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ABSTRACT KEYWORDS
Polypyrrloe (PPy) films were synthesized electrochemically by the direct Polypyrrole (PPy);
anodic oxidation of pyrrolein an aqueous solution containing the environ- Sodium dodecy! sulfate
mentally friendly surfactant sodium dodecy! sulfate (SDS). The PPy/SDS (SD9);
filmswere characterized by cyclic voltammetry (CV), insitu UV-visible spec- Cyclicvoltammetry (CV);
troscopy, and scanning electron microscopy (SEM), and were then con- M orphol ogy.

trasted with PPy films prepared under identical conditions in the absence
of SDS. The results obtained show that the rate of electropolymerization
increases in the presence of SDS with the electroactive, adhesive, and
homogenous polymer films onto the el ectrode surface. Also we found that
the optimized concenteration of pyrrolefor electropol ymerization decreases
inthe presence of SDS. The CVsfor the PPy/SDSfilmsrecorded at different
scan ratesreveal that the anodic peak currentsincrease with increaseinthe
scan rate, and that the redox process is surface-controlled. The effects of
electropolymerization parameters on the morphology obtained are dis-
cussed. It is proposed that the electropolymerization rate and polymer
stiffness are the important factors in controlling the morphology. SEM
images show that the PPy/SDS films take asmall size, and extend surface
particleswith better diffusity which isaffected by stabilizers. The model of
the polymer growth is flowers-like in the absence of SDS, and it is string-
likeintheSDSmedium.  © 2014 Trade SciencelInc. - INDIA

INTRODUCTION cal, and sensing deviced* 9, The formation of these
structuresinthe presence of activesurfacemateriasin
aqueous mediahasreceived less attention in spite of
the obviouseconomica advantages. Among al the con-
ducting polymers, polypyrrole (PPy) isthe one most
studied for itsease of preparation, high electronic con-
ductivity, and good stability in air and aqueous media.

Thechemica and dectrochemica synthesisof con-
ducting polymerscontinuesto receive grest attentionin
fundamenta aswell asapplied studies. In particular,
micro- and nanostructures of conducting polymersare
under activeinvestigation because of themany existing
and new possibilitiesfor gpplicationsinoptical,, € ectri-
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Scheme1: Chemical structureof SDS

Electrochemical polymerization of pyrroleisthemain
method in the preparation of PPy films. The polymer-
ization parameterssuch assolvent,**4 temperature,*
potential or current density,™ monomer concentra-
tion*”) supporting e ectrolyte*® and nature of working
el ectrodd™® have strong effects on the polymerization
processes of pyrrole.

Polymericaswe| asnon-polymeric surfactantshave
been used to make colloidal PPy. The presence of a
surfactant or polye ectrolyte significantly modifiesboth
the mi croscopi c and macroscopic properties of thefi-
nal polymer2>281, Sodium dodecy! sulfate (SDS) has
been used extensively asasurfactant for micelar/emul-
sion polymerizationfor aseriesof monomersusing both
the chemical and electrochemical polymerization
routes?228, SDSisan anionic surfactant having abulky
hydrocarbontail and asulfonategroupinitspolar head
(Scheme 1). It has been postulated that pyrrole is
solubilised inthe micellar assembly formed onthe sub-
strate leading to ahighly concentrated monomer. The
chemical synthesisof PPy hasbeen performed inthe
presence of surfactants, wherethey act asaco-dopant
together with the anion of the oxidising agent(>, In
contrast, the el ectrochemical synthesisalowsincorpo-
ration of SDS asaunigque dopant. The €l ectrodeposi-
tion of PPy onto stainlesssteel in organic mediacon-
taining surfactant for the construction of asingle-layer
actuator has al so been reported®Y.

Inthiswork, theinvestigation wasextended by ana-
lyzingthefirst stagesof PPy eectrosynthesisintheSDS
solutionin different ectrochemica techniques. Were-
port thedetailed mechanisticinvestigationsof the effect
of varying theamount of SDSon therate of polymer-
ization of pyrrole. Different PPy/SDS morphologies
were formed, which were characterized by varying
electrosynthesisparameters. Cyclic voltammetry (CV)
wasused toinvestigate the e ectrochemica behavior of
themodified electrode. Furthermore, the composite
structureand e ectrica propertieswere compared with
the pure PPy usingtheUV-visibleand SEM techniques.
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MATERIALSAND METHOD

Chemicalsand materials

Pyrrole)Merck( wasdistilled under reduced pres-
surebeforeuse. SDS and other chemicalswereana-
lytical grade reagents)Merck(, and were used asre-
ceived. Deionized water fromaMuillipore purification
system was used for the preparation of the solutions.

Instrumentation

A standard three-electrode cell was used with a
glassy carbon, gold or platinum disk astheworking
electrode, asaturated calomel electrode (SCE) asref-
erence, and aplatinum wire asthe counter el ectrode.
Theworking electrode had asurface areaof 0.20 cm?.
Before each experiment, the working electrode was
polished mechanically with 1.0 mmdiameter alumina
powder, washed, and then rubbed against a smooth
cloth. All theeectrochemica measurementswerecar-
ried out using the el ectrochemicall system Behpagjuh
Electric (Iran) with aPC and el ectrochemical set-up
that was controlled with the software. Except other-
wise stated, all the experiments were carried out at
room temperature (25+ 0.1 'C), andal potentiaswere
referredtothe SCE. TheUV-vigbletransmisson specira
wererecorded using a Shimadzu (M-160) spectrom-
eter. The SEM images were taken using aHitachi in-
strument (S-4160) at variousmagnifications.

Prepar ation of PPy/SDS compositefilms

The PPy/SDSfilmswereformed on the Pt work-
ing el ectrode by three el ectrochemical techniquesin-
cluding potetiodynamic, potentiogtatic, and gavanodatic
inan agueous sol ution containing KNO, (0.2 M).

RESULTSAND DISCUSSION

Electrochemical preparation of PPy/SDSfilmsin
aqueousmedia

Electrochemical synthesisof PPy was performed
by the CV method from the solution of pyrrole (0.07
M) inKNO, (0.2 M) on aPt electrodewith and with-
out the presence of SDS (0.1 mM) using a potential
sweep rate of 100 mVs-1 between-1and +1 V. Fig-
ure l1a shows the influence of SDS on cyclic
voltamogram of PPy filmswith repect to that obtained
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Figurel: CVsfor (a) PPy/SDSfilmon Pt electrodein 0.07 M Py/0.2M KNO,/0.1 mM SDSaqueoussolution, (b) PPY filmin
theabsenceof SDSat scan rateof 100 mV stinthepotential rangeof -1.0to 1.0V for cycles1, 3,5, 7,9, 11, 13, and 15.

1000 -

900 -
SDSM

Cc=0

800 -

700 -
B C=0.00001

600
A C=0.00005

LA

500 -
® C=0.0001

4005 ® C=0.0005

il c=0.001

200 -+ €=0.005

100

o S 10 :5 ;C‘-

Number of Cycle
Figure2: Plot of peak current against scan number sduring
PPy/SDSelectr odeposition in the presence of SDSwith the
concentration in therangeof 1* 10-°-1* 103 M from the 0.07
M Py/0.2M KNO, aqueoussolution at scan rateof 100mV s*.

inthe sameconditionsin theabsenceof SDS (Figure
1b). Itisclear from thefigurethat the oxidation peak
current for PPy inall cyclesincreasesinthe presence of
SDS. Therefore, SDS has agood catalytic effect on
the electropolymerization of pyrrole. Asreported,*2
the surfactant isadsorbed on the metal substrate and
also onthe growing polymer layer during the electro-
chemica polymerization. Thustheinitia stageof poly-
merization isinfiuenced becausethe substrateismodi-
fied, and thenumber of active sitesfor thee ectrochemi-
cd polymerizationisaffected. Thefollowingstagescould
a so beinfiuenced: electron transfer; surfactant inter-
acting with the growing polymer and incorporation of
ion; transport of the monomer towardsthe electrode;
and solubilization of thereaction productssuch asoli-
gomers, andtheir lossinto the solution.

Theeffect of different SDS concentrations (from

1*10°to 5% 103 M) on the oxidation peak current of
pyrrole(0.07 M) was studied by the CV method inan
aqueous KNO, solution (0.2 M). Thedirect propor-
tiondlity of theamount of polymer to the positive peak
current isfundamental ly important for studying the PPy
electropolymerization. The positive peak current is
employed directly to determine the amount of polymer
deposited on the electrode surface’®*, The anodic
peak currentswere measured and plotted asafunction
of cyclenumber (i.e. thereactiontime), and presented
inFgure2. Accordingtothisfigure, indl theSDScon-
centrationsstudied, thepolymer filmsproduced increase
linearly with the cycle number. Thefigurealso shows
that the slope of variation of Ip, versuscycle number
increases with concentration of SDSuntil 1*103M,
but thisbehavior isinverted withincreasein SDSmore
than 1* 10° M. However, for al concentrationsinthe
rangeof 1*10°-1* 1023 M, therate of polymerizationis
higher than that in the absence of SDS. It isclear that
theincreaseintherate of polymerizationisattributed to
theinteraction between anionic surfactant and pyrrole
monomer or itsoxidation radica cation. Thesurfactant
tendsto accumul ate at the el ectrode/el ectrolyteinter-
face, and drawsin the monomer, thereby enhancing the
local concentration. The supply of monomer tothedec-
trodeisnow limited by thediffusion of themicelles. In
view of their largesize, therate of arrival of monomer
towardsthed ectrodeislow, whichresultsinlowering
thepolymerizationrate. Onfurther increasngthe SDS
concentration (>5* 103 M), thenumber of micdlar sruc-
turesincreases, and on further increas ng the concen-
tration, anemulsionisformed. At thisconcentration of
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Figure3: Galvanogatic char ge-dischar gecurvesfor (a) PPy/

SDSfilmand (b) PPy filmat 0.1 mA

SDS, the solution forms atwo—phase medium, and
concequently, Ip, reduces considerably compared with
that intheabsence of SDS.

Toillustrate the performance of theresulting €l ec-
trodesin supercapacitors, constant current charge-dis-
charge cycling was performed to measure the capaci-
tancein aqueous solutions containing KNO, (0.2 M).
Typicd gavanostatic charge-dischargecurvesat acur-
rent of 0.1 mA areshownin Figure 3. It can beclearly
seen that the PPy/SDSfilms present ahigher capaci-
tance than the pure PPy one, and this can be consid-
ered asthe contribution of faradic pseudocapacitance
of PPy/SDSfilms. Generaly, the gal vanostatic tech-
nique can produce adhesive and uniform deposited
polymer filmson the electrode surface. The electro-
chemical behavior of PPy/SDS films deposited
gdvanodaticaly from agueoussolutionscontaining SDS
was investigated by the CV method, and the results

obtained wereshowninFigure4. AccordingtotheCVs
inthisfigure, Ip, increaseslinearly with scaning rates,
which indicates that redox processes were not con-
trolled by diffusion of counter ions. Thesefilmscan be
cycled repeatedly between the conducting (oxidized)
andinsulaing (neutrd) stateswithout signficant decom-
position of thematerials. Moreover, itisclear that the
anodic currentsincreasedightly with increased cycles
duetothelower doping level of the PPy/SDSfilms.

A set of current transients during
el ectropolymerization of pyrrole(0.07 M) containing
different concentrationsanionic SDS-aqueous solution
at an applied potential of 0.8 V versus SCE on a Pt
electrodeisshowninFigure5. Two or more stagescan
clearly be observed at different SDS concentrations.
Theinitia stage of e ectrodeposition wasacombina-
tion of instantaneous 2-D and 3-D mechanismssince
el ectrodeposition was undercharge transfer control
rather than diffusion; in later stages, layer-by-layer
growth mode was in accordance with the Stranski—
Krastanov model®>%, It isan important feature that
thelayer-by-layer growth mode demonstratesthe elec-
trochemica feasbility of ultrathin PPy/SDSfilms, and
theseultrathin films play animportant rolein modern
biosensorg®:3,

Morovere, theamount of charge passed was moni-
tored, and thetota timetakento produceafinitethick-
ness polymer (correspond to 30 mC charge) wastaken
astheindex for therate of polymerization. A plot of the
timetakentoformthe polymer filmsisshownin Figure
6. Itisclear fromthefigurethat therateof polymeriza
tion increases asthe concentration of SDSincreases
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Figure4: (a) Effect of scanrateon thefir s cycleof PPy/SDSfilm activity in KNO, (0.2 M) solution, and (b) dependenceof the
anodic peak current (I pa) of thefirst cycleof the PPy/SDSfilm activity on thescan rate
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Figure5: Chronoamper ogramsof pyrrole(0.07M)in KNO,
(0.2 M) aqueoussolution containing SDSwith the concentr a-
tionintherangeof 1*105-1* 103 M at an applied potential of
0.8V vs. SCE
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Figure7: Comparatve CVs(10" cycle) for electrosynthesis
of pyrrole (0.2 M) in thepresenceof SDS(0.1 mM) and its
absenceat scanrateof 100 mV stinthepotential rangefrom
-1.0to1.0V

and reachesamaximium around 1* 10 M. Therate of
polymerization then decraseson further increaseof SDS.
Thehorizontal linerepresentsthe polymerizationtime
at 30mCintheabsenceof SDS. Figure6 confirmsthat
the polymerizationrateislower than that in the absence
of SDS, whereitsconcentration increasesabove 5* 10
3 M. Thesupply of monomer to the el ectrodeis now
limited by thediffusion themicelles. Inview of their
large size, therate of arrival of themonomer towards
theeectrodeislow, which resultsinlowering the poly-
merizationrate.

Influence of SDS on limiting concentration of
monomer for electropolymerization
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Figure6: Amount of timetaken to produceafinitethickness
polymer (30 mC) asafunction of SDSconcentration for the
electropolymerization of pyrrole. Thehorizontal linerepre-
sentsthepolymerization timein theabsenceof SDS

Itisclear from theresultsmentioned abovethat the
rateof polymerization of the pyrrolemonomer increases
in the presence of SDS, and that the PPy/SDSfilms
have modified the el ectroactive properties. SDS can
a so decreasethe minimum limit of monomer concen-
tration to prepare the optimum polymer films. It was
found that at an applied monomer concentration less
than 0.3 M, polymerization does not occur ontheelec-
trode surface from agueous solution in the absence of
SDS. Oncethelimiting concentration of monomer for
obtai ning the polymer reduced to 0.2 M, aproper quan-
tity of SDSwas added to the aqueous solution. Figure
7 comparesthe 10" cycle number of voltammograms
of electrosynthesisof 0.2 M pyrrolein the presence
and absence of SDS. Aswe can observeinthisfigure,
theanodic oxidation potentia or activated potentia of
el ectropolymerization of monomer wasreduced inthe
presenceof SDS. Thisisduetothetendency of surfac-
tant to accumul ate at the el ectrod/el ectrolyteinterface,
and drawsinthemonomer, thereby enhancing theloca
concentration. Presence of pyrroleintheoil phase of
themicdllar solution was confirmed spectrophotometri-
caly. TheUV-visble spectrum of pyrroleintheagque-
ousphaseof amonomer sol ution containing SDSshows
aband absorption of 1.251 at 220 nm compared with
the monomer solution in theabsence of SDS (witha
band absorption of 1.575 at 220 nm). It wasrevealed
that themicdlar solution contained aconsiderable part
of monoer inthe surfactant medium (oil phase), which
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Figure9: SEM imagesfor surfacesolution of (a) PPy film and (b) PPy/SDSfilm prepar ed by thepotentiogtatic techniqueat

an applied potential of 0.8V

tendsto accumul ateat the e ectrode/sol ution interface,
and then the polymerization rate of the PPy/SDSfilms
increases.

Surfacemor phology of deposited films

Itisclear from the above mentioned resultsthat the
PPy/SDS films have modified the microscopic and
macroscopi ¢ properties. Thusthe surface morpholo-
giesof the PPy/SDSfilmswerevisualized by SEM.
Figs. 8aand 8b show the SEM images of the PPy and
PPy/SDSfilms, grown during 15 scansfrom aqueous
solution, respectively. Theseimagesreved themorphol-
ogy of e ectrodesurface of the polymer films. Theuni-
form growth of the polymer filmson the surface can be
observed in theseimages sincethe surfaceisprogres-
svely covered by dl the polymer films. However, SDS
isloosely boundto the polymer chain, and leaches out
by repeated cycling of the film between the reduced
and oxidized statesin agueous solution. SDScan also
leach out by dedoping thefilmin agqueoussolutionfor a
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long time. The PPy/SDS modified polymer showsa
more porous and open structure compared with the
PPy films.

The SEM images of the sol ution surface of poly-
mer filmsprepared by the potentiostatic method at a
constant potential of 0.8V areshowninFigure9.In
generd, nodular surfaceand flower-likestructureswere
observed for the PPy films. However, the PPy/SDS
polymer demonstrared |essdiameter for the particle
usually with extended surface. Asshowninthisfigure,
PPy/SDS films comprise mainly ordered molecular
strands anchored directly on the e ectrode surfacewith
respected to the pure PPy films. Thediffusion and ex-
change of ionsand dopantsin thisordered PPy/SDS
films should bevery fast, and entrapment of theions
should besmall. Similar resultscan beobservedinFig-
ure 10, wherethe gal vanostatic technique at aconstant
current of 0.1 mA wasapplied to produce the polymer
films. Itisinteresting that the PPy/SDSfilms prepared
from aqueous sol ution were regular and smooth, pre-
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Figurel0: SEM |mag$for surfacesolutlon of (a) PPy filmand (b) PPy/SDSfllm prepared bythegalvanostanctechmqueat

aconstant current of 0.1 mM.

senting dense, compact, and homogeneous structures.
CONCLUSION

In this paper, we showed that polymerization of
pyrrolein the presence of SDS proceeds mainly with
the complex formed between pyrrole and SDS. The
rateof polymerizationinitialy increaseswithincreasein
the SDS concentration and passes through amaximum
at 0.1 mM. Thecurrent time profileand SEM studies
indicatethat the mechanism of growth and morphol ogy
of the PPy/SDSfilmsaredifferent fromthosefor PPy.
Thedectrochemicd, sructurd, and morphol ogica stud-
iesindicated that the PPy films preparedin the pres-
ence of SDS had abetter el ectrochemical response at
different scanrates, higher current density, lower ress-
tance, and uniform structurewith ahigh el ectrocatalytic
effect compared with the pure PPy polymer. SDS en-
hanced thelocal concentration of pyrrole betweenthe
electrode/sol ution interface, and al so lowered thelimit-
ing concentration and E_ of monomer for the
electropolymerization.  The  successful
electropolymerization of pyrrolein SDSagueous solu-
tion proved that SDS can facilitate the biocompatibility
of pyrrolewith biologically active species, and that these
resultswill benefit further agricultural applicationsof
PPy/SDS biosensors.
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