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While ionic polymer metal composites (IPMCs) have been studied for more than 10 years, the specific
actuation mechanism is still unclear. In this work, neutron imaging, applied potential atomic force
microscopy (APAFM) and current sensing atomic force microscopy (CSAFM) methods are
employed to fundamentally investigate the actuation mechanism of this electroactive polymer system.
Direct neutron imaging allowed a mapping of the water—counterion concentration gradient profile
(i.e., a non-flat optical density profile sloping from the cathode to the anode) across an IPMC
cross-section. While the neutron imaging method was capable of visualizing inside an operating IPMC,
APAFM-CSAFM characterized changes in the nanoscale morphology and local surface properties due
to redistribution of water—counterions under electrical stimulation. In APAFM, the darker, more
energy dissipative features disappeared as the applied bias was varied from 0 V to 3 V, indicating that
the surface became dehydrated. Surface dehydration undoubtedly supports the concept of proton and
water migration to the negatively charged substrate. Water—counterion redistribution was further
evidenced by CSAFM. With a negatively charged substrate (a 2 V bias), 2.8 pA of the average current
were detected over the perfluorosulfonate ionomer (PFSI) surface in contact with AFM tip, which
suggests the depletion of positively charged cations on the surface. On the contrary, a positively
charged substrate (a —2 V bias) led to the average current of —90 pA over the PFSI surface in contact
with the AFM tip, which indicates the formation of a cation-rich fluid on the top surface of the PFSI

membranes. The observed water—counterion redistribution upon electrical stimulation directly
supports a hydraulic contribution to the overall mechanism of actuation in IPMCs.

1. Introduction

Ionic polymer metal composites (IPMCs) are a class of stimuli-
responsive materials that exhibit actuation with similarities to
biological muscles, and are often referred to as artificial
muscles.’” IPMCs were first demonstrated in the early 1990’s by
Shahinpoor,” Sadeghipour® and Oguro ez al.® IPMCs are based on
a solid polymer electrolyte which is plated on both surfaces by
metal nanoparticles (e.g., platinum or gold) to serve as conductive
electrodes. Under the stimulus of a relatively low electric field,
IPMCs are capable of undergoing significant mechanical bending
motion, while an external mechanical force applied to the surface
of an IPMC can stimulate a detectable electrical response.*

A review of the open literature reveals that the per-
fluorosulfonate ionomer (PFSI) Nafion®° remains the bench-
mark material for the vast majority of IPMC research and
technology development.’> Nafion®, having a chemical
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structure shown in Fig. 1, is a copolymer of tetrafluoroethylene
and generally less than 15 mol% of perfluorovinylether units
terminated with sulfonic acid functionalities.’* Great attention
has been given to the unique nanophase-separated morphology
observed upon aggregation of the polar, ionic moieties within the
matrix of hydrophobic PTFE. The shape, spatial distribution
and connectivity of polar ionic domains that are hydrophilic in
nature precisely define the supramolecular organization.
Numerous investigations have been focused on small angle X-ray
and neutron scattering to propose detailed models for this
technologically important material as an ionic conductor. While
it is beyond the scope of this study to discuss all the models in
detail, and the studies of Nafion® morphology remain incon-
clusive, it is generally accepted that there are continuous path-
ways that allow transport of ions and water'™™® and
recent studies have suggested elongated, locally parallel water
channels.'»"
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Fig. 1 Chemical structure of Nafion®.
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While IPMCs have received extensive attention for more than
10 years and have been well explored with regard to nature and
type of solvent," electrode,'®'” counterions,'®?° and polymer
electrolyte,’ 12! fundamental research to understand the
specific underlying actuation mechanism is lacking. Upon elec-
trical stimulation, the IPMC typically undergoes an initial rapid
bending movement toward the anode. During application of
a constant voltage, however, the IPMC is often observed to
slowly relax in the opposite direction. One proposed mechanism
for IPMC actuation has commonly been discussed in terms of
electrophoresis-like counterion and water redistribution within
the nanostructured ionomer membrane.**** Since the ionic
polymer is negatively charged with typically protons or alkali-
metal cations as the counterions, these mobile cations in the
hydrated membrane are readily redistributed in response to the
applied electric field to create cation-rich and cation-poor
boundary layers near the electrode-membrane interfacial
regions. As cations migrate toward the cathode, they are
accompanied by water molecules (i.e., a hydraulic mechanism),
which consequently causes swelling near the cathode and
contraction (due to dehydration) near the anode. This swelling/
contraction thus induces a bending force that curves the [IPMC
toward the anode. In contrast to a hydraulic model, which
attributes actuation to charge and solvent transport, electrostatic
models are based on a redistribution of cations and anions both
within and at the surface of ionic aggregates.>* According to the
electrostatic model by Nemat-Nasser and Li,> fast bending
actuation originates from local cation redistribution upon
application of an electric field. The migration of cations results in
relaxation of polymer chains in the anion-rich region and
extension of polymer chains in the cation-rich region. Weiland
and Leo proposed a slightly modified electrostatic actuation
mechanism.?* In contrast to the work of Nemat-Nasser and Li,
Weiland and Leo propose that the initial rapid actuation
behavior is dominated by a polarization mechanism, leaving only
the slow relaxation to result from liquid and ion transport
processes. The forces acting on dipoles located at the aggregate
surface include dipole—dipole interactions, pendant chain stift-
ness, cluster surface energy and externally applied forces.
Application of an external electric field is believed to cause the
dipoles, that are assumed to have an equal magnitude and meta-
stable orientations (all dipoles directed toward the center of the
spherical cluster), to undergo reorientation and elongate or
contract depending on their initial directions relative to the
applied electric field. Macroscopic IPMC strain is then inferred
from the distortion of the initially spherical aggregate into an
ellipsoidal shape. The proposed model, however, relies on
a number of simplifying assumptions which include very close
contact between cation and anion in the hydrated state and
primarily a spherical aggregate geometry not in tune with current
Nafion® morphological models.'»*?

In our recent investigation, the importance of the ionomer
membrane morphology and chain conformation in the overall
actuation phenomenon was clearly demonstrated for the first
time.? Before full utilization of this unique electroactive material,
a precise molecular-level understanding of the actuation mech-
anism is a prerequisite. Previous efforts to characterize water
redistribution within IPMC include MRI?° and NMR?” methods,
which showed greater proton density (PD) and higher water

diffusion coefficients near the cathode, respectively. The current
study involves an alternative, novel characterization approach
that provides more direct evidence of the water—counterion
redistribution under electrical stimulation. In this research,
neutron imaging and atomic force microscopy techniques are
employed. Since the IPMC materials explored consist of
Nafion® membranes and Pt electrode layers, these samples are
essentially equivalent to the chemical composition of fuel cell
membrane electrode assembly (MEA) for which neutron imaging
has proven to be of profound importance.?®*° While the neutron
imaging technique allows for direct imaging of electrically
induced water—counterion concentration profiles across the
IPMC cross-section with a spatial resolution of 25 um, AFM
studies provide characterization of water—counterion transport
and monitoring of changes in the morphological and surface
characteristics that result from electrical stimulation. With the
aid of these complimentary techniques, we have obtained direct
experimental evidence supporting long-range water—counterion
redistribution during electrical stimulation.

2. Experimental
2.1 Materials

The perfluorosulfonate ionomer, Nafion® 117CS membranes
(1100 g per equivalent, 7 mil thickness), were purchased from E.I.
Dupont de Nemours & Co. and cleaned by refluxing in § M
aqueous nitric acid for 2 h, and then in deionized (DI) water for 1 h.

2.2 Sample preparation for neutron imaging

Tetrabutylammonium (TBA*) neutralized membranes were
prepared by soaking the previously cleaned H*-form membranes
in 1 M tetrabutylammonium hydroxide (TBAOH) (Aldrich) in
methanol solutions for 12 h and then rinsing with methanol to
remove the residual TBAOH. TBA* neutralized membranes were
dissolved in an alcohol-water mixture composed of the following
volume fractions [methanol 30%, isopropanol 30%, and DI water
40%] under high temperature (ca. 250 °C) and high pressure
(ca. 7000 kPa) conditions.?! The solution was filtered through
a 200 pm inorganic membrane filter (Anotop 25, Whatman,
Maidstone, UK) prior to membrane formation. Membranes with
a thickness of 0.9 mm to 1.6 mm (in the hydrated state) were
produced by casting at 180 °C from dimethyl sulfoxide (DMSO),
and then converted to the H*-form by boiling in 4 M H,SO4—
methanol for 1 h, in methanol for 30 min, and in DI water for
30 min. To fabricate the IPMCs,> these solution-processed
Nafion® surfaces were roughened by mechanically rubbing with
400-grain sandpaper to increase the surface area. Electroless
plating of platinum was performed by following a multi-step
procedure.® A platinum salt complex [Pt(NH3)4]Cl, (Aldrich)
was used to make an aqueous solution with a concentration of
2 mg mL~' solution. The H*-form Nafion® membrane was
allowed to equilibrate with the platinum salt solution overnight.
After rinsing with DI water, the membrane was immersed in DI
water and the Pt** ions in the membrane were reduced to Pt metal
particles using 5% by weight aqueous sodium borohydride
(NaBHy, Aldrich). The addition of NaBH,4 was carried out in
seven steps at 30 min intervals, over which the temperature was
ramped from 40 °C to 60 °C. After completion of the initial series
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of NaBH, additions, a final addition was carried out and
reduction was allowed to proceed for 1.5 h. The electroded
membrane was then removed and rinsed in DI water before
immersion in 0.1 M HCI to convert the material to the acid form.
The whole reduction process above was carried out for three
cycles to produce the final IPMCs used in the current investi-
gation. H*-form IPMCs were further neutralized to contain
tetramethylammonium (TMA™) or sodium (Na*) ions by soaking
in excess (ca. 5x) aqueous solutions of the tetramethylammo-
nium hydroxide (TMAOH, Aldrich) or sodium hydroxide
(NaOH, Aldrich), respectively.

2.3 Neutron imaging

Direct imaging of an electrically induced water—counterion
concentration gradient profile across the IPMC cross-section was
acquired using a neutron imaging method available at the
National Institute of Standards and Technology (NIST) Center
for Neutron Research (NCNR).?° At the NCNR, the neutron
beam is processed through collimators, filters, an aperture, and
an evacuated flight tube. Beam characteristics employed for the
present experiment include the thermal neutron fluence rate of
1.9 x 10° cm™2 s7! with L/D ratio of 1200 where L (6 m) is the
distance between the source and the detector and D (5 mm) is the
source aperture diameter. In terms of neutron detection schemes,
a micro-channel plate (MCP)-based counting detector was
employed. The MCPs doped with high efficiency neutron
conversion materials, such as '°B or '’Gd, allow a high spatial
resolution of 25 pum. The samples of IPMC prepared for neutron
imaging were 2.0 cm in length, 0.5 cm in width and 0.9 mm to
1.6 mm in thickness (in the hydrated state). IPMC samples were
equilibrated with DI water for 24 h before data acquisition.
Hydrated IPMCs were then placed between copper electrodes
sandwiched between Teflon spacers using the sample holder
shown in Fig. 2, which inhibited the IPMC movement under
electrical stimulation during the data acquisition.

2.4 Sample preparation for atomic force microscopy

H*-form Nafion® was dissolved into a solvent system consisting
of volume fractions of 50% ethanol and 50% DI water by heating
the mixture to 250 °C in a pressure vessel for 2 h. The solution
was filtered through a 200 pm inorganic membrane filter
(Anotop 25, Whatman, Maidstone, UK) and deposited at room
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‘Water swollen IPMC

Fig. 2 Outline of the sample holder exposed in the neutron beam path.
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Fig. 3 Schematic drawings of (a) APAFM and (b) CSAFM. AFM
voltage supply verified externally using multimeter. Non-conductive
silicon cantilever in (a) acts as open switch. Conductive cantilever in
(b) acts as closed switch.

temperature onto the surface of a steel AFM stage puck to which
a copper wire had been adhered using colloidal silver (Fig. 3). In
order to minimize corrosion, exposure of the copper wire to the
laboratory environment was minimized prior to imaging. The
Nafion® film was formed by evaporating the solvent in a vacuum
oven at a pressure of 33 kPa and a temperature of 50 °C.

2.5 Atomic force microscopy

AFM measurements were made in an environmental chamber at
room temperature where the relative humidity (RH) was
controlled by a nitrogen purge and kept between 60% and 70%.
The morphology and response to an applied electrical field were
studied using an Agilent 5500 AFM (Agilent Technologies,
Santa Clara, CA) in both tapping mode atomic force microscopy
with an applied potential (APAFM) and current sensing atomic
force microscopy (CSAFM) modes. The AFM has a variable
voltage source attached to the copper wire (Fig. 3) that is capable
of applying a potential of —10 V to +10 V to the stage. APAFM
was used to image both topography (height image) and domain
behavior (phase image) of the cast films using a non-conductive
silicon cantilever (RTESP, Veeco, Santa Barbara, CA) with
a nominal resonant frequency of 300 kHz and a nominal force
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constant of 40 N m~!. A bias ranging from 0 V to +3 V was
applied to the metal stage puck through the attached copper wire
and the topography and phase images were taken as a function of
applied voltage using the same type of non-conductive cantilever
(Fig. 3a, applied potential). In APAFM a static electrical field is
generated and there is no counter electrode. The changes in phase
response of the cantilever are monitored with respect to voltage
applied to the PFSI membrane. During APAFM, the ratio of the
set point amplitude to the free amplitude (4/4,) was maintained
at a constant value.

CSAFM was used to probe the topography and local
conductivity of the film with a bias ranging from —2 Vto +2 V. A
conductive platinum-coated silicon nitride cantilever (N9540-
60002, Agilent Technologies, Santa Clara, CA) with a nominal
force constant of 0.35 N m~' was used for imaging (Fig. 3b). In
CSAFM the conductive tip serves as the counter electrode.
Current flows perpendicular to the PFSI membrane surface in
the same direction and at similar voltages as the planar actuator.
Topography and current images (detection of localized current)
were obtained in contact mode. The voltage of the applied bias
was verified by measuring the voltage between the metal stage
puck and a ground on the AFM using a multimeter. During
CSAFM the set point was maintained at a constant value. Data
were processed using Gwyddion 2.10 software to improve image
quality and remove artifacts. Images were leveled by mean plane
subtraction, and scan lines were removed by matching the height
median.

3. Results and discussion

Typical actuation performance of Nafion®-based IPMC
undergoing deformation in response to an applied electrical
potential is shown in Fig. 4. Overlaid in each captured image is
a schema showing the position on the electrical square wave
excitation, denoted by an X, at which the image was acquired. In
the initial image, Fig. 4a, the IPMC is clamped vertically between
copper electrodes prior to application of the electrical stimulus.
Without any electrical stimulation, the water—counterion distri-
bution is expected to remain uniform across the IPMC thickness.
Fig. 4b shows the maximum bending of the IPMC immediately
prior to the polarity switch of the applied square wave, while
Fig. 4c shows the maximum bending in the opposite direction.
Assuming a hydraulic mechanism, the electrical stimulation is
expected to attract counterions along with water molecules
toward the cathode (Fig. 4b), which should yield a water—
counterion concentration gradient across the IPMC thickness.
With a reversed polarity (Fig. 4c), counterions and water

molecules are expected to travel to the other side of the IPMC,
which will reverse the water—counterion concentration gradient.

3.1 Neutron imaging of hydrated IPMC element

Neutron radiography is an ideal tool to investigate the potential
establishment of a water—counterion concentration gradient
under electrical stimulation. Neutrons interact with materials
differently than X-rays and hydrogen atoms have a uniquely high
neutron scattering cross-section compared to other atoms
including C, F, O, Na, S and Al (that are components of Nafion®
and sample holders). Hydrogen atoms in the water molecules and
the tetramethylammonium (TMA?®) counterions will yield
a strong attenuation of the impingent neutron beam according
to eqn (1):

I = Iyexp (—Zp.ﬂ,-) ()

where I represents the neutron intensity attenuated while passing
through the specimen, I, is the incident neutron intensity, u; is
referred to as the neutron attenuation coefficient of the material
i, and ¢; is the material thickness exposed in the beam path. By
placing the working IPMC into the neutron beam path during
electrical stimulation, it is possible to detect contrast variations in
neutron transmission across the IPMC thickness with varying
water—counterion concentrations. It is expected that any water—
counterion concentration gradient created across the thickness of
the Nafion® membrane will be detected as a neutron intensity
gradient in the outgoing neutron beam. The raw imaging data
were acquired before and after application of the electrical
stimulus (3 V direct current, VDC) with an IPMC swollen with
water and neutralized to contain TMA®* counterions. The
neutron imaging data acquired before any electrical stimulation
were used as the reference (i.e., with an equilibrium, isotropic
water—counterion distribution across the film thickness). Fig. 5a
shows one such processed image where all of the sample holder
features and electrodes that do not change with electrical stim-
ulation are normalized and not visible in the resulting image. In
this image, water—counterion-depleted zones are represented by
red color pixels, while water—counterion-rich zones are repre-
sented by blue color pixels. The sample thickness (ca. 950 um) is
represented by two vertical bars with a double-headed arrow and
the direction of H,O-TMA™" migration indicated by a single-
headed arrow. Fig. 5b shows a plot of the change in optical
density (Aod) across the IPMC thickness. Aod is defined as —In
(Latier! Ivefore) Where Inerore and Ige, represent the intensities of
neutron beam attenuated while passing through the IPMC

Fig.4 IPMC actuation under applied electrical voltage: (a) 0 V, (b) +3 V, and (c) —3 V. Each image was captured at the position of X on the excitation

square wave (square-grid dimensions of 2 mm).
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Fig. 5 (a) Colorized images showing water—tetramethylammonium
(TMA*)-depleted zones represented by red pixels and water-TMA*-rich
areas represented by blue pixels. IPMC was subjected to 3 VDC.
(b) Water—counterion gradient profile across the IPMC thickness. Change
in optical density (Aod) is defined as —In(Z,ger/ Iperore) Where Lyper and Tpegore
represent the neutron intensities attenuated while passing through the
IPMC sample before and after electrical stimulation, respectively.

sample before and after electrical stimulation, respectively. These
data clearly demonstrate that a water—counterion concentration
gradient profile is established with the application of an electric
field across the IPMC thickness, indicating that water—coun-
terion molecules are redistributing away from the anode side of
the IPMC.

The gradient in Aod observed in Fig. 5 is attributed to both
water and counterions due to the fact that water and TMA™* both
have an abundance of hydrogen atoms, in contrast to the per-
fluorinated ionomer matrix. To selectively characterize solvent
migration, the IPMC is neutralized with Na* ions and swollen
with H,O. Because the H atom has almost 25 times larger
scattering cross-section than the Na atom, the neutrons will only
“see” the migration of H,O, not Na*, although both solvent and
counterions are suggested to be redistributed under electrical
stimulation in a hydraulic model.®*** Fig. 6 shows the time and
space-resolved neutron attenuated raw intensity versus pixel
location data along the H,O swollen, Na*-form IPMC cross-
section. Fig. 6a compares data acquired at 0 s and 30 s under 3 V
and also identifies the position of IPMC along with other
components of the sample holder. It should be noticed that the
water-swollen IPMC significantly attenuates the neutron beam
compared to the Cu electrode and PTFE spacer, leading to the U
shape profile observed in the raw data. As expected, no water
concentration gradient is observed prior to electrical stimulation,
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Fig. 6 Raw neutron intensity versus pixel location along H,O swollen,
Na*-form IPMC cross-section placed between copper electrodes sand-
wiched between Teflon spacers. (a) Data taken at 0 s and 30 s under 3 V
and (b) data acquired over 300 s before and after polarity reversal (1 pixel
represents 25 pum). Since the flat field is not uniform, the raw data
demonstrate a slight gradient even at 0 V.

which indicates uniform/random water distribution along the
IPMC cross-section (i.e., a nearly flat intensity profile across the
IPMC). Electrical stimulation of 3 V for 30 s rapidly creates
a distinct water concentration gradient (i.e., a non-flat intensity
profile sloping from the anode to the cathode) across the IPMC
thickness.

Fig. 6b shows data acquired over 300 s before and after
polarity reversal. The initially established water concentration
gradient clearly remains over 300 s and the slope of this gradient
is quickly inverted as soon as the polarity is switched, which
explains the rapid macroscopic bending movement of IPMCs
with polarity switching. Previous IPMC studies often observed
the back-relaxation in strain and bending force under dc elec-
trical stimulation.?**> While not specifically investigated in our
initial study, this persistent gradient suggests that back-relaxa-
tion may be related to a segmental relaxation of the polymer
matrix as opposed to a back-diffusion of water and/or ions.

To selectively characterize counterion redistribution during
electrical stimulation, two sets of IPMC samples were prepared.
One sample was neutralized with Na* ions while the other with
TMA™ ions. Both IPMC samples were then swollen with D,O as
opposed to H,O. It should be pointed out that, in our controlled
experiment with Nafion® 117-based IPMCs, no noticeable
difference in actuation performance was observed upon solvent
switching from H,O to D,O. However, the use of D,O as
opposed to H,O will cause about a factor of 10 decrease in an
effective solvent scattering cross-section (defined as the products
of cross-section and concentration for each element) and thus the
observed change in the neutron attenuation will be dominated by
the counterions containing H atoms such as with TMA™. Fig 7a
and b show Aod profiles obtained for IPMC samples neutralized
with Na* and TMA" ions, respectively. For each counterion, the
IPMC was subjected to electrical stimulation of 3 V and the
response of Aod was monitored for an extended time period, up
to 20 min. As expected, for the Na*-neutralized IPMC (Fig. 7a),
the Aod profiles demonstrate a gradient that is about 10 times
smaller than that in Fig. 6, consistent with the reduction in the
scattering cross-sections. However, the Aod profiles for TMA*-
neutralized IPMC (Fig. 7b) clearly show that electrical stimula-
tion yields a distinct counterion concentration gradient. Thus,
this experiment demonstrates that the mobile ions in [IPMCs are
redistributed across the IPMC thickness along with water
molecules in response to the applied electric field.

In Fig. 5b and 7b, the positive Aod near the cathode indicates
an increased concentration of water and counterions under
electrical stimulation compared to that observed without

o

(a} ® mn {b) * imn
* Wma = ma
* 0ma

9
6
L
.
i

8

2
)
t

A Optical Density
i
A Optical Density
= R E
it
L

"

82

&

Cathode Anode Cathode Anode

TR T M0 %0 60 W0 000 1O 1400
IPMC thickness (us) IPMC thickness (um)

Fig. 7 Change in optical density (Aod) profiles across D,O swollen

IPMCs neutralized to contain (a) Na* and (b) TMA™ ions. IPMCs were

electrically stimulated by 3 V for an extended time period.

1448 | Soft Matter, 2010, 6, 1444-1452

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/b922828d

Published on 01 February 2010. Downloaded by National Institutes of Standards & Technology on 23/09/2013 17:42:33.

View Article Online

application of an electric field. On the contrary, the negative Aod
near the anode indicates a decreased concentration of water and
counterions under electrical stimulation compared to the
uniform distribution in the absence of an applied field. This is
indeed the first direct evidence of water and counterion redis-
tribution during electrical stimulation in these new stimuli-
responsive materials, and evidently indicates that the hydraulic
phenomenon is a strong contribution to the overall actuation
mechanism. It should also be pointed out that the Aod profiles
shown in Fig. 5b and 7b display a uniform gradient across the
film as opposed to a step-like profile near the electrode layers.
Thus, a more accurate description of this proposed hydraulic
mechanism should involve the entire IPMC thickness, as
opposed to simply a creation of cation-rich and cation-poor
boundary layers near the electrode-membrane interfacial
regions.

3.2 AFM on PFSI films under electrical stimulation

The IPMC actuation mechanism was further characterized by
atomic force microscopy. Various AFM studies on PFSIs have
been performed previously with the goal of identifying the size
and shape of hydrophilic domains distributed within the
hydrophobic PTFE matrix.**35 More recent efforts have
involved the use of a platinum-coated conductive AFM tip to
determine the distribution of electrochemically active ionic
domains.?*%” However, there has been no detailed investigation
regarding surface characteristics of PFSIs that are under the
influence of electrical stimulation, which is clearly needed to
understand the mechanistic details of IPMC actuation. This
work describes the use of a combination of APAFM and
CSAFM to capture surface morphological response and local
conductivities, respectively, as a function of an applied electric
field.

Ton and water redistribution under electrical stimulation was
probed by measuring the local mechanical energy dissipation on
the surface of a PFSI membrane subjected to an applied bias
voltage using APAFM (Fig. 8). In APAFM the cantilever was
operated in the intermittent contact regime to minimize
destructive lateral forces on the sample surface while both
topographical and phase images were obtained. By measuring
the phase shift with constant excitation force, differences in
probe-tip sample interactions produce compositional contrast
in a heterogeneous sample.?® Contrast arises from differences in
mechanical energy dissipation between the tip and the
sample.’®* In the intermittent contact regime, softer, more
viscous, energy dissipative components appear as darker features
in the phase image, while harder, more elastic, components
appear brighter.*' In Fig. 8 topographical images are presented
on the left, and the corresponding phase images are on the right.
In Fig. 8a and b, there is no applied bias voltage. In Fig. 8cand d,
a 1 V bias was applied to the stage puck producing a negative
charge on the puck surface in contact with the PFSI membrane.
No significant change in surface roughness is observed when
a 1 V bias is applied, but the average phase shift of the canti-
lever’s response to the surface increases from 14.3° to 23.3°,
indicating an overall decrease in energy dissipation. The same
trend is observed in Fig. 8f and h as the bias is increased from 1 V
to 3 V. At 3V, the average phase shift of the cantilever increases

J

Fig. 8 APAFM topographical (left) and corresponding phase (right)
images of PFSI film as a function of applied bias voltage: (a and b) 0 V,
(candd)1V,(eandf) 2V, (gand h) 3 V.

to 30.1°. Surface roughness and average phase shift data are
summarized in Table 1 below. Table 1 shows that the surface
roughness remains relatively constant, while the phase shift
increases with applied voltage. The disappearance of the darker,
more energy dissipative features as the applied bias is increased
indicates that the total surface has become more energy conser-
vative. Since the presence of water on the surface of a membrane
will increase the energy dissipative characteristics of the surface,
the observed increase in energy conservation of the PFSI
membrane surface suggests that the surface is becoming dehy-
drated. This observation is in complete agreement with the
neutron imaging results above and further supports the mecha-
nism of proton and water migration to the negatively charged
substrate as shown in the schematic presented in Fig. 10b.

Table 1 Summary of surface roughness and phase shift as a function of
applied voltage

Topographical roughness/nm Phase average shift/°

ov 0.57 14.3
1Y 0.57 233
2V 0.57 239
3V 0.60 30.1

This journal is © The Royal Society of Chemistry 2010
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Further examination of the electrically stimulated gradients
was conducted using the CSAFM method (operating in the
contact regime) and presented in Fig. 9 with topographical
images on the left, and the corresponding current images on the
right (note that the scan size is larger than that in Fig. 8). In
Fig. 9a (topography) and b (current), a +2 V bias was applied to
the metal stage puck giving the substrate surface of the PFSI
membrane a negative charge. The conductive domains (brighter

Fig. 9 CSAFM topographical (left) and current (right) images of PFSI
film: (a and b) +2 V, (c and d) —2 V. Each current image is composed of
512 x 512 individual data points. The inset in (d) shows the response of
the surface of the PFSI membrane as a step change in voltage is applied to
the substrate from —2 V (bottom of image) to +2 V (top of image).

areas, see scale bar) in Fig. 9b correspond to the high regions of
the topographical image in Fig. 9a. Current flow is isolated to the
bright areas that indicate measurable current. The average
current calculated from every point measured across the surface
of Fig. 9b is 2.8 pA. It should be pointed out that the image scale
in Fig. 9b is reduced to increase contrast. In Fig. 9c (topography)
and d (current), the polarity is now reversed and —2 V bias is
applied to the substrate, yielding a positive charge at the
substrate surface of the sample. The average current of Fig. 9d is
—90.6 pA, which suggests that conduction occurs over the entire
surface. The regions of high current flow in this image are the
dark features, and correspond to the dark, lower regions of
the topography image (see scale bar). Average diameter of the
conductive domains determined by image analysis is 41 nm with
a standard deviation of 8§ nm. The inset in Fig. 9d shows a step
change in voltage from —2 V (bottom of inserted image) to +2 V
(top of inserted image) during a single scan. While little quanti-
tative information can be obtained from the inset due to the time
dependent dynamic processes that occur from a sudden change in
applied bias, it qualitatively shows the shift in surface conduc-
tivity of the PFSI membrane as the substrate bias is changed. The
inset shows that a negative charge applied to the substrate
produces a negative charge on the top surface of the PFSI
membrane, and a positive charge applied to the substrate
produces a positive charge on the PFSI membrane surface. This
further illustrates the change in PFSI membrane response as
a function of applied voltage.

The PFSI investigated in this study is known to form a phase-
separated morphology where the ionic domains, termed ionic
clusters, are distributed throughout the non-polar polytetra-
fluoroethylene (PTFE) matrix, and continuous ionic channel
formation in a hydrated condition provides the percolation
pathway for ionic conduction.'** When no charge is applied to
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Fig. 10 (a) Illustration of the equilibrium state between sulfonate groups and protons in the PFSI membrane with no applied bias, (b) illustration of
proton and water migration to the negatively charged substrate and formation of isolated sulfonate-rich domains and dehydration on the top surface of
the PFSI membrane, and (c) illustration of proton and water migration away from the positively charged substrate forming a cationic film on the top
surface of the PFSI membrane and neutralization of the positively charged substrate by non-mobile sulfonate ions.
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the membrane, the sulfonate groups residing in the interfacial
region between the PTFE matrix and the ionic channel are in
equilibrium with protons in solution, and the sulfonate groups
residing on the top surface of the PFSI membrane are in
equilibrium with protons residing in the thin liquid layer present
on the top surface of the PFSI membrane. This is illustrated
schematically in Fig. 10a.

The light features in Fig. 9b correspond to the dark features in
Fig. 9a and indicate that these are actively conductive channels.
The direction of positive current flow in Fig. 9b suggests that the
light features represent the immobile, negatively charged sulfo-
nate groups producing positive current flow to the grounded,
platinum-coated cantilever. The dark, continuous region of
Fig. 9b corresponds to the light continuous region of Fig. 9a,
suggesting that this is the non-conductive PTFE matrix. The
direction of current flow indicates that the surface is absent of
positively charged cations and suggests that these species have
migrated to the negatively charged substrate as shown in the
schematic presented in Fig. 10b.

In Fig. 9d the darker features correspond to the dark features
in Fig. 9c, providing further evidence that these domains repre-
sent the actively conductive channels. The direction of negative
current flow in Fig. 9d suggests that the mobile protons and
water have migrated to the surface giving it a positive charge.
The magnitude of the negative current flow and the presence of
current flow over the entire surface suggest that the cationic fluid
has not only migrated to the surface of the actively conducting
domains but also has actually formed a cationic film on the top
surface of the PFSI membrane, which is illustrated schematically
in Fig. 10c.

4. Conclusions

We employed two different techniques, neutron imaging and
atomic force microscopy, in an effort to fundamentally charac-
terize electrically stimulated water—counterion redistribution
which has been suggested to be an important consideration in the
IPMC actuation mechanism. While the neutron imaging method
provided a bulk characterization (cross-sectional analysis) of
water—counterion migration across the IPMC thickness, AFM
allowed surface characterization of the nanoscale morphology
and local surface properties due to migration of water—coun-
terion under electrical stimulation. The time and space-resolved
neutron imaging experiment showed that water gradients were
established along the IPMC cross-section during 30 s under 3
VDC stimulation. With a sudden switch in polarity, the gradient
reversed rapidly, in agreement with the rapid actuation response
typically observed with IPMCs. Moreover, under this dc stimu-
lation, the water gradient was observed to persist over an
extended time period (300 s). While not specifically probed in this
initial investigation, this persistent gradient suggests that the
often observed back-relaxation in strain and bending force of dc
stimulated IPMCs may be related to a segmental relaxation of
the polymer matrix as opposed to a back-diffusion of water
and/or ions. IPMCs neutralized with TMA™* ions and swollen
with D,0O were used to directly probe counterion redistribution
under electrical stimulation. Under 3 V, a distinct sloping in the
optical density profile was observed. A positive sign of optical

density near the cathode indicated that counterions were
attracted toward the negatively charged electrode.

Water—counterion migration in response to various voltages
was characterized using APAFM. The increase in energy
conservation of the PFSI membrane surface suggested that the
surface was being dehydrated due to migration of protons and
water to the negatively charged substrate, which correlates very
well with the neutron imaging results. Water—counterion
migration was further supported by CSAFM. Under a +2 V bias,
only a low 2.8 pA of average current was detected over the PFSI
surface. This indicated that positively charged cations were
essentially absent on the surface. On the contrary, application of
—2 V bias to the substrate-sample interface led to a high average
current of —90.6 pA on the opposing surface, which suggests that
the protons and water have migrated to the surface away from
the positively charged substrate.

While the true mechanism of actuation in IPMCs has
remained under debate, the direct evidence in this study has
demonstrated for the first time that the actuation response
involves a strong hydraulic contribution. With an electrical field
established between the IPMC electrode layers, mobile cations
and their water molecules of hydration rapidly migrate to the
cathode (negative electrode). This electrically stimulated gradient
in water concentration across the ionic polymer membrane
creates opposing swelling (cathode side) and deswelling (anode
side) pressures that induce a bending of the actuator toward the
anode. With a switch in polarity, the water and ions move rapidly
across the ionic polymer film to establish a reverse gradient that
yields a subsequent reversal in the IPMC curvature.
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