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Abstract

A polypyrrole (PPy)/polyimide (P1) composite was prepared electrochemically in order to improve the mechanical and electrochemical
properties of PPy. The electrochemical behavior of the composite was studied by potential step amperometry. The composites were found
to possess increased charge storage ability in comparison to pure PPy. It was found that the doping of PPy by Pl is responsible for the
increased charge storage ability of the composite.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction very good mechanical properties. PPy was chosen as a filler
because of its relatively good environmental stability and
Intrinsically conducting polymers (ICPs) are a class of electroactivity. Electroactivity of PPy can be represented as
polymers that contain conjugated double bonds. Examplesfollows:

of ICPs are: polypyrrole (PPy), polyaniline (PANI) and poly- (—Py3 + A" — e‘g(—Py"L—)A_

acetylene.
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Due to their electroactivity and high surface area, ICPs a )
are being evaluated for practical applications in polymer bat- (—_py+ A~ 4 A= — e—g(_pf+_)2A—
teries[1,2] and supercapacitof8—6]. However, poor me-
chanical properties and low environmental stability of pure Where (-Py-) are pyrrole monomers (above), ¢4Py) is
ICPs remain a serious obstacle to their practical applica- & cation radical
tion. One of the ways to solve this problem is to formulate H " i
the composites composed of the ICP filler and a polymeric (\é/@\ N /%@L)
matrix with attractive mechanical properties. In this pa- N @ N N
per, polyimide (PI) was used as a matrix for a compos- H H H ,
ite with ICP, because of its excellent thermal stability and and (—P§*-) is di-cation
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additional consideration for choosing Pl as a matrix for the
composite with PPy is the electroactivity of RI1]:

(Pl) + K+ + e EPIrHKF
and
(PIPOKT + KT + e E(PIZ)2kt

where (PI) is a monomer unit, (P1) is an anion radical:
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The electrochemical formation of anion radicals takes
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The electrodeposition of PPy and PSA experiments were
performed with a EG & G Potentiostat-Galvanostat model
273 A.

2.2. Methods

2.2.1. Samples preparation

A solution of poly(amic acid) restn(28% in N-methyl-
pyrrolidinone (NMP)) purchased from DuPont Electronics
was diluted to 10% by dimethylacetamide (DMACc). The
PAAcC solution was cast onto a stainless steel (SS) working
electrode and subsequently dried at’@for 1 h to form
a film of 15-20um thickness. A PAAc film formed on SS
steel was converted to Pl by chemical imidization, as de-
scribed by Koton et al[13]. The molecular structure of Pl
after imidization is shown above. Electrodeposition of PPy
on Pl-coated electrode was carried out galvanostatically in
a solution containing 0.01 M pyrrole (Fyand 0.1 M potas-
sium hexafluorophosphate (KBFn acetonitrile (AN), by
the same procedure agii2]. A current density of 1 mA/ck
was applied until the desired amount of charge was con-
sumed. A single-compartment electrochemical cell was used
for the experiments. The electrochemical cell was composed
of the Pl-coated SS working electrode, SS counter electrode
and a saturated calomel reference electtd@€E). During

place in the first step, and the di-anion forms in the second the electrochemical polymerization of Py onto the PI cov-
step. Electroneutrality is maintained by counter ions. Charge ered SS electrode, the PPy/PI composite was formed. The
storage properties of the PPy/PI composite are mainly due to, g ing ppy/pI films were firmly bonded to the surface
doping/dedoping of PPy in the presence of the electroactive ¢ o \yorking electrode. After electrodeposition was com-
PI matrix[12]. Pseudocapacitance (capacitance that is duetopleteol the composite film was dedoped and discharged by
QOping/dedoping) was recently studied by electrochemical short-(;ircuiting the counter and working electrode for 5 min
|mpedanpe spectroscopy (EIS). It was shown that Fhe PS€Uin monomer-free solution. During discharging, the current
@capamtanpe qf the PPy/.PI composite changes with Changbetween working electrode and counter electrode decreased
ing dc polarization potential because of the changed Ievelfrorn the milliampere to the nanoampere range. After dis-

of doping[12_]. Itwas also shown th_at pseudocapacitance of charging was completed, the films were rinsed in AN for
the composite increases with the increased amount of PPy

10 min.
and reaches 40 mC/émwhen the time of PPy deposition
is 400s. However, at low frequencies (less then 0.05Hz)

EIS results can be affected by polarization currents. Poten- ? O\

tial step amperometry (PSA) allows the determination of the G C\ —\ —
charge storage ability directly, by integrating the area under - N\ \\ > /‘N AQ\ //%cr<\4/>*)n
the discharge curve. In this paper, PSA was used to study the ¢ e g

discharge behavior of pure PPy and the PPy/PI composites (‘jl ‘o‘

for application to polymer-based charge storage systems. Pyrromeliitic Dianhydride 4,4'-oxydianiline

FTIR spectra showed that the amount of PPy in the
composite increased with the increasing time of deposition
(Fig. 1). The relative intensity of the PPy characteristic peak
(C—H in pyrrole ring) at 1050 cmt is plotted as a function
of the calculated amount of PPy based on electrodeposition

Fourier transform infrared spectroscopy (FTIR) was per- time. The IR peak occurring at 1015ctis associated
formed by using a BIO-RAD FTS-40 FTIR spectrometer.

The morphology of the composites was examined by a . . -~
Hitachi S-4000 scanning electron microscope (SEM). The Pyrromellitic dianhydride 4,4-oxydianiline was used.
9 . ) p ’ 3 Monomer, solvent and chemicals were used Aldrich grade without
SEM samples were sputtered with gold to improve conduc- fyrther purification.
tivity. 4 All the potentials were applied versus SCE.

2. Experimental

2.1. Apparatus
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Fig. 1. Relative intensity of 1050 cthpeak as a function of amount of PPy in the PPy/Pl composite.

with the vibration of the phenyl ring present in Pl and was
used as a standard.

2.2.2. Potential step amperometry

Charging of films was carried out potentiostatically. An
anodic charging potentiakgy,) in the range of 0.5-2.1V was
applied to charge films during a charging timg (Immedi-
ately after charging was completed, films were switched to
a discharging potentiaEjcn) equal to 0.0V that was close
to the open circuit potential withis=10 mV. The discharg-
ing current was monitored as a function of discharging time
(t2). Evaluation of the area under lbgersust, curve was
done to determine the charge passed.

3. Results and discussion

The morphology of the composite film shows the pres-
ence of PPyFig. 2 shows the SEM picture for the PPy/PI
composite. Pure PI film has a smooth surface morphology
(Fig. 2A), while deposition of PPy causes roughening. Fila-
ments shown irFig. 2B possibly contain increased amounts
of PPy.

Potential step measurements were performed on an un-E
coated SS electrode, Pl-coated SS electrode, PPy-coated SS
and PPy/Pl-composite-coated SS at different charging times |
and potentials. The discharge behavior of the bare electrode
and pure Pl films are shown Fig. 3. The discharge process
shown on a bare electrode is associated with the capacitance
of a double electric layer (DEL) at the electrode/solution
interface. The DEL is composed of a positively charged
metal surface and negatively charged hexafluorophosphate
ions. As shown inFig. 3, the discharge current for the PI
film exceeds that for a bare electrode by about one order of
magnitude. In this case, highly polarizable PI molecules are B)
responsible for the increase in the capacitance of the com-ig. 2. sem images of pure PI film and the PPy/PI composite: (A) pure
posite. The pseudocapacitance of the PPy film is an addi-PI; (B) the PPy/PI composite; (bottom) 500s of PPy deposition.
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Fig. 3. Discharging behavior of the electrochemical cell with: (a) bare electrgde 10, 20, 40, 805s); (b) PI film#{ = 80s),Uch = 1.1 V.
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Fig. 4. Discharge behavior of PPy filnm (= 10s (1), 11 = 20s @A), t1 = 40s €), 11 = 80s (x); Ech = L.1V).

tional mechanism that contributes to the discharge current Cim
(Fig. 4). A linear dependence for the discharge of PPy on N

steel is shown in a time—current curve. The equivalent cir- | ] R
cuit model for this approximation includes the capacitance S
of the film Cqjm that is in parallel with film resistand@y,. R —L
Rs is the solution resistance. This equivalent circuit model pPo
predicts a linear dependence of the logarithm of discharge {4
current on discharge time.
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Fig. 7. Dependence of chard@@ycn on the amount of PPy. Charging time 50s. Electrode area #0cm

In the case of the PPy/PI composite, Iggersust, curve less steel. A significant difference between the behavior of
shows two types of behavioFig. 5. The behavior atlong  PPy-coated SS, bare SS and the PPy/Pl-composite-coated
discharge time is linear and is similar to the previous case. SS was observed. This behavior is believed to be due to the
The behavior for short discharge time deviates from linear pseudocapacitance of PPy and the additional doping pro-
behavior. The magnitude of the discharge current in the casevided by the PI matrix. The Pl matrix also protects PPy from
of the composite is significantly larger possibly because of overoxidation and results in increased charge storage ability.
the effect of discharge of the PPy/PI complexes. The pseudocapacitance of the PPy/PI composite obtained by

The nature of the interaction between PPy and Pl can bePSA is in agreement with that obtained by EIS.
represented:
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