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Abstract Polypyrrole films were deposited by anodic
electropolymerization on stainless steel substrates from
aqueous pyrrole solutions containing sodium salicylate and
tiron additives. The deposition yield was studied under
galvanostatic conditions. The amount of the deposited
material was varied by the variation of deposition time at a
constant current density. SEM studies showed the forma-
tion of porous films with thicknesses in the range of
0-3 pm. Cyclic voltammetry data for the films tested in
0.5 M Na,SO, solutions showed capacitive behavior and
high specific capacitance (SC) in a voltage window of
0.9 V. The films prepared from pyrrole solutions contain-
ing tiron showed better capacitive behavior compared to
the films prepared from the solutions containing sodium
salicylate. A highest SC of 254 F g~ ! was observed for the
sample with a specific mass of 89 pg cm ™ at a scan rate of
2mV s~ '. The SC decreased with an increasing film
thickness and scan rate. The results indicated that the
polypyrrole films deposited on the stainless steel substrates
by anodic electropolymerization can be used as electrodes
for electrochemical supercapacitors (ES).
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Introduction

The development of hybrid and electric vehicles requires the
use of efficient ES [1], which provide load-levelling during
starting, acceleration and braking. Polypyrrole is an attrac-
tive material for the fabrication of electrodes for ES due to its
high SC and good electrical conductivity. Numerous inves-
tigations have been conducted with a goal of utilizing the
high SC of polypyrrole in ES. Impressive progress has
already been made in the fabrication and testing of poly-
pyrrole films prepared by various methods, such as emulsion
polymerization [2], layer-by-layer assembly [3], chemical
[4] and electrochemical polymerization [5]. The mecha-
nism of charge storage in the polypyrrole electrodes has
been investigated using quartz crystal microbalance method
[S].

Electrochemical polymerization is an attractive method
for the fabrication of polypyrrole films. In this approach,
anodic polymerization of polypyrrole can be achieved from
aqueous monomer solutions containing anionic additives.
Various substrates were used for the anodic electropoly-
merization of polypyrrole films, including tantalum [6], lead
[7], titanium [8], platinum [9], indium tin oxide [10, 11],
porous carbon fibre paper [12], activated carbon [13],
graphite [14] and carbon foam [15]. The films exhibited
excellent capacitive behavior with a SC as high as 400 F g~ !
and good cycling stability during 10,000 cycles [14]. How-
ever, the deposition of polypyrrole on low-cost stainless steel
substrates presents difficulties related to anodic oxidation
and dissolution of the substrates. The chemical and electro-
chemical passivation of the substrates for electropolymer-
ization of polypyrrole usually results in the formation of
insulating films with low capacitance. The formation of such
films results in a reduced total capacitance of the electrodes.
The polypyrrole films [16] deposited on the stainless steel
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substrate using p-toluene sulphonic acid as an additive
showed a SC of ~100 F g ".

Recently, it was shown that salicylic acid and tiron are
promising additives for the electrochemical polymerization
of polypyrrole [17-19]. Strongly adherent films of poly-
pyrrole were obtained on zinc-electroplated stainless steel
using sodium salicylate as an additive [17]. It was shown
that sodium salicylate complexes the surface metal ions and
prevents the dissolution of metallic substrates. However,
such surface complexation does not prevent electropoly-
merization of the polypyrrole. Electropolymerization of
polypyrrole on aluminum alloy was achieved using tiron
[19]. It was shown that the tiron acted as a charge transfer
mediator, which reduced the deposition potential by nearly
500 mV compared to the deposition performed in the
absence of mediator. The method enabled the formation of
adherent films with good electrical conductivity.

The results presented below indicated that sodium salic-
ylate and tiron are efficient processing additives for the
fabrication of polypyrrole films on stainless steel substrates
by anodic electropolymerization. We presented experimen-
tal data on the capacitive behavior and microstructure of the
films prepared by this method.

Experimental Procedures

Sodium salicylate, tiron and pyrrole were purchased from
Aldrich. Electropolymerization was performed from an
aqueous 0.25 M pyrrole solution containing 0.5 M sodium
salicylate, or a 0.05 M pyrrole solution containing 0.005 M
tiron. The deposition was performed galvanostatically at a
current density of 1 mA cm 2. The deposition cell contained
a stainless steel foil (50 mm x 30 mm x 0.1 mm) or wire
(diameter 0.1 mm) as working electrode and a platinum foil
as counter electrode. Deposition time was varied in the range
of 1-10 min. Deposition was also performed on platinized
silicon wafers containing 1,000 APt layer.

Electron microscopy investigations were performed using
a JEOL JSM-7000F scanning electron microscope. The
capacitive behavior of the electrodes was studied using a
potentiostat (PARSTAT 2273, Princeton Applied Research)
controlled by a computer using the PowerSuite electro-
chemical software. Electrochemical studies were performed
using a standard three-electrode cell containing a 0.5 M

(a) o) ONa (b) SO;Na
OH

HO SO3N3
OH

Fig. 1 The chemical structure of a Sodium salicylate and b Tiron

Na,SO,4 aqueous solution, degassed with purified nitrogen
gas. The surface area of the working electrode was 1 cm?.
The counter electrode was a platinum gauze, and the refer-
ence electrode was a standard calomel electrode (SCE).
Cyclic voltammetry (CV) studies were performed within a
potential range of —0.5 to +0.4 V versus SCE at scan rates of
2-100 mV s~'. The SC was calculated according to the
following equation:

C = Q/mAV (1)

where Q is the charge obtained using half of the integrated
area of the CV curve, m is the mass of the active material,
and AV is the width of the potential window.

Results and Discussion

Figure 1 shows the structures of sodium salicylate and tiron
used in this study. Both materials were negatively charged
in the aqueous solutions due to the dissociation of —CO-
ONa and —SO3;Na groups. The materials served as anionic
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Fig. 2 The film mass versus deposition time for the films prepared
from the pyrrole solutions containing a Sodium salicylate and b Tiron
on stainless steel foils
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dopants, which were incorporated into the polymer to
ensure the electrical neutrality of the growing film during
the anodic polymerization of polypyrrole.

Anodic polymerization from aqueous pyrrole solutions
containing sodium salicylate or tiron resulted in the for-
mation of adherent polypyrrole films on stainless steel
substrates. The film mass increased with increasing
deposition time (Fig. 2a, b), indicating the formation of
films of different thicknesses. Nearly linear dependences
were obtained. Therefore, the amount of the deposited
materials can be controlled by the variation of deposition
time at a constant current density. This approach can be
used for film formation on other conductive substrates,
such as Pt. SEM investigations (Fig. 3) of the cross-sec-
tions of the films on platinized silicon wafers showed that
the film thickness was varied in the range of 0-3 pum. The
films exhibited surface roughness, which can be attributed
to the formation of polypyrrole particles. The films pre-
pared from the pyrrole solutions containing tiron exhibited
lower surface roughness compared to those prepared from

Fig. 3 SEM images of cross-
sections for the films of
different thicknesses prepared
from the pyrrole solutions
containing a, b, ¢ Sodium
salicylate and ¢, d, f Tiron on
platinized silicon wafers

@ Springer

the solutions containing sodium salicylate. The SEM
images showed the formation of porous films. The film
porosity is beneficial for application in ES, as it improves
the electrolyte access to the electrochemically active
electrode material [1].

Figure 4 shows surfaces of the films deposited on the
stainless steel foils. Low-magnification images Fig. 4a, c
showed that the films were crack free. The SEM image at a
higher magnification, Fig. 4b, for the film prepared from
the pyrrole solution containing sodium salicylate showed
polypyrrole particles with a particle size of 0.1-0.5 pm.
The film prepared from the solution containing tiron
showed a much finer particle size (Fig. 4d). It is known
from the literature [20] that the morphology of polypyrrole
films depends on the nature of anionic additives. It is
suggested that the lower roughness of the films prepared
from solutions containing tiron can be attributed to the
lower size of the polypyrrole particles.

Anodic electropolymerization has been utilized for the
film formation on substrates of complex shapes. As an

S00 nm
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Fig. 4 SEM images of surfaces
for the films deposited from the
pyrrole solutions containing a, b
Sodium salicylate and ¢, d Tiron
on stainless steel foils at
different magnifications

example, Fig. 5a shows a polypyrrole coated stainless steel
wire. The SEM image of the cross-section indicated a
significant surface roughness. The SEM image of the wire
surface at a higher magnification showed that the film
consisted of relatively large particles with a particle size of
about 1 pm. Therefore, the surface roughness of the film
can be attributed to the relatively large particle size, which
was comparable with the film thickness. The films prepared
from the pyrrole solutions containing tiron showed a better
uniformity and lower surface roughness, which can be
attributed to a lower particle size. Figure 6a, b shows
typical images of polypyrrole films deposited on stainless
steel wires from solutions containing tiron. The thickness
of the films on the stainless steel wires was in the range of
0-3 pm.

The electrochemical properties of the films were studied
in 0.5 M Na,SO, solutions using CV. The films showed
capacitive behavior in the voltage window of 0.9 V. How-
ever, the CVs for the films prepared from the solutions
containing sodium salicylate deviated significantly from the
ideal box shape (Fig. 7). The films prepared from the solu-
tions containing tiron showed better capacitive behavior and
exhibited box shape CVs (Fig. 8).

Figure 9 shows SC versus scan rate for the films of
different thickness prepared from the pyrrole solutions
containing sodium salicylate. The films showed SC in the
range of 100-200 F g~' at a scan rate of 2 mV s~ '. The
SC decreased with increasing film thickness and increasing
scan rate in the range of 2-100 mVs™'. Such decrease was
attributed to the electrolyte diffusion in the pores of poly-
pyrrole films.

Ipm

20 pm

Fig. 5 SEM images for the film deposited from the pyrrole solution
containing sodium salicylate on a stainless steel wire

Figure 10 shows SC for films of different thickness

prepared from the pyrrole solutions containing tiron. The
highest SC of 254 F g~ was observed for the 89 pm cm™2
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Fig. 6 SEM images for the film deposited from the pyrrole solution

containing tiron on a stainless steel wire

Current(pA cm™)

Fig. 7 Cyclic voltammograms for the film deposited from the pyrrole
solution containing sodium salicylate on a stainless steel foil at scan
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rates of (a) 5 and (b) 10 mV g

sample at a scan rate of 2 mV s~ '. The SC decreased with
increasing film thickness and increasing scan rate in the
range of 2-100 mV s~'. The films prepared from the
solutions containing tiron showed higher SC compared to
the films of the same mass prepared from solutions con-
taining sodium salicylate. It is suggested that lower particle
size of the polymer particles prepared from the solution
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Fig. 8 Cyclic voltammograms for the film deposited from the
solution containing tiron on a stainless steel foil at scan rates of (a)
5and (b)) 10 mV s !
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Fig. 9 SC versus scan rate for the films deposited from the solution

containing sodium salicylate on a stainless steel foil with the film
mass of (a) 165, (b) 373 and (c) 658 pg cm ™2
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Fig. 10 SC versus scan rate for the films deposited from the solution

containing tiron on a stainless steel foil with the film mass of (a) 89,
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containing tiron resulted in larger surface area of the par-
ticles and in better access of the electrolyte to the active
material. As a result, the films prepared from the solutions
containing tiron showed higher specific capacitance com-
pared to the films prepared from the solutions containing
sodium salicylate. However, the difference in the electro-
chemical behavior can also result from the different nature
of the anionic groups of the additives.

The results of this investigation indicated that polypyr-
role films were successfully deposited on stainless steel
substrates from aqueous solutions of pyrrole, containing
sodium salicylate and tiron additives. The films exhibited
capacitive behavior and can be utilized for the fabrication
of electrodes of ES using low-cost stainless steel current
collectors. It is suggested that sodium salicylate and tiron
adsorbed on the stainless steel substrates and passivated the
surface of the substrates. The adsorption mechanism is
related to chelating of surface metal ions [19]. The dif-
ference in the morphology and electrochemical behavior of
the films prepared from solutions containing different
additives can result from the properties of different anionic
groups of salicylic acid and tiron.

Conclusions

Anodic electropolymerization method has been developed
for the fabrication of polypyrrole films on stainless steel
substrates for application in ES. The method is based on the
use of sodium salicylate and tiron anionic additives, which
were incorporated into the polymer to ensure the electrical
neutrality of the growing film and passivated the surface of
the stainless steel substrates. The deposition yield can be
controlled by the variation of deposition time at a constant
current density. SEM studies showed the formation of
porous films with film thickness in the range of 0-3 pm.
The film morphology is influenced by the additives. The
films prepared using tiron additive showed lower particles
size and improved uniformity compared to the films pre-
pared using sodium salicylate. CV data for the films tested
in the 0.5M Na,SO, solutions showed capacitive behavior
and a high SC in the voltage window of 0.9 V. The films
deposited from pyrrole solutions containing tiron showed
better capacitive behavior compared to those deposited
from the solutions containing sodium salicylate additive.
A highest SC of 254 F g~ was observed for the sample

with a specific mass of 89 pug cm™2 at a scan rate of

2 mV s™'. The SC decreased with an increasing film thick-
ness and scan rate. The results indicate that the polypyrrole
films deposited on stainless steel substrates by anodic elec-
tropolymerization using tiron additive are promising elec-
trode materials for ES.

Acknowledgments The authors gratefully acknowledge the finan-
cial support of the Natural Sciences and Engineering Research
Council of Canada.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

—_

. P. Simon, Y. Gogotsi, Nat. Mater. 7, 845 (2008)
2. H.T. Ham, Y.S. Choi, N. Jeong, I.J. Chung, Polymer 46, 6308
(2005)
3. L. Liu, Y. Zhao, Q. Zhou, H. Xu, C. Zhao, Z. Jiang, J. Solid State
Electrochem. 11, 32 (2006)
4. S. Lee, Y. Lee, M.-S. Cho, J.-D. Nam, J. Nanosci. Nanotechnol.
8, 4722 (2008)
5. G.A. Snook, G.Z. Chen, D.J. Fray, M. Hughes, M. Shaffer,
J. Electroanal. Chem. 568, 135 (2004)
6. J. Wang, Y. Xu, X. Chen, X. Sun, Compos. Sci. Technol. 67,
2981 (2007)
7. A. Eftekhari, I. Ahmadi, Prog. Org. Coat. 57, 371 (2006)
. L.-Z. Fan, J. Maier, Electrochem. Commun. 8, 937 (2006)
9. M.D. Ingram, H. Staesche, K.S. Ryder, Solid State Ionics 169, 51
(2004)
10. A.M.P. Hussain, A. Kumar, J. Power Sources 161, 1486 (2006)
11. S.K. Tripathi, A. Kumar, S.A. Hashmi, Solid State Ionics 177,
2979 (2006)
12. A. Izadi-Najafabadi, D.T.H. Tan, J.D. Madden, Synth. Met. 152,
129 (2005)
13. B. Muthulakshmi, D. Kalpana, S. Pitchumani, N.G. Renganathan,
J. Power Sources 158, 1533 (2006)
14. R.K. Sharma, A.C. Rastogi, S.B. Desu, Electrochem. Commun.
10, 268 (2008)
15. Q. Zhang, X. Zhou, H. Yang, J. Power Sources 125, 141 (2004)
16. R. Ramya, M.V. Sangaranarayanan, J. Chem. Sci. 120, 25 (2008)
17. E. Hermelin, J. Petitjean, S. Aeiyach, J.C. Lacroix, P.C. Lacaze,
J. Appl. Electrochem. 31, 905 (2001)
18. V.K. Gade, D.J. Shirale, P.D. Gaikwad, P.A. Savale, K.P. Kakde,
H.J. Kharat, M.D. Shirsat, Int. J. Polym. Mater. 56, 167 (2007)
19. D.E. Tallman, C. Vang, G.G. Wallace, G.P. Bierwagen,
J. Electrochem. Soc. 149, C173 (2002)
20. X. Zhang, J. Zhang, W. Song, Z. Lu, J. Phys. Chem. B 110, 1158
(2006)

o

@ Springer



	Electrodeposition and Capacitive Behavior of Films for Electrodes of Electrochemical Supercapacitors
	Abstract
	Introduction
	Experimental Procedures
	Results and Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


