the same relax- The gauge length of the strip is about 18 mm, and its
ation time of 7 for the discharge, we set initial hydration iswpyc=0.50. Hence, the initial volume
fraction of water in the Nafion part of the IPMC is calcu-
QX1 =Qo(X)[g() =(1-r)g(t—Ty], 9D Jated, yieldingwy=wpyc/(1— fy)=0.533. From Eq.(1)

for t=T, wherer is the fraction of ions that do not dis- the equivalent weight for the bare Nafitend not the IPME
charge in the short run. Based on this, the cluster pressufé obtained to be EY-=1106 g/mol. The initial value of
can be estimated. We examine the anode and cathode bourfd- for the bare Nafion is then given by

ary layers, separately, as follows.

. - PB _
In the anode boundary layer, we have, ferT: C _106—EW|_i+(1+W0) 1185 mol/nd.
IA(t)= Qs K0[2—g(t)+(1—r)g(t—Ts)], (92)  The thickness of the hyd_rated s_trip is meas_ured to Be 2
Wa(t) =224 um, and based on inspection of the microstructure of
Q’ZRZ the electrodes$Fig. 2), we estimate B~212 um. The effec-
B 0

tive length of the anode boundary layer is given by &S).
For ¢p=1V, we haveL,=7.80¢. The thickness of the
(93 equivalent uniform cathode boundary layer is calculated

pAA(t)~ 18KA(t)[WA(t)]4/3[g(t) - (1_ r)g(t_TS)]v

la (t)]ZQ_Z from Eq. (83), obtainingL-=3.58¢. The electric permittiv-
Paon(t) = _A%[l—g(tH(l—r)g(t—Ts)]. ity and the dipole length are the same as before, with the
Bra(D[Wa(t)] same values of the parameters that have been obtained in the

(94) modeling of the Young’s modulus. The measured capacitance
In addition, Eq.(68)5 is modified to read ranges from 1 to 30 mF/c
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0.1 V. CONCLUSIONS
0.08 -
& 0,06 - * For a given ionome(Nafion or Flemion, the morphol-
B 004 - ogy of the electrodes and the nature of the neutralizing
S o002 cations are the most important parameters affecting the
g o actuation of a fully hydrated IPMC.
g 0.02 0 » To maximize the tip displacement of a cantilevered strip
~ _0.04 with its bending stiffness held fixed, it is necessary to
0.06 - maximize the capacitance and surface conductivity of
0.08 the IPMC.

* Once an electric potential is applied across the faces of
the cantilever, two thin boundary layers form near the
FIG. 9. Tip displacement of a 18 mm cantilevered strip of a Nafion-based surface within the IPMC, one near the anode and the
IPMC in Li* form, subjected to 1 V step potential for about 31 s, then other near the cathode. Recent direct measurerhents
shorted; th_e heavy solid curve is mm_iel and th_e geometric symbols con- have revealed continued cation depletion from the an-
nected by light dotted curve are experimental points. ode and accumulation into the cathode boundary layers

long past the initial fast motion and way into the period
of backrelaxation of the cantilever that is actuated by a

dc voltage. At equilibrium, the anode boundary layer is
2. Model parameters depleted of its cations while the cathode boundary layer

] is rich with additional cations.
The model parameters that must now be estimated are . .
X . e The effective length of the anode boundary layer is
Da, Rg, 7 and SN, as well asy and 71 in the relaxation given by

functiong,(t). We set SN=0. This is in line with the obser-
vation that the cations continue to move into the cathode LA=<‘ /2¢°F_1) 0= /M,
boundary layer long after the backrelaxation has started. R CF

Time (sec)

It turns out thatR, must be calculated with some care. whered, is the applied potential and Cap is the capaci-
Sincewy~(a/R,)3, wherea is the cluster size at water up- tance.
takew,, we setRy~w, *?a, and adjusa to fit the experi- » The extra cations within the cathode boundary layer are
mental data; here, we sat=1.60 nm, or an average cluster given by
size of 3.2 nm, prior to the application of the potential. The F(C+—C‘)dx—L c-
two relaxation times are set at 1/4s and 7, =4s, respec- o TTAR
tively, andr,=0.6. which is proportional tcf.

— -2 i ;
We setD,=1.0x10"" when pressure is measured in The internal forces created within the anode and cath-

mega pascal. This is somewhat arbitrary and is chosen to ode boundary layers by the resulting ion redistribution,

yield reasonable results. Larger values of this parameter pro- ;.\ ~rease with increasing,, and, hence, with increasing
duce sharper rise and decay in the tip displacement. Finally JCap

we choose a low value for the capacitance, namely 1.2
mF/cnt, since this value seems to give results in accord with
the expen_mental data, as shown n Fig. 9. W'th this _vz_:ll_ue for develops under the action of an applied step potential of
the capacitance, the overall effective electric permittivity of

alh itudegg, d d orm=h/¢ and ly.
the hydrated IPMC becomes=2.69x 10 2 F/m. Then Eq. rT“:gnl ude|¢>0 eEen o:;_ " an ¢|)-0 only -
(49)1 gives,€=0.779,um. . e model must be modified for app ication to S

It is important to note that while the values of the pa- that are neutralized by large hydrophobic organic cat-

ions such as TBA.
rameters that are used are reasonable, they have been chosen h o  th ¢ |
to give good comparison with specific experimental data. e variation of the response from sample to sa .(‘p’. e
o even for the same sample tested at various tinies
These data are from one test only. The variation of the re-

¢ | tar for th | often so great that only a qualitative correspondence
sponse from sample to samyiter even for the same sample between the theoretical predictions and the experimen-

tested at various timgss often so great that only a qualita- tal result can in general be expected, or reasonably re-
tive correspondence between the theoretical predictions and  quired.

the experimental result can in general be expected, or rea-

bl ed. | ning the infl £ vari | hope that the micromechanical model presented in this
sonably required. in examining e INflueénce ot various Comy,q . yqy1g provide a tool to identify important parameters

peting factors, it has_ become clear that the electrostati(ﬂ‘m,:lt can be used to optimize the response of IPMCs through
forces are most dominant, as has also been observed l?r¥1proved processing techniques.
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