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Abstract:

Mechanically induced current (MIC) was investaghtin a polypyrrole/Au-coated
membrane (PPy/Au-membrane) composite with variamtse morphologies as well as
electrolyte conditions in electrochemical cell. MIGvas obtained in porous
PPy/Au-membranes with thin PPy deposition. Agaites, relative small MIC was
observed in non-higly porous films such as freaditap films as well as
PPy/Au-membranes with thick PPy deposition. Oneostnhall MIC was also observed in
an Au-membrane without PPy. These results inditeteMIC is a charging phenomenon
to both the redox and the double layer capacitand®€ also varies with supporting
electrolyte as well as its concentration. MIC 8gly reduced in solutions with diluted
electrolyte and with bulky cation electrolytes, izating that the number and the
penetration speed of mobile ion limit MIC magnitudehese finding characteristics
represent that MIC is essentially diffusion limitedrrent. A two-electrode MIC cell was
also configured to investigate as a power generafiln in normal saline solution

possibly utilizing for biomedical application.
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1. Introduction

A mechanically induced current (MIC) in an electremical soft actuator is an
interesting function that provides a strain serfd¢rand a power generation film. This
functionality, combined with other features on saftuators, such as light weight nature,
flexibility and biocompatibility, [2] can providehe possibility of fabrication novel-type
sensors and related devices. Recently, both the 8MI€ the electrochemo-mechanical
deformation (ECMD) have been frequently reporteanany researchers. [3, 4] These facts
have suggested that redox active materials canecbietween the energy states (i,e.,
electrochemical and mechanical states). Thus, a Bll&type of counter-phenomenon of
ECMD for redox active film. [5] Further investigatis of MICs have provided structural
optimization and modeling of coupling parameterstwieen electrochemical and

mechanical energies, and have been recently reploytseveral groups.[6, 7]

Charging an electronic double layer could be arrotbete utilized for generating a
MIC. A blank measurement would be required to itigese the individual contribution of
the electronic double layer or the redox componértte mixing characteristics of both the
electronic double layer and the redox components hlready beeen reported by analyzing
the cyclic voltammetry (CV) data for conducting yrokrs. [8-10] The physical charging
values caused by a change in area, as in theaiectiouble layer, can be identified by the
current level involved in the MIC. Similarities beten the dependence of the MIC on the
size of the ion or its concentration in the eldgteshould be investigated and compared to

the redox contribution of the electrochemical atug@reviously reported. [11, 12] These



characteristics could lead to the mechanism andyatavenhance the MIC effect.

The fabrication of these sensitive devices hasigenva detailed insight of the
generation mechanism for MICs and possible apptioat for practical use. Surface
porosity has been determined to be a key factoiniproving the redox current. A similar
concept has also been incorporated to increase attteation performance. [13]
Incorporating a membrane filter into the device baranother route to fabricate the porous
actuation films for supporting its freestanding retfwderistics, even with a thin active film
deposition. Au possesses high ductility; therefdeeing a Au coating on the filter surface
before depositing the polymer can be an effectivethod to provide metallic
high-conductance, even under expansion, by whiehathole film surface can be held at
the same redox potential. Thus the device can bec®nsitive to the redox equilibrium

because of the highly conducting network by the Au.

A two-electrode structure has been determined tarbenportant configuration for
the practical use of an electrochemical device.wa-¢lectrode type MIC film can be
fabricated even with a single type PPy or compldegnon exchange PPy films. A
two-electrode MIC film can be utilized as a poweurke film. The biocompatibility of
polymers could incorporate such devices as powercses into human bodies with

low-impact.

Herein, MIC with ECMD in PPy freestanding films amdi-coated membrane
(Au-membrane) composites with or without PPy depmsi were investigated. MIC

characteristics were investigated in PPy/Au-membraomposites as functions of the



thickness of PPy, type of electrolyte and electemlgoncentration. The change in the
magnitude of MICs in terms of the diffusive chagaidtics of the mobile ion with ECMD

behaviors was also discussed. A two-electrode MKvice was also fabricated to
investigate the output characteristics and the lgé@Geration functionality in buffer saline

solution for practical use.

2. Experimental

The basic experimental conditions can be foundcha literature. [14] The pyrrole
monomer was distilled, and the other chemicals wee=l as received. The normal saline
solution (NSS) was purchased from Otsuka Pharmaed@o., Ltd. The electrodeposition
was performed in a dodceylbenzene sulfonate (DBf)tisn galvanostatically at 1.0
mA/cn? at a range of times points to vary the conceratnatf the PPy coating. The ECMD,
CV and MIC measurements were obtained using samytbsthe same rectangular shape
in a single compartment of an electrochemical aelpreviously reported (Fig.1). [14] The
MIC was generated by modulating the load of 1.0 MRder the application of a base load
of 0.1 MPa. The supporting electrolyte was disstlue degassed distilled water at the

standard concentration of 1.0 M unless otherwigecho

[Figure 1]

3. Resultsand Discussion

3.1 Contribution of the Electronic Double Layer on the MIC.



[Figure 2]

Figure 2 shows the induced current vs. electrocb@npotential applied on an
Au-membrane film without the PPy deposition. Thgufe illustrates that a MIC can be
generated without PPy. The MIC potential map shayesoportional increase as a function
of the absolute potential vs. polarity switch amduine zero-potential region. These features
are unlike those found in literature, [5, 14] whiclicated that the MIC observed herein
was attributed to the (dis)charging of the eledtrodouble-layer capacitor with the
modulation of the surface area caused by the teimgjdoad. However, the current level of
this MIC was approximately one order of magnitudemabker than that in the
PPy/Au-membrane composite described later in tbaohent. Although the double layer
charge was involved to some extent, the latter ssiggl that the MIC was dominated by
the redox component. The dual components of thexradd the double layer charges have
been already confirmed via electrochemical studfesonducting polymers. [8-10] It was
important to note the duality between the chardiedaviors in the MIC and the redox
characteristics as it revealed the correlation betwthe MIC and ECMD via the

electrochemistry of conducting polymers.

3.2 Surface Morphology Effect.

[Figure 3]

The contribution of the surface porosity on the MNas investigated in the



PPy/Au-membrane and in the freestanding PPy filfile electrodeposition of PPy was
tuned to control the weight per area of PPy to h& thg/cni for both the

PPy/Au-membrane and PPy freestanding films. Figushows the potential map of the
MIC, ECMD and the CV characteristics with the salm&d modulation. The composite
film induced a larger MIC across the entire potmtegion. The largest MIC was obtained
at the cathodic potential regions for both filmsdicating that the intrinsic MIC

characteristics were essentially similar. Littldfetience was found in the peak potential
region of the MIC that corresponded to the diffeesiof the ECMD and the CV peaks in
Fig.3 (b). The maximum strain of ECMD was 1.2% fe ttomposite film, which was a

little small as compared to that in the freestariidiim of 1.4 %.

The decrease in the ECMD for the composite waghatad to the increase in the
film modulus. The mechanical support of the Au-mesnle hindered the free motion of
PPy by the addition of the film modulus. The chamgdength of the film between the
loading and releasing of the load was approximafiely mm for PPy/Au-membranes,
which was slightly shorter than the 1.7 mm for Rf@gstanding films; this represented an
increase in the film modulus with incorporation tbe membrane. The decrease of the
ECMD in the PPy/Au-membrane composite also cormeded to the decrease of the
ECMD in mechanically pre-stretched films in a umxdirection to the stroke as reported
for PPy [15] and for polyaniline [16] films; thisas also to increase the self-modulus by

mechanical stretch.

The CV curves in Fig.3 (b) also show a narrow piigépeak that corresponds to



the small hysteresis of the ECMD on electrochenpodéntial. These features represented
the sensitive response of the composite film toapplication of the external stimuli in
both the redox potential and the load applicathm.electrode coated with Au contributed
to uniformly applying the redox potential over tatire composite film, which contributed

to effectively relay the MIC to the electrode.

The freestanding PPy possessed a small Young nmodaid a large ECMD
compared to their corresponding values in the P&@yfembrane composite. Conversely, a
large MIC was obtained in the PPy/Au-membrane. &Hewlings indicated that the large
ECMD and/or the small modulus were not indisperesabfjuirements for a large MIC. The
surface porosity dominated for the effective MIGigeation. The peak current of the MIC
was consistently evaluated to compare the magnifidlee MIC in this study. In addition,
the total charge integrated with the MIC is an im@ot parameter for discussion. A
detailed investigation for the relationship betwées MIC and ECMD related to the film
modulus should be performed on the freestanding g, as the PPy/Au-membrane

composites is a unique film.

[Figure 4]

Figure 4 (a) shows a comparison of the MIC polatizat —300mV in
PPy/Au-membrane composites with various PPy depastimes. The spike-wise MIC
was reproducibly appeared by applying and releasilugd for all of the films. Comparing

the responses of the MIC for these three films{m 4(b)), the decay tima) of the MIC



clearly increased with the deposition time at thadarization condition. These features

indicated that the MIC was generated by the diffusf the mobile ions.

[Figure 5]

Figure 5 shows the SEM micrographs of the film acef A short-time deposition was
found to preserve the fine surface porosity of Auvemembrane. The changes in surface
porosity found with the deposition times shown iig.F5 corresponded well with the
characteristics of the MIC. The diffusion limit chateristics of the MIC revealed here

were the same of those in the redox current of gotitaly polymers as commonly reported.

[Figure 6]

Figure 6 shows ECMD, CV and the potential dependafithe MIC observed in
the composite films shown in Fig. 4. The CV dataelated well to the amount of PPy
deposited on the Au-membrane. The ECMD also inectasth PPy deposition. A large
shrink force in the thick PPy/Au-membrane causetharease in the ECMD magnitude.
The thin PPy/Au-membrane composite also genera@éiC over the entire potential

region.

The magnitude of the MIJ\{c) observed in a diluted solution can be represeased
the diffusion current proportional to the concetitra of the mobile ion@) in the film and
the modulated load applied to the filAp) as a single ion exchange model; this can be

used as the first coarse approximation, whichresaaly discussed in the literature. [14]



jmc =kCAp (a)

Thus, the concentration of the mobile ion in tHmfis, was considered to be one of the

main factors for the MIC.

The composite film with the thick PPy coating doated the large MIC at the narrow
cathodic region, which was attributed to the taalount of mobile cation (Nj that
increased with thicker PPy. The MIC, however, distied at the anodic region. This was
probably due to the essential decrease of the nuwibmobile cations at this potential
region. The modulation of the surface area with libed application might have not
generated much cationic diffusion due to a smatiupation with small porosity of the film
surface in this state. In addition, the thick PBperated the potential distribution due to the
IR drop along with the thickness, which limited tN#C activity with Na  population.
These findings indicate that the thick PPy compaositongly characterized the MIC by the
doping state. Conversely, the thin PPy composite effective at sensing the MIC over the

wide potential region, which could have been beeaiis small IR drop in the thickness.

3.3 Electrolyte Effect.

[Figure 7]

Figure 7 shows the induced current dependenceeocathcentration of the supporting

electrolyte. The current seemed to increase witheesing the concentration except at the
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highest electrolyte concentration of 3M NaCl/aq.

The cation exchange with PPy can be representédebfpllowing redox equilibrium

equation:

PPyDBS [Na* « PPy'DBS +Na' +e

Substituting these values in the Nernst equati@mviges the electrochemical potential

represented as follows:

e-g, KT ln([l?PyDBS'_][Ny_]j L S S
ZF | |PPyDBS Na'| F

wherekg, T, zandF denote the Boltzmann constant, absolute tempesatatence of the

reaction and Faraday constant, respectively. Afjhathis was one of the possible reasons
for the non-linear relation shown in Fig.7 that veasised by the shift of electrochemical
potential by the dilution of electrolyte, anothepkanation was required for the decrease of

the MIC at high electrolyte concentration.

The electrochemical equilibrium of the mobile ioancbe represented as the
balance of the difference of Gibbs free energy \thth electrochemical potential of mobile
ion between the inside and the outside of the filimerefore, the redox potential towards
the cathodic polarity was used to pump cations tiéofilm in a condensed state, by which

the mobile ion obtained high electrochemical po#&niThis effect was valid for the

-11 -



electrochemical equilibrium in a relatively dilutgstem. The highly concentrated system,
however, possibly failed to identity the electraoci@al potential only by a single ion
equilibrium level, as represented in eq. (2). [ThAe same concentration dependence is
shown in Fig. 7 and has already been reportech®EICMD of PPy films in the literature.

[11, 18]

PPy is known to be fully doped at 33% of the moneamet. [19] This suggested
that the concentration of mobile ion at fully injed state in the film was estimated to be
around 2.5 M when the density of PPyDBS was apprately 1.2g/c [20] and fully
doped by DBS This value is regarded as the maximum conceatrateeded to condense a
single ion in PPy by electrochemical potential. Tdecrease of both the MIC and the
ECMD when approaching this concentration limit ebtd be caused by the saturation of
the ion concentration both inside and outside of.PFhe osmotic contribution, could
possible explain the decrease of the ECMD in tbisdensed state. [17] Anion exchange
was coincidentally generated to balance the rethaxge, which possibly reduced both the
MIC and the ECMD due to the compensation effedthef simultaneous anion and cation

exchange. [11, 21]

[Figure 8]

Cation dependence on the induced current was @sstigated. Figure 8 (a) shows
a cation dependence of the MIC and the diffusioaffc@ent (D) estimated by step-pulse

voltammetry as a coarse approximation with theofelhg equation:

-12 -
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where,f andd denote the normalized charge and film thicknesspectively. [22] This
calculation involved some errors, particularly lre tthickness of the electro-active film in
the PPy/Au-membrane composite. The film thicknesgsedded on one factor, therefore, a
comparison of the difference of diffusion coeffitiecould be discussed with the values
obtained in this analysis. Supporting electrolytésall the alkaline metal chloride salts
provided relatively large values for the MIC. Inseaof the alkylammonium chloride salts,
except ammonium, the MIC was quite small althoubgh polarity of the MIC was
conserved in the same mannBrwas strongly decreased within 1.5 orders of magdeit
for large alkylammonium salts. This relationshiprled that the diffusion speed of the

cation in PPyDBS determined the magnitude of th€ Ml

A large MIC appeared in the electrolytes having lsg&tions. A maximum current
was observed with the Li electrolyte; which wastooversial when compared to the large
ECMD value because of the large Stokes radii watlhiagion, [23] which possibly reduced
the diffusion speed. The magnitude of the ECMD wa$ simply correlated to the
maghnitude of the MIC. The cation was well solvatgth several water molecule4] A
large electrochemical creep also appeared foptpkenolsulfonate doped PPy when the
redox-cycle began in the aqueous LiCl solution.] [Zhese results indicated that the
swelling state of the PPy by water under reducfication incorporation) improved the

solvated cation transpo{23] Both the electrochemical creep and the MIC aresiciamed a

-13 -



transient phenomenon with ion flux. [25, 26] Corsedy, the ECMD was a quasi-static
phenomenon. A collective total charge for the Midlild be correlated to the ECMD. A
comparison of the MIC with the speed of the ECMDldaisclose their relationship more

precisely.

The relationship betwedn and MIC is illustrated in Fig. 8 (b). This figuctarified
that both the MIC an® were distributed in the same dynamic range of @pprately 1.5
orders, although they exhibited a large variatibiiree univalent alkali metal cations were
almost linearly correlated t®, while alkyl ammonium cations were ruled out. The
difference in solvation structure of these catif®3] was used to categorize the plots in
these two groups. The MIC exhibited a monotoniadease as a function & for all

cations.

It should be noted that we have tried to investighé anion dependence of MIC by
using anion exchange PPy electrodeposited in Te&$.d4] This PPyTFSI, however,
almost failed to show clear relationship with vascelectrolytes, such as NaGI(NaBF,,
NaPF, NaBr, NaCl, Nal and NaF. This means that aniooharge in PPy is a little
difficult to clarify the anion dependence unlikeetitation exchange.[25] It may be
attributed to the difference of the contribution afion or cation exchange for PPy.
Although anion being the right counter ion for tbeidation of PPy, cation is simply

exchanged as the charge compensation with eleetmaichl charge equilibrium.

As another explanation, DB®eing well stranded in PPy, the initial dopantlwil

-14 -



provide free-volume in PPy as a plasticizing dogds#7] by which the diffusion path for
cation is conserved with the stable viscoelastiaofy PPyDBS. Therefore, the cation
exchange contribution in PPy possibly supportsispldy the diffusive characteristics. On
the contrary, the anion exchange PPy basicallycke# from the doped state at oxidation
potential to the non-doped (ionic empty) stateealuction potential. In this case, the PPy
film tends to show a relative large ECMD by a pooatribution to expand the film with a
little slow responges] possibly accompanied by the change in the filnsteddy due to the

plasticizing dopant removal.

3.4 Two-€electrode Configuration as Power Generation Films

A freestanding two-layer device was fabricated awhluated in the output
performance. The anodic layer was consisted of \{THHSI)/Au-membrane composite as
anion exchange layer, while the cathodic layer emssisted of a PPy(DBS)/Au-membrane
one as cation exchange layer, respectively. Thigcde therefore, operates as a linear
actuator. Therefore, loading with a weight on theo-tlectrode device provides
PPy(TFSI)/Au-membrane as anion injection and PP®Bu-membrane as cation

injection coincidentally, by which current can cilate with the same deformation stimuli.

The redox activity of the two-electrode device wiawestigated at various

electrochemical potentials initialized by the feliag procedure:

1) shorted two electrodes of the two-layer deviterder to dope both PPy layers

into the same redox level

-15 -



2) configured a three electrode electrochemicdlvegh the shorted two-electrodes
as one working electrode, a Ag/AgCl wire as refeeselectrode, and a Pt as counter

electrode, respectively.

3) hold the working electrode at various electracital potentials to initialize the

doping states of the two-electrodes in the samexr&zlel.

4) re-configured the two-electrode device into #&up as shown in Fig.9 (a)

followed to operate CV and ECMD.

[Figure 9]

Figure 9 (b) shows CV curves of the two-electroderick as two-electrode
electrochemical cell configuration. This figure icates that the redox activity of the
two-electrode device was strongly influenced by ithigalization potential. Figure 9 (c)
shows the redox charge as a function of the imtéibn potential. A peak potential of
-700mV was found as the best initialization potantdo form the highest electrochemical
activity-state in the two-electrode device in thésults. As-deposited PPy being a fully
doped state, for configuring an active two-eleatral@vice, both of the PPy layers should
be initialized as an intermediate state, by whiothithe PPy layers can operate toward

both oxidized and reduced states, respectively.

[Figure 10]

Figure 10 (a) shows MIC as a function of the bipgliad between the anode and

-16 -



the cathode of the two-electrode device in 1.0M W& solution. This figure is almost
corresponding to the output characteristics of ISodd. Appearance of a maximum current
at around 400mV in this figure might be attributedstill not enough of the fine tuning of
the electrochemical potential for initializationhd result indicates that the two-electrode
device can generate the persistent MIC in the sagreeven under applying external bias
of 1.5 V. This is a little high voltage beyond tiepectation, which probably represents the
MIC characteristics caused by not the electrochaehpoocess but the diffusive generation
of mobile ion by mechanical stimuli. This charaidtic is possible to utilize the device to
the practical use. Replots of Fig.10 as output pgvee weight of PPy provide the possible

power to generate in this film to be severdl/mg.

[Figure 11]

MIC generation in two-electrode device was alsorael in a normal saline
solution (NSS) without biasing. Figure 11 shows thid&C can be generated even in NSS
although the sign of MIC is a little complicated.this case, the electrochemical potentials
of both the electrodes are identified with the dgpstate by equilibrating the mobile ions
of both the PPy/Au-membranes. Unbalance of difiuspeed of various mobile ions in
each PPy layer will cause such overshoot charatitayiin MIC. The finding persistent
generation of MIC in NSS indicates that the twoetlede device is possibly utilized as a
miniature power source film incorporative in lifeibgs’ body. Increasing the film area
with multifold structure can easily increase thépoti power, by which a C-MOS circuit to

stimulate retina cells is possibly operated fortanse. The eyes blinking may use to

-17 -



generate small MIC current to drive the C-MOS fualizing images by this power film

for the visually impaired whenever he wants.

4. Conclusions

In this report, we demonstrated the mechanicaljuoed electrochemical current
(MIC) in cation exchanged composite membrane filmwhich Au and electrodeposited
polypyrrole in dodecylbenzenesulfonic acid (PPyDBSpmponent of the electronic
double layer charging in MIC was revealed. Morphatal effect of the film surface on
MIC was also investigated for the improvement ofovIDiffusion limited characteristics of
MIC were revealed with film morphology, electrolytsoncentration and electrolyte

dependence.

Two-electrode cell was configured to investigata gower source film. The output
voltage can over 1.5 V with gA as the maximum MIC was obtained. The device was
found to generate MIC even in normal saline sofytiwhich demonstration will show the

possible use of MIC as a miniature power-soures iiiilcorporative to the life-being.
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Figure captions

Figure 1: Electrochemical cell configuration witheasurement system set-up and

chemicals

Figure 2: Potential dependence of MIC in Au-membrim. Solid circles and open circles

represent MICs with applying and releasing a 1 Nfad, respectively.

Figure 3: Comparisons of (a) Potential dependendélG under applying (solid symbols)
and releasing (open symbols) and (b) CV (upper Ipaaed ECMD (lower panel)
characteristics. Dotted lines represent in a feswBhg film and solid lines in a

PPy/Au-membrane composite, respectively.

Figure 4: MIC responses polarized 4800 mV vs. Ag/AgCl in PPy/Au-membrane

composites electrodeposited for various times.

Figure 5: SEM micrographs of (a) a freestanding RRy, PPy/Au-membrane composites

electrodeposited for (b) 500 s, (c) 1500 s andt&d)0 s, respectively.

Figure 6: (a) Potential dependence of MIC and @GMB and CV curves, in
PPy/Au-membrane composites deposited for 500g](bo&), 1500s (dashed line) and

4500s (dotted line), respectively.

Figure 7: NaCl concentration dependence of MIC qda at -600mV vs. Ag/AgCI.
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Figure 8: (a) Cation dependence of MIC (upper pamaeld diffusion coefficient §)
(lower panel) measured with step-pulse voltammetigrized at -600mV vs. Ag/AgCI. (b)
Relationship betweeb® and MIC obtained by applying (solid circle) andessing (open

circle) a 1 MPa load on the film.

Figure 9: (a) Configuration set-up of the MIC measuoent using the two-electrode device,
(b) CV curves of the two-electrode device initiatizat various electrochemical potentials,
and (c) redox charges estimated with CV curves afuretion of the initialized

electrochemical potential.

Figure 10: (a) External bias dependence of MIC gard applying (solid circle) and
releasing (open circle) a 1.0 MPa load in a twatetele device and (b) estimated output

power as a function of external bias.

Figure 11: A response of MIC in a two-electrodeidevn NSS solution.
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Figure 5: W. Takashima
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