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ABSTRACT :

This study demonstrates the direct anodic electrodeposition of polypyrrole (PPy), poly(3,4-ethyl-

enedioxythiophene) (PEDOT), and polythiophene (PTh) on Cu electrodes by employing a corrosion

inhibitor, succinonitrile (SN). SN was found to suppress anodic Cu dissolution beyond the oxidation

potential of the polymer monomers. It is also revealed that the Cu surface passivated by SN is still

adequately conductive to allow the redox reaction of 1,4-difluoro-2,5-dimethoxybenzene (FMB)

and the oxidation of the polymer monomers. Through both cyclic voltammetry and galvanostatic

techniques, PPy, PEDOT, and PTh films were successfully synthesized on Cu electrodes in the pres-

ence of SN, and the redox behaviors of the films were evaluated.
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1. Introduction

Conducting polymers (CPs) have various potential

applications such as microelectronics, organic elec-

tronics, photovoltaic cells, and energy storage

devices.1-5) The electropolymerization of CPs, a versa-

tile method to synthesize CPs, has been extensively

studied.6-9) While the electropolymerization of CPs has

been carried out mostly on noble metal electrodes (Pt,

Au, glassy carbon), only a little progress has been

achieved in the deposition on less noble substrates

such as steel, Al, and Cu.10-16) This is because the

anodic electrodeposition on the active metal is ham-

pered by the metal oxidation that competes with the

oxidation of the polymer monomer. Meanwhile, some

appropriate anions (oxalate, tartrate, salicylate) have

been revealed to allow deposition of polypyrrole (PPy)

films on steel and Cu electrodes.10-16) The protective

layer that the anions form on the electrode surface was

claimed to prevent massive dissolution of metal sub-

strates.14-16) Employing a redox mediator such as Trion

(4,5-dihydroxy-1,3-benzenedisulfonic acid) has been

reported to lower the deposition potential and offer an

effective way to prepare PPy film on Al and Al

alloy.17,18)

All the previous strategies, however, are based on

aqueous media and are not applicable to poly(3,4-eth-

ylenedioxythiophene) (PEDOT) and polythiophene

(PTh). This is because the synthesis of PEDOT and

PTh, owing to their high deposition potentials, should

be performed in nonaqueous media, but the carboxy-

late and sulfonyl-based chemicals are hardly soluble in

nonaqueous solutions.

In this study, we demonstrate that the direct anodic

electrodeposition of PPy, PEDOT, and PTh on Cu

electrodes in nonaqueous solutions is possible with the

aid of succinonitrile (SN) as a corrosion inhibitor. The

CP films were obtained using both the potentiody-

namic and the galvanostatic modes, and the redox

properties of the films were examined. To the best of

our knowledge, this is the first report on the direct
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electrodeposition of PEDOT and PTh on Cu elec-

trodes.

2. Experimental

2.1. Chemicals 

Reagent grade pyrrole (Py), 3,4-ethylenediox-

ythiophene (EDOT), thiophene (Th), succinonitrile

(SN), and 1,4-difluoro-2,5-dimethoxybenzene (FMB)

were purchased from Aldrich. Battery grade

1 M LiPF6 in ethylene carbonate (EC) / diethyl car-

bonate (DEC) (1/2, v/v) were used as the base electro-

lyte solution. 

2.2. Electrochemical measurements

A standard three-electrode configuration was

employed for the electrochemical experiments. Either

a Pt disk (area = 0.02 cm2) or a Cu disk (area = 0.20

cm2) was used as the working electrode. Prior to test-

ing, the Pt electrode was polished with 0.3 µm alu-

mina and the Cu electrode was abraded down to a

1200 grit SiC paper. Li foil and Pt wire were used for

the reference and the counter electrodes, respectively.

Electrochemical experiments were carried out with an

EG&G Princeton Applied Research model 273A. All

the experiments were performed in an Ar atmosphere

glove box where H2O and O2 concentrations were kept

below 5 ppm and the temperature was held at 25±2oC.

 

3. Results and Discussion

3.1. Copper passivation by succinonitrile

The inhibition effect of succinonitrile (SN) on the

Cu oxidation has been investigated by employing the

linear sweep voltammetry (LSV) as shown in Fig. 1.

In the base electrolyte without SN, the oxidation cur-

rent rises steeply above 3.5 V, which is obviously due

to the massive Cu oxidation. In sharp contrast, a cur-

rent peak is observed around 3.0 V and further oxida-

tion of Cu is significantly suppressed in the presence

of SN. Similar inhibition behavior has been reported

for the Cu oxidation in aqueous oxalate solutions, in

which the current peak is ascribed to the formation of

a passive copper oxalate layer on the Cu surface to

suppress further oxidation.14,15) However, there has

been no report yet on the “peak and passivation”

behavior in nonaqueous solutions. At present, it is not

clear yet whether the inhibition effect of SN is related

to the formation of passive copper/SN compounds. It

is also possible that SN adsorbs on the Cu surface to

form a passive layer, considering the fact that the open

circuit voltage (OCV) of the Cu electrode is shifted

from 3.4 V to 2.8 V by SN addition (Fig. 1). Besides

the origin of the Cu corrosion inhibition effect of SN,

it should be noted that the oxidation stability of the Cu

electrode is extended at least up to 5 V in the presence

of SN.

In order to examine the charge transfer behavior on

the passivated Cu electrode, 1,4-difluoro-2,5-

dimethoxybenzene (FMB) was employed as a redox

probe. FMB exhibits quite a reversible CV on a Pt

electrode with a formal potential at 4.5 V (Fig. 2(a)).

The current rise above 5.0 V on Pt seems to be due to

electrolyte decomposition. The redox behavior of

FMB can also be confirmed on the Cu electrode that

Fig. 1. LSVs of Cu electrodes in 1 M LiPF6 EC/DEC (1/2,

v/v) (a) without and (b) with 3 wt% SN. Scan rate =

20 mV s
−1

Fig. 2. CVs of 10 mM FMB in 1 M LiPF6 EC/DEC (1/2, v/

v) on (a) Pt electrode and on (b) Cu electrode scanned

previously in 3 wt% SN solution. Scan rate = 20 mV s
−1.
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was previously scanned in the base electrolyte con-

taining 3 wt% SN from OCV to 3.2 V passing a cur-

rent peak at 3.0 V. The oxidation peak observed at

around 5.0 V can be reasonably assigned to the oxida-

tion of FMB, not to the electrolyte oxidation, since it is

absent in the base electrolyte (Fig. 1). The small peak

at around 3.4 V at the cathodic scan seems to be due to

the reduction of the oxidized FMB. This indicates that

the redox reaction of FMB is allowed on the Cu elec-

trode passivated in a SN-containing solution, although

its kinetics is quite sluggish. These findings encour-

aged us to try direct electrodeposition of the conduct-

ing polymers on Cu electrodes. 

3.2. Electropolymerization of conducting poly-

mers on Cu in a potentiodynamic mode

The oxidation behaviors of pyrrole (Py), 3,4-ethyl-

enedioxythiophene (EDOT), and thiophene (Th)

monomers on a Pt electrode were examined using lin-

ear sweep voltammetry (LSV) as shown in Fig. 3. The

potential at which the oxidation current reaches

0.05 mA/cm2 was defined as the oxidation potential

(Eox), and the values of the three monomers are sum-

marized in Table 1. The Eox of Py is determined to be

3.76 V, which is lower than those of EDOT (3.95 V)

and Th (4.38 V). The order and the range of the Eox

values determined in this study are consistent with the

previous reports.19 When 3 wt% SN is introduced in

the electrolyte, the Eox value of Th is slightly increased

by 0.1 V, but the other two are hardly altered. Irrespec-

tive of the presence of SN, dark black films are

observed on the Pt surface after all the LSV experi-

ments.

When the LSVs of the monomers are tried on a Cu

electrode in the base electrolyte without SN, the Eox

values are rather independent of the monomer nature,

Fig. 3. LSVs of 0.1 M of monomer (Py, EDOT, and Th) in

1 M LiPF6 EC/DEC (1/2, v/v) on Pt electrode. Scan rate =

20 mV s
−1.

Table 1. Oxidation potential (E
ox
) of Py, EDOT, and Th on

Pt and Cu electrodes. Eox is defined as the potential where

the oxidation current reaches 0.05 mA cm
−2 in the LSV of

1M LiPF6 EC/DEC (1/2, v/v) containing 0.1 M of

monomer with and without 3 wt% SN

Py EDOT Th

Base on Pt 3.76 V 3.95 V 4.38 V 

Base on Cu 3.24 V 3.41 V 3.50 V 

3 wt% SN on Pt 3.75 V 3.97 V 4.48 V 

3 wt% SN on Cu 3.81 V 4.08 V 4.49 V 

Fig. 4. Three consecutive CVs in 1M LiPF6 EC/DEC (1/2,

v/v) containing 3 wt% SN and 0.1 M (a) Py, (b) EDOT, and

(c) Th. Cu working electrode. Scan rate = 20 mV s
−1.
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ranging from 3.24 V to 3.50 V (Table 1). No film for-

mation was observed in this case, which indicates that

the monomer oxidation is hampered by the concomi-

tant Cu corrosion to preclude the electropolymeriza-

tion. In contrast, the Eox values of the monomers on Cu

become similar to that on Pt in the presence of an SN

additive. This implies that the monomer oxidation on

Cu takes place in a similar manner to that on Pt.

Fig. 4(a) shows the cyclic voltammogram (CV) of a

Cu electrode in 1M LiPF6 EC/DEC (1/2, v/v) contain-

ing 3 wt% SN and 0.1 M Py. During the first three

consecutive cycles, the current at the positive voltage

limit keeps increasing. From the second cycle, the cur-

rent increase over 2.8 -4 V is appreciable, which indi-

cates the formation of electroactive polypyrrole (PPy)

film. In the case of EDOT, the oxidation current is

larger than in the Py-containing solution, and the for-

mation of poly(3,4-ethylenedioxythiophene)

(PEDOT) is confirmed from the first cycle (Fig. 4(b)).

The rapid growth of PEDOT film seems to be related

to its relatively high electrical conductivity compared

with PPy. The growth of poly(thiophene) (PTh) dis-

plays similar behavior to that of PEDOT (Fig. 4(c)).

Note that the PTh film exhibits the typical conducting/

insulating switching response, which manifest a

decent quality of obtained polymer film. 

3.3. Electropolymerization of polythiophene in a

constant current mode

In order to qualitatively compare the properties of

the polymer films deposited on Pt and Cu electrodes,

the electropolymerization of PTh was performed both

on PT and Cu in the galvanostatic mode. The current

density (2.5 mA/cm2) and the charge consumed during

the electropolymerization (1500 mC/cm2) were fixed

the same for both cases. Fig. 5 compares the potential

changes for the galvanostatic deposition of PTh film

on Pt and Cu in the presence of SN. On a Pt electrode,

the potential/time response shows quite a flat behav-

ior at around 4.47 V, which is close to the Eox value of

the Th monomer previously determined on Pt in the

presence of SN (Table 1). Slight overshooting is

observed in the potential/time curve on Cu with a short

induction period (a couple of seconds). The potential

is eventually stabilized at 4.51 V, which is also consis-

tent with the previously determined Eox value of Th

monomer on Cu (Table 1). 

After the galvanostatic polymerization, the films

were transferred to the monomer-free base electrolytes

and the five consecutive CV cycles were carried out

(Fig. 6). The cathodic charges of both the films are

Fig. 5. Potential changes during galvanostatic deposition in

1M LiPF6 EC/DEC (1/2, v/v) containing 0.1 M Th and

3 wt% SN on (a) Pt and (b) Cu electrodes. Current density

= 2.5 mA cm
−2.

Fig. 6. Five consecutive CVs of PTh films in 1 M LiPF6

EC/DEC (1/2, v/v) on (a) Pt and (b) Cu electrode prepared

in Fig. 4. Scan rate = 200 mV s
−1. Only 1st, 2nd, and 5th

cycles are shown.
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somewhat decreased and stabilized at the subsequent

cycles, while the anodic charges are hardly altered

with the cycles. Note that the redox behavior of the

PTh film on Cu is quite similar to that on Pt, although

the PTh on Cu shows a slightly reduced charge capac-

ity. Considering the rather high loading/thickness of

the PTh film and the fast scan rate employed in Fig. 6,

the difference in the redox charges of the two films

seem to be more kinetic in nature. In summary, the

redox property of the PTh films deposited on a Cu

electrode is quite comparable to that of the film on Pt.

4. Conclusions

PPy, PEDOT, and PTh films were successfully elec-

trodeposited on Cu electrodes in 1 M LiPF6 EC/DEC

(1/2, v/v) using an SN additive. SN served as a Cu cor-

rosion inhibitor to extend the anodic stability of the Cu

electrode beyond the oxidation potential of the poly-

mer monomers. In addition, the Cu surface passivated

by SN was found to be adequately conductive to allow

the redox reactions other than the Cu oxidation. It was

also found that the redox properties of the PTh films

formed on a Cu electrode was quite comparable to

those of the film on Pt. We believe this is the first

report on the direct electropolymerization of PEDOT

and PTh on Cu electrodes. The novel electrodeposition

method developed in this study is expected to extend

to any other materials, of which deposition potential is

higher than that of the Cu oxidation.

Acknowledgements

This work was supported by DGIST/11-BD-0405.

References

1. M. Angelopoulos, IBM J. Res. & Dev., 45, 57 (2001).

2. M. Helgesen, R. Sondergaard and F.C. Krebs, J. Mater.

Chem., 20, 36 (2010).

3. A. Facchetti, Chem. Mater., 23, 733 (2011).

4. G. Li, R. Zhu and Y. Yang, Nature. Photon., 6, 153

(2012).

5. P. Novak, O. Haas, K. S. V. Santhanam and K. Mueller,

Chem. Rev., 97, 207 (1997).

6. T. Osaka, K. Naoi, H. Sakai and S. Ogano, J. Electrochem.

Soc., 134, 285 (1987).

7. J. M. Ko, H. W. Rhee, S.-M. Park and C. Y. Kim,

J. Electrochem. Soc., 137, 905 (1990).

8. K. Kanamura, Y. Kawai, S. Yonezawa and Z. Takehara,

J. Phys. Chem. 98, 2174 (1994).

9. D.J. Walton, S. Ryley, I.V.F. Viney and E. Taylor, Adv.

Mater. Opt. Electron., 6, 395 (1996).

10. S. Biallozor and A. Kupniewska, Synth. Met., 155, 443

(2005).

11. F. Beck, R. Michaelis, F. Schloten and B. Zinger,

Electrochim. Acta, 39, 229 (1994).

12. K. Naoi*, M. Takeda, H. Kanno, M. Sakakura and A.

Shimada, Electrochim. Acta, 45, 3413 (2000).

13. K. G. Conroy and C. B. Breslin, Electrochim. Acta, 48,

721 (2003).

14. L. M. Martins dos Santos, J. C. Lacroixb, K. I. Chane-

Ching, A. Adenier, L. M. Abrantes and P.C. Lacaze, J.

Electroanal. Chem., 587, 67 (2006).

15. P. Herrasti, A. I. del Rio and J. Recio, Electrochim. Acta,

52, 6496 (2007).

16. M. Sharifirad, A. Omrani, A. A. Rostami and M.

Khoshroo, J. Electroanal. Chem., 645, 149 (2010).

17. D. E. Tallman, C. Vang, G. G. Wallace and G. P.

Bierwagen, J. Electrochem. Soc., 149, C173 (2002).

18. D. E. Tallman, M. P. Dewald, C. K. Vang, G. G. Wallace,

G. P. Bierwagen, Appl. Phys., 4, 137 (2004).

19. K. Abe, Y. Ushigoe, H. Yoshitake and M. Yoshio, J.

Power Sources, 153, 328 (2006).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 1200
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


