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ABSTRACT

After exhibit the important limitations of théemplateassisted approachvhen
electropolymerization on simple stainless steel electrodes and electrospun insulating
polymeric templates are combindallow poly(3,4ethylenedioxythiophendPEDOT)

nane and microtubefave been successfultyeparedising an alternative approadh

this procedure, which is based on a4step electropolymerizatigorocesselectrospun
fibers are collected onto relatively flat PEDOT film that plays a crucial role for the
complete coating of the template in the second electropolymerizatioss Once the
insulating fiber templates have been eliminated by solvent etching, the ability to
exchange charge reversibly of the resulting hollow tubes is very similar to that observed
for films while theamount ofelectroactive surface is noticeably héghThe diameter

and density of hollow tubes can be easily controlled through this-stefiitemplate
assisted approach, allowing prepasech PEDOT structures ontassimple steel
electrodes The multistep strategy overcomes the limitations of the conwerdl
approach, which was restricted to the usenefiral electrode sites and restricted to
applications related with neural prostheses, opethe door to the use of PEDOT
hollow nane and microtubes itmany importantapplications, as for examplie

detection of biomolecules atide fabrication obrganic and bierganic batteries.



INTRODUCTION

In the last decadenuch attention has been paid on the preparationlf
nanostructured(e.g. nanotubes, nanofibersnanowires and nanorods)conducting
polymers (CPspecause of thanique propertieassociated to such low dimensionality
(e.g. high surfaceo-volume ration and enhanced current abiltty)Furthermore, a
number ofpromising potential applicatiorexistin the fields of biomedaial science and
electricalnanodevice$?>®

Among commercially available CPs, poly(thylenedioxythiophene) (PEDOT) is
the most important due to its high electrical conductivity (up t® 3&m), good
transparencygexcellent electrochemicahnd thermal stabilityfast dopingdedoping
processesand biocompatibility** PEDOT can be synthesized by electrochemical
polymerization or by oxidative chemical polymerization to obtain aqueous dispersions
stabilized by a watesoluble poly(styrene sidnate)*>*’ In last years, BDOT andits
derivatives have beewidely appliedin many fields, as for exampke fabricate the
éi?,lg

cathode and anode in -a@ltganic batterie smart conductive substrates for cell

growth and stimulatio??? electrochemial microactuatoré® electrodes for selective
(bio)detectiohi*?® andcatalyss for polymer electrolyte fuel celfé?®

PEDOT nanofibers andhanotubes have been prepared ustegtrochemicakolid
templateassisted method$>® and chemical methods such as reverse microemulsion
polymerizatior**  interfacial  polymerizatio®*  chemically  oxidative
polymerizatior®™ and metal ion reduction mediated vapor deposition polymeriz&tion.
CP nanotubes have also prepared upi@gprepared reactive templates, such as MnO
nanowires’ In this case, the 1D polymerization induced by template and its

simultaneous dissolution of the templates promote the hollow-likkdestructure.

Furthermore, vertically aligned PEDOT nanotubes leavbeen prepared using



electrochemical deposition onto nanoporous anodic aluminum,dXid® nanowire®
and titanium nanotub€8, and vapor deposition polymerization onto nanoporous
templates® A very simple andnteresting technique for the fabricatiofflexible and
bendablePEDOT nanotubess the polymerizationof the latter aroundelectrospun
polymeric fibers.This strategy has been successfully appitedoatelectrspun fibers
made of a wide variety of polymerse.§. poly(methyl methacrylate?;*
polyacrylonitrile®® polyvinylpyrrolidone?* and polystyrer) with PEDOT byvapor
deposition polymerizatianOn the other handMartin and ceworker$® prepared
controlled release systems for neural prostheses by electropolymerizing PEDOT around
electrospun fibers ofpoly(lactic acid) or poly(lactideco-glycolide) loaded with
dexamethason®esides, the same authdfé’ fabricaed hollow PEDOT nanotubes by
polymerizing electrochemically the CP around the surfageobf(L-lactic acid)(PLA)
electronspun fibers and, subsequently, removing the template fibers by dissolving them
with dichloromethaneln all casesieural electrode sites made of iridiumgmid were
used such devices beingroperlydesigned to interfacine resulting PEDOT nanotubes
with the central neus system for neural recordifi§.

The mainadvantage of # templateassistedapproachused by Martin and ce

workers®’*®

which is schematically depicted in Figure tesides on the synthesis of
the CP since electchemicalpolymerization is the simplestethodto produce PEDOT.

In spite of this,such approackexhibits importantdrawbacks as was discussed by the
own author$® More specifically, in that method much ®EDOT dd not come in
contact with the PLA templatevhich is electrically inert, and thus PEDOT tends to be
electrodeposited onto the metallic electrobsteaddition the methodvas restricted to

relatively thin films since otherwise PLA fibers are fylembedded within the CP

matrix, and is unable to produce complete discrete nanotubes.



In this work we show that the preparation of hollow PEDOT nanotubegy tle
templateassistedapproachdisplayed in Figure 1& severely limited, becoming almost
an impossible task, when conventioraid relatively large1¢ 1 cnf) steel electrodes
rather thameural electrode sitew/hich are restricted to applications related with neural
prosthesesare employedin order to overcome these impediments we proposeva ne
easy approach to obtain relatively dense distributions of hollow PEDOT nanotubes
using simple stainless steel electrodasthis alternative procedure, electrosgibrers
are collected onto a relatively flat PEDOT film that plays a crucial role for the complete
coating of the template i second electropolymerization process. After eliminate
insulating fiber templates by solvent etching, the resulting hollow nbestexhibit
electrochemical properties very similar to those observed for films while the amount of

electroactive surface is noticeably higher.

METHODS

Materials. 3,4-Ethylenedioxythiophene (EDOT) monomer, acetonitrile and 2
chloroethanol were purchasedr Aldrich and used as received. Chloroform (99.9%),
acetone and dry ethanol (99.5%) were purchased from Papuodaica S.A.U. (Spain)
and used as received without further purificatidnhydrousLiClO4, analytical from
Aldrich, analytical reagent gradeas stored in an oven at 80 °C before use in the
electrochemical trials.

PE44 was supplied by Showa Denko K.K. as Bionollone® 1001 Midording to
the manufacturer, this PE44 has molecular weight of 175000, a density of 1.26 g/cc, a

glass transition tengrature ) of -32 °C and a melting point of 114 °C.



PE44 Electrospinning.The templates used in this work were prepared using PE44
rather than PLA since the properties of the fibers prepared using the fooiyiester
can be controlled very easify®® PE44 was electrospun from a chloroform - 2
chloroethanol mixture with a 7:3 mass ratio at polymer concentrations ranging from 3
wiv-% to 13w/v-%. Electrospun fibers were collected on a target, which was placed at a
distance of 15 cm from the syringe (ipside diameter of 0.84 mm). The voltage (25
kV) was applied to the collecting target using a higltage supply (Gamma High
Voltage Research, ESEW). The polymer solutions were delivered via a KDS100
infusion syringe pump from KD Scientific to contrtsle masdglow rate (2.5 and 5

mL/h). All electrospinning experiments were carried out at room temperature.

PEDOT polymerization.CP films were synthesized by chronoamperomégp)
under a constant potential of 1.40 V, which was reported to be the optimum oxidation
potential for the experimental conditions employed in this Wbrlysing a
PGSTAT302N AUTOLAB potentiostagalvanostat connected to a PC computer
controlled throughthe NOVA 1.6 softwareusing a threelectrode twecompartment
cell under nitrogen atmosphere at 25 °C. The anodic compartment was filled with 40
mL of a 10 mM EDOT solution in acetonitrile containing 0.1 M Li¢i& supporting
electrolyte, while the catliic compartment was filled with 10 mL of the same
electrolyte solution. Steel AISI 316 sheets ®fLicnf were employed as working and
counter electrodes while the reference electrode was an Ag|AgCl electrode containing a

KCl saturated aqueous solutide? & 0.222 V at 25 °C).

Morphology. Optical microscopy studies were performed with a Zeiss Axioskop 40

microscope. Micrographs were taken with a Zeiss AxiosCam MRCS5 digital camera.



Atomic force microscopy (AFM)mages were obtained using either a Dimension
3100 Nanoman AFM or a Multimode, both from Veeco (NanoScope IV controller)
under ambient conditions in tapping mode.

Scanning electron microscopy (SEM) micrographs were obtained using a Focus lon
Beam Zeiss Neon 40 instrument (Carl Zeiss, Germany). Samples were visualized at an
accelerating voltage of 5 kV. Diameter of electrospun fibers was measured with the

SmartTiff sdtware from Carl Zeiss SMT Ltd.

Gravimetric assaysPE44 fiber mats were cut inté 1 cnf pieces. After dry for 2 h
in a desiccator, each piece was weighted and introduced in an Eppendorf that was
subsequently filled with acetonitrile. The sample remainetiersed into the organic
solvent at 25 °C for 24 tsubsequentlythe sample was extracted from the Eppendorf
and introduced in a desiccator for 3 h. After this time, the sample was weighed and the
loss of weigh determined with respect to the initialghei(.e. before the immersion

into acetonitrile). Each assay was repeated five times.

RESULTS AND DISCUSSION

Electrospun PE44fibers

Although thevoltage, thesolvent and the needtg collector distance used obtain
continuous E44 microfiberswere taken from the literatufeseveraflows and polymer
concentrationsvere testedo evaluate the influence of these parameters in the thickness
of the fibers (optical micrographs displayed iRigure S1). The minimum polymer
concentration required to avoid the formation of droplets and electrospun ibeads
w/v-%. Besidesthe amount of beaddecreasgewhen the flow rate increasérom 2.5

mL/h to 5 mL/h, especially for the lower polymer concentratidine thicknes®f the



fibers increaseswith the PE44 concentratiobut decreases with increasirilppw rate
Further AFM and SEM studies were focusmd representative nanand microfibers
the following conditiongeing selected for this purpogé) nandibres obtainedising a
concentration of &/v-% anda flow rateof 5 mL/h (hereafter denoted PE44/5/%nd
(2) microfibers obtained using eoncentration of 1@v/v-% and a flow of 2.5 mL/h
(PE44/10/2.5)

The density of electrospuranc and micrdibers, which were collectednto steel
AlSI 316 sheets of311 cnf, was controlled through the electrospinning tim&-{g. In
order to obtain clear AFM imagéBigure 2) the density oPE44fibers was kept low
by restricting theES-T to 3 sonly. Crosssectional profils of the topographyAFM
images suggesthe flatenng of PE44/5/5and PE44/10/2.%bers. This phenomenon is
more pronounced for the former than for the laffdrus, the cross sectional height and
width measuredor suchnanofibers/ microfibersare "™ 30 nm/ 1 rm andw*™e
130 nm/ 2 nm W™h*™ o 4.3 and 2 for PE44/5/5 and PE44/10/2.5, respectjvely
Although the attraction exerted by the steel surface towards the PE44 structures is
enhanced by the low density of fikgthe pronounced flatteninguggested by the high
WM™ values should be considered with caution Thus, w*™ values are
considerablyoverestimatediue tothe limitations of this techniquat the fibersubstrate
interface (.e. the internal periphery gbseudecylindrical fibers that contacts with the
surface isnot properly consideretly this technique)ln spite of tls limitation, the
deformations undergone by PE44 namamd micrdibers upondepositiononto steel
substratesare qualitatively analogouso thosederived from the comparison between
organic dendrimeP5* and dendronized polymers (DP$).Thus, DPs are less
deformable than organic dendrimers of the same generation because of the organization

of their outermost branching units, which interact with the backbone through



backfoldingeffects, and the effective strength of interdendron intenas? In the case
of PE44 fibers, theleformability ofPE44/10/2.5s lower than that oPE44/5/5because
thestiffness increases with tlanount of interacting polymer chains.

SEM micrographs of dense fibers mats, which were obtained by increasigg-the
to 12 s,are included in Figure ZEM images reveal a smooth surface texture, beads
and broken fibers being infrequent. Furthermore sehenicrographsevidencethat
PE44/5/5fibers aresignificantly thinner thanPE44/10/2.5 oned hus, thediameter(f)
of PE44/5/5 and PE44/10/2ters (Figure 2)extend from43to 109 nm and fron206
to 796 nm, respectively. The average diametgg)(for these nanoand microfibers is
58.2°0.2 and 3%.6°22.1nm, respectivelyHowever,in opposition to thev*™ values
which were overestimated because of @deeady describedimitations of the AFM
technique,f,, valuesare probably underestimated due a partial melting of polymer
fibers caused by the energy of the electron bedime absorption of such energy
increases with the thickness of tifieers and, thereforesuch underestimationis

expected to benore pronounced fd?E44/10/2.8han for PE44/5/5

Influence of the PEDOT polymerization medium in the template

It should be noted that, in order to avoid structural defects in PED¥DI& and
microtubes, the reaction medium should not affect the template. More specifically,
alterations at the surface of the PE44 template through global or local swelling
phenomenal®uld be avoided during the PEDOT electropolymerization process.

ApparentlyPE44does not swell upon immersiam acetonitrile(Figure &), which is
the reaction medium used in the templassisted anodic polymerization of PEDOT
(next subsection). Howeer, the possible negativefiects of such organic solveim

PE44 fibers have beealso examined byboth gravimetric methods and AFMIhe



weight loss(WL) after 24 h of immersion in acetonitrile of PE84 and PE44/10/2.5
fibers (Figure S3)is around 7%and 3%, respectivelyAlthough the values are very
small, these results indicate that the morphologypolyester template, especially the
PE44/5/5 nanofibergould be affected by the organsolvent.However, comparison of
the AFM images obtained fdPE44/10/2.5amples immersed 24 h in acetonitrile and as
prepared (Figure4) indicates that the influence of the organic solvent in topography is

virtually none

Polymerization of PEDOT around electrospun PE44 fibers: Limitations of the
template-assisted approach

Following the approach discussed in the Introduction section (Figurd?E&QT
waselectrgolymerized bychronoamperometry (CA), using a constant potential of 1.40
V,* on steel AISI 316 electrodethat were previously used eropked to collect
PE445/5 or PE44/10/2.%electrospurfibers(ES- T = 3 sin both cases)n order togrow
a nanometric PEDOT layer arourslich PE44 fibers,the electropolymerization time
(EP-T) was keptvery low (.e. 1, 3or 5 sonly). The current density decreases with
increasing EPT reaching values comprised betwee8 &nd 4.6 mA-cn? (Figure S5),
this behavior being independent of the fibeieemeter

Figures 3a and3b display representativeAFM images of the PE48/5 nanofibers
after coating with PEDOT using EP= 1 and3 s, respectivelyIn spite of suclshort
EP-Ts, a monolayer of PEDOT aggregatiposited onto the steel substrstelearly
observedn both cases. Besidesmall PEDOT clustersare also identifiedaroundthe
PE44 nanofibersTheseclusters are homogeneously distribuggdund thedibers when
the polymerizatiorprocesss restricted to 1 s onlwhile PEDOT aggregatesirtually

cover the entire nanofiber surfasenEP-T= 3 s. The crossectional profiles indicate

10



that the height of the coated nanofiber& 8% 200-250 nmfor both ERT=1 and 3 s
On the other handd\FM images of the PE44/10/2.5 microfibers coated with PEDOT
using EP-T= 5 s are provided in Figur&c. In this casethe CPgrows onto the steel
surfacecoatingonly specificregiors of the micrdfiber to connect clusterecated at the
two sides, while therestof themicradfiber remains completely uncoatethe W*™ value
derived fromthe crosssectional profile;-0.8 mm, is fully consistent with this feature.

Densemats of PE445/5 nanofibers(Figure S6) which were preparedusing EST=
12 s,were alscemployedas templates for thereparatiorof hollow PEDOT nanotubes.
Visual inspection ofamplesbtained using theemplateassistecapproach displayed in
Figure 1la and Ef= 5 srevealed thathe color of the PE44 matwas preservedn
contrast a deep bluehin film, which corresponsito PEDOT directly electrodeposited
onto the steel surface, appe@rupon lifting the PE44 nanofibers with tweezers.
Consistently the topographic AFM imaggisplayed in Figur&6reflects the absence of
PEDOT aggregates@undthe surface of the nanofilemwtile the correspondingphase
imageclearlyindicates that PEDOT chains grow from the surface of the steel electrode.
These results prove thakidized EDOT monomes do not interact electrically with
PE44. Howeversuch small moleculediffuse acrosshe dense nanofiber distribution
and reach theconductingelectrode surfagegiving place to thegrowing of PEDOT
chainsthrough a radical cation palgndensatiomechanism.

In order tosurmountthe limitations discusse@bove,additional experiments were
carried outincreasing the EFf from 5 to 50 s. Figure 3 which displays the
chronoamperogram recordéor the polymerization of EDOT onto steel coated with
PE44/5/5 nanofibers prepared uslB§ T= 3 s, shows that the current density stabilizes
around 2.5 mA/cth AFM micrographs (Figuré&S8) reveal that the whole surface is

coated by aggregates typically observed in PEDOT films, whereas no morphology

11



related with the nanofiberis detected. Thus, PB4nanofibers are trappedsithin the
PEDOT matrixwhen the polymerization time is increased.

The overall of these resultgevidence the difficulties associated with the
electrochemical polymerization of CPs around insulating polymeric templEtes,
electopolymerization of monomeientoinsulatingelectrospun fiberss unsuccessfuf
conductingelectrodesurfacebeing strictlynecessaryHowever, PEDOT clusters adhere
to the surface of PE44 fibers whendbare in direct contact with electrodiee( mats
with a low density of fibers), whichas beerattributed to the favorable interactions
between the two polymerédditionally, fiber templates become totally immersed into
the CP matrix when the EP is increased to promote their coating. In order to

overcome all these limitations, a new approach is proposed in the next section.

Multi -step templateassisted approach

In order to overcome the limitations previously discussed, here we report a robust,
simple and straightforwardhethodfor the fabricatio of hollow PEDOT nanoand
microtubes This method, which has been denoted nrsitp templatassisted
approach, has been inspired in the favorable interactions between PEDOT and PE44
fibers, which were responsible of the formation of CP clusters omtonulating
polymer.In order to take advantage of such interactions, the termgdatisted approach
has been modified by introducing a new step. Thusntbki-step template assisted
approach is dour-stepprocess(Figure 1b) (i) electropolymerizatiorof PEDOT onto
the steel electrode; (ii) electrospinning of PE44 fiker the PEDOT filngenerated
in the previous stepiii) electropolymerizatiorof PEDOT onto PE44 fibers; and (iv)
eliminationof the PE44 templates by dissolving them with chlorofoFive addition of

the first step tahe conventional templatassisted strategyrovokes a drastic change:
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electrospun fiberare collectednto a soft and irregula@P surfacerather than onto the
steel electrode surfacg&

SEM micrograph and AFM images displayed in Figure4a show the porous
morphology ancheterogeneouspographyof PEDOT films obtained usind=EP-T= 50
S. Thus, the CP surfaceonsists onmicro- and submicrometriclusters which are
located at very different heightsxd areconnected through ultithin fibers alternate
with relatively deep pore€lectrospun PE44/5/5 nanofibers collected onto the surface
of the PEDOT film are displayed in Figudb. Nanofibers, which were obtained using
an electrospinning time dEST= 15 s, are satisfactorily adhered to the CP surface
After this, a second layer of PEDOT has been generated by anodic polymerization using
EP-T= 50 sonto the PE44/5/5 nanofibesigure 4c, which showsé morphology and
topography of the resulting systeemMdence the success of the mustep template
assisted approach. Thumated nanofibers can be perfectly identified onto the PEDOT
surface Furthermore, AFM phase imageslicate that, although the coverage of the
PE44 nanofibersvith the second CP layeras not entirg/et, suchcoatingprocessvas
considerablymore complete and better defingldan that achievedor nanofibers
directly collected onto the steel electrotlgerestingly, he heterogeneous morphology
of PEDOT remains after deposition of tekecond CP layer, even though the porosity
decreases considerably with respect to the first layer (Figarasd4c). Overall, these
results suggest that a completely coverage of the nanofibers could be obtained by
adjustingeP-T and/or EST.

Different tials were performed to adjust the-ERand the EST, results for the most
representative ones being displayed in Figb®e Comparison of the results led us to
conclude that the polymerization times used to obtain the first and second PEDOT layer

(hereafte denoted EPT and EPZT) should be different. Regarding to the internal
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PEDOT layer, EPI should be low enough to keep the roughnesgagonablyiow
values(i.e. the roughnessf PEDOT films is known toncreaseconsiderably with the
polymerization time™). Thus, the contact between the internal PEDOT layer and the
collected electrospun PE44 fibegeeatlydepends on the surface topography of the CP
deposited onto the steel electrodiethe roughness is too Hg the CP topography
induces the apparition of empty spaces at the PEDOT(film)---PE44(fiber) interface
since relatively long segments of the fiber are suspended rather than supported on the
PEDOT surfacgFigure S9) Such empty spaces are filled by the {DPthe second
polymerization step, affecting the coating of the finamgavorably According to these
observations, ERT was kept at 50 s since the generated PEDOT layer is flat enough to
allow a good contact with the electrospun fibémscontrast, thgolymerization time of
the second electropolymerization step, HR2lepends orthe density of PE44 fibers.
Thus, EPZT grows with EST, thesetwo parameters are completely independent of
EPLT.

The efficacy of the mulistep templat@assisted approach is illustrated in Figure 5,
which showsAFM images ofthe internalPEDOT deposited onto ste@P1T= 50 9,
the electrospui?E44/5/5 nanftbers obtained using an electrospinning tim& & and
the coating PEDOT layglEP2T= 180 s).In this case PE44 nanofibers were pdlyec
covered by the CRyorroboraing thatthe internal CP layer must be electqaolymerized

usingrelatively shorEP1T values.

PEDOT fibers and hollow tubes: Electrochemicatesponse
In order to transform the coated PE44/5/5 nanofibers into hollow PEDOT nanotubes,
samples were immersed into 3 mL of chloroform, whicleagable of dissolvingthe

polyesterbut not the CPThree different immersion times were tested at this stage: 1 h,
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3 h and 24 h. Despite the insolubility of PEDOicrocrevasses appeared at the surface
of flms immersed 3 h, whilethe adhesion of the CP to the steel surface was
considerably affectedfter 24 h of immersion inchloroform. Accordingly, samples
immersed during 1 h, which preserved #traucture,adherence, color and uniformity,
were the only consider for further characterization.

SEM micrographsdisplayed in Figures 6a and S10 correspond tBEDOT
microtubes derived from the mulistep templatassisted approach (EAE 50 s,
PE44/10/2.5 template froBST= 3 s and EPZI= 50 s)after 1 h of immersion in
chloroform It should be emphasized thaick SEM micrographs were focused on
structural deficiencies such as small breaks at the walls (Figures 6a and S10a) and,
crosssectional breakages (Figures 6b and S10b). Thus, although these elements were
relatively infrequent, they allowed us to corrolderghat microfibers transformed into
hollow microtubes in the selective solvent etching procAssordingly, chloroform
molecules penetrate through the gmrof thePEDOT external layer, dissolvinthe
PE44 microfiber.

Cyclic voltammograms ofampleswith hollow nane and microtubes prepared as
described in the previous subsect{&P1T= 50 s EST= 15 s and ERZ= 180 sfor
both PE4/5/5 and PE44/10/2.5 templates acetonitrile with 0.1 M LiClQare shown
in Figure6c. For comparison, the voltammograscorded for a PEDOT film that was
obtained using a twetep electropolymerization process with identical polymerization
timesbut without introducing the PEAtemplatesis also displayedlhe electroactivity
of the bilayered PEDOT film i£2% higherthan that of PEDOT nanotubeshis small
reductionhas beerattributedto the aggressive conditions applied during the ruiép
templateassisted approactwhich promote degradative processes in the CP chains.

Among themthe high voltage (25 kV) applied tbe collecting targetwhich is coated

15



by the first PEDOT layerduring the electrospinning process and the immersion in
chloroform for 1 h to eliminate the PE44 templdeserve special consideratidfor
microtubes, the electroactivity decreases 43% vaspect to bilayered film@dicating
that themicrometric hollow cavities affectnegativelythe ability to exchange charge
reversibly Thus, such micrometric cavitieprobably act as structural breakage
elements, making more difficuthe entrance anelscape of dopant ions into the bulk CP
matrix during oxidation and reduction processes, respectively.

In order to compare the electrochemical responses of hollow PEDOT tubes with
those of PEDOT fibers, cyclic voltammograms were also recorded for sangbtee b
the immersion in chloroform (Figure 6d). Thbility to exchange charge reversildf
nanc and microfibers is slightlyworsethan that observed for tledrrespondindnoliow
architecturesife. the electroactivity is 2% and 7% lower for naramd microfibers,
respectively, than fanane and microtubes This slight reduction has been attributed to
the interface betweete CP and the insulating PE44 templates, whetiminatesthe
effective surface area associated to cavities in nama microtules. Thus, the
insulating templates preclude the exchange of dopant ions between the CP and the
electrolytic medium during oxidation and reduction processes. However, this negative
effect, which as expected is more pronounced for microfibers than for barsofis
partially compensated by the fact the CP matrixia$ submitted to the degradative
effects induced by the chloroform solve@@onsequently, the electrochemical response

undergoes a small reduction only.

CONCLUSIONS

Once have beesstablishedhe limitations in the implementation of the conventional

templateassisted approadbr the preparation of hollow PEDOT narend microtubes

16



ontosteel electrodes multistep strategy has been designed and used for such purpose.
In such multistep proedure, the steel electrode is coated by a relatively flat PEDOT
layer before to collect the electrospun PE44 fibers. The favorable interactions between
the chains of the two polymers facilitate the coating of the PE44 aawomicrofibers
by PEDOT in the second electropolymerization step. The elimination of the PE44
template through solvent etching results in PEDOT bilayaith hollow morphologies
onto its surface, enhancing considerably the active surface of the CP. Despite the CP
molecules are subjecteto drastic conditions during the medtiep templatassisted
strategy €.9. high voltage and immersion into an organic solvent for 1 h), the
electrochemical response of PEDOT is maintajesg@ecially in the case of nanotubes

This straightforward prockire, whichenables theuse of simple steel electrodes,
opens the door to applications other tisaphisticatecheural prostheses. For example,
the high active surface provided by hollow PEDOT naamad microtubes can be used
to enhance the performance this CP as detector of neurotransmittemsnd main
component of solid organic supeapacitors® Regarding to the latter, it should be
remarked that electrodes prepared in this work exhibit high aspect ratios, high surface
area and high porosity, suggest that they can be extensively applied in energy
storage deviceOn the other hand, it should be remarked that this procedure can be
extrapolated to other systems based on the combination of soluble polymers that can be
electrospinnede(.g. polylactic acid and nylons) and other polyheterocyclic CRsy(

polypyrrole derivatives).
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CAPTIONS TO FIGURES

Figure 1. Schematic representation of different steps involved in the (a) conventional
templateassisted approach and (b) the msiép templatassisted approach.

Figure 2. AFM and SEM images oélectrospuna) PE445/5 and (b) PE44/10/2.5
fibers. The density dibers into the mats was controlled tbghEST: 3 s andl2 s for

AFM and SEM images, respectively. AFM images in (a) and (b) &teahd 1810

mm?, respectively. The cross sectional profiles of the above AFM images have been
used to estimaté®™ andw*™ values. The diameter distributions of the electrospun
fibers have been derived from SEM images and used to evéjyatdues

Figure 3. 3D topographic and height AFM images: d?E445/5 electrospun
nandibers coated with PEDOTgeneratedusing (a) EP-T= 1 sand (b) EP-T= 3 s
(window size = 22 mm? in both cases)and (c) PE44/10/2.5 electrospumicrofibers
coated with PEDO®btainedusing EP-T= 5 s(window size = 5 nm?). In all cases
the conventional templai@ssisted approach was usB&44 fiber matbeing prepared
employingEST= 3 s The cross sectional profiles of the above AFM images have been

H™Myvalues.

used to estimatine
Figure 4. SEM micrograph (left), 3D topographic (center) and phase (right) AFM
images ofthe systemsnvolved inthe multistep templat@assisted approachhen the
EP-T employed for the internal and external PEDOT layer is the :sganfEDOT film
electrogenerated onto stg&lP-T= 50 9; (b) electrospun PE44/5/5 nanofibgEsS-T=
15 s)collected onto the PEDOT surface displayed in &l (c) PE44 electrospun
fiberscoated with PEDOTEP-T= 50 9. Window sizes of AFM images: 1@0 mm? for
(a) and 2820 nm? for (b) and (c).
Figure 5. 3D topographic and phase (right) AFM images of the systems involved in

the multistep templat@assisted approaskhenthe ERTs employed for the internal and
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external PEDOT layer idifferent (a) PEDOT film electrogenerated onto steel {HR
50 s); (b)electrospun PE44/5/5 nanofibers (ES 7 s) collected onto the PEDOT
surface displayed in (a); and (€E44 electrospun fiberoated with PEDOT (ERT=
180 s). Window sizes of AFM images: 300 mm?.

Figure 6. (a) and (b)SEM micrographs ohollow PEDOT microtubesprepared
using the multisteptemplateassisted approach. The parameters for this process were:
(i) EP1XT= 50 s for the internal PEDOT layer; (ii) electrospgrie44/10/2.5 microfibers
(EST= 3 s) as template; (iii) EPR = 50 s for the externalBDOT layer; and (iv)
immersion in chloroform for 1 h. The small break at the wall in (a) and the cross
sectional breakages in (b) have been used to confirm that microfibers transformed into
hollow nanotubes(c) Cyclic voltammograms dfiollow PEDOT naneoand microtubes
prepared usingP1T= 50 s, EST= 15 s and ERZ= 180 s in acetonitrile with 0.1 M
LiClIO4. (d) Cyclic voltammograms of PEDOT nanand microfibers in which the
PE44/5/5 and PE44/10/2.5 templates have not been eliminated. The times for the
different steps is the same that for (c). The cyclic voltammogram recorded for a
bilayered film prepared using two consecutive anodic polymerization steps of 50 and

180 s has been included in (c) and (d) for comparison.
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